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Abstract 

 i 

Metal-organic frameworks (MOFs) are porous three-dimensional coordination networks 

comprised of metal nodes that are covalently bound to organic linkers in an array. These 

materials are attractive due to their porosity and structural diversity. A variety of MOFs in the 

literature has been used as templates for polymerisation reaction, where MOFs act as hosts 

for guest monomers that then polymerise in situ, allowing synthesis of highly porous polymer 

networks. Many of the studies are focussed on achieving polymerisation under confinement, 

but there is a lack in understanding of the fundamental mechanistic interpretation of 

processes involved.  

 

In this work, prototypical frameworks MOF-5 and HKUST-1 have been used as hosts for 

polymerising biocompatible and biodegradable monomers vinyl acetate, lactic acid, lactide, 

and ε-caprolactone. A range of techniques have been used to characterise the MOFs, 

monomer@MOF, polymer@MOF composites, and polymers isolated from the MOFs. 

Characterisation of polymer@MOF composites by SEM confirmed intrinsic polymerisation, 

with typically 65 % conversion of monomer determined by 1H-NMR spectroscopy. Powder 

X-ray diffraction experiments showed an expansion of unit cell of both frameworks after 

monomer adsorption, followed by contraction after polymerisation.  

 

For the vinyl acetate@MOF-5 system, guest specific binding, guest-framework interactions, 

polymerisation kinetics, and changes in local framework mobility have been investigated by 

single crystal X-ray diffraction, solid-state NMR, total neutron scattering, quasi-elastic 

neutron scattering and neutron spectroscopy. Experiments suggest binding of monomer at the 

MOF metal nodes, and close association with the linker groups, which are lost following 

polymerisation. Working with the Disordered Materials Group at ISIS Pulsed Neutron and 

Muon Source at Rutherford Appleton Laboratories (Oxfordshire, UK), the monomer@MOF 

composites were investigated in the first simulations of confined liquids in crystalline solid 

materials to be performed on the Dissolve simulation environment. The combination of 

simulation and experimental data has provided the first atomic-scale resolution of 

monomer@MOF composites. 



 

 

Summary of Chapters  

Chapter 1 of the thesis introduces MOF structures, synthesis, and applications in hybrid 

materials and host template for polymer networks. Chapter 2 discusses the theory and 

background of templated polymerisation, and its significance towards influencing the goal of 

this project. It follows on to discuss the selection criteria, structure and properties of the host 

MOFs, MOF-5 and HKUST-1. A discussion of the polymers has also been covered in this 

chapter. In Chapter 3, a range of experimental techniques and characterisation methods have 

been discussed to show host-guest interactions and properties of polymer networks isolated 

from the host MOF. 

 

In Chapter 4, it is shown that the pore filling of host with guest monomer results in expansion 

of unit cell dimensions of the MOF, observed through negative peak shifts in powder X-ray 

diffraction patterns. An opposite effect of framework contraction is observed during 

polymerisation of intrinsic guest monomers that result in an increase in d-spacing of the 

framework lattice. To confirm polymerisation, IR spectroscopy is used to confirm changes 

consistent with change in IR fingerprint observed by changes in vibrational frequencies 

through development of covalent bond structures and functional group identification. 

Thermal analyses have been carried out to determine the pore-filling content and compare the 

effect of confinement on the guest species. 1H NMR spectroscopy has been employed to 

quantify polymer conversion and determine polymer characteristics through investigation of 

chemical structure and environment. Using SEM, changes in the MOF structure have been 

visually observed following guest adsorption and in-situ polymerisation. Other 

complementary techniques have been used to investigate differences between desolvated host 

and guest@host composites. 

 

Vinyl acetate interactions in MOF-5 have been explored and polymerisation dynamics 

investigated by neutron scattering techniques have been discussed in Chapter 5. Total neutron 

scattering experiments at ISIS Pulsed Neutron and Muon Source have been performed to 

study monomer interaction and identify binding sites within the MOF-5 framework. 

Molecular dynamics and Monte-Carlo simulations have been performed using a new code 



 

 

and simulation environment called ‘Dissolve’ developed by the Disordered Materials Group 

at the ISIS Pulsed Neutron and Muon Source (Oxfordshire, UK). Simulations with confined 

liquid in crystalline materials is first of its kind to be performed using Dissolve. To further 

understanding of influence of guest species on the structure of MOF-5, QENS experiments 

were performed at the IRIS spectrometer (ISIS Pulsed Neutron and Muon Source). 

Understanding of the guest motion and framework linker mobility was also an essential aim 

of this experiment. Complementary studies to determine polymerisation dynamics were 

subsequently carried out using 1H-13C solid-state NMR using cross-polarisation and high-

powered decoupling methods to determine changes in guest mobility and kinetics of 

monomer conversion during the polymerisation process. Single crystal XRD was performed 

to map electron densities and determine structure of the guest@host composite. 

 

Chapter 6 provides a brief summary of all the findings and probable conclusions from all 

characterisation methodologies used to understand the influence of guest adsorption on the 

host framework, characteristics of polymer synthesised by host-templated approach, identify 

interaction and binding of guest monomers, and determine the dynamics of the 

polymerisation reaction.  
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1.1   Metal-Organic Frameworks 

The idea of coordination polymers based on metal ions linked to each other by organic 

linkers has been in existence since 1960s.1 However, it was not until late 1980s that porous 

three-dimensional networks with defined pores were synthesised.2 Coordination networks are 

defined in the IUPAC Recommendations for the Nomenclature of Inorganic Chemistry as:  

“A coordination compound extending, through repeating coordination entities, in 1 

dimension, but with cross-links between two or more individual chains, loops, or 

spiro-links, or a coordination compound extending through repeating coordination 

entities in 2 or 3 dimensions.”3  

The term coordination polymer is suggested as a generic term to describe all materials that 

extend in one, two or three-dimensions. Metal-organic frameworks and porous coordination 

polymers, colloquially known as MOFs. A MOF is a coordination network with organic 

ligands containing potential voids. This description accounts for the fact that many systems 

may show changes in structure in potential porosity, solvent and/or guest adsorbed within 

pores may occur depending on temperature, pressure, or external stimuli.4 

 

Over the years since, metal-organic frameworks have emerged as a broad spectrum of 

crystalline materials with high porosity, with surface areas extending beyond 6,000 m2/g.5 In 

addition to high porosity, MOFs possess properties such as low density, and the ability to 

tune its chemical functionality by altering the metal and linker combinations. These 

characteristics have allowed for studies investigating their use in a range of applications that 

cover catalysis, sensing, gas separation and storage, light-harvesting, and as drug delivery 

systems.6–10  

 

The key for ‘designing’ a MOF involves assembly of secondary building units (SBUs) and 

multidentate organic molecules in desired network topology.11 Structurally, MOFs are often 

compared to aluminosilicate zeolites due to their analogous open network with micro-pores. 

MOFs, however, can have much larger pores that fall in the mesoporous range (2-50 nm). A 

major difference in MOFs and zeolites lies in the synthesis conditions. Zeolites and 

aluminosilicates, which are formed entirely of inorganic corner-sharing tetrahedral units of 

AlO4 and SiO4, generally require a template molecule or an ion to provide a three-
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dimensional structure. This contrasts with MOF syntheses, where no additional reagents are 

required; the two building blocks can differ enormously and contain both organic and 

inorganic species that define the structure without an imperative requirement of a templating 

agent.12     

 

 

 

 

 

 

Fig 1.1: General representation of building blocks of metal organic frameworks. 

 

The ability to synthesise MOFs using distinct combinations of metal-ion secondary building 

units (SBUs) and organic linker, provides an approach to obtain frameworks with variable 

pore sizes, topologies and internal surface area. These properties for MOFs can be tailored for 

intended specialised applications (Fig 1.1).13,14 

 

1.2   Fundamentals of MOF Design. 

1.2.1   Secondary Building Units  

The term secondary building units (SBUs) was originally used for the description of zeolites, 

where metal oxide tetrahedra (TO4) primary building units form larger periodically recurring 

structural arrangements, i.e., SBUs. Within a MOF, the SBUs serve as anchor points that 

form strong bonds with the struts of the multidentate functional groups of linking molecule, 

such as carboxylates, forming the stable geometric structure.  

 

The choice of metal ions plays an important role in defining the geometry of the SBU. There 

are a few cations that have been used to create a MOF; transition metals are most common 

choice, however, recently lanthanides have been experimented with to show similar 

structures.15 Each metal will have their own coordination preference for the respective 
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Organic 

Linker 

+ = 
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valance state which can be used to define the geometry of both the SBU and the resulting 

MOF. In a classical study investigating significance of metal salt and the resulting SBU from 

the reactant salt, Hu et al. were able to exploit this metal-directed effect to synthesise six new 

MOFs based on polycarboxylate acids and V-shaped imidazole-based linker by a range of 

metal salts.16 The study noted and compared the crystal structures and their resulting 

geometry from cadmium(II), zinc(II), cobalt(II), nickel(II), and manganese(II) salts. The 

Cd(II) and two Ni(II) frameworks were synthesised with different linkers which resulted in 6-

coordinate metal centres giving a distorted octahedral geometry, Co(II) lies in a distorted 

trigonal bipyramidal coordination environment. Interestingly, Zn(II) shows two varied 

coordination: distorted tetrahedral nodes and an octahedrally coordinated node. The Mn(II) 

structure is also an interesting case with two types of Mn ions (5- and 6-coordinate) bridged 

by the carboxylate linker to give a binuclear cluster. 

 

1.2.2   Organic Linker 

Secondary building units can be combined into a framework structure through different 

linkers. Selection and substitution of a linker can lead to two situations: either the symmetry 

of the structure is retained when another linker is used and only the unit cell parameters 

change because of the elongation of the carbon chain, as seen in some isoreticular MOFs, or 

the symmetry can also change because of the change in the mutual arrangement of 

functionalities.17  

 

The presence of different substituents and functional groups in the linker is then responsible 

for the selectivity and chemical properties of the pores. The organic linkers are most 

commonly carboxylates; however, they may also be other organic anions such as 

phosphonates, sulfonates, and heterocyclic compounds. 1,4-benzene dicarboxylate (BDC2-, 

terephthalate), with a 180ᵒ angle between the two carboxylic groups, can form short link via a 

carboxylate end, thereby linking up to six metal ions, or it forms long bridges by the benzene 

ring, leading to a great variety of structures. 1,3-benzene dicarboxylate, in which the two 

carboxylate moieties are rigidly predisposed at 120ᵒ, is a good oxygen donor for building 

metal–organic networks.18 1,3,5-Benzene tricarboxylic acid (H3BTC, trimesic acid) is a rigid, 

planar molecule and has been extensively used in the form of its three 1,3,5-benzene 

tricarboxylate anions HnBTC(3-n)- (n= 0, 1, 2) as a bridging ligand in the synthesis of 

multidimensional MOFs (Fig 1.2).19,20  
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Fig 1.2: Lattice structures (middle) and corresponding SBUs (metal nodes (left), and organic 

linkers (right)) of some of the MOFs discussed in this review. (Atom definition: blue – metal, 

red – oxygen, purple – nitrogen, grey – carbon, green – chlorine.)21 [Reproduced with 

permission] 

 

The basic design principles of MOFs were first introduced by Robson22,23, describing a 

potentially novel class of materials formed by ‘scaffolding’ either tetrahedral or an octahedral 

array of valance rod-like connecting units. It was not until the early 2000s however, that 

Omar Yaghi coined the term ‘reticular chemistry’, describing reticular synthesis as: 

 

“In essence, reticular synthesis can be described as the process of assembling 

judiciously designed rigid molecular building blocks into predetermined ordered 

structures (network), which are held together by strong bonding. 24” 

 

Yaghi and co-workers successfully applied this concept of modular chemistry combining 

SBUs of similar metal and organic linkers (Fig 1.3). This led to the discovery of one of the 

first MOFs, MOF-5, which consists of a [Zn4O]6+ tetrahedral node linked by a BDC2- linkers. 

Replacing the BDC2- linker by other linear dicarboxylate led to classification of a new family 

of materials called ‘Isoreticular MOF’ (IRMOF).25  
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Fig 1.3: Representation of the variety of linkers in the IRMOF family of MOFs. Yellow 

spheres indicate the void space in the crystal lattice.26 [Reproduced with permission] 

 

The IRMOF series is the largest and most investigated series of MOFs, and along with the 

MIL (Materials Institute Lavoisier) series forms the large representation of materials with 

versatility of extending the framework using the same SBU. However, with thriving research 

studying MOFs, they form a small part of over 84,000 reported MOF structures in the 

Cambridge Structural Database (CSD) as of June 2018.27 

 

1.3 MOF Synthesis  

The synthesis of metal-organic frameworks (MOFs) has attracted immense attention over the 

years as researchers strive to synthesise a large variety of structures with different linker-

metal combinations to explore potential applications and develop greener and cost-effective 

synthesis for MOFs.28 The main goal during MOF synthesis is to create conditions that lead 

to defined inorganic building blocks without decomposition of the linkers at higher 

temperatures. Additionally, crystallization kinetics must allow nucleation and growth of the 

desired phase to occur.  
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MOFs are synthesised using hydrothermal and solvothermal synthesis. In the case of 

solvothermal synthesis, the reaction mixture is sealed in a pressure vessel and heated to 

temperatures greater than the boiling point of solvent mixtures.29 As a reaction pressure is 

increased, the solubility of reactant increases. Reduced linker solubility often results in 

slowing down of the reaction rate and poor crystallinity.30 Hence, to mitigate such effects, 

solvothermal and hydrothermal syntheses are performed at increased pressure to prevent 

reactant precipitation during the reaction. This increases the likelihood of obtaining products 

of higher crystallinity.30 

 

1.3.1   Solvothermal and Hydrothermal Synthesis 

Hydrothermal and solvothermal synthesis are the most prevalent of the conventional 

synthesis where the reactants are heated in presence of a solvent medium. In a typical 

solvent-based MOFs synthesis, reactants in presence of one or more solvents result in 

formation of a nanoporous material through nucleation and spreading. Multiple nucleation 

aggregates on the surface adsorb organic molecules into an inorganic–organic crystal. A 

drawback of this method is that the reaction time can range from several hours to days. 

Despite this, many of the MOF syntheses are carried out using this approach allowing the 

effects of different variables to be understood.  

 

Alternative methods to ameliorate the issue of long synthesis time have been developed such 

as microwave-assisted,31 sonochemical,32 electrochemical,33 and mechanochemical methods.34 

Many of these synthetic methods have been studied with a motive to scale-up for commercial 

interests as they offer advantages of shorter reaction times and lower temperatures compared 

to solvothermal synthesis methods. Fig 1.4 shows a comparison of various methods used for 

MOF synthesis.35 
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Fig 1.4: Overview of synthesis methods, possible reaction temperatures, and final reaction 

products in MOF synthesis.28 [Reproduced with permission from N. Stock et al.] 

 

Whilst the metal cations and organic ligands during synthesis define the structure and 

topology of the framework, reaction conditions play an important role in the resulting 

crystallite size and their morphology. Synthesis is sensitive to reaction conditions such as 

temperature, pressure, molar ratio of the reactants, solvent mixture and concentration used for 

synthesis, and pH.36  

 

1.3.1.1 Effect of Temperature 

Increasing the temperature and pressure increases the probability of crystallisation because of 

the increase in the solubility of the reactants and therefore self-assembly and the yield of 

crystals.37 Forester et al. outlined the importance of synthesis temperature where they were 

able to produce five different phases of cobalt succinate by varying temperature as the only 

variable during the synthesis of the framework.38 It was found that the overall dimensionality 

of the structures increased, with 1D chains up to 100 °C, 2D sheets at 150 °C, and 3D 

materials at 190 °C and above. At higher temperatures, dimensionality increases as well, 
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beginning at isolated cobalt atoms or clusters through 100 °C, and continuing to 2D Co–O–

Co sheets at 150 °C and above.  

 

In the room temperature synthesis, nanoscale MOF-5 and a new phase was produced when 

triethylamine (TEA) was directly added into a DMF solution containing the reactants.39 

MOF-5 of different crystal shapes such as spherical (30x45 nm in diameter) and wire-shaped 

(∼100 nm in diameter) nanocrystals were also synthesized with direct-mixing within liquid 

crystals or in ordered cylindrical channel (100 nm diameter) of an anodic alumina membrane, 

respectively.  

 

The influence of the reaction parameters on the crystal size of HKUST-1 was systematically 

investigated in two reports.40,41 The use of acetate as the counterion led to smaller crystal size, 

which is related to the change in nucleation rate. Increasing the reaction temperature leads to 

the formation of Cu2O as a by-product. At low reaction temperatures, octahedrally shaped 

crystals are formed, while at higher temperatures the crystals have less-defined faces and 

edges.  

 

1.3.1.2 Effect of Solvent 

The choice of solvent has also been shown to have effects on the resulting topology of the 

framework. Liu et al. demonstrated synthesis of two 3D supramolecular isomers of a Co(II) 

framework prepared by using similar reactants and methods, while only changing the solvent 

from DMF to MeOH.42 The MOF resulting from the reaction in MeOH had linear constituent 

Co–O inorganic chains consisting of trans-isomeric Co(II) octahedra, whereas the form 

synthesised with DMF as the solvent resulted in zig-zag Co–O chains of half trans- and half 

less symmetric cis-isomeric Co(II) octahedra. The two isomers had dramatically different 

magnetic properties due to the difference in coordinative environment around the Co(II) ion.  

 

1.3.1.3 Effect of Modulators 

To exhibit further control on nucleation and morphology, modulators may be added into the 

reaction mixture. These are usually monodentate linkers that result in competitive binding at 

the metal sites during self-assembly process. Modulators are thus employed to adjust the size 
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and shape of MOF crystals.43  Mono-carboxylic acids and their salts are often used in 

synthesis of metal carboxylates, but N-heterocyclic compounds and alkylamines are also 

employed for the synthesis of certain MOFs such as ZIFs. In order to regulate the size and 

morphology of isoreticular Zr-based MOFs with UiO-66, -67, and -68 structures; acetic acid 

or benzoic acid are used as modulators.44 Their findings are illustrated in Table 1.1. In 

absence of the modulators, the MOFs obtained were microsized aggregates of nanocrystals. 

As an example, by adding increasing amounts of the modulator, Zr-BDC samples increased 

in crystal size with an octahedral shape. For Zr-BPDC, increasing the amount of the 

modulator resulted in formation of individual octahedral microcrystals. Such behaviour 

exhibits the influence of modulators in defining the end morphology of the MOF.  

 

Table 1.1: Size determination of Zr-bdc MOFs from synthesis carried out in presence of 

benzoic acid as a modulator.44 

 

Benzoic Acid 

(Equivalents) 

dDLS,water
[a] 

(nm) 

dDLS,EtOH
[b] 

(nm) 

dXRD
[c] 

(nm) 

0 122-615 (220) 220-712 (295) 85 

1 105-396 (255) 190-459 (220) 39 

3 142-459 (164) 148-308 (198) 67 

5 105-396 (164) 105-396 (142) 95 

10 79-255 (105) 91-255 (122) 120 

20 122-342 (164) 95-265 (128) - 

30 164-458 (190) 164-531 (164) - 

([a] The equivalents of benzoic acid added are given with respect toZrCl4. [b] Data for 

particle sizes from dynamic light scattering (DLS)measurements (the maximum of the 

distribution is given in parentheses) in water (dDLS,water) and in ethanol (dDLS,EtOH), and 

crystallite sizes from the evaluation of powder XRD patterns using Scherrer’s equation(dXRD). 

[c] Crystallite sizes were out of scope for determination by Scherrer’s equation.) 
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1.3.2 Microwave Synthesis 

Microwave synthesis has widely been used to achieve rapid synthesis of micro- and nano-

porous MOFs in conjunction with hydrothermal conditions.45 Besides increased rate of 

crystallization, phase selectivity, narrow particle size distribution are some of the advantages 

through microwave synthesis.31  

 

In microwave synthesis, the reactant mixture along with a suitable solvent is transferred to a 

Teflon vessel, sealed and placed into a microwave. The mixture is stirred and heated for the 

appropriate time at the set temperature. The applied oscillating electric field, coupled with the 

permanent dipole moment of the molecules in the synthesis medium induces molecular 

rotations, resulting in rapid heating of the liquid phase.43,46 

 

1.3.3 Ultrasonic Synthesis 

Ultrasonic synthesis relies on homogeneous and rapid nucleation to aid synthesis with a 

reduced crystallization time. Compared to conventional solvothermal reactions, this method 

results in reduced crystallization time and significantly smaller particles size.47,48 A reactant 

mixture for a given MOF is introduced to a conical Pyrex reactor fitted to a sonicator bar with 

an adjustable power output, without external cooling. Acoustic activation, which is the 

formation and collapse of bubbles formed in the solution after sonication produces very high 

local temperatures (~5,000 K) and pressures (~1,000 bar), and results in extremely fast 

heating and cooling rates (>1000 K/s) producing fine crystallites.49 

 

1.3.4 Electrochemical Synthesis 

The electrochemical synthesis applies the fundamentals of electrolysis where metal ions are 

continuously supplied through anodic dissolution as a metal source instead of metal salts, 

which react with the mixture of linker molecules and a conducting salt in the reaction 

medium. With the electrochemical route, it is possible to run a continuous process to obtain a 

higher yield with regards to the solids content compared to normal batch reactions.28 

 

Electrochemical synthesis has several advantages over conventional syntheses: (1) faster 

synthesis at lower temperatures, (2) As metal salts are not required, separations of anions 

(such as, NO3
− or Cl−) post-synthesis is not required eliminating the need for their removal, 
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(3) It is possible to achieve increased yield and virtual total utilization of the linker can be 

achieved in combination with high Faraday efficiencies.50  

 

1.3.5 Mechanochemical Synthesis 

In mechanochemical synthesis, the mechanical breakage of intramolecular bonds followed by 

a chemical transformation takes place. The interest in mechanically activated MOF synthesis 

is due to multiple reasons. One important consideration for this approach is for its 

environmental benefits. Reactions can be carried out at room temperature under solvent-free 

conditions, which is especially advantageous as organic solvents can be avoided.51 The 

reaction times associated with mechanochemical syntheses are short, normally in the range of 

10-60 min, and can lead to quantitative yields. Moreover, in some cases metal salts can be 

replaced by metal oxides as a starting material, which results in the formation of water as the 

only side product, making purification less tedious.  

 

Other less common approaches have also been used such as employing Ionic Liquids (IL) as 

synthesis media,52 using MOFs as microfluidic systems,53 and Dry-gel conversion of the 

system.54 Choosing the right approach often comes down to the yield, scale of synthesis, size 

and purity of the MOF to be obtained. 

 

1.4 Applications  

In the past decade there has been considerable growth in characterisation and studies 

concerning the application of MOFs. Due to their structural and functional tunability, MOFs 

have been recognised to have fascinating scope of applications in both industry and research. 

26,55,56 As the interest in the real-world application has grown, MOFs have been studied for 

interests in the field of heterogeneous catalysis, energy trapping and transfer, gas storage and 

separation, chemical sensing, drug delivery, biomedical applications, and proton 

conduction.57–59 Many early MOFs made from divalent metals, such as Zn2+ or Cu2+, have 

shown exceptional porosity and promise for a wide variety of applications, but stability 

concerns have made it unsuitable for high-moisture conditions as MOFs are known to adsorb 

moisture very rapidly due to their exceptionally large surface area.  
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For certain applications, their framework integrity must be guaranteed to maintain their 

intended function and characteristics. In applications such as catalysis, that often mandate 

stability toward aqueous acid/base or coordinating anions, a minimum degree of moisture is 

desirable to prevent any precipitation of these species during the synthesis. The chemical 

stability of MOFs has been receiving increased attention over the past few years and research 

has been directed to try and address the issue concerning the stability of MOFs in different 

environments, understand the possible decomposition pathways, and to develop more stable 

framework structures.60  

 

1.4.1 Gas Purification  

Of the potential application where MOFs can be useful is for removal or ppm-traces of 

sulphur components from various gases. MOF structures with accessible and open metal sites 

are suited to preferentially chemisorb electron-rich, odour-generating molecules, like 

alcohols, phosphines, amines, oxygenates, water, or sulphur-containing molecules.60 Removal 

of tetra-hydrothiophene (THT, odorant) from natural gas is one such example investigated by 

Belmabkhout et al..57 At room temperature, traces of 10–15 ppm sulphur were fully captured, 

to less than 1 ppm using an electrochemically synthesised Cu-EMOF in a fixed bed reactor. 

The overall capacity of the MOF material exceeded the performance of other commercially 

available activated carbon materials, Norit (type RB4) and CarboTech (type C38/4), as 

adsorbent by an order of magnitude. 

 

1.4.2 Gas Separations 

In gas separation processes, crude gas mixtures consisting of components of varying 

concentrations are separated by distillation or thermal adsorption-desorption is used to 

separate the mixture. Examples of existing technologies are nitrogen–oxygen (air), nitrogen–

methane, and certain noble gas separations, some of these components are separated using 

zeolitic adsorbents. In recent times, separation of Kr–Xe by pressure swing adsorption, as 

well as the purification of methane in natural gas were tested on MOF-adsorbents.61,62 
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MOFs with small pores have shown to be able to separate molecules by size or kinetic 

diameter.63,64 Where the water uptake usually occurs, relatively larger molecules such as N2, 

O2,CO2, and CH4 are barred from adsorption.65 Adsorption isotherms of nitrogen and 

hydrogen for magnesium formate MOF (Basosiv M050) have shown the preferential 

adsorption of hydrogen over nitrogen.  

 

Current trends in separation focusses on elimination of CO2 from low pressure flue gases that 

are emitted by burning of fossil fuel. Awareness of global warming over the past few years 

has attracted substantial interest in CO2 separation.66 Chemisorption of CO2 is achieved by 

amine wash at room temperature. CO2 in MOFs is physisorbed in the same temperature 

region. Due to the lower energy of adsorption during physisorption, MOF adsorbents, such as 

MIL-53(Cr), require a greater CO2 partial pressure to reach sufficient adsorption capacities 

(Fig 1.5).67 These studies suggest that MOFs currently can only be used in CO2 separation at 

high pressure for desired effectiveness. However, even under such conditions, MOFs do not 

yet perform as well as commercial amine scrubbers. Hence, further research into gas 

separations is required to develop effective solutions to the gas separation problems.  

 

 

Fig 1.5:  Adsorption isotherms of carbon dioxide on MIL-53(Cr) in comparison to carbon 

dioxide removal from flue gas by amine wash.68 
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1.4.3 Gas Storage  

MOFs, by nature have a unique porous structure with considerable dead volume. With this 

characteristic property, it is possible to use this void volume to for volumetric gas storage. 

This effect can be very pronounced depending on the type of MOF and the adsorbent gas, its 

temperature and pressure. 

 

It has been demonstrated that the gas-storage performance of a MOF strongly depends on the 

synthesis method, the scale of production and efficiency of activation. High uptakes of gases 

have been reported by Kitagawa et al.69 The greatest challenge with storage of hydrogen is 

using materials that allow compact and lightweight storage, as well as a high storage density. 

In addition to the target values set by the US Department of Energy, the need for alternative 

fuel sources and energy carriers was recently reviewed.70  The prospects of using hydrogen as 

a portable fuel has been attracting continued interest in both industry and research for many 

years. The advantages of using MOFs for hydrogen storage applications is that it works fully 

reversibly, avoids complicated heat treatments, and recharging proceeds within seconds or 

minutes.  

MOF-5 has been studied to identify distinct locations of adsorbed hydrogen molecules using 

inelastic neutron scattering.25 Experimental and DFT density functional theory (DFT) studies 

have shown proposed storage capacity of 10–12 molecules (up to 4 wt%) and 16–20 

molecules of H2 per Zn4O-cluster, respectively.71  

 

Storage data are reported of up to 7.5 wt% of hydrogen on MOFs, (e.g.MOF-177) at 9 MPa 

and 77 K, which surpasses many of the other materials. Many other research groups have 

investigated overcoming the challenge of improving hydrogen storage with various studies 

reporting values in the range of 2-4 wt%.72,73 Similar values were achieved by Yaghi’s group 

with MOF-505 where Cu-paddle-wheels are connected by 3,3’,4,4’-biphenyltetracarboxylic 

acid. However, uncertainty persists over whether large surface area materials like MOF-177, 

MIL-100 or MOF-5 and isoreticular compounds, materials with an average surface area of 

between 1000 to 1500 m2g-1 or even small pore MOFs could potentially be the most 

promising storage media.60 It is also difficult to deduce whether divalent or trivalent metal 
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clusters are the most favourable ones. Nevertheless, a comparison to NaX-zeolite very clearly 

indicates the superior behaviour of MOFs over conventional microporous inorganic media.74 

 

For applications that are limited by volume and portability, it is relevant to compare storage 

data on a volume-specific rather than a weight-specific storage capacity. Typically, the 

packing densities of MOF powders are around 0.2 to 0.4 g cm-3 increasing to 0.5 to 0.8 g cm-3 

when shaped into tablets or extruded fibres.120 The density of these material is so low that 

weight limitation for an application is usually irrelevant, unlike metal hydrides for storage 

media. The most important issue here is the amount of hydrogen which can be discharged 

from the storage media at a reasonable timescale. Within this context, MOFs really have a 

fully reversible uptake- and release-behaviour. Since the storage mechanism is based 

predominantly on physisorption, there are no huge activation energy barriers to be overcome 

when the stored hydrogen is released. A simple pressure reduction by controlling valve 

opening is enough to draw off hydrogen from MOFs within a few seconds. Fig 1.6 shows a 

comparison of hydrogen storage capacities of common MOFs 

 

 

Fig 1.6: H2-storage capacities for different MOFs (prototype trials).75 
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It is essential to determine the preferred adsorption sites for hydrogen in MOF structures that 

in principle should enable the prediction of storage capacities. In this respect, neutron 

scattering coupled with molecular modelling tools might become as important as extensive 

experimental synthesis efforts. Depending on the application and the associated temperature 

ranges, highly porous MOFs might be favourable for low temperatures, whereas materials 

with small porosity and flexible MOFs could be useful for room temperature hydrogen 

storage.76 

 

1.4.4 Catalysis  

Catalysis is of continuous importance due to its crucial role in many chemical processes. 

MOFs, due to their ability to tailor its pore size to yield selectivity, regioselectivity, and 

selectivity with shape and size, have demonstrated potential to be used as heterogeneous 

catalyst. Manipulating these factors allows creating appropriate environment around the 

catalytic centre in the restricted space available. Allowing incorporating or shielding the 

active sites of the MOFs as per requirements, it may be possible to avoid the omnipresent 

problem of catalyst degradation and product-catalyst separation known in homogeneous 

systems.77,78  

 

MOFs may act as catalysts through (i) coordinatively unsaturated nodes (metal centres), (ii) 

ligands functionalized with organic groups (e.g., as Brönsted acids), (iii) metal-complexes (as 

with homogeneous catalysis) which are incorporated into the linking ligand (e.g., as metallo-

ligands) or the pores.  

 

The active catalyst sites in MOFs remain to be identified, even when considering the well-

defined bulk structures of the MOFs. There is an opportunity to detect the sites with a view of 

controlling the synthesis mechanisms. Identifying these sites is an integral part of 

representing the performance of MOF as a catalyst in terms of intrinsic kinetics and turnover 

frequencies. Moreover, MOFs present unique challenges with regards to catalytic stability. 

Although some MOFs have been shown to withstand temperatures as high as 350 °C, it is 

however difficult to find applications of MOFs as catalysts at such extreme temperatures, 

because of their stability limitations and the challenges associated with the regeneration of 
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organic linkers from the MOF. MOFs are connected by node−linker bonds that may be 

unstable under some catalytic reaction conditions, resulting into the decomposition of the 

MOF. There is an essential requirement to understand the destabilization phenomena to better 

refine the structure to endure decomposition during catalysis.  

 

1.4.5 Biological Applications  

Unceasing improvement in the medical diagnostics and therapeutic properties in recent years 

have driven the research exploring avenues for applications such as drug delivery and MRI 

contrasting agents. Besides polymers and mesoporous silica nanoparticles (MSNs), MOFs 

have been explored as potential materials of interest in both drug delivery and as MRI 

contrast agents either as a T1- (spin-lattice relaxation time) or T2- (spin-spin relaxation time) 

or combined T1- and T2- contrast agents for MRI image enhancement. In most cases, the 

MOFs are functionalized by post-synthetic modifications with bio-compatible polymers 

and/or ligands, to achieve either targeted drug delivery, improve MRI imaging, enhance 

stability and to mitigate the toxicity of the modified MOFs to be used for the desired 

applications. Although hurdles in commercialization are still a concern, important steps have 

been taken towards converting research into potential applications.79  

 

Drug Delivery 

MOFs exhibit many characteristics that are desired for drug delivery applications such as 

exceptionally large surface area and pore size for drug encapsulation, intrinsic 

biodegradability as a result of relatively labile metal-ligand bonds, and versatile functionality 

for post-synthetic modification of molecules.80 A range of MOFs with diverse structures and 

characteristics have been investigated for the application of drug delivery such as chiral  

MOFs, MOFs based on biocompatible metal, Ca-, Cr-, Cu-, Mg- and Zn-based MOFs, MIL   

family MOFs, MOFs containing lanthanide elements such as, Eu, Gd, or Tb, zeolite-based  

MOFs, Surface-Anchored MOFs (SURMOFs), Nanoscale Coordination Polymers (NCPs).81  

 

A range of drugs and bioactive compounds have been investigated as a cargo on carrier 

MOFs either by encapsulation within the MOF pores, functionalising MOFs with molecules, 
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or a novel indirect approach using MOFs as a template for synthesis of biocompatible 

polymer networks or membranes. Some of the drugs and/or bioactive compounds include: 

anticarcinogens (5-fluorouracil, busulfan, azido-thymidine triphosphate, cidofovir, 

doxorubicin, paclitaxel),82 antiarrythmia drug (procainamide HCl),83 amphiphilic drug 

(caffeine, lidocaine),84 pro-drug of cis-platin, iron-chelator drug (deferiprone),85 bio-active 

gas (nitric oxide and iodine),86 analgesic drug (ibuprofen),87 luminescent dye (rhodamine-6G) 

etc. The release of guest molecules from a MIL container was detected in a study as less than 

an hour of an in-vivo intravenous testing subjected to rats with the release that could last for 

14 days. The storage capacity depended on the pore size, pore functionalization and the MIL-

particle size. For example, 40 mass% of doxorubin could be stored in iron (III) amino 

terephthalate (MIL-101-NH2).88 

  

In addition to being used as carriers for drug delivery, the MOFs have also been studied to be 

used as a carrier for biologically active gases such as NO and I2. The MIL family of MOFs, 

that are composed of tetravalent central metal ions and carboxylic acid as the bridging ligand, 

are the most utilised materials for the controlled release of biological gases. Controlled and 

sustained release of biologically active gases in active concentrations may have great 

implications for potential applications in the biomedical applications. MOFs selectively 

adsorb and desorb many volatile molecules and other biologically active compounds. Due to 

their high surface area and high porosity, they allow greater adsorptive surface area per gram 

than other currently used encapsulating materials such as zeolites and cyclodextrins.89  

 

While the systems that have been discussed above show some promise for the use of MOFs 

as drug delivery vehicles, drug loading is based on the ability of adsorb the guest drug 

molecules in the MOF during the development stages. In contrast to other nanoparticles, 

MOFs can hold a substantially larger amount of guest molecules but require a greater time 

period for loading into the matrices. One of the disadvantages of MOFs for controlled drug 

delivery is that the coordinated metal ions in the frameworks MOFs may leach out into the 

external environment. This may potentially be a hazard if some metal ions are released in 

excess that could impart severe toxicity. To circumvent this issue, the MOFs are modified 

with polymers and/or ligands to the MOFs framework with an aim to enhancing the stability 

of the MOFs, prevent aggregation of MOFs, and significantly reduce the leaching of metal 
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ions present in the structure of the MOFs. Various functionalization of the MOFs with 

biopolymers and bio-ligands or cell-targeting ligands helped to mitigate the problems to an 

extent pertinent to the stability, biocompatibility and toxicity of the MOFs used. 

 

Hybrid Materials 

One of the approaches considered to tailor the properties of MOFs for expanding the scope of 

applications is by integrating MOFs with other functional materials.90,91 There have been 

various approaches investigated for developing these ‘hybrid’ materials that include post-

synthetic modification (PSM) where the MOFs are synthesised with functionalised linker 

molecules. Integrating MOFs with nanoparticles, both organic and inorganic oxides, quantum 

dots, polymers, various carbon-based materials, enzymes, silicon-based materials, and even 

polyoxometalates have also been used to enhance properties of MOFs to increase their 

resistance towards the harsh conditions.92  

 

1.5 MOF Templated Polymerisation 

1.5.1 Overview 

Polymer chains during polymerisation often entangle and create an amorphous bulk polymer. 

Synthesising polymers in confined spaces can prevent the entanglement and conformational 

disorder that occurs in bulk polymers, allowing a control over assembly of polymer 

chains.93,94 

 

A combination of MOFs and polymers can enable chain regulations with regards to chain 

length and sequence of polymers, taking advantages of MOFs’ well defined structural 

porosity and large surface area to accomplish highly ordered polymer structures by 

transferring the spatial information of the host MOF to the monomer entities. Controlled 

polymerisation inside MOFs can be accomplished by polymerisation proceeding through the 

pores of the MOF – where the MOF acts as a template without being involved in any 

chemical reactions, or polymerisation propagating from MOFs – where the MOF itself acts as 

a catalytic system to promote polymerisation. Choosing the approach is largely dependent on 

the objective and the reaction conditions to achieve polymerisation.91,95 Utilizing MOFs as a 
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reaction environment for polymerisation influences the orientation of polymers to obtain 

specific regio- or stereoisomers. Additionally, polymerisation inside the channel allows 

control over chain growth processes and tacticity.96  

 

The control over the tacticity of the polymer is one of the main reasons for using ordered 

materials as templating motifs.97 To produce composites by direct insertion of polymers 

within the pores of the MOF, the polymer must be able to penetrate and move through the 

MOF windows. This limits the amount and the molecular size of the polymer depending on 

the MOF structure. Furthermore, insertion of high molecular weight polymers is extremely 

difficult because of their low diffusivities that sets another limit for the chain length of 

polymers that may be obtained, often limiting the approach to oligomers and short polymers.  

 

MOF-mediated template polymerisation has been accomplished in three distinct ways: (1) 

polymerisation of guest monomers. This approach uses confinement effects resulting from 

monomer molecules being confined in the nanosized pores of the MOF.98 Different MOFs, 

depending on their chemistry and structure, have distinct pore size and dimensionality. 

However, the strong confinement effects reduce the monomer mobility within the pores and 

therefore reduce the reactivity of the monomers. (2) copolymerisation between host and guest 

molecules. This approach allows for transcription of the MOFs ordered structure onto the 

resulting polymers. Depending on the reaction pathway and the distribution of the monomers 

that have been confined into the MOF, the alignment, polymer sequence and the resulting 

structures can be regulated with precision. (3) Topochemical polymerisation of difunctional 

ligands in MOFs by single-crystal-to-single-crystal (SCSC) manner is an approach with 

which is it possible to precisely control stereoregulatity of the polymer. However, a drawback 

of this method is it requires arranging the monomer species in suitable positions before 

initiating polymerisation, which is challenging.99 

 

Radical polymerisation is widely used as the preferred method to produce vinyl polymers on 

both industrial and laboratory scales. In this method, the molecular weight distribution 

(MWD) is generally wide because termination and chain transfer reaction steps occur 

simultaneously with chain propagation. Hence, suppressing the side reaction is an important 
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aspect to be considered when trying to achieve a polymer with narrow MWD.100 Pioneering 

work in this field was carried out by Uemura et al. on the radical polymerisation of styrene 

monomer (St) in pores of 1D [Zn2(BDC)2(TED)]n  (where, BDC = 1,4–benzenedicarboxylate; 

TED = triethyldiamine), demonstrating that polymers with narrow MWD can be obtained by 

achieving polymerisation withing the pores of this MOF.101 The radicals of monomers 

propagating in the system showed high stability in the MOF pores, resulting in suppression of 

common side-reactions such as radical quenching by termination and chain transfer steps. 

The study also used the Cu analogue of this MOF, [Cu2(BDC)2(TED)]n which was not as 

effective as 1D, likely because of the Cu2+ ions in the MOF being coordinatively saturated by 

the dicarboxylate linkers and are protected from being attacked by radical species. This study 

also demonstrated that it is vital to choose a MOF and polymer system that result in effective 

polymerisation without any undesirable interactions that may inhibit the process. 

 

The researchers carried out further studies to understand the dependency of pore dimensions 

and channel size.102 In this study, they used a MOF whose pore size could be tailored with 

using various dicarboxylate ligands by reticular chemistry, [M2(L)2(TED)]n (M = Zn2+, Cu2+; 

L = dicarboxylate ligand). The studies revealed that with an increase in size of the pores of 

the MOFs, the MWD of polystyrene (PSt) became narrower. Other vinyl monomers such as 

methyl methacrylate (MMA) and vinyl acetate (VAc) were also polymerised in MOFs to 

yield polymers with lower MWD.  

 

Since proving the templating proof-of-concept as an effective approach to obtain polymers 

with tuneable MWD studies have been carried out to evaluate a range of monomers that can 

successfully polymerise under confinement of MOF pores. Hwang et al. studied these effects 

of monomer size on radical polymerisation of vinyl ester in [Zn2(BDC)2(TED)]n by 

investigating the MWD of poly(vinyl esters) which became narrower with an increasing in 

monomer size: 2.17 for poly(vinyl acetate) (PVAc), 1.71 of poly(vinyl propionate) (PVPr), 

and 1.51 for poly(vinyl burtyare) (PVBr).103 Reversible addition-fragmentation chain transfer 

(RAFT) polymerisation was more recently performed in the MOF to demonstrate further 

control over the polymerisation system.104,105 There is a linear molecular weight increase as 

the reaction time increased which clearly indicates the benefits of using RAFT as an approach 

for controlled polymerisation. Kinetics of RAFT polymerisation of vinyl esters with pores of 
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MOF, [Zn2(BDC)2(DABCO)]n (DABCO = 1,4-Diazabicycly[2.2.2]octane) as a 

polymerisation environment, with AIBN as an initiator and (S)-2-(ethyl propionate)-(O-ethyl 

xanthate) as chain transfer agent was investigated.106 Compared to free radical 

polymerisation, there was an increase in molar mass of the polymer with RAFT 

polymerisation. This is a clear indication that a reversible-deactivation radical polymerisation 

(RDRP) process takes place inside the MOF. In order to obtain information on the effect of 

steric requirement of monomer tacticity on polymerisation of VAc, vinyl propionate (VBu) 

and vinyl butyrate (VBr) were also investigated. Polymer reactions in MOFs improved 

control over tacticity. Intermediate monomer size leads to enhanced tacticity control which 

might be due to interplay between steric demand of the monomer and mobility in the 

nanochannel.107  

 

In theory, ideal orientation and perfect tacticity can be achieved provided monomers align 

perfectly inside the porous channels and hold their place as the polymerisation occurs. 

However, such orientation is hard to accomplish in reality. In case of free radical 

polymerisation, a limited occurrence of chain termination reaction occurs due to the 

decreased likelihood of end chain radicals to meet. All approaches considered, there is a 

general lack of consensus on how the polymerisation proceeds in real-time from point of 

initiation of polymerisation to the end of reaction. At current point of time, there is no 

specific evidence on actual mechanism of RDRP in MOFs either. The key to translate the 

approach of template-based polymerisation from laboratory to real world applications is to 

understand the polymerisation mechanism. Control over polymerisation by MOF templating 

could provide multi-dimensional and network-like polymer structures that are otherwise 

difficult to achieve by the route of bulk polymerisation. Further understanding of  the 

polymerisation mechanism, in particular, enhanced sequence control, is needed to fully 

determine the effectiveness of this approach on a larger scale.  

 

1.5.2   Polymer Networks for Drug Delivery 

Improvement in the pharmacological and therapeutic properties of drugs is the driving force 

behind research into novel methods for targeted drug delivery. The use of nanocarriers in 

medicine and nanoparticle-based therapeutics have been subject to increasing interest over 
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the recent years, as these systems hold a potential to alleviate many drawbacks such as 

inability to improve efficacy and undesirable side effects of conventional therapy.108 They 

typically consist of an active agent incorporated within a nanoparticle carrier, such as 

micelles, liposomes, and polymer matrices.109  

 

Polymer networks for loading of drug molecules offer several advantages such as stability, 

high swelling capacities, biocompatibility, and biodegradability. All these characteristics play 

an important function in targeted and controlled drug delivery.110 Polymer network (PN) 

mediated drug delivery has acquired appreciable focus in the pharmaceutical industry in the 

past two decades due to their utility in time-controlled targeted drug delivery and tissue 

engineering.  

 

In principle, templated polymer networks extracted from MOFs, should result in a non-

separable network with high tensile strength depending on their structural complexity.  

Polymer networks have been widely investigated in recent years for controlled release of 

drug molecules.111 A few of the significant biomedical uses of these polymer networks are in 

diagnosis, dialysis membrane, artificial dental and tissue implants, systems of drug delivery 

and burn dressing.  For such applications a mandatory property for polymer is their 

biocompatibility, and the ability to be eliminated from the body (with or without prior 

biodegradation).112  

 

To be chemically degradable, polymers must have hydrolytically or proteolytically labile 

bonds in their polymer backbone. Most polymers that are biodegradable rely on hydrolytic 

cleavage of ester bonds or ester derivatives such as poly(lactic acid) and poly(ε-

caprolactone).113,114 Degradation proceeds by releasing an acid as a decomposition product 

that catalyses further degradation or ionizes the initial hydrophobic structure that allows 

water molecules to adsorb to the polymer. A common issue with biodegradable polymers is 

uncertainty with regards to the safety of degradation products as degradation often results in 

distribution of fragment sizes. Toxicity of the degraded fragments is also challenging to 

determine experimentally without in-vivo testing. Ideally, polymers would degrade into 
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small, metabolic compounds that are known to be non-toxic and are small enough for natural 

clearance mechanisms. Hence, it is vital that the polymers chosen should meet the criteria. 

Using biodegradable polymer matrices presents a promising avenue as they can be degraded 

to non-toxic monomers inside the body. Such polymer networks may have a potential for 

high drug loading capacities, making them an enticing and promising candidate for further 

development in therapeutic treatments via drug delivery.115 

 

One approach for drug delivery involves using highly porous MOFs as a template for 

polymerisation to occur within its pores forming polymers with high internal volume. 

Nanocarriers such as polymer networks synthesised through MOF-templated polymerisation 

have shown promise for drug delivery applications such as drug encapsulation within 

nanocarriers.116 The MOF can be digested to yield a polymeric network which itself can be 

loaded with a drug and used for controlled release within the body. The digested MOF 

components can be recycled to reform the original structure and hence be reused as a 

template, making this a cost-effective method for templating polymer networks.117  

 

1.6   Project Aims 

The fundamental aims of this project are to synthesise biodegradable porous polymer 

networks templated by MOFs, and to verify the structure of the formed polymer networks. 

Additionally, to understand the mechanism of the polymerisation under confinement of 

monomer precursors in the MOF, and identify the requirements for achieving effective 

polymerisation by MOF templated polymerisation approach.  

 

MOFs with well-defined porous structure can be used as templates and a polymerisation 

environment for a variety of monomers. Hence, improved control over polymer tacticity 

compared to bulk polymerisation as well as precise polymer networks tailored to intended 

applications can be achieved using this approach. Despite the advantages mentioned above, 

much of research on template synthesis of polymers is still developing and to an extent, 

uncertain with lack of substantial evidence. Template polymerisation within MOF pores had 

been suggested as a method to synthesise polymer matrices in the literature.118 However, the 



Chapter 1: Introduction 

Page | 26  

 

research investigating mechanism of polymer network synthesis based templated approach is 

scarce and experimental data supporting proposed mechanisms has not been reported to our 

knowledge. The studies for understanding interaction of larger monomer molecules under 

confinement of MOF pores is not clearly understood and has not been reported.  

 

Through our research, we aim to address the lack of understanding of polymerisation 

mechanism and guest behaviour through static and dynamical studies. In addition to 

conventional characterisation methods (X-ray diffraction, thermal analysis, IR and NMR 

spectroscopy), we will use neutron scattering to investigate guest behaviour at an atomistic 

level. Interactions and mechanisms driving polymerisation under these confined conditions 

have not been examined in real time as polymerisation is taking place. We performed total 

neutron scattering (TNS) and quasi-elastic neutron scattering (QENS) experiments at the 

NIMROD and IRIS instruments, respectively, (ISIS Pulsed Neutron and Muon Source, RAL, 

Oxfordshire, UK) that will help understand monomer and polymer interactions as the 

polymerisation proceeds from its initial monomer stage to its ultimate stage as a polymer. 

Additionally, these studies will also determine pathways to regenerate degraded MOF 

structure to ensure its recyclability. In general, MOF and polymer systems are potentially a 

good combination for template polymerisation for polymer structures that otherwise are 

difficult to achieve by bulk polymerisation. Understanding the mechanism behind the 

polymerisation reaction holds the key to real-world application. 
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1.7   Conclusion  

Metal-organic frameworks (MOFs) are formed by reticular synthesis allowing for strong 

bonding between inorganic SBUs and organic units, resulting into crystals with high porosity 

and, high thermal and chemical stability. The highly porous nature of the MOFs makes them 

suitable candidates for applications in gas separation, gas storage, guest adsorption, catalysis, 

drug loading and release, among other applications. MOFs whose chemical composition and 

shape of building units can be multiply varied within a particular structure already exist and 

may lead to materials that offer a synergistic combination of properties. Furthermore, well-

defined pores with high internal surface area allow chemical reactions to be performed within 

the pores of the MOF and can be used for synthesising polymers in-situ to obtain highly 

controlled polymers with long-range order. As the MOFs act as templates during 

polymerisation reactions, conventional polymerisation methods can be performed to allow 

polymerisation of confined guest monomer species within the pores with little alteration to 

the method.119  

 

Studies involving MOF template polymerisation, with an aim to achieve control over 

molecular weight distribution, stereo-regularity, and co-polymer sequence have been 

investigated over the last decade. The ability to isolate the polymer structures without altering 

the polymer morphology or causing structural breakdown allows for synthesis of polymer 

architecture with porosity that can be tailored for the intended application. Despite the many 

conceptual advantages of using MOF templated polymerisation for polymer network 

synthesis, there is a lack of understanding on how to effectively control polymerisation of 

liquid monomers that are confined in MOFs. Secondly, there is also very little understanding 

of the polymerisation mechanisms and interactions of the monomer in the MOF framework 

during polymerisation. 

 

Thus, it is essential to gain understanding of the energetic and atomic-scale intermolecular 

interactions withing the pores of the MOF to understand how to control initiation and 

propagation of polymerisation during such reactions. Hence, to gather understanding of these 

mechanisms through different characterisation approaches have been a key inspiration to 

develop the aims of the research project. Furthering the knowledge may lead to the 

subsequent stage of the research project where the use of polymer architectures can be used 
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as drug delivery vehicles by evaluating their drug loading and drug release capacities and 

capabilities.  

 

The research in enhancing drug delivery mechanisms has been focused so that drugs are 

distributed only to targeted therapeutic locations in relevant quantities. Furthermore, 

understanding how polymers and polymer products interface with biological systems that are 

synthesised by the approach mentioned in the thesis is of prime importance. Many studies in 

recent years have reported on novel chemical roots for advanced drug delivery systems, but 

often, biocompatibility studies are overlooked until late in development.  

 

MOF and polymers constitute a good combination for formation of advanced materials where 

the host MOF acts as a template for the synthesis of polymer structures. The template-based 

approach for achieving polymer networks is desirable because of the potential of precision 

synthesis of polymer networks. Furthermore, exploring specific properties of monomer and 

polymer confinement and their effects on the host structure provide a desirable platform for 

studies aimed at filling the gap in understanding these mechanisms.   
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2   Background Information on Key Materials 

2.1  Metal–Organic Frameworks  

The work presented in this thesis is concentrated on two prototypical metal-organic frameworks, 

a zinc-based dicarboxylate, MOF-5 and copper tricarboxylate, HKUST-1. The choice of metal-

organic framework for the project was on the basis of earlier studies establishing the credibility 

of ‘template synthesis’ of polymers in MOFs, previous research carried out in the Easun 

laboratory suggested that MOF-5, HKUST-1, and MIL-53 were good candidates for the template 

synthesis of the polymers.1 

 

MOF-5 and HKUST-1 were selected for the study considering their characteristics such as pore 

dimensions, inability of zinc and copper to bioaccumulate in the body that may hinder the 

application of drug delivery, ease of breaking down the structure for polymer extraction, and 

recyclability of the MOF.  

 

2.1.1   MOF-5 (IRMOF-1) [Zn4O(C8H4O4)3] 

MOF-5 is a zinc-based MOF that consists of [Zn4O]6+ building units that are connected with 

linear 1,4-benzenedicarboxylate struts to form a cubic network (Fig 2.1). MOF-5 (IRMOF-1) 

was first discovered by Rosi et al. as one of the MOFs exhibiting ‘reticular chemistry’ and 

presented MOF-5 as a promising candidate for hydrogen storage.2 MOF-5 has open skeleton 

structure, controlled pore structure and pore surface area and high thermal stability function, 

which has been widely studied in gas storage and separation, electrochemistry, catalysis, and 

medicine.3–5  
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Fig 2.1: Reaction scheme for the synthesis of MOF-5 from zinc nitrate hexahydrate and 

terephthalic acid. The blue sphere in the MOF-5 structure is for visual aid depicting the spherical 

void space. 

 

‘Reticular Chemistry’ 

Reticular chemistry is responsible for the large number of MOFs known to date: an isoreticular 

series based on MOF-5 (the IRMOF series) was one of the first and the largest to be discovered. 

In its essence, reticular chemistry is concerned with linking secondary building units into 

extended porous frameworks with strong covalent bonds.2 For a given framework shape it is 

possible to prepare a series of analogues that exhibit the same topology but differing only in the 

nature and size of the links — an isoreticular series. The series of isoreticular MOFs (IRMOFs) 

was the first such series and based on this concept, the IRMOF family has expanded over the 

years with several new additions using different benzene carboxylate ligands and tetranuclear 

and tetrahedral Zn4O building units, IRMOF-n (n = 1-16), with larger and tunable pore sizes 

ranging from 3.8 to 29 Å, and pore volumes up to 1 cm3/g with high porosity.6 (Shown in Fig. 

2.2 as a representation of ditopic carboxylate linkers and illustration of formation of extended 

IRMOF networks by replacing acetate with rigid dicarboxylates.7) 

 

 

 

+ + 

Zinc Nitrate 

Hexahydrate 
1,4-benzene dicarboxylic 

acid 

(MOF-5) 
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It was suggested that using other ditopic carboxylate linkers that are closely related, and by 

employing identical conditions would yield the same type of frameworks with diverse pore sizes 

and functionalities.8 Using the range of linkers Rn-BDC (where, n = 2-7), 2,6-NDC, BPDC, 

HPDC, PDC, and TPDC instead of BDC yielded a series of MOFs from IRMOF-2 through -16, 

including the non-interpenetrating structures of BPDC, HPDC, PDC, and TPDC. Comparison of 

the percent free volume in crystals of IRMOF-1 through -16 shows that it varies in small 

increments (1 to 5%) from 55.8% in IRMOF-5 to 91.1% in IRMOF-16. Although the increments 

are relatively small, their free volume is considerably higher than most open zeolites.  

 

Structure and Properties 

MOF-5 exhibits a simple cubic structure with a [F m -3 m] space group and a unit cell length of a 

= 25.44 Å. The MOF-5 structure has a square shaped pore of 7 x 7 Å. The surface area and pore 

volume are the decisive properties that warrants the use of MOF for many applications such as 

gas storage, gas adsorption, drug loading etc. MOF-5 isolated and desolvated in air has been 

reported to have surface area range of about SABET = 950 – 3500 g/cm2 and SALangmuir =   1250 – 

4400 g/cm2.3 Noticeably, MOF-5 desolvated under nitrogen has shown to posses a larger surface 

area.9  

 

Table 2.1: A summary of structural, thermal, hydrogen isotherm properties for MOF-5. The data 

are averages of the most consistent values from 20 literature studies that use solvothermal 

synthesis.10 

 

 Units Value Conditions 

Structure Properties    

Bulk Density 

g cm-3 

0.13 Fixed tapping. 

 0.22 Tapping with Jolt. 

Skeletal Density 0.59 Single Crystal Density 

BET Surface Area m2 g-1 3800 N2 Isotherm at 77 K 

Micropore Volume cm3 g-1 1.55 Ar Isotherm at 87 K 
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Skeletal Volume cm3 1.65 x 10-20 Single Crystal 

Lattice Parameter Å 25.4 PXRD 

Mean Particle Diameter μm 0.36  

Thermal Properties    

Heat Capacity (cp) J g-1 K-1 0.09 300 K, ρ = 0.35 g/cm3 

Thermal Conductivity (k) W m-1 K-1 0.72 300 K 

Hydrogen Isotherm Parameters    

α J mol-1 2240  

β J mol-1 K-1 19.5  

ηmax mol kg-1 125 - 

Po MPa 1692  

Va ml g-1 2.00  

 

 

The Zn–O bond length in the single-crystal structure of MOF-5, the single-crystal structure of 

zinc nitrate that contributes to the SBU in MOF-5, and the hexagonal ZnO SBU are very similar 

in the order of ~ 1.9 Å.11 The C–C and C–H bond length in the MOF structure is also consistent 

with those found on carboxylates (1.4 – 1.5 Å and 0.9 Å respectively), the C–O bond linking the 

SBU and the carboxylate linker has a length is at the order of 1.3 Å.12 These similarities suggest 

that the energetic differences between the dense assemblages and the final MOF stem from the 

void space in MOF-5. ZnO has a framework density (FD) of 42.0 Zn•nm-3, while for MOF-5 is 

1.9 Zn•nm-3. The large difference reiterates the high porosity character that desolvated MOF-5 

posses.  
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Interaction of MOF-5 with water and solvent DMF molecules. 

The extremely porous nature of MOF-5 also contributes to much of its framework instability that 

results from water adsorption. The degradation of MOF-5 following exposure to moisture or air 

with relatively high humidity has been reported in several studies.13–15 Long et al. reported the 

hydrolysis of MOF-5 by measuring hydrogen isotherms and X-ray diffraction patterns of 

samples before and after exposure to humid air.14 Schröck and co-workers identified the water 

loading threshold for the degradation of MOF-5; irreversible decomposition was observed after 

an uptake of 8 wt % water.16 Cychosz and Matzger also analysed the structure of several MOFs: 

MOF-177 MOF-5, HKUST-1, MOF-505, UMCM-150, MIL-100, and Zn(2-

methylimidizolate).17 Following exposure to dimethylformamide (2 mL) solutions containing 50 

to 2000 μL of water; they concluded that the MOF stability was related to the composition and 

geometry of the metal cluster of MOFs. Many of these studies conclude that MOF-5 has a 

characteristic and drastic increase in water uptake (type V isotherm) coinciding with a rapid, 

irreversible structure change upon exposure to air with a relative humidity of 50% or higher.18 

Below this threshold humidity, the uptake of water was limited and resulted in little change in 

structure over an exposure times up to several hours. The faster rates of structure decomposition 

of MOF-5 hint that the water coverage on the adsorption sites within the MOF may affect the 

energies associated with irreversible hydrolysis of the framework.18 

 

A small number of studies have investigated how the water-induced degradation mechanism 

proceeds and have employed molecular dynamics (MD) and first-principle calculations to 

understand the effects leading to the degradation. The earliest studies of water in adsorption in 

MOF-5 by Greathouse and Allendorf revealed that the adsorbed water interacts more strongly 

with Zn sites as compared to the carboxylate linker. Furthermore, the water molecules can insert 

into the MOF-5 upon breaking of Zn–O bonds.19 Han et al. further expanded the study by 

predicting a reaction mechanism associated with MOF hydrolysis where the adsorbed water 

dissociates into a hydroxyl group and a proton. This is followed by the −OH group bonds to Zn 

breaking the Zn–O bond between the metal cluster and the linker. The remaining hydrogen then 

joins with the organic linker to form carboxylic acid.20 
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A study by Siegel et al. evaluated the energetics associated with water adsorption and insertion 

into MOF-5 framework as a function of coverage using van der Waals-aware functional to 

capture dispersion interactions present during molecular adsorption. A key finding of their study 

was that the thermodynamics of water insertion into MOF-5 is dependent of coverage of the 

water molecules on the framework.21 The water molecule insertion becomes thermodynamically 

favourable only when a critical number of water molecules are adsorbed as relatively compact 

clusters on the same Zn4O secondary building unit of the MOF. 

 

Ming et al. calculated the thermodynamics of water adsorption at various sites in MOF-5. 

Subsequently, the energetics for hydrolysis are evaluated as a function of the local coverage of 

water near the Zn−O insertion point.21 They identified five distinct sites at which water 

molecules interact with MOF-5. These sites are illustrated as large purple spheres in Fig 2.2 and 

labelled with Greek letters α, β, γ, δ, and ε.  

 

 

Fig 2.2: Magnification of the metal cluster and the organic linker from MOF-5 structure. The 

purple spheres represent five distinct sites for water adsorption and are labelled with Greek 

symbols. (Image reproduced with permission)16 
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The three sites α, β, and γ exist on the Zn−O metal cluster, whereas δ and ε are present on the 

linker around the benzene ring. Site α is the closest site to the central oxygen in the Zn cluster 

and is equidistant to three of the Zn atoms bonded to the central oxygen. Site β is closest to one 

of the four Zn atoms in the cluster and is equidistant to three of the four oxygen atoms bonded to 

Zn. Site γ is within the proximity two oxygen atoms bonded to Zn. On the linker, site δ is located 

above the face of the benzene ring. Site ε is positioned at the edge of the benzene, with equal 

distances to two hydrogen atoms. Table 2.2 lists the number of each type of site on a single metal 

cluster or linker. In total, there are 20 adsorption sites on the metal cluster and 12 sites on the 

linker. 

 

 

Table 2.2: Location and number of each type of adsorption site in a unit cell depicted with the 

number of water molecules adsorbed.  

 

Location Site Name Number of Sites 

Zn–O Cluster 

α 4 

β 4 

γ 12 

Linker 
δ 6 

ε 6 

 

 

Over the years, interest in studies concerning MOF-5 has steadily increased with majority of the 

studies concentrated over gas adsorption and storage. The consistent attention towards MOF-5 is 

due to its ease of synthesis that can be scaled up for a industrial application in addition to its 

attractive properties such as large surface area and pore volume as mentioned earlier. A major 

hindrance for its application on a larger scale remains its instability towards moisture. Currently, 

a large portion of research is focussed on identifying the ‘stability window’ or the conditions 

where the MOF-5 is stable to take advantage of its characteristics. 
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2.1.2   HKUST-1 (MOF-199) [Cu3(C9H3O6)2], 

HKUST-1 (Hong Kong University of Science and Technology-1) is a copper-based MOF made 

with copper ions coordinated with 1,3,5–benzene tricarboxylate (BTC) in a cubic [F m -3 m] 

lattice, and was first reported by Chui et al. in 1999.22 Since its discovery, HKUST-1 has been 

used for a range of applications such as gas adsorption and storage,23 gas sensing,24 catalysis,25 

electrochemistry,26 and biomedical applications.27 Due to its ease of preparation and wide-spread 

usage in research, it has been commercialized by ACS Material, Plasma Chem, Advanced 

Chemical Synthesis and Manufacturing (ACSYNAM) and sold under the tradename Basolite 

C300 by BASF. 

 

Structure and Properties 

HKUST-1 consists of a 3-D intersecting system of large square-shaped pores of 9 x 9 Å. The 

framework of HKUST-1 consists of Cu (II) ions as dimers, where each copper atom is 

coordinated by four oxygen from BTC linkers and water molecules (Fig 2.3). The presence of 

water molecules in the first coordination sphere of Cu ions has been suggested as a way to obtain 

a coordinative valency on Cu (II) species.28 The  pores can hold up to 10 additional water 

molecules per formula unit.  
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EtOH:Water (1:1) 

Δ = 100 °C, t = 48 h 

 

   

                                               

 

Fig 2.3: Reaction scheme for the synthesis of HKUST-1 from copper (II) nitrate trihydrate and 

trimesic acid. The yellow sphere in the HKUST-1 structure is for visual aid depicting the 

spherical void space, and the orange spheres depict the void space in the coordination sphere. 

Atoms: Blue – Cu; Red – O; Black – C. H-atom has been eliminated for clarity. 

 

The polymeric framework of HKUST-1 is composed of dimeric cupric tetra-carboxylate units 

with the interatomic distance between Cu-Cu metal ions being 2.628 Å. The framework overall 

has a neutral charge with 12 carboxylate oxygens from the two BTC linkers bound to four 

coordination sites for each of the three Cu(II) ions of the formula unit. Such bimetallic 

tetracarboxylate units are a common occurrence for MOFs with tbo topology in space group [F 

m -3 m].22 Fig 2.4 shows HKUST-1 framework structure viewed down the [100] direction (a), 

showing nanochannels with fourfold symmetry and a hexagonal-shaped 18 Å window (b) when 

viewed along [111] direction. The occurrence of this highly stable arrangement is not just for Cu-

based framework, but also for many other transition metal carboxylates such as quadruple-

bonded molybdenum MOF [Mo2(O2CCH3)4]
29 and its catalytically active rhodium analogue 

[Rh2(O2CCH3)4].
30  

 

Copper (II) Nitrate 

Trihydrate 

+ 

1,3,5-benzene tricarboxylic 

acid 
[Cu3(C9H3O6)2.xH2O]n 

(HKUST-1) 
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Fig 2.4: (a) Wireframe scheme for HKUST-1 framework viewed down the [100] direction, 

showing nanochannels with fourfold symmetry. (b) viewed along the cell body diagonal [111], 

showing a hexagonal-shaped 18 Å window at the intersection of the nanopores. Blue – Cu; Red – 

O; Black – C; H – Grey. 

 

HKUST-1 is thermally stable up to 240°C and offers potential for chemical functionalization of 

the organic linkers. It has a high surface area (SABET = 1500-2100 m2/g), good stability, and 

relatively straightforward synthesis. Despite its commercialization and widespread availability, 

research trends for HKUST-1 has continued to grow ever since its discovery. 

 

Host-Guest Interactions 

An important characteristic of HKUST-1 that is especially attractive for applications such as gas 

adsorption is that the solvent molecules contained in the channels after the synthesis can be 

removed by thermal treatment, resulting in efficient removal of guest and producing an activated 

MOF.31 The vacant coordination sites at the metal ions present in the framework are the main 

site for guest molecules to interact to the framework along with the sites where there may be 

defects present in the MOF motif. In other words, the interaction energy only depends on the 

distribution of electron density around Cu2+ centers. The electron density is equivalent in both its 

a) b) 
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high-spin ferromagnetic state and low-spin antiferromagnetic states, and does not change if the 

Cu2+ centers are ferro- or antiferromagnetically coupled.32 

 

Supronowicz et al. studied the host-guest interactions of several guest molecules in HKUST-1 

such as CO, CO2, OCS, SO2, NO, NO2, N2O, NH3, PH3, and other small molecules with the 

undercoordinated metal centers of the HKUST-1 by means of density functional theory.33 IR 

measurements of CO adsorption indicate the defects are due to the presence of Cu+ centers.. 

Carbon monoxide binds strongly to Cu+, whereas nitrogen monoxide prefers binding to Cu2+ as 

two recent studies for HKUST-1 have shown.34 

 

In general, the type of interactions can be classified in three categories: weak physisorption, 

polarization and electrostatics, and strong acid−base interactions. The nature of these interactions 

largely depends on the chemistry of the molecules adsorbed. Interactions of molecules in 

HKUST-1 are significantly stronger for the uncoordinated metal sites when compared to the 

carboxylate linker for water molecules, suggesting that water interacts with the metal sites in a 

Lewis acid-base type interaction. Only ammonia is adsorbed stronger to the metal sites than 

water. Hydrogen sulfide and phosphane on the other hand are less strongly bound than water. 

Interactions for these four cases are too strong to be classified as physisorption and fall in the 

regime of chemisorption.35,36  

 

For larger molecules, Souza et al. reported characterization of 5-fluorouracil (5-FU) drug in 

HKUST-1 through inelastic neutron scattering (INS).37 The popular anti-cancer drug, 5-FU was 

encapsulated within HKUST-1 host framework,  yielding  a drug@MOF conjugate, 5-

FU@HKUST-1. The interaction of the guest drug in HKUST-1 and the confinement studies of  

guest@MOF was studied through vibrational spectroscopy. Using time-resolved infrared spectra 

with density functional theory calculations, they examined dynamics of vibrational motions 

dissociation of 5-FU bound to the framework of HKUST-1 upon water exposure. It was found 

that HKUST-1 creates hydrophilic channels within the hydrophobic polyurethane matrix 

enabling control over drug release rates. The combination of hydrophilic MOF with a 
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hydrophobic polymer can be harnessed to engineer a tunable composite that reduces the potential 

of unwanted burst effect commonly encountered in drug delivery. The researchers demonstrated 

that INS spectroscopy as a powerful technique to study the interactions between the drug 

molecule and the MOF and confinement effects through vibrational motions of the molecule.  

 

Outlook  

Translation from research to real world applications for HKUST-1 has been rapidly developing 

for various industries. Like MOF-5, one of the major concerns for HKUST-1 is its sensitivity 

towards moisture. The defects created due to moisture attack, impede the gas adsorption and 

diffusion, catalytic activity, in addition to the optical and other electronic properties.38 Besides 

post synthetic modifications of HKUST-1 that results in hydrophobicity, reconstructing and 

utilizing the buffer action of sacrificial bonds has a potential for enhancing the tolerance towards 

moisture.   

 

Gas adsorption in HKUST-1 is both through physical and chemical adsorption. However, the 

total adsorption and desorption for applications in industry is usually considered by adjusting the 

balance of these two adsorptions. The selective adsorption for O2 and CO2 on HKUST-1 shows a 

visible potential for commercial and industrial application once the defects are overcome. 

HKUST-1 also has a relatively large pore diameter of 13 Å. This limits the practical application 

of loading catalysts and therapeutically active molecules to those of a relatively small molecular 

size.39 Thus, it becomes important to investigate methods to design the structure of HKUST-1 so 

that it can be used as a preferable carrier for drug molecules by restricting the pore diameter. 

Although the large pore may limit the application for drug encapsulation, it may be advantageous 

towards template synthesis approach allowing penetration of guest molecules within the pores. 

Monomers and other organic molecules are capable of penetrating through these voids in the 

structure and interact with the coordinated metal centers as well as organic linker molecules. 

Template polymerisation strategies have been proven to be successful in our experiment and 

effective extraction of polymer networks and ease of disassembly of the HKUST-1 structure 

make it an attractive host for the approach (Discussed later in Chapter 4). 
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2.2   Biodegradable Polymers 

Polymers have played an important role in advancing the application of drug delivery by 

providing controlled release of both hydrophobic and hydrophilic pharmaceutical drugs. Whilst 

some recent advances in drug delivery have been predicated towards rational design of polymers 

tailored for specific drug molecules and/or engineered to exert distinct biological functions,40 

there is a vast amount of unexplored scope.   

 

The fundamental requirement for polymers to be considered for drug delivery and other 

therapeutic applications is their ability to degrade naturally by dissolution of chain fragments in 

non-crosslinked systems without chemical alterations or not form byproducts that are toxic or 

harmful to the biological system.41,42 

 

Degradation and erosion of a polymer can either be a surface or a bulk phenomenon. Surface 

degradation occurs when the polymer matrix is slowly removed from the surface, but the 

polymer volume fraction remains largely unaffected. On the other hand, bulk degradation results 

in no significant changes in the physical size and shape of the polymer until it fully collapsed as 

a result of degradation, but the fraction of polymer remaining in the carrier decreases over time. 

The dominant process is determined by the relative rates of solvent penetration into the polymer, 

diffusion of the degradation product, and degradation or dissolution of its macromolecular 

structure.43 In an ideal scenario, polymers degrade into small metabolic compounds that are 

known to be nontoxic and are small enough for natural clearance mechanisms. Hence, in the 

studies outlined in the theses we have made consideration of selecting polymer systems that have 

been extensively studied and are widely used in industry for biological among other 

applications.44 

 

 

 

 



Chapter 2: Project Background 

Page | 48  

 

2.2.1 Polyvinyl Acetate (PVAc)  

                           

Vinyl acetate monomer (VAc)                                      Poly(vinyl acetate) (PVAc) 

Fig 2.5: Chemical structure diagrams of (a) vinyl acetate monomer (VAc) and (b) standard 

repeating unit of a poly(vinyl acetate) polymer. 

 

Polyvinyl acetate (PVAc) is a polyvinyl ester with a backbone formula of (C4H6O2)n, with the 

general formula -[RCOOCHCH2]- (Fig 2.5). It is a colourless, non-toxic,  atactic, highly 

branched, and non-crystalline thermoplastic, prepared by conventional free-radical 

polymerisation of vinyl acetate.45   Vinyl acetate was discovered in 1912 by Dr Fritz Klatte in 

Germany, he found that the catalysed reaction of acetylene with acetic acid gave a low boiling 

liquid readily polymerised into a range of dense solid material, PVAc.46 It has good resistance to 

UV and oxidation, but is rather brittle below its glass transition temperature (Tg) and very sticky 

above it. PVAc resins produce clear, hard films that have good weather resistance and withstand 

water, grease, oil, and petroleum fuels. Additional properties are high initial tack, almost 

invisible bond line, softening at 30-45 °C, good biodegradation resistance, poor resistance to 

creep under load, and low cost. PVAc possess good adhesive properties with many porous 

substrates but are not effective on non-porous surfaces. As a result, PVAc is one of the main 

ingredients of water-based glues, commonly referred to as wood glue, carpenter's glue, Elmer's 

glue (USA), or white glue. PVAc resins and copolymers are also used as hot-melt adhesives, 

sealants, fabric finishing, plastic wood, and inks.47 

 

 

a) b) 
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Applications 

Polyvinyl acetate is used in vast number of different applications.48 The most common of the 

applications is in manufacturing of PVAc-based dispersions and dispersible polymer powders in 

the construction and adhesives industry. The polymeric binders are used as an additive to 

enhance the properties industrial binders such as tile adhesives, mortars and self-levelling 

compounds. PVAc dispersions are also used in many other adhesive formulations. PVAc forms 

the main ingredient in wood glues (white glue). It is also commonly used as a binder in the paper 

industry and as a binder in latex paints, although binders based on acrylics are far more common 

in paint technology. Almost one third of the PVAc produced goes into binder and adhesive 

applications.49 

 

PVAc is approved by the Food and Drug Administration (FDA) for its use in the food and 

consumer industry. PVAc also constitutes as one of the main ingredients in every chewing gum. 

It is a major component in the so called ‘gumbase’, a mixture of different polymers that in 

combination with sugar, sweeteners, flavours, and other additives make up a chewing gum.50 

More often, PVAc is used as a major component of a copolymer (VAc, terpolymers, 

vinylacrylics, etc.) than a homopolymer itself. Additionally, in the applications mentioned above, 

PVAc and the related polymers are usually used as a part of complex mixture such as in fillers, 

plasticisers, impact modifiers, compatibilizers, or other polymers. 

 

Polyvinyl acetate is also the raw material to make other polymers such as polyvinyl alcohol 

(PVA) which is used in a variety of medical applications because of its biocompatibility, low 

adherence towards proteins, and low toxicity. Specific uses include cartilage replacements, 

contact lenses, and eye drops.51,52 Another important polymer derived from PVAc by partial 

hydrolysis followed by esterification with phthalic acid is polyvinyl acetate phthalate (PVAP), 

which forms the main component of enteric coatings for pharmaceutical tablets and capsules.53 

Summary of properties of poly(vinyl acetate) is provided in Appendix A2.1.‡  

 
‡  - The appendix follows the following nomenclature: A<Chapter #>.<Fig/Table #>  
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2.2.2   Poly(Lactic Acid) – PLA  

Polylactic acid, or polylactide (PLA) is a thermoplastic polyester with backbone formula 

(C3H4O2)n or [–C(CH3)HC(=O)O–]n. PLA is a biodegradable thermoplastic polyester formally 

obtained by condensation polymerisation of lactic acid with loss of water (Fig 2.6). An 

alternative approach of polymerisation is by ring-opening polymerisation of lactide, the cyclic 

dimer of the basic repeating unit.54  

 

 

Fig 2.6: Approaches to obtain high molecular weight PLA. 

 

Polylactic acid was first developed in the 1980s in Japan. By 2010 it was the second most used 

bioplastic in the world by consumption volume.55 Its widespread use is a credit to its availability 

from fermented plant sources, such as beet, corn starch, cassava roots, or sugarcane.  
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The more common route of obtaining PLA is the ring-opening polymerisation of lactide aided by 

metal catalysts, typically tin octoate or metal alkoxides. The metal-catalysed reaction often 

results in a racemization of the PLA, reducing its stereoregularity compared to the starting 

material (usually corn starch).56 ROP of L-lactide is generally the most preferred route for 

preparing high molecular weight PLA due to a greater ability to establish control over the 

chemistry and, as a result, varying the property of the polymer in a more controlled fashion. 

Polymerisations of lactide has been carried out by using melt polymerisation, bulk 

polymerisation, solution polymerisation, and suspension polymerisation techniques. Each of 

these methods has its own advantages and disadvantages, but melt polymerisation is generally 

considered the most simple and reproducible method of all listed above.57  

 

Another approach to PLA is the direct condensation of lactic acid monomers. This process is 

carried out at temperatures less than 200 °C; above that temperature, the entropically favoured 

lactide monomer is generated. The condensation reaction generates one equivalent of water for 

every condensation or esterification step. The condensation reaction is reversible and subject to 

equilibrium, so removal of water is required to generate high molecular weight species. This 

route is a two-step reaction that usually requires an additional purification step that significantly 

drives up the overall cost. Achieving high molecular weight PLA for industrial applications by a 

direct dehydration condensation reaction is not feasible as the equilibrium does not favour a 

polymer of high molecular weight. As a result, PLA prepared from polycondensation reaction 

has low molecular weight and poor mechanical properties and therefore is not suitable for many 

applications.56  

 

Applications 

PLA has a potential for use in a wide range of applications from packaging in the food industry 

to manufacturing of biomedical devices. A study in 2010 estimated an increase in other 

applications as well by 2020, especially in fibres and fabric.38 In the field of packaging 

especially, high-value films and rigid-thermoformed containers are of high interest. PLA is also a 

growing alternative as a ‘green’ food packaging and are increasingly being used as food 
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containers for fruits, vegetables, and salads.38 PLA is used as a feed material in desktop fused 

filament fabrication 3D printers. PLA-printed solids can be encased in plaster-like moulding 

materials, then burned out in a furnace, so that the resulting void can be filled with molten metal. 

These not only can be used as moulds, but also for applications such as household décor or 

ornaments.58 

 

A stereo-complex of D- and L-PLA has a higher glass transition temperature compared to 

racemic PLA, resulting in a greater mechanical strength. It has a wide range of applications, such 

as woven wrinkle-free shirts, microwavable trays, hot-fill applications and as an additive in 

engineering plastics such as ABS. Such blends also have good form stability and visual 

transparency, making them useful for low-end packaging applications.38  

 

PLA undergoes degradation to form innocuous lactic acid, and thus is safe to use in medical 

implants in the form of anchors, screws, plates, pins, rods, and as a mesh.59 Lactic acid is a 

natural product associated with muscular construction in humans, which can be decomposed by 

the body’s normal metabolic pathways. Lactic acid is converted to pyruvic acid and enters the 

tricarboxylic acid cycle to yield carbon dioxide and water. As L-lactic acid (LLA) is the naturally 

occurring stereoisomer of lactic acid, PLLA is more commonly used for medical applications 

than poly(D-lactic acid) (PDLA), which breaks down into D-lactic acid (DLA). PLA and other 

poly(α-hydroxy acid)s as well as their copolymers have been approved by the U.S. Food and 

Drug Administration (FDA) and by other regulatory agencies in many countries for implantation 

in the human body.56 A variety of products are commercially available and have successfully 

been used for medical applications. Depending on the exact type and molecular weight of PLA 

used, it can break down inside the body within 6 months to 2 years. This gradual degradation is 

desirable for a support structure such as medical implants because it gradually transfers the load 

to the body, allowing the bone or tissue to heal.  Pure poly-L-lactic acid (PLLA) is also a main 

ingredient in Sculptra, a long-lasting facial volume enhancer, primarily used for treating 

lipoatrophy of cheeks.60 
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Catalyst 

Despite these advantages, some disadvantages of PLA remain to be overcome, which include 

degradation products and its hydrophobic nature. Despite it bioavailability, LA is a relatively 

strong acid and its accumulation at the implant site, due to the “burst” release by the bulk 

degradation of PLA, will result in lowering of local pH that may potentially trigger and anti-

inflammatory response.61 Another disadvantage of PLA stems from the removal of water 

molecule during condensation reaction which often results in an agglomerate of polymer as with 

the template approach described in the thesis. PLA envelopes fine MOF crystals into a thick 

paste which is especially hinders intrinsic penetration of polymer in the micropores of the MOF. 

Summary of properties of poly(lactic acid is provided in Appendix A2.2). 

 

2.2.3   Poly(ε-caprolactone)  

Polycaprolactone (PCL) is a biodegradable polyester with a backbone formula (C6H10O2)n or [–

OCH2(CH2)4C=O–]. PCL has a low melting point of around 60 °C and a glass transition 

temperature of about −60 °C and is commonly prepared by ring opening polymerisation of ε-

caprolactone using a catalyst such as stannous octoate. By nature, PCL is a biocompatible, 

biodegradable, bioresorbable polymer, an aliphatic polyester belonging to the poly-α-hydroxy 

acid group, in the same chemical group as polylactic and polyglycolic acids.62  

 

 

 

ε-Caprolactone         Poly(ε-caprolactone) (PCL) 

Fig 2.7: Chemical structure diagrams of ε-caprolactone monomer (ε-CL) and standard repeating 

unit of a poly(ε-caprolactone) polymer. 
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PCL was first synthesised by the Carruthers group in the early 1930s by ring-opening 

polymerisation of the cyclic monomer of ε-caprolactone (Fig 2.7).63 The length (n) of the PCL 

chain or the corresponding molecular weight of the polymer determines the time of its 

degradation via ester-bond hydrolysis and its persistence. Many microbes in nature are able to 

completely biodegrade PCL.64 The amorphous phase undergoes degradation first and decreases 

the overall crystallinity as a consequence, while the molecular weight remains constant.65 Then, 

cleavage of ester bonds results in mass loss.  

 

PCL is hydrophobic and semi-crystalline, it has better viscoelastic properties than many other 

biodegradable polymers, and is thus easy to manufacture and manipulate, allowing a large range 

of structures such as microspheres, fibres, micelles, nanofibers, films, foams, etc. It can also be 

easily blended with other polymers to produce copolymers exhibiting different physicochemical 

properties and biodegradability.66 It became commercially available following efforts to identify 

synthetic polymers that could be degraded by microorganisms.67 In industry, PCL finds its most 

common use in the production of speciality polymers. Polycaprolactones impart good resistance 

to water, oil, solvent, and chlorine to the polyurethane produced. Summary of properties of 

poly(ε-caprolactone) is provided in Appendix A2.3. 

 

Applications  

PCL has uses in different fields such as tissue scaffolding, in long-term drug delivery systems – 

in particular contraceptives delivery, in microelectronics, as adhesives, and in packaging.63 The 

properties of PCL such as control over degradation, miscibility with other polymers, 

biocompatibility and potential to be made from monomers derived from renewable sources, 

makes it a very useful polymer if its properties can be controlled and it can be made 

inexpensively. A range of metals have been studied for catalysts and catalytic systems for 

polymerisation of ε-caprolactone.53  
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The numerous advantages and wide array of functions of PCL systems have led to product 

development and its use for biomedical applications. PCL implants and PCL-based collagen 

stimulators. Sutures were among the first devices made of synthetic absorbable polymers with 

the advantage of slow degradation in biological tissue as well as slow and controlled 

degradation. The copolymer of polycaprolactone and polyglycolide enters into the composition 

of the well-known monofilament suture Monocryl™ (Ethicon, Inc.; Somerville, New Jersey, 

USA), widely used in several surgery fields for many years.68  It sufficiently maintains high 

tensile strength and induces minimal tissue reaction after implantation in addition to its safety. 

 

PCL is suitable for long-term drug delivery due to its high permeability to many drugs, excellent 

biocompatibility, slow biodegradability, and bioerodability as a drug carrier. Among drug release 

systems, the biodegradable contraceptive capsule Capronor™ made of PCL containing 

levonorgestrel has particularly been investigated regarding its design and long-term experimental 

(up to 2 years) and clinical development, providing important information on the global safety of 

PCL and confirming the PCL slow degradation process and the long-term safety of those drug 

release systems.69 Many other drugs have been encapsulated in PCL microspheres for research as 

an anticancer, antipsychotic, non-steroidal anti-inflammatory, anti-hypertensive drugs.70–73  

 

PCL is used as a feedstock material for 3D printers and is often in implants in tissue engineering 

for its use in scaffolds produced by 3D printing, accredited to its physicochemical (low melting 

point), mechanical properties and longevity. 3D printing produces structures through successive 

layer deposition using a computerized process, to repair and replace tissues and/or organs.74 

Recent advances have also used PCL in tracheal surgery as whole tracheal 3D scaffold to 

promote repair and healing. Scaffolds are also being investigated in congenital heart defect, 

gastric wall damage (hollow organ) and periodontal repair. Such an application has attracted a 

considerable interest in orthopeadics for meniscus replacements, which affects many people 

around the world and current and alternate materials have faced issues with weathering and 

fabrication of parts. 75,76 The applications demonstrate that PCL is an important polymer for 

tissue engineering, and in conjunction with 3D-printing technology will be a key area of research 

and applications.  
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PCL is used as a component of "night guards" (dental splints) and in root canal filling. It 

performs like gutta-percha, possessing similar handling properties, and can be easily softened by 

applying head or dissolved in solvents such as chloroform for its re-use. Due to excellent 

moldability of PCL, dental splints can be fabricated in all shapes and sizes that may be required. 

The major difference between the polycaprolactone-based root canal filling material and other 

widely used replacement is that the PCL-based material is biodegradable.77  

 

PCL and PCL-based polymer networks provide and interesting opportunity to design drug 

delivery systems due to their relevant advantages, such as the easy removal of polymer 

metabolites and degradation products following drug release, and the ability to synthesise it in 

form of micro- and nanoparticulate systems to finely control site-specific and targeted drug 

delivery.78 Its compatibility with a wide range of drugs allows uniform drug distribution in the 

matrix, whereas its long-term degradation facilitates drug release up to several months.77 The 

main advantages of PCL for drug delivery are its high permeability to small drug molecules, and 

its negligible tendency to generate an acid during degradation so it does not create an acidic 

environment, as compared to other polyesters such as PLA and polyglycolic acid (PGAs). The 

degradation of PCL homopolymer is very slow compared to other polyesters, making it more 

suitable for long-term delivery systems extending to a period of more than 1 year, with an ability 

to increase and decrease effective release by proper physical or chemical modifications.79 Drug 

release rates from PCL based substrates may depend on specific formulations and synthesis, such 

as PCL content, size and percentage of the relative drug fraction used. Control over these 

parameters can be achieved by polymer networks with varying sized that can be controlled using 

templating with microporous materials to accurately control drug release rates. 
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2.3   Conclusion 

In conclusion, the background of key MOF and polymer materials is presented in this chapter, 

detailing the synthesis, polymerisation reactions. The chapter also describes the properties of 

polymer@MOF composite that make them attractive to be used in the application for developing 

multi-dimensional polymer structures and architectures.  

 

The exceptionally large surface area due to MOFs chatacteristic porosity, together with 

processable synthetic methods and flexibility of the polymer have been sought to enhance the 

properties of polymer@MOF composite and synthesise MOF-templated polymer networks.80 

Materials have been used to synthesise polymer@MOF by a combination of bottom-up synthesis 

where the MOF is initially synthesised. This is followed by incorporation of monomer within the 

MOF pores, and subsequently allowing polymerisation to occur in-situ. Upon completion of 

polymerisation, the polymer surrounding MOF structure is dissolved to isolate and obtain a 

multi-dimensional polymer network. The aim of following this approach is to obtain well-

defined porous polymer of relatively high surface area compared to what is obtained from 

conventional solution polymer approaches. Additionally, the template-based approach allows to 

adopt various chemical approaches to obtain specific regio- and stereoisomers.81 Template based 

approach allows tailor-made polymer systems to obtain highly controlled polymer structures.82  

 

Exploiting the ability to polymerise from monomers in-situ, the above described composite 

materials provide a route to the highly porous soft structures that are suitable for drug uptake and 

release. Accordingly, we have chosen to combine the classical MOF-5 and HKUST-1 templates 

with PVAc, PLA, and PCL in order to pursue a better understanding of MOF-monomer/polymer 

interactions influence the final soft porous framework obtained. The selection of linear (rather 

than branched) target polymers is influenced by previously published studies75,81, which report 

formation of 3-D network structures, as this physically intertwined construct is expected to be 

more easily degraded, as befits the intended ultimate application in drug delivery.  
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MOF and polymers constitute a good combination for developing advanced materials that result 

in composites that features desirable properties of both type of materials suitable for various 

applications. The area of polymerisation under MOF confinement holds several hurdles that need 

overcoming to fully understand the effect of confinement in crystalline solids. Improved 

understanding of the processes and mechanisms will allow investigation in large-scale 

applications such as heterogeneous catalysis and drug delivery. Overall, MOFs and polymers are 

an interesting combination of materials for various applications and hold promise with future 

developments with further research. Especially in the quest of precisely controlled material 

structures, the connection between MOF and polymers seems to be a valuable approach. 
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Introduction 

The details of the synthesis methods, experimental procedures and characterisation methods 

employed throughout this work are summarised in this chapter. Details information about raw 

materials used, sample preparation procedure, conditions, and characterisation techniques are 

given. Polymerisation methods for in situ MOF templated polymerisation and ex situ, 

solution polymerisation have been described in the chapter.  

 

3.1   Materials  

All the starting reactants were obtained from chemical vendors: Copper (II) nitrate trihydrate, 

terephthalic acid, disodium-EDTA, methanol, ethanol, and chloroform, were obtained from 

Fisher Scientific UK. Zinc (II) nitrate hexahydrate, trimesic acid, N,N – dimethylformamide, 

deuterium oxide,  tin (II) 2-ethylhexanoate, ε-caprolactone, vinyl acetate, D,L – lactide, lactic 

acid were all obtained from Sigma Aldrich (Merck). Deuterated vinyl acetate monomer was 

acquired from QMX Laboratories UK. Deuterated terephthalic acid was synthesised by and 

acquired from ISIS Pulsed Neutron and Muon Source deuteration laboratory at Science and 

Technology Facilities Council (STFC), Oxfordshire, UK. The reactants were used without 

further purification, unless otherwise stated.  

 

3.2    Synthesis of Metal-Organic Frameworks (MOFs) 

This section outlines details of solvothermal synthesis of both MOFs, HKUST-1 and MOF-5. 

As described earlier in chapter 2, solvothermal synthesis is a widely employed procedure 

during the synthesis of the inorganic and hybrid organic-inorganic solids.1–3 In general, over a 

period the solvents are heated to temperature above their boiling point in a pressurised, sealed 

vessel (Fig 3.1). These conditions activate the chemical reaction between dissolved reactants 

which result in formation of the reaction product. Solvothermal synthesis has proven to be an 

efficient procedure to control particle size and morphology of a range of metal-oxides such as 

zeolites,4 perovskites,5 and MOFs. All synthesis in this work has been performed in a 20 mL 

Teflon-lined autoclave, with 10 mL filling of the reaction mixture at the start of synthesis. 

The autoclave has operating temperatures and pressures up to a maximum of 250 °C and 
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1800 psig, thick-walled PTFE liner with a flanged seal. As a safety measure, the autoclave 

consist of a blow-off disc in the vessel head which is designed such that it blows out to 

release pressure through an opening in the cover at approximately 3500 psig.6  

 

 

          

 

Fig 3.1: Schematic of solvothermal autoclave (L) and image of an autoclave similar to the 

one used for MOF synthesis.7 

 

MOFs are known to readily adsorb atmospheric moisture, especially MOF-5 and HKUST-1. 

Before addition of monomers, the MOFs were activated by heating them to 170 ˚C under 

vacuum for 18 to 24 hours to ensure removal of residual solvent and coordinated water. This 

ensures that there is maximum accessible surface area for the monomer molecules to 

penetrate within the MOF pores. 
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Cu(NO3)2.3H2O 

Copper (II) Nitrate 

Trihydrate [Cu3(btc)2.(H2O)3].xH2O 

HKUST-1 

Benzene-1,3,5-tricarboxylic acid 

Δ = 120 °C 
 

t = 48 h 
+ 

3.2.1   Synthesis of HKUST-1 (MOF-199) [Cu3(BTC)2.x(H2O)3]n 

Solvothermal synthesis of HKUST-1, also known as Cu-BTC framework or MOF-199, was 

first reported by Chui et al. involving heating the reaction mixture for 12 hours at a 

temperature of 180 °C in a Teflon-lined autoclave.8 This reaction, however, results in 

formation of CuO due to high reaction temperature. HKUST-1 was synthesised using a 

modified method by Schlichte et al. that was optimized changing the molar ratio to achieve a 

better yield and crystallinity.9 A typical solvothermal reaction is as follows; Cu(NO3)2.3H2O 

(0.55 g, 0.3 mmol) was dissolved in de-ionized (Milli-Q) water (10 mL) and mixed with a 

solution of trimesic acid (benzene-1,3,5-tricarboxylic acid) 0.38 g (0.18 mmol) in ethanol (10 

mL). After 10 minutes of stirring the solution was transferred to a 20 ml Teflon liner, placed 

in an autoclave, and heated to 120 °C for 24 h. (Scheme 3.1) 

 

 

 

 

 

Scheme 3.1: Schematic diagram of copper(II) nitrate reaction with trimesic acid to form 

HKUST-1. 

 

HKUST-1 samples (~1 g) were stirred in excess ethanol (~10 mL) at room temperature for 

approximately an hour to displace any unreacted agents from the framework. This method 

was repeated 4-5 times. The samples were filtered and dried in air for 24 h. The samples were 

heated to 160 ̊C overnight prior to characterisations. Upon activation and loss of co-ordinated 

water, HKUST-1 changed colour from azure blue to royal blue.  
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Zn(NO3)2.6H2O 

Zinc (II) Nitrate 

Hexahydrate 

[Zn4O(bdc)3].xH2O 
 

MOF-5  

Δ = 120 °C 
 

t = 48 h + 
 
 

t = 48 h 

Δ = 120 °C 
 

t = 48 h 

Benzene-1,4-bicarboxylic acid 

3.2.2   Synthesis of MOF-5 (IRMOF-1) [Zn4O(C8H4O4)3]n 

The solvothermal synthesis reported by Yaghi et al. involves crystallisation of a mixture of 

zinc nitrate and terephthalic acid solution in N,N-dimethylformamide, and forms the basis of 

our synthesis approach. However, to develop a repeatable and effective synthetic procedure 

involved much trial-and-error with changes in molar ratio and addition of trace amounts of 

water to aid solubility and proton exchange. The adopted final synthesis method is described 

below.  

 

For our synthesis approach Zn(NO3)2.6H2O (2.2 g,123.25 mmol)  was dissolved in N,N-

dimethylformamide (60 mL) and stirred for 10 minutes before adding deionized water (0.6 

mL, 1% volume of DMF) and of terephthalic acid (benzene-1,4-bicarboxylic acid) (0.49 g, 

49.2 mmol) and leaving it to stir until full dissolution. The solution mixture evenly 

distributed in six 20 ml Teflon liners and placed in an autoclave and heated to 120 °C for 48 

h (Scheme 3.2). To activate samples of MOF-5, the samples (~1 g) were stirred in an excess 

of chloroform (~10 mL) at room temperature approximately for an hour; chloroform 

displaces majority of the residual DMF molecules and unreacted agents. This method is 

repeated 4-5 times. The samples were filtered and dried in an oven at 120 ̊C for 24 h.  

 

 

 

 

 

Scheme 3.2: Schematic diagram of zinc (II) nitrate reaction with terephthalic acid to form 

MOF-5. 

 

For hydrogenated, deuterated, and a mixed H/D (1:1) MOF-5 isotopologues required for 

contrast variation neutron scattering experiments, the synthetic procedures were modified. 
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MOF-5 samples (~1 g) were stirred in excess chloroform (~10 mL) at room temperature for 

approximately an hour to displace any unreacted agents and residual solvent from the 

framework. This method was repeated 4-5 times. The samples were filtered and dried in air 

for 24 h. The samples were heated to 160 ̊C overnight prior to characterisations. This 

procedure was consistent for all MOF-5 sample isotopologues.  

 

3.2.2.1   H/D exchange of Zn(NO3)2.6H2O for deuterated MOF synthesis. 

The metal salt used for the synthesis of deuterated MOF; Zn(NO3)2.6H2O (10 g), was 

recrystallised from an aqueous solution that was saturated and partially dehydrated at 45 °C. 

Crystals were dissolved in an excess of D2O and slowly concentrated by vacuum distillation 

at 80 °C for 3 h. The mixture was replenished with D2O and the process was repeated twice. 

Crystals obtained following this process were recrystallised in D2O solution saturated at room 

temperature and pressure. Once crystallisation was initiated, the solution was stored at 5 °C 

to accelerate recrystallisation. After 6 h, the crystals account for 6 – 8 g of deuterium 

exchanged zinc salt. The deuterium exchange was confirmed with ATR-IR spectroscopy.  

 

3.2.2.2   Synthesis of deuterated MOF-5 [Zn4O(C8D4O4)3]n  

The synthesis of deuterated MOF-5 follows a similar method to synthesis of its hydrogenated 

counterpart, albeit replacing the metal salt and water with deuterium exchanged salt and 

deuterium oxide, respectively, and using a deuterated terephthalic acid.  

 

Zn(NO3)2.6D2O (2.2 g, 123.25 mmol) was dissolved in N,N-dimethylformamide (60 ml) and 

stirred for 10 minutes before adding deuterium oxide (0.6 ml, 1% volume of DMF) and d4-

terephthalic acid (d4-benzene-1,4-bicarboxylic acid) (0.49 g, 48 mmol) and leaving it to stir 

for 15 to 20 minutes or until dispersion. The solution mixture was evenly distributed in six 20 

ml Teflon liners and placed in an autoclave and heated to 120 °C for increased reaction time 

for 72 h. Trial experiments suggested slow reaction kinetics and rate and the yield achieved 

with 48 h was low (18-20 %). Thus, the reaction time was extended to improve the yield and 
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crystallinity (32-38 %). The activation and work-up procedures are similar to that of MOF-5 

(Section 3.2.2). 

 

3.2.2.3   Synthesis of H/D-MOF-5 [Zn4O(C8HxDyO4)3]n 

Hydrogenated and deuterated hybrid MOF-5 was synthesised by using equal parts by weight 

mixtures of the starting reactants. Zn(NO3)2.6H2O (1.1 g, 61.6 mmol) and Zn(NO3)2.6D2O 

(1.1 g, 66.6 mmol) were mixed and dissolved in N,N-dimethylformamide (60 mL) and stirred 

for 10 minutes before adding deuterium oxide and H2O in 1:1 ratio (0.6 ml, 1% volume of 

DMF), terephthalic acid (0.25 g, 24.0 mmol)  and d4-terephthalic acid (d4-benzene-1,4-

bicarboxylic acid) (0.25 g, 24.6 mmol) and leaving it to stir for 15 to 20 minutes or until 

dispersion. The solution mixture evenly distributed in six 20 ml Teflon liners, placed in an 

autoclave and heated to 120 °C for an extended time of 72 h. The activation and work-up 

procedures are similar to that of MOF-5 (Section 3.2.2). 

 

3.3   Polymerisation of monomers in MOF pores. 

 

3.3.1 Radical polymerisation of vinyl acetate in MOFs 

The MOF (80 mg) was dried by evacuation at 170 °C for 24 h, and cooled to room 

temperature under nitrogen. A mixture of vinyl acetate (40 mg) with 2% equivalent weight of 

2,2’-azobis(isobutyronitrile) (AIBN; 0.8 mg) initiator was added to the MOF and soaked in 

monomer for 24 h at room temperature, this allows the monomer to seep into the intrinsic 

pores of the MOF. Extrinsic monomer was completely removed by controlled evacuation 

under vacuum at 40 ˚C for 18 h. The reaction flask was then filled with nitrogen and heated 

to 70 ˚C for 48 h to perform the polymerisation (Scheme 3.3). Upon completion of the 

polymerisation time, the reaction flask was cooled to room temperature and the 

polymer@MOF composites were washed in ethanol (20 mL) and dried at room temperature 

under continuous nitrogen flow.  
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+       N2 

a) Free radical formation step. 

  

2,2’–Azobis(2–methylpropionitrile) 

            (AIBN) 

b) Reaction of free radical with vinyl acetate monomer. 

 

Scheme 3.3: Schematic for the reaction pathway for polymerisation of vinyl acetate to 

polyvinyl acetate. 

 

3.3.2  Ring-opening polymerisation of ε-caprolactone in MOFs 

The MOF (0.8 g) was dried by evacuation at 170 °C for 24 h and cooled to room temperature 

under nitrogen. A ≈ 2 mL solution was prepared by dissolving a mixture of 2 mL toluene, tin 

(II) 2-ethylhexanoate catalyst (1.8 mg), and ε-caprolactone (0.8 g) [molar ratio – 9 : 0.04 : 

12]. Monomer (0.4 g) dissolved in the catalyst and initiator solvent was added, allowing the 

MOF to soak under nitrogen at room temperature for 24 h. Extrinsic monomer was evacuated 

under vacuum at 70 ˚C for 16 h. The reaction flask was then filled with nitrogen and heated 

to 120 ˚C for 48 h to polymerise (Scheme 3.4). Upon completion of the polymerisation time, 

Polyvinyl acetate 
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ε-caprolactone 

Poly(ε-caprolactone) 

+ 

the reaction flask was cooled to room temperature and the polymer@MOF composites were 

washed in ethanol (20 mL) and dried at room temperature under continuous nitrogen flow. 

 

Tin (II) 2-ethylhexanoate 

 

 

Scheme 3.4: Schematic for the reaction pathway for polymerisation of ε-caprolactone to 

poly(ε-caprolactone). 

 

3.3.3 Ring-opening polymerisation of D,L-Lactide.  

The MOF (80 mg) was dried and activated under nitrogen by method described in Section 

3.2.3. Once the MOF was allowed to cool down under nitrogen to room temperature, D,L – 

lactide (0.5 g) was added to the MOF. A solution of 0.4 mL benzyl alcohol with Sn(II)Oct 

catalyst (2 mg) was prepared and added to the reaction flask containing MOF along with the 

monomer. For the case of lactide, the monomer was added first without dissolution in the 

initiator solvent and the catalyst due to its melting point being considerably higher than other 

monomers used (mp = 116 – 120 ˚C)10. The temperature of the reaction mixture was 

ε-Caprolactone 

Propagation 

Poly(ε-Caprolactone) 

+ 
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Alkaloid moiety attacks 

the carbonyl carbon. 

D,L-Lactide 

Tetrahedral intermediate 

collapses by breaking the acyl 

carbon-OR bond in the ring. 

gradually increased to 130 ˚C and the MOF was allowed to soak in the liquid monomer, 

initiator and catalyst mixture for 24 h under nitrogen at this temperature. Extrinsic monomer 

was evacuated under vacuum at 130 ˚C for 16 h. The reaction flask was then filled with 

nitrogen at heated to 140˚C for 48 h to allow polymerisation (Scheme 3.5). Upon completion 

of the polymerisation time, the reaction flask was cooled to room temperature and the 

polymer@MOF composites were washed in ethanol (20 mL) and dried at room temperature 

under continuous nitrogen flow. 

 

 

 

Poly(lactic acid) 

Scheme 3.5: Schematic for reaction mechanism of D,L-lactide to poly(lactic acid).38 [The 

mechanism is conceptually the same as Scheme 3.4] 

 

Tin(II) 2-ethylhexanoate 

Lactide 
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Poly(lactic acid) 

3.3.4    Condensation polymerisation of lactic acid. 

The MOF (80 mg) was dried and activated as per the method described in Section 3.2.3. 

Lactic acid was dried over MgSO4 overnight and dehydrated under vacuum for 6 h at 50 °C. 

A mixture of 0.4 mL dehydrated lactic acid monomer with 1% wt. Sn(II)Oct was injected 

into the sealed reaction vessel containing the activated MOF. The MOF was left to soak 

under nitrogen for 24 h before the excess monomer was removed under vacuum at 55 °C to 

remove additional extrinsic monomer. The reaction temperature was increased to 110 °C for 

30 h to allow polymerisation (Scheme 3.6). Upon completion of the polymerisation time, the 

reaction flask was cooled to room temperature and the polymer@MOF composites were 

washed in ethanol (20 mL) and dried at room temperature under continuous nitrogen flow. 

 

 

Scheme 3.6: Schematic for reaction pathway of lactic acid to poly(lactic acid). 

 

 

  

Poly(lactic acid) 
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3.4   Framework Digestion and Polymer Isolation. 

An aqueous solution of 0.5 M Na2EDTA was prepared by dissolving 1.45 g of Na2EDTA in 

10 mL deionized water. The mixture was heated to 45 ºC under constant stirring for 24 h and 

allowed to equilibrate for 1 h. 1 g of polymer@MOF composite was added to the EDTA 

solution and stirred for 18 h to allow complete digestion of the MOF framework and 

extraction of the polymer network.  The solution mixture was rested for 4 h to allow complete 

separation of the phases. The white precipitate consists of solid polymer mixed with linker 

and a gel-like polymer floating in the solution. The mixture was centrifuged to isolate the 

polymer from the Cu/EDTA solution and washed repeatedly (10 washes) with ethanol to 

remove any residual linker and with water 3–5 times to remove any residual copper 

complexes. Between each set of washes, the solid precipitate was dried in vacuum at room 

temperature, overnight. After the washes, the isolated polymer precipitate was collected and 

stored under nitrogen.  

 

3.5   Characterisation  

Prior to any characterisation on MOF, all empty MOF samples without guests were activated 

as per method described in section 3.2.3. To remove unreacted reagents and solvent 

molecules within the pores of the framework. This is an essential step to maximise the 

capacity of the pores for the subsequent adsorption of the guest molecules and for 

characterisation when studying structural effects through powder X-ray diffraction or surface 

area analyses to be used for an accurate direct comparison with the guest loaded sample.  

 

3.5.1 Powder X-ray diffraction (PXRD) 

Powder diffraction was performed using a PANanalytical X’Pert PRO Chiller 59 

diffractometer using Ni-filtered CuKα radiation source (λ = 1.5418 Å) scanning a range of 2θ 

= 4 - 50˚, at room temperature. The samples were loaded on zero-background Si-wafers after 

drying. The comparison between experimental data and crystallographic data was performed 

on X’Pert Highscore Plus software by PANanalytical; using Rietveld refinement DICVOL 

for indexing the powder pattern and Le Bail fitting for identifying space groups of the 
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indexed pattern. In addition, Cambridge Crystallography Data Centre (CCDC) database11, 

International Centre for Diffraction Data (ICDD)12, Crystallography Open Database (COD)13, 

were used for accessing literature and comparative data. 

 

The d-spacing has been calculated from the Bragg’s law equation [λ = 2d Sin θ]; where θ is 

the diffraction angle. Characteristic diffraction peaks positions (2θ) were measured from the 

recorded patterns on X’Pert Highscore Plus software assuming cubic symmetry and average 

values over ten samples for each MOF were compared with average values for guest@MOF 

composite. Percentage change in d-spacing was calculated by determining and comparing the 

difference in lattice parameters of the as synthesised MOF and guest@MOF composite. The 

percentage change in lattice from initial value (PCIv) is defined by Eq. 3.5. 

 

𝑃𝐶𝐼𝑣 =
(𝐼𝑛𝑖𝑡𝑖𝑎𝑙−𝐹𝑖𝑛𝑎𝑙)𝑑−𝑠𝑝𝑎𝑐𝑖𝑛𝑔 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑑−𝑠𝑝𝑎𝑐𝑖𝑛𝑔
 ×  100                                       (3.5) 

 

A more accurate approach of interpreting data to understand changes in lattice d-spacing 

would be to perform indexing and Rietveld refinement for each powder pattern to quantify 

the structural changes in the diffraction patterns between MOF, monomer@MOF, and 

polymer@MOF composite. However, due to time constrains at the time of submission of this 

thesis, they have not been performed. Further work on studying structural changes in the 

MOF will account for indexing and structural refinement.   

 

Peak full-width at half maximum (FWHM) was determined by using the Debye-Scherrer 

equation (Eq. 3.6) using particles size of 0.2 and 0.09 μm for MOF-5 and HKUST-1, 

respectively. The shape factor (K) was used as 0.91 for both cubic and octahedral crystal of 

MOF-5 and HKUST-1, respectively. (λCu = 1.5406 Å)  

𝜏 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                    (3.6) 
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3.5.2 Nuclear Magnetic Resonance (NMR) 

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on either a Bruker 300 

Fourier, Bruker 400 UltraShieldTM or a Bruker 500 MHz Avance NMR spectrometer. All the 

2D COSY correlation-spectra were recorded on Bruker 500 MHz Avance NMR 

spectrometer.  

 

The obtained chemical shifts (δ) are reported in ppm and are referenced to the residual 

solvent signal. Spin-spin coupling constants (J) are given in Hz. The chemical shift 

assignment and peak properties were determined using MestReNova software by Mestrelab 

Research S.L. 

 

Calculation of number average molecular weight (Mn) and conversion from NMR data. 

The number-average molecular weight Mn and degree of polymerisation (DP) of polymer 

units were calculated from the integral values of methylene of polymer chain proton signals 

at 1.6–2.2 ppm for PVAc and PCL. The integral per proton was calculated by summing end 

group proton integrals and divided by the number of protons. The number of repeating units 

(n) were calculated using Eq. 3.8. 

 

𝑛 =  
(𝑆𝑢𝑚 𝑜𝑓 𝐶𝐻2 𝑝𝑟𝑜𝑡𝑜𝑛 𝑖𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑠  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝐻2 𝑝𝑟𝑜𝑡𝑜𝑛𝑠)⁄

𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 𝑝𝑒𝑟 𝑝𝑟𝑜𝑡𝑜𝑛 𝑣𝑎𝑙𝑢𝑒𝑠
                         (3.7) 

Mn was calculated by multiplying the formula weight of end groups and repeating units using 

Eq. 3.7. 

𝑀𝑛 = 𝐹𝑊𝑒𝑛𝑑−𝑔𝑟𝑜𝑢𝑝𝑠 + 𝑛 ∗ 𝐹𝑊𝑟𝑒𝑝𝑒𝑎𝑡𝑖𝑛𝑔 𝑢𝑛𝑖𝑡                                 (3.8)  

 

The conversion to polymer was calculated from the dried isolated polymers from the MOF 

(Eq 3.9). Conversion of VAc monomer to polymer was calculated from the summation of 

normalised integration of characteristic polymer methylene peak to the normalised 
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integration of monomer and polymer methylene peaks. (PVAc conversion, VAc: CH2 – 4.56 

ppm; PVAc: CH2 – 4.85 ppm). The conversion of ε-CL to PCL was determined by using the 

discrete signals of the protons in γ−position for ε-CL, and the respective protons of monomer 

and the polymer. While the signal at δ = 4.15 ppm is assigned to the ε-CL, the signal for the 

polymer is found at δ = 3.97 ppm if the spectrum is measured in CDCl3.  

 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =  
∫ 𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝐶𝐻2

∫ 𝑀𝑜𝑛𝑜𝑚𝑒𝑟𝐶𝐻2+ ∫ 𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝐶𝐻2
 × 100                     (3.9) 

 

3.5.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric (TG) data was recorded using a PerkinElmer Pyris 1 thermogravimetric 

instrument. Approximately 15 mg of the powdered material was loaded into an alumina 

crucible and heated in a flow of air (20 mL/min) from room temperature to 700 °C at the rate 

of 5 °C/min. The data was also acquired in nitrogen flow. (Cardiff Catalysis Institute (CCI), 

Cardiff University). 

 

For all TGA results where the empirical formula was known the first and second order 

differential curves were used to identify small changes and the inflection points in the data. 

The first and second order differentials were calculated using the Origin 2017 software’s data 

analysis functions. The first order differential is indicative of changes in mass, whereas the 

second order difference identifies inflection points in the data. 

 

Using the experimental mass losses at different stages in the TGA profile of the MOF, 

estimating the composition of the MOF is possible. This includes the amount of moisture, 

residual solvent in the MOF and the amount of monomer present in MOF-Polymer 

composite. In principle, Eq. 3.10 could be used to assist in these calculations but the variable 

solvent content in our systems made this approach troublesome.  

 



Chapter 3: Methods 

 

Page | 79  

 

𝑅𝐸𝑋𝑃  =   
𝑀𝑤[𝑇𝑡 ℃]

𝑀𝑤[𝑅𝑒𝑠𝑖𝑑𝑢𝑒]
=  

𝑀𝑤[𝐷𝑒𝑠𝑜𝑙𝑣𝑎𝑡𝑒𝑑 𝑀𝑂𝐹]

𝑀𝑤[𝑅𝑒𝑠𝑖𝑑𝑢𝑒]
    (3.10) 

 

Where, Rexp is the experimental MOF/residue ratio, Mw is the molecular weight, Tt is the 

temperature at which the linker decomposition is initiated.  

 

3.5.4   Infrared Spectroscopy  

Infrared spectroscopy was carried out on a SHIMADZU IRAffinitt-1S spectrometer. All 

spectra were acquired by scanning between the range of 500 – 4000 cm-1 and averaging 32 

scans.  

 

3.5.5   Mass Spectrometry 

All mass spectrometry characterisation was carried out by CHEMY Analytical Services at 

Cardiff School of Chemistry.  

 

GC-MS: Electron-spray (ES-MS) data was collected on a Waters LCT-Premier mass 

spectrometer. The mobile phase was 50:50 H2O/ACN (ACN – acetonitrile) with 1 % 

hydrochloric acid. For every sample run, four scans were taken, a blank run prior to the 

sample being added and then the sample was run under the modes ES+, ES-, and APCI+ 

(APCI – atmospheric pressure chemical ionisation). Samples were shown in ES+ mode. 

Sample analyte (10 μL) was injected via an autosampler and lock mass was employed 

(directly infused via a second pump) to ensure accuracy.  

 

MALDI: was performed on a Bruker Autoflex Speed mass spectrometer, time-of-flight 

instrument equipped with a pulsed N2 laser (337 nm, 4 ns pulse width) and time delayed 

extraction source. All spectra were recorded in positive ion mode under delayed extraction 

conditions (220 ns) and in reflector mode. The accelerating voltage was 20 kV. The matrix 
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was dissolved in THF or acetone and was mixed with the polymerisation mixture in a 25:1 

v/v ratio before ionization. The matrix used for each of the polymer is outlined in Table 3.1. 

 

Table 3.1: Matrix, solvent and matrix-analyte concentration used for their MALDI analysis of 

polymer. 

Polymer Matrix 
Matrix/Analyte 

conc. 
Solvent 

Polyvinyl Acetate 2,5 – dihydroxybenzoic acid (DHB) 5 mg/mL Acetone 

Poly(lactic acid) 
2,4,6 - Trihydroxyacetophenone 

(THPA) 
10 mg/mL THF 

Poly(ε-caprolactone) 2,5 – dihydroxybenzoic acid (DHB) 10 mg/mL THF 

 

ICP-AES: ICP-AES was performed to determine the element content in the analyte samples, 

Table-3.2. Data were collected on an Agilent 7900 ICP-MS with I-AS autosampler. Samples 

were run against an external calibration - Blank, 0.001, 0.01, 0.1 and 1 mg/L (ppm) using 

PerkinElmer Multi-Element Standard 3 and compared it against Agilent IS Standard P/N 

5188-6525 72 Ge. Instrument was run in He mode. (Table 3.2: Elements analysed, on the 

next page) 
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Table 3.2: Elements analysed for the ICP-AES. 

Element Analysed Compound  

Cu2+ 
Polymers extracted from 

HKUST-1 

Residual metal content in 

the polymer.  

Zn2+ 
 Polymers extracted from 

MOF-5 

Residual metal content in 

the polymer. 

Na2+ Terephthalic Acid 

Confirmation whether 

deuterated material was the 

salt form or the acid post 

acidification.  

 

3.5.6   Gas Adsorption 

N2 adsorption isotherms were measured on a Micrometrics 3Flex gas adsorption analyser at 

77 K. Samples were first degassed at 100 °C for 24 hours using degasser on Quantachrome 

Quadrasorb evo gas sorption surface area and pore size analyser. The isotherms were 

obtained using a ∅9 mm sample tube containing 100-150 mg of samples under study.  

 

BET surface areas were calculated from the isotherms using Microactive data reduction and 

control software for pore BET surface area and pore-size distribution analysis. (Cardiff 

Catalysis Institute (CCI), Cardiff University). The BET analysis was performed by plotting 

x/v(1 – x) vs x, where x = (P/P0) (P0 = 1 bar) and v is the volume of nitrogen adsorbed per 

gram of MOF at STP. This output is a curve with three distinctive regions: low pressure – 

concave region, a linear region at intermediate pressures, and a convex region for high 

pressure.  
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The slope ([c – 1]/vmc) and y intercept (1/vmc) of this linear region gives the monolayer 

capacity (vm), which can be used to calculate the surface area from Eq. 3.11.  

 

𝐴 =  𝑣𝑚𝜎0𝑁𝐴𝑉      (3.11) 

 

Where, σ0 is the cross-sectional area of the adsorbate at solid or liquid density (16.2 Å2 for 

nitrogen)14. 

 

It is to be noted that the BET model assumes adsorption of gases onto a flat surface. In case 

of three-dimensional MOFs, adsorption takes place at vacant metal centres and at the pore 

walls within the void spaces by pore-filling mechanism. Despite this caveat, the BET model 

is often used to measure the surface are of these materials.15–17 The BET model is able to 

reproduce the isotherm shapes in the low pressure reason to reasonable accuracy and for this 

reason, the points corresponding to the final uptake in the adsorption of the isotherm between 

P/P0 = 0.2-2 mbar are plots as P/P0 against Pn(P-P0) for BET surface area determination. In 

this thesis, the BET surface area has been calculated using 3Flex v4.00 for BET surface area 

and gas adsorption measurements.   

 

3.5.7   Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy images were collected using a HITACHI TM-3030 Plus 

Tabletop Microscope at 15 keV under high vacuum. Samples were mounted on a carbon tape 

and images were collected on the data software. Energy Dispersive X-ray (EDX) analysis 

was carried out on the Bruker Quantax 70 software. 
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3.5.8   Gas Phase Chromatography (GPC) 

GPC measurements were taken on Agilent 1260 Infinity II instrument coupled with a PL Gel 

5 µm mixed-d column mass selective detector (Agilent, Santa Clara, CA).  Samples were 

dissolved in HPCL-grade THF and filtered to remove any particulates with a 0.2 μm syringe 

filter. The mass spectral scan rate 50 scans per second. The GC was operated with a flow rate 

of 1.0 mL/min. The mass spectrometer was operated in electron impact (EI) mode using an 

ionization voltage of 70 eV and a source temperature of 35 ºC. 

 

3.5.9   Other Methods 

In addition to the methods described above, other non-standard characterisation methods 

were also used. Details for these methods are given in Chapter 4 and 5 with the description of 

the methods and their data analysis.  
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4.1 Scope 

This chapter discusses the characterisation of HKUST-1 and MOF-5, and changes induced by 

guest incorporation in the MOF pores. Further guest@MOF composites will be discussed in 

detail by different characterisation methods to determine efficiency of polymerisation of 

vinyl acetate, ε-caprolactone, and lactic acid confined in the microporous MOF.  

 

The samples were characterised via PXRD for observing structural changes in the MOF and 

FTIR spectroscopy was used to determine successful polymerisation. Both samples were also 

set aside for complementary characterisations by TGA, gas adsorption and desorption, SEM 

microscopy, and BET surface area analysis. 

 

Dried polymer following isolation (Section 3.4) from the MOF was stored in a sealed glass 

vial. The sample was used for characterised by FTIR spectroscopy, 1H and 13C NMR, TGA, 

ESI and GC-MS, MALDI-TOF, ICP-AES, GPC, and SEM microscopy will be discussed in 

this chapter.  

 

4.2 MOF-5  

MOF-5 was synthesised by the solvothermal synthesis method explained in section 3.2.2. 

MOF-5, monomer@MOF-5 and polymer@MOF-5 guest were prepared as described in 

Section 3.3. The results of characterisation analyses of MOF-5, monomer@MOF-5 

composite, and polymers@MOF-5 isolated from MOF-5 by various methods will be 

described in this section.  
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4.2.1 MOF-5: Powder X-Ray Diffraction 

The crystallinity of the synthesised MOFs structures and guest modified MOF composites 

was characterised by PXRD and compared with the examples reported in literature and 

simulated data. The diffraction pattern of as-synthesised MOF-5 is shown in Figure 4.1. All 

diffraction peaks were indexed and were in accordance with the literature reported values.1,2  

 

 

Fig 4.1: PXRD pattern for synthesised MOF-5 (top) vs. simulated MOF-5 pattern (bottom) 

from CIF (CCDC: 175572). (‘*’ denoted additional peak arising from bound solvent DMF) 

 

There is an additional peak observed at 8.9° [adjacent to the peak at 9.7° (200)] in the 

presence of guest DMF solvent molecules in the framework. The peak diminishes in intensity 

after repeat washing, solvent exchanging with chloroform and upon drying (120 °C for 24 

h+). In cases where the solvent is not completely removed, the peak at 8.9° is present. 

Removal of solvent DMF molecules increases the flexibility of the MOF-5 leading to a 

higher cubic [F m -3 m] symmetry in the framework and consequently, resulting in 

disappearance of the peak at 8.9° in the powder pattern.3 DMF has preferential binding to the 

Zn4O metal node of the MOF linked to the C-O of the linker, thus inhibiting the flexibility of 

* 
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MOF.4  Further information regarding the number of DMF molecules per lattice for the 

samples calculated is in section 5.1.2. 

 

The peak at 13.8° corresponds to reflection from (400) planes in a cubic MOF-5 (c-MOF-5) 

structure, and appears as an intense peak (I13.8°/I9.7° ≤ 0.5), whereas the intensity of this peak 

in the interpenetrated MOF is very low.3 As the (400) planes diffract half as intense compared 

to what is expected from (200) planes, the relative high peak intensity of the 13.8° (≤ 0.5) 

may suggest a trigonal or rhombohedral (t-MOF-5) structure.3 Based on powder diffraction 

patterns, it is not possible to conclusively identify the crystal structure of MOF-5 and further 

investigation is needed through TGA, BET surface area analysis and SCXRD (Section 4.3.1 

and 5.9.2).  

 

The simulated and experimental powder patterns for the c-MOF-5 and t-MOF-5 strongly 

suggest that they represent the same phase. It is reported that t-MOF-5 possess a smaller BET 

surface area compared to c-MOF-5.5 The c-MOF-5 powder patten reported in the literature by 

Yaghi et al. is consistent with the simulated pattern.6 However, the two represent an ideal 

desolvated MOF-5 phase and at ambient temperature and pressure, it is unlikely that the 

MOF maintains this structure. Hence, the broadening of peak at 9.7°, appearance of peak at 

8.9° from coordinated solvent DMF, and following BET surface area analysis (Section 4.8.1), 

TG analysis (Section 4.4.1), and structure refinement with SCXRD (Section 5.9.2) all suggest 

a t-MOF-5 phase. Another possible explanation for additional peaks in the diffraction 

patterns may be from an interpenetrated structure of MOF-5 (int-MOF-5), where two cubic 

nets of MOF-5 are found as interpenetrated lattices.5 For int-MOF-5, the 13.8° peak 

corresponds to the (2, 0, -4) plane, and the 6.8° arises from the (1, 0, -2) planes. The 

simulated XRD pattern of non-interpenetrated MOF-5 based on the crystal structures has a 

different peak intensity ratio to those of int-MOF-5. Shown in Fig 4.2 are the diffraction 

pattern for laboratory synthesised non-interpenetrated MOF-5 and int-MOF-5. It can be seen 

that intensity ratios for characteristic MOF-5 peaks differ, where the peak at 6.8° is slightly 

shifted and less intense and the 8.9° is the dominating peak for int-MOF-5. Moreover, there is 

significant broadening of peaks at 9.7° and at higher 2θ from multiple scattering.   
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Fig 4.2 PXRD patterns for as-synthesised MOF-5 (bottom) and interpenetrated MOF-5 

synthesised by literature reported method (top).5 Peaks corresponding to reflection planes are 

indexed, the pattern is baseline corrected (Section 3.5.1). Dashed lines indicate coordinated 

solvent peaks for corresponding MOF structures.  

 

4.2.1.1 In-situ polymerisation: vinyl acetate in MOF-5 

The XRD patterns of monomer@MOF-5 and polymer@MOF-5 composites were in good 

agreement with that of empty MOF-5, indicating that microstructures of the MOF are well-

retained without significant structural deformation with monomer adsorption and post-

polymerisation. It can be observed through the powder pattern that MOF-5 undergoes minute 

structural deformation upon loading with guest molecules (Fig 4.3). The changes are in 

effect, expansion upon monomer adsorption and framework contraction following 

polymerisation of the monomer. The expansion effect is observed as a decrease in 2θ angle of 

the peak position that are most observable on the 6.7°, 8.9°, and 13.7° peaks. These changes 

are may be a result of an increase in amorphous nature of the monomer-adsorbed structure of 

the MOF due to increase in disorder, resulting in decrease in signal-to-noise ratio.7 The 

second effect is of framework contraction upon polymerisation of intrinsic monomer within 
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the pores of the MOF resulting in a increase in d-spacing observed by an increase in different 

peak positions. Although the crystalline nature of the original empty MOF is not regained, 

there is a considerable increase in signal-to-noise ratio compared to the monomer@MOF 

suggesting an increase in overall crystallinity of the material.  

 

 

 

Fig 4.3: PXRD pattern of synthesised MOF-5 (bottom), VAc@MOF-5 (middle), and 

PVAc@MOF-5 (top). Black arrows indicate the direction of shift for peak at 9.7° (Expansion 

for 2θ = 5–15 ° range is shown in Appendix Fig A4.1. The diffraction patterns shown are 

background subtracted) 

 

The changes in peak intensity arise because of introduction of guest molecules within the 

pores of the MOF. The expansion and subsequent contraction of the MOF lattice observed as 

changes in 2θ is may be explained as an effect arising from adsorption of the monomer guest 

that results in saturation of the pores to an extent that it exerts stress on the crystal structure, 

enough to result in framework expansion.8  Following polymerisation, contraction of the 

framework suggests that there is a threshold time stage at 21 h for VAc@MOF-5 where the 
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MOF structure begins to contract suggesting that polymer chains act to reinforce the crystal 

lattice of the MOF. 

 

To further analyse the changes in the crystal structure of MOF-5 during the polymerisation 

process, samples were taken at individual time points during polymerisation and their powder 

diffraction pattern were recorded. MOF-5 was dried, activated and soaked in monomer as 

described in section 3.2.2. The reaction temperature was increased to polymerisation 

temperature (70 °C) to initiate polymerisation. The samples were collected from the same 

experiment during polymerisation without cooling the sample from 70 °C, and under a 

nitrogen atmosphere. Individual time points for the experiment are presented in Table 4.1.  

 

Table 4.1: Sample identification and corresponding time of polymerisation for polyvinyl 

acetate in-situ polymerisation in MOF-5. Error on individual measurements of 2θ ( 0.05). 

Sample Identification Elapsed Polymerisation Time Sequential change in 2θ 

Sample M0 0 h 6.9 (Starting value) 

Sample M1 12 h 0.0 

Sample M2 18 h +0.1 

Sample M3 21 h +0.2 

Sample M4 24 h 0.0 

Sample M5 42 h +0.2 

Sample M6 45 h +0.2 

Sample M7 48 h +0.2 

Sample M8 66 h +0.2 

Sample M9 69h -0.1 

Sample M10 72 h -0.1 
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Table 4.2: Characteristic diffraction peaks, corresponding Miller index plane and d-spacing 

for MOF-5. 

Diffraction Peak (2θ deg) Miller Plane (hkl) d-Spacing (Å) 

6.9 (200) 12.8 

9.7 (220) 9.1 

13.7 (400) 6.4 

15.4 (420) 5.7 

 

 

Fig 4.4 shows the displacement and changes in the peak positions of the PXRD 

diffractograms during the experiment. Sample M1 (12 h) shows negligible changes when 

compared to monomer@MOF composite. Past sample M4 (24 h), structural changes are more 

significant with a noticeable increase in 2θ, corresponding to a decrease in d-spacing and 

indicating contraction of the framework. The changes remain consistent with an increase in 

2θ up to sample M5 (42 h), after which peak positions show little or no change.    
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Fig 4.4: PXRD patterns of PVAc@MOF-5 from structural change–polymerisation time 

experiment. (Expansion for 2θ = 5–15 ° range is shown in Appendix A4.2 and A4.3. The 

diffraction patterns shown are background subtracted) 
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Any changes in 2θ = 9.7° peak reflect changes arising on the metal nodes of the framework. 

There are little to no observable changes from sample M1 (12 h) to M3 (21 h). However, 

changes in diffraction pattern appear after M3 with consistent increase in 2θ corresponding to 

a decrease in d-spacing to M7 (48 h). Beyond sample M7 (48 h) the shifts in the peak are 

insignificant and there are negligible observable changes from samples M8 (66 h) to M10 (72 

h). Changes observed in this region may support the argument that the monomer 

preferentially binds with the metal nodes, resulting in lattice frustrations and continuous 

contraction of the framework as the polymerisation process is ongoing and the monomer 

content reduced. This phenomenon is supported by characterisation methods described in 

Chapter 5. However, to accurately present this hypothesis based on PXRD patterns, a detailed 

investigation by indexing and Reitveld refinement is necessary to draw conclusions.  
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Fig 4.5: MOF-5 crystallographic structure and corresponding Miller indices planes (200), 

(220), (400) and (420) responsible for diffraction peaks at 2θ = 6.9°, 9.7°, 13.7°, and 15.4° 

respectively.      

 

Structural changes seen on the (220) plane of the lattice is consistent with the changes 

observed on the 2θ = 15.4° peak ((420) plane) which shows simultaneous structural changes 

that occur between the metal-node and the BDC linker on the MOF-5 (Fig 4.5). The changes 

in d-spacings of the lattice for characteristic diffraction peaks from MOF-5 at 2θ = 6.9°, 9.7°, 

13.7°, and 15.4° are shown in A4.1 and A4.2 in the appendix.  

 

The diffraction peak at 2θ = 13.7° shows changes consistent changes observed with 

diffraction peaks at 6.9° and 9.7°. The changes here reflect the observations from the (220) 
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and (420) plane with an initial decrease in d-spacing followed by continuous decrease to 

sample M7 (48 h), and no observable changes past M8 (66 h).  

 

The reflection along the centre of the unit cell is responsible for the 2θ = 6.9° peak, and thus 

shows any structural changes that may occur because of the phenyl ring displacement in the 

crystallographic cell. As the polymerisation progresses, we see slight changes in the d-

spacing; an initial decrease, followed by an increase in the overall d-spacing. Without 

indexing and full structure refinement, it is not possible to draw firm conclusions, however, 

the qualitative increase in d-spacing observed is consistent with pore filling that affect the 

(220) and (420) plane reflections [CCDC Identifier: SAHYIK]. These reflections are known 

to be caused by the linker and metal-node bonds, and therefore suggest contraction of the 

framework during polymerisation.  

 

4.2.1.2 In-situ polymerisation: ε-Caprolactone in MOF-5 

The structural changes observed in MOF-5 before monomer addition and following 

polymerisation of ε-caprolactone are consistent with the changes observed with in-situ 

polymerisation of vinyl acetate in MOF-5 with appearance of an additional peak at 8.9° and 

broadening of 6.9°, 9.7°, and 13.7° peaks. Fig 4.6 shows a comparison of PXRD patterns of 

as-synthesised MOF-5, ε-CL@MOF-5, and PCL@MOF-5. The increase in d-spacing upon 

adsorption of the monomer resulting in framework expansion (ε-CL@MOF-5), followed by 

framework contraction observed by a decrease in the d-spacing as a result of polymer chains 

‘reinforcing’ the framework is also observed with PCL@MOF-5 composites. This is 

observed with a decrease in peak width at full width at half minimum (FWHM) observed by 

Jian et al..9 There is an additional peak visible at 2θ = 8.9° (discussed in Section 4.2.1) that 

decreases in intensity upon guest sorption possibly due to sorbate molecules driving the 

coordinated solvent DMF molecules out of the framework.  

 

In addition, diffraction peaks characteristic of PCL are observed in the PCL@MOF-5 

composite and in isolated polymer from the MOF. PCL homopolymer crystalises with 

characteristic diffraction pattern with peaks at 2θ = 21.9° and 24.2° corresponding to (110) 

and (200) planes of its orthorhombic crystal structure. It has been reported that the diffraction 
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peaks broaden as the polymer loses its crystallinity.10 PCL isolated from PCL@MOF show 

the characteristic peaks at 2θ = 21.6° and 23.9° as two defined sharp peaks confirming the 

crystalline nature of the isolated polymer. (Fig 4.7) 

 

 

Fig 4.6 PXRD pattern of synthesised MOF-5 (bottom), εCL@MOF-5 (middle), and 

PCL@MOF-5 (top). (Expansion for 2θ = 5–15 ° range is shown in Appendix A4.4. The 

diffraction patterns shown are background subtracted. PCL characteristic peak region is 

shown by black box) 
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Fig 4.7 PXRD pattern of PCL@MOF-5, PCL isolated from PCL@MOF-5 (top), and PCL 

polymerised ex-situ (bottom).  
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4.2.2 HKUST-1: Powder X-Ray Diffraction 

The powder XRD pattern of as-synthesised HKUST-1 are shown in Fig 4.8.  

 
 

Fig 4.8: PXRD pattern for synthesised HKUST-1 (top) vs. simulated HKUST-1 pattern from 

CIF (CCDC: 112954) (bottom). 

 

All characteristic diffraction peaks of HKUST-1 were in accordance with those reported in 

literature.11–13 No obvious impurity peaks can be detected in the powder XRD patterns of 

HKUST-1 showing high crystallinity. The strong peaks at 2θ = 6.4°, 9.1°, 11.26° and 13.08° 

matched well with the (200), (220), (222) and (400) planes confirming the cubic lattice. 

Further, small differences were observed with the simulated pattern with the intensity ratios 

of (331) to (420) plane, and (200) to (220) plane, which are both higher for the simulated 

pattern. This is likely because the simulated pattern represents a dehydrated HKUST-1 

sample. HKUST-1 is very hygroscopic and hydration effects resulting in this phenomenon 
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has been reported in literature.14 It is challenging to avoid this discrepancy between simulated 

and synthesised samples as HKUST-1 rapidly adsorbs moisture from air during sample 

preparation for PXRD. Studies reported in literature also state that the reduction in intensity 

of peak at 2θ = 6.4° is related to the FCC crystal structure loss due to hydration effects on 

HKUST-1.65 The PXRD pattern shows negligible diffraction from potential unreacted copper 

nitrate and trimesic acid may have remained in the samples. Although there may be CuO and 

Cu(OH)2 impurities present that results in diffraction peaks between 2θ = 32-40°, it is 

difficult to conclude that without further characterisation (elemental analysis, TGA) due to 

possible secondary Bragg reflections effects from the highly crystalline structure.    

 

4.2.2.1 In-situ polymerisation: vinyl acetate in HKUST-1 

 

Fig 4.9: PXRD patterns for HKUST-1 (bottom), VAc@HKUST-1 (middle), 

PVAc@HKUST-1 (top). (Expansion for 2θ = 5–15 ° range is shown in Appendix A4.5. The 

diffraction patterns shown are background subtracted) 

 

PXRD patterns of VAc@HKUST-1 and PVAc@HKUST-1 composites were in good 

agreement with empty MOF (Fig 4.9), indicating that overall geometry of the MOF is well-

retained upon monomer adsorption, or following in-situ polymerisation. Contrary to what is 
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seen in the case of PVAc@MOF-5 composites, for PVAc@HKUST-1 there is an increase in 

2θ observed upon monomer adsorption and subsequently, polymerisation. Also unlike 

PVAc@MOF-5, PVAc@HKUST-1 composite does not regain its original structure of the 

host MOF. The final d-spacing of PVAc@HKUST-1 is less than the initial d-spacing 

measured for desolvated host HKUST-1.  

 

4.2.2.2 In-situ polymerisation: ε-caprolactone in HKUST-1 

 

 

Fig 4.10: PXRD patterns for HKUST-1 (top), εCL@HKUST-1 (middle), PCL@HKUST-1 

(bottom). (2θ = 5–20 ° range expansion in Appendix A4.6. The diffraction patterns shown are 

background subtracted. PCL characteristic peak region is shown by black box, 2θ = 21.6° and 

23.9°)  

 

The PXRD patterns observed for HKUST-1, εCL@HKUST-1 and PCL@HKUST-1 were 

consistent and confirmed that the microstructure of the MOF was retained without structural 

deformation following polymerisation. The relative changes in 2θ position observed with in-

situ polymerisation of εCL in HKUST-1 is likely due to introduction of guest molecules 

within the pores of the MOF. Changes in corresponding diffraction pattern at each stage are 
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shown in Fig 4.10. The observations are consistent with those observed from 

PVAc@HKUST-1 where there is a decrease in the corresponding d-spacing and peak 

broadening due to loss of crystallinity following guest adsorption and polymerisation when 

compared to the desolvated HKUST-1.  

 

Diffraction peaks characteristic of PCL (2θ = 21.6° and 23.9°) are also observed in both 

PCL@HKUST-1 composite and isolated polymer from the MOF. The intense diffraction 

peaks of isolated polymer confirm crystalline nature (Fig 4.11).  

 

 

Fig 4.11: PXRD pattern of PCL isolated from PCL@HKUST-1 (top), and PCL polymerised 

ex-situ (bottom). 
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4.2.2.3 In-situ polymerisation: D,L-lactic acid and D,L-lactide in HKUST-1 

Condensation polymerisation of lactic acid (LA) and ring-opening polymerisation of lactide 

(LAC) monomer within HKUST-1 pores was carried out as described in sections 3.3.3 and 

3.3.4, respectively. This is also evident visually with a paste-like composite, as opposed to 

free-flowing crystalline material that is obtained upon polymerisation of VAc and εCL. To 

mediate this problem, ROP of lactide was carried out. This resulted in less aggregation of 

crystal, although a free-flowing solid material was not achieved. We suspect that the in-situ 

polymerisation of LA was unsuccessful with majority of polymerisation occurring outside 

MOF pores. Water molecules are generated during polycondensation reaction of lactic acid 

during the chain propagation step, where the carboxyl and hydroxyl groups of two or more 

monomers link together to form an oligomer. As a result, we hypothesize that water 

molecules saturate the pores by preferentially binding to the metal node, forcing monomer 

molecules out of the microporous MOF. This results in a highly viscous post-polymerisation 

product usually with low molecular weight.  

 

 

Fig 4.12 PXRD patterns for HKUST-1 (bottom), LAC@HKUST-1 (middle), 

PLAC@HKUST-1 (top). (2θ = 5–14 ° range expansion in Appendix A4.7. The diffraction 

patterns shown are background subtracted) 
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PXRD studies of PLA@HKUST-1 show diffraction peaks from the MOF, albeit with poor 

signal-to-noise ratio. For polymer@MOF composites synthesised by polymerisation of LAC, 

PLAC@HKUST-1 showed improvement in signal-to-noise ratio with HKUST-1 retaining its 

crystal structure following polymerisation step (Fig 4.12). Due to the nature of the particles, 

suspected ex-situ polymerisation, and difficulties with polymerisation, the decision was made 

not to perform further synthesis and analysis on improving in-situ polymerisation methods for 

PLA@HKUST-1 and PLAC@HKUST-1. 
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4.3 IR Spectroscopy (ATR-FTIR) 

ATR-FTIR spectroscopy was to determine the presence of monomers following addition to 

the empty MOF samples and any changes in peak positions and/or intensities arising 

following polymerisation. Where possible, reference spectra for isolated polymer are also 

shown, unfortunately these were not available for all the samples. It should be noted that 

FTIR alone is unable to provide conclusive evidence for incorporation of (intrinsic) 

monomer. However, other experimental data (SEM, BET – gas adsorption measurements, 

TGA, NMR, neutron scattering) suggest this is the case.  

 

4.3.1 MOF-5 – FTIR Spectroscopy  

The FTIR spectra of as-synthesised MOF-5 and H2BDC linker and corresponding bond 

structure of the reported MOF-5 is shown in Fig 4.13. The FTIR spectrum of the as-

synthesised MOF-5 is in good agreement with the literature reported spectrum.15,16 

 

      

Fig 4.13 (a) ATR-FTIR spectrum of MOF-5 and H2BDC and (b) chemical bond structure of 

MOF-5 and contribution to the FTIR spectrum (Schematic adapted and modified).17 (* - 3650 

cm-1 from atmospheric water adsorption) 

 

2 3 4 5  * 
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The primary bond connectivity in the MOF structure is associated with FTIR band observed 

from two vibration bands located at 1573 cm-1 and 1370 cm-1, with strong absorbance 

intensity due to carboxylic (COO) asymmetric and symmetric stretching vibrations, 

respectively.18 The vibration bands at 700–1200cm−1 can be considered as the fingerprint of 

terephthalate compounds. Two sharp peaks observed at 810 cm-1 and 1014 cm-1 are a 

contribution from out of plane and in-plane bending of C-H in the phenyl ring of terephthalic 

acid.19 Furthermore, the absorption peak at 935 cm-1 is relevant to the SBU of MOF-5 

representing Zn-O stretching vibration of Zn4O tetrahedron. The peak at 3650 cm-1 is likely 

contribution from any residual co-ordinated water or adsorbed atmospheric moisture present 

due to the hygroscopic nature of MOF-5. Further spectral assignments are given in Table 

A4.24 of the appendix. 
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4.3.1.1 Vinyl acetate polymerisation in MOF-5 - FTIR Spectroscopy 

ATR-IR spectra of MOF-5, VAc@MOF-5, and PVAc@MOF-5 were recorded and analysed 

(Fig 4.14). The presence of VAc and/or PVAc in guest@MOF composites can be confirmed 

by observation of their characteristic absorbance peaks. 

 

  

Fig 4.14: ATR-FTIR spectra of MOF-5 (bottom), VAc@MOF-5 (middle) and PVAc@MOF-

5 (top). Dashed green lines and corresponding arrows indicate changes in absorbance 

intensity with polymerisation. (Region between 2000–450 cm-1 has been shown in Fig A4.8. 

The spectra have been normalised to v(C=O) 1350 cm-1 absorbance peak of the MOF. This 

has been done to evaluate increase or decrease in characteristic guest peaks.) 

 

Specific absorbance bands for the PVAc molecule are absorb wavelength of light around: 

1430, 1370, 1210 and 1140 cm-1.66 The 1210 and 1140 cm-1 are used to quantify and identify 

the presence of PVAc. The absorbance peak intensities at 1766, 1684, 1212 and 1140 cm-1 

decreased during polymerisation, while those at 1729 and 1233 cm-1 increased. This decrease 

in peak intensity at 1684 cm-1 from C=C stretching vibrations and 1140 cm-1 from O-C-C 

asymmetric stretching is an indicates conversion of vinyl acetate to poly(vinyl acetate).20 The 

v(C=O ) vibration shifts from 1766 to 1729 cm-1, and the C-C-O asymmetric stretching 



Chapter 4: Characterisation and Analysis  

Page | 110  

 

vibration shifts from 1212 to 1233 cm-1 indicating the transfer of ester groups of the 

monomer to polymer chains.21  

 

 

Fig 4.15: ATR-FTIR spectra of PVAc isolated from MOF-5 (top) and PVAc synthesised by 

ex-situ polymerisation (bottom). (The spectra have been normalised to the v(C=O) of the 

MOF at 1350 cm-1) 

 

In Fig 4.15, PVAc isolated from MOF-5 shows the characteristic bands are present following 

isolation and drying. Characteristic PVAc IR absorbance band assignments are shown in 

Table A4.25 in the appendix (The broad peak between 1500-1700 cm-1 is residual fragments 

of degraded MOF components that remain present in the sample). 
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4.3.1.2 ε-Caprolactone polymerisation in MOF-5 - FTIR Spectroscopy 

 

Fig 4.16: ATR-FTIR spectra of MOF-5, εCL@MOF-5 and PCL@MOF-5. Dashed green 

lines and corresponding arrows indicate changes in absorbance intensity with polymerisation. 

(Region between 2000–450 cm-1 has been shown in Fig A4.9. The spectra have been 

normalised to v(C=O) of the MOF at 1350 cm-1) 

 

ATR-IR spectra were recorded and measured for εCL@MOF-5 and PCL@MOF-5 samples at 

room temperature to confirm polymerisation of εCL. There are visible peak broadening 

effects that are evident between εCL@MOF-5 and PCL@MOF-5 samples suggesting 

successful polymerisation of εCL. Polymer isolated from MOF-5 also shows bands that are 

characteristic to PCL (Fig 4.16).  

 

The characteristic vibrations of linear ester carbonyl groups (C=O) and (C–O) bonds in the 

polymer were observed at 1729 cm-1 and 1193 cm-1. The spectrum of the polymer shows two 

sharp peaks at 1015 cm-1 and 988 cm-1 that do not appear in the monomer spectrum. 

Additionally, the PCL@MOF-5 spectrum shows two additional smaller peaks at 1415 and 

931 cm-1 that are not present in the monomer spectrum.  
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There is a doublet present between 2800 and 3000 cm-1 due to the ν(C-H) stretching of the 

methylene groups that shows broadening upon polymerisation. Noticeably, the bands 

between 700-1500 cm-1 are a contribution from the polymer chain’s backbone from bending, 

wagging and stretching from the methylene with gauche and trans isomeric configurations of 

the ester group. Bands present due to ν(>CH2) asymmetric and symmetric stretching are 

observed on all εCL@MOF-5, PCL@MOF-5, and the isolated PCL. The evident broadening 

of the peak at 1193, 1395, 1050, and 750 cm-1 is further evidence of successful 

polymerisation.22 

 

 

Fig 4.17: ATR-FTIR spectra of PCL isolated from MOF-5 and PCL synthesised by ex-situ 

polymerisation. 

 

It is possible to demonstrate the crystalline nature of the isolated polymer extracted from the 

MOF through FTIR. Upon crystallisation, the asymmetric v(C–H) band sharpens, and a 

minor band develops a shoulder at 2960 cm-1 that are assigned to the symmetric and 

asymmetric stretching of PCL polymer (Fig 4.17). This observation is consistent with IR 

studies reported in the literature for PCL.23 A narrow band develops around 1724 cm-1 that is 

attributed to amorphous and crystalline regions of PCL since the changes are reversible and 

can be used to measure the crystallinity of PCL by resolving the overlapping carbonyl 
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bands.24 This further supports our observation of the crystalline nature of the isolated polymer 

from PXRD patterns (Fig 4.7). Characteristic PCL IR assignments are shown in Table A4.26 

in the appendix.  

 

4.3.2 HKUST-1 – FTIR Spectroscopy 

The FTIR spectroscopy was used to identify the main functional groups of HKUST-1. The 

FTIR spectrum of H3BTC ligand is shown in Fig 4.18 (a). The FTIR spectrum of the 

synthesised HKUST-1 is in good agreement with literature reported spectrum.25,26 The 

corresponding bond structure of the reported HKUST-1 is shown in Fig 4.18 (b).  

 

  

Fig 4.18 (a) ATR-FTIR spectrum of HKUST-1 and H3BTC and (b) chemical bond structure 

of MOF-5 and contribution to the FTIR spectrum.27 

 

The wide band observed in the HKUST-1 spectrum around 3550-3200 cm-1 is attributed to 

ν(OH) stretching modes because of atmospheric moisture adsorption. Unresolved signals of 

lesser intensity in 1640-1520 cm-1 range and around 920 cm-1 originate from the bending and 

libration modes of H2O respectively.27 The vibration bands on the spectrum from 1300–1700 

cm-1 belong to the carboxylate linker, attributed to the coordination of BTC with the Cu sites; 

specifically, the symmetric and asymmetric stretching of COO- at 1659 cm-1 and 1590 cm-1, 

and ẟ(C=O) bending modes. The peaks at 1375 cm-1 and 1252 cm-1 correspond to the 

1 

2 

3,4 

5 
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symmetric stretching modes of the carboxylate groups ν(C=C) and ν(C=O) of the BTC linker. 

Furthermore, in-plane and out-of-plane bending modes from ẟ(C–H) appear at 1107 cm-1 and 

935 cm-1. Vibration mode from Cu–O bonds on the metal node of HKUST-1 appears in the 

low wavelength region at 494 cm-1. Further spectral assignments are given in Table A4.27 of 

the appendix. 

 

4.3.2.1 Vinyl acetate polymerisation in HKUST-1 - FTIR Spectroscopy 

Polymerisation of vinyl acetate in HKUST-1 shows similar trends as those observed with 

MOF-5 with intensities at 1766, 1684, 1212 and 1140 cm-1 decreased during for the 

PVAc@HKUST-1 sample, while those at 1729 and 1233 cm-1 were observed to increase 

relative to the VAc@HKUST-1 sample (Fig 4.19).  

 

 

Fig 4.19: ATR-FTIR spectra of HKUST-1 (bottom), VAc@HKUST-1 (middle) and 

PVAc@HKUST-1 (top). Dashed green lines and corresponding arrows indicate changes in 

absorbance intensity with polymerisation. (Region between 2000–450 cm-1 has been shown 

in Fig A4.10. The spectra have been normalised to v(C=O) of the MOF at 1369 cm-1.) 
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The characteristic absorbance bands for the PVAc molecule are absorb wavelength of light 

around: 1430, 1370, 1210 and 1140 cm-1.29 The 1210 and 1140 cm-1 are used to quantify and 

identify the presence of PVAc. The decrease in peak height of absorbance  band at 1684 cm-1 

from C=C stretching vibrations and 1140 cm-1 from O-C-C asymmetric stretching is 

indicative of vinyl acetate conversion to poly(vinyl acetate).20 There is also a noticeable shift 

of C=O vibration peaks from 1766 to 1729 cm-1, and the C-C-O asymmetric stretching 

vibration shifts from 1212 to 1233 cm-1 indicating the transfer of ester groups of the 

monomer to polymer chains.21  

 

4.3.2.2 ε-Caprolactone polymerisation in HKUST-1 - FTIR Spectroscopy 

ATR-IR spectra were recorded and measured for εCL@HKUST-1 and PCL@HKUST-1 to 

confirm polymerisation of εCL (Fig 4.20).  

 

 

Fig 4.20: ATR-FTIR spectra of HKUST-1 (bottom), εCL@HKUST-1 (middle) and 

PCL@HKUST-1 (top). Dashed green lines and corresponding arrows indicate changes in 

absorbance intensity with polymerisation. (Region between 2000–450 cm-1 has been shown 

in Fig A4.11. The spectra have been normalised to v(C=O) 1369 cm-1 absorbance peak of the 

MOF.) 
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PCL has characteristic absorbance peaks at 1730 and 1390 cm-1 from v(C=O) and v(C–O), 

respectively. Additionally, C–H bending and stretching bands are observed at 1415 and 1270 

cm-1, respectively. The broad band around 2950 cm-1 is a result of symmetric CH2 stretching. 

The vibrations from carbonyl groups (C=O) and C–O of the polymer were observed at 1729 

cm-1 and 1193 cm-1 in the PCL@MOF. PCL shows two sharp absorbance bands at 1015 cm-1 

and 988 cm-1 that do not appear in the monomer spectrum. PCL@HKUST-1 spectrum shows 

two additional smaller peaks at 1415 and 931 cm-1 that are not present in the εCL@HKUST-1 

sample from δ(C-H) and δ(C-O) bending. The ν(>CH2) asymmetric and symmetric stretching 

bands are observed on εCL@HKUST-1, PCL@HKUST-1, and the isolated PCL. The evident 

broadening of the peak at 1193, 1395, 1050, and 750 cm-1 peaks is further evidence of 

successful polymerisation.22 

 

Fig 4.21: ATR-FTIR spectra of PCL isolated from HKUST-1 (top) and PCL synthesised ex-

situ polymerisation (bottom). 

 

The crystalline nature of the isolated polymer can be confirmed by sharpening of the 

asymmetric band at 2960 cm-1, and a shoulder developing on the same band (Fig 4.21). The 

PXRD of isolated polymer also confirms the crystalline nature of the isolated PCL from both 

MOFs (Section 4.2.2.2). (The broad peak between 1500-1700 cm-1 is residual fragments of 

degraded MOF components that remain present in the sample). 
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4.4 Thermogravimetric Analysis (TGA) 

TGA is a valuable characterisation method to determine thermal stability of MOFs, pore 

volumes, and quantification of MOF’s composition. TG and DTG analyses were used to 

determine the composition of the MOFs and to quantify the guest species present in 

guest@MOF composites. The number of solvent molecules calculated from synthesised 

MOF sample was used as a basis to calculate the monomer loading, polymer yield, and the 

degree of polymerisation in guest@MOF composites.  

 

4.4.1 MOF-5 – TG and DTG Analysis 

The normalised TGA profile of dry and activated MOF-5 (heating rate of 5 ºC/min under air 

flow of 50.0 mL/min) shows onset of structural decomposition around 425 °C with complete 

degradation and pyrolysis at 550 °C. Experimental temperature ranges for decomposition 

were consistent with TGA profiles for MOF-5 reported in literature.28 

 

The TGA profile of MOF-5 shows three-step mass losses. The mass loss observed between 

35 ºC to 150 ºC are a result of a mass loss from adsorbed atmospheric moisture due to the 

hygroscopic nature of MOF-5. The second step between 150 °C to 325 °C is likely due to co-

ordinated water molecules and solvent DMF molecules within the framework. This is 

followed by a region of thermal stability for the MOF where there is negligible mass loss. 

The majority of mass losses occurs in the range of 425 ᵒC to 550 ᵒC as result of thermal 

decomposition.29,30 In MOF-5, the carboxylates of the linker bridging the Zn4O tetrahedra are 

the weakest link in its structural framework.33–36  Theoretically, the formula unit for MOF-5, 

Zn4O[C8H4O4]3 consists of 2 equivalent CO2 in a plane and six CO2 molecules in the 

perpendicular plane. The evolution of one of the two CO2 on the BDC accounts for initial loss 

of the total mass lost. The sample mass loss for temperatures greater than 400 ᵒC is in good 

agreement with the initial loss of all equivalent CO2 molecules and 1 equivalent of benzene 

ring molecules, and consequently further decomposition of the benzene ring. 

 

 



Chapter 4: Characterisation and Analysis  

Page | 118  

 

The mass losses between 150-325 ᵒC were assigned to DMF and accounted for during 

calculations. The measured percentage mass of ZnO decomposition residue is approximately 

38 wt%, in line with reported values of 42 wt%.28 The additional mass present in the samples 

is likely due to unreacted starting reactants. The observed TGA profile was consistent with all 

the measured samples throughout this project.  

 

4.4.1.1 Vinyl acetate polymerisation in MOF-5 – TGA  

The TGA profiles of as-synthesised MOF, MOF with adsorbed guest monomer, and MOF-5 

with polymer guest are shown in Fig 4.22. Like MOF-5, the profile can be divided into three 

distinct regions. Losses of mass in regions I and II are dominated by removal of guest 

molecules, whereas the loss in region III are a result of thermal degradation of MOF’s 

framework.  
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Fig 4.22: TGA profiles for empty MOF-5, VAc@ MOF-5, and PVAc@MOF-5. Regions I, II, 

and III correspond to the regions for vaporisation of moisture and surface species; removal of 

intrinsic and bound guest; and thermal decomposition of MOF-5, respectively. All samples 

were run under air.   

 

Region I range from room temperature to 150 ᵒC. For the guest-MOF composite, losses in 

this range account for 14 wt% and 10 wt% mass loss for monomer@MOF and 

polymer@MOF composites, respectively. The loss within this region may be a result of 

adsorbed moisture, surface solvent DMF molecules and extrinsic monomer that may be 

present on the crystal framework.  

  

Region II account for the mass loss that comes from intrinsic, bound, or coordinated guest 

molecules within the MOF-5 structure. This accounts for 6 wt% for VAc@MOF-5 and 12 

wt% for PVAc@MOF-5. The difference in this region with a noticeable two step loss can be 

I II III 
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a contribution from two phenomena. First is the removal of coordinated solvent DMF 

molecules present in the system. This is followed by evaporation on degradation of intrinsic 

free uncoordinated monomer in VAc@MOF-5 and, unreacted monomer in the case of 

PVAc@MOF-5.  

 

Region III constitutes the losses due to the collapse of the framework. For VAc@MOF-5, the 

larger measured value is likely due to human error during monomer addition. The other likely 

reasons can be moisture adsorption before addition of the monomer, residual solvent, or 

unreacted linker that may have been present in the sample. The PVAc@MOF-5 samples 

show a higher measured percentage for polymer which may be from unreacted monomer that 

may be present in the system or additional intrinsic polymer that may be present and has not 

vapourised in region II.  

 

During this project, attempts to characterise MOF-5 and guest@MOF-5 by TGA-IR were 

made, however, the resulting IR data were inconsistent due to instrumental problems that it 

was not possible to resolve under COVID-19 restrictions. These data would be useful 

addition to any future studies. 
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4.4.1.2 ε-Caprolactone Polymerisation in MOF-5 – TGA 

The TGA profiles of MOF, εCL@MOF-5, and PCL@MOF-5 are shown in Fig 4.23. 

 

Fig 4.23: TGA profiles for empty MOF-5, εCL@MOF-5, and PCL@MOF-5. Regions I, II, 

and III correspond to the regions for vaporisation of moisture and surface species; removal of 

intrinsic and bound guest; and thermal decomposition of HKUST-1, respectively. All samples 

were run under air.   

 

Similar to VAc polymerisation, the TGA profile can be divided into three distinct regions. 

Losses of mass in regions I and II are dominated by removal of guest molecules, whereas the 

losses in region III are a result of thermal degradation of MOF’s framework. However, due to 

the higher boiling point of ε-caprolactone, the mass losses from the monomer are absent for 

region I. For εCL, this range is reduced to 130 °C, beyond which losses occur from solvent 

DMF vaporisation possibly due to εCL molecules driving the physically adsorbed solvent 

DMF molecules out of the framework. For εCL@MOF-5, there is removal of atmospheric 

water corresponding to a change of mass of 10 wt% compared to ≤ 1 wt% with the 

PCL@MOF-5 sample. This supports our conclusion that the polymer chains reinforce the 

I II III 
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MOF structure, thereby resulting in restriction of space in the voids (discussed later in 

Chapter 5). Consequently, additional guest molecules are driven out of the composite during 

polymerisation. It is difficult to differentiate the onset of region III due to an overlap between 

regions for thermal breakdown of the polymer and the region of thermal stability of the MOF 

and subsequent breakdown of structure.  

 

Losses in region I in ε-CL@MOF-5 are due to evaporation of adsorbed moisture. The initial 

weight loss in region II is residual solvent molecules vaporising till 200 ºC. After this, there is 

a step weight loss from 200 ºC to 325 ºC for ε-CL@MOF-5 sample that is a contribution 

from monomer evaporation and decomposition. There is a steady loss between 325 ºC to 425 

ºC, after which there is a loss from framework decomposition at higher temperatures in 

region III from 425 ºC to 525 ºC.  

 

For PCL@MOF-5 samples, there is consistent weight loss after initial losses from DMF 

removal to 200 ºC. The step loss for PCL@MOF-5 continues from 200 ºC to 425 ºC after 

which thermal breakdown of framework is initiated at temperatures above 425 ºC. We 

suspect that there is still some polymer present in the framework beyond 425 ºC which would 

explain the two-step loss on the derivative curve and the overestimation of metal oxide 

present as the residue.  
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4.4.2 HKUST-1 – TG and DTG Analysis 

TGA profile of HKUST-1 (heating rate of 5 ºC/min under air flow of 50.0 mL/min) matched 

the profile reported in literature for HKUST-1 crystals.15,35,36  

 

Losses between room temperature to 110 °C are due to evaporation of physically adsorbed 

water in region I, shown in Fig 4.25. In region II, there is a region of continuous mass loss 

between 110 and 250 °C followed by region of thermal stability of the MOF to 315 °C. These 

regions dictate the release of coordinated water molecules that are chemically bound on the 

Cu-OCO position on the copper paddlewheel, and the physically adsorbed solvent molecules 

within the HKUST-1 pores are lost.37 The overall mass loss of 20 wt% corresponds to three 

or more water molecules per Cu3(BTC)2 formula unit of HKUST-1, which is consistent with 

widely reported values for HKUST-1 as [Cu3(BTC)2(H2O)3]n
.15,38–40

   

 

Losses are higher temperatures (> 300 °C) are due to the thermal decomposition of the 

desolvated framework accounting for 46 wt% of the total mass loss.  
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4.4.2.1 Vinyl acetate polymerisation in HKUST-1 – TGA  

To evaluate composition and quantify guest adsorbed by the MOF, TGA was carried out on 

guest@MOF composites and compared with the empty MOF. The TGA profiles of as 

synthesised HKUST-1, VAc@HKUST-1, and PVAc@HKUST-1 are shown in Fig 4.24. 

 

 

Fig 4.24: TGA profiles for empty HKUST-1, VAc@HKUST-1, and PVAc@HKUST-1. 

Regions I, II, and III correspond to the regions for vaporisation of moisture and surface 

species; removal of intrinsic and bound guest; and thermal decomposition of HKUST-1, 

respectively. All samples were run under air.   

 

Like HKUST-1, the TGA profiles can be divided into three distinct regions. Losses of mass 

in regions I and II are dominated by removal of physically and chemically bound guest 

molecules whereas the loss in region III are a result of thermal degradation of the MOF 

frameworks. Table 4.3 shows the percentage mass loss observed in the case of 

VAc@HKUST-1 and PVAc@HKUST-1. 

 

II III I 
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Table 4.3: Percentage mass loss observed in regions I, II and III from TGA profiles for empty 

HKUST-1, VAc@HKUST-1, and PVAc@HKUST-1. (Error ± 2 %) 

 HKUST-1 VAc@HKUST-1 PVAc@HKUST-1 

Region I 25 % 15 % 15 % 

Region II 3 % 18 % 15 % 

Region III 47 % 43 % 47 % 
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4.4.2.2 ε-Caprolactone Polymerisation in HKUST-1 – TGA 

The TGA profiles of as synthesised HKUST-1, εCL@HKUST-1, and PCL@HKUST-1 with 

polymer guest for ε-caprolactone is shown in Fig 4.25. The TGA profiles show similar trends 

seen in the VAc@MOF composite with three-region mass loss.  

 

 

Fig 4.25: TGA profiles for empty HKUST-1, εCL@HKUST-1, and PCL@HKUST-1. 

Regions I, II, and III correspond to the regions for vaporisation of moisture and surface 

species; removal of intrinsic and bound guest; and thermal decomposition of HKUST-1, 

respectively. All samples were run under air.   

 

Table 4.4 shows the percentage mass loss observed in the case of εCL@HKUST-1 and 

PCL@HKUST-1. 

 

 

 

I II III 
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Table 4.4: Percentage mass loss observed in regions I, II and III from TGA profiles for empty 

HKUST-1, εCL@HKUST-1, and PCL@HKUST-1. (Error ± 2 %) 

 HKUST-1 εCL @HKUST-1 PCL@HKUST-1 

Region I 25 % 4 % 15 % 

Region II 3 % 14 % 5 % 

Region III 47 % 58 % 50 % 
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4.4.2.3 D,L-Lactide Polymerisation in HKUST-1 – TGA 

The TGA profiles of as synthesised HKUST-1, PLAC@HKUST-1 with polymer guest for 

D,L-lactide is shown in Fig 4.26. 

 

 

Fig 4.26: TGA profiles for empty HKUST-1 and PLAC@HKUST-1. Regions I, II, and III 

correspond to the regions for vaporisation of moisture and surface species; removal of 

intrinsic and bound guest; and thermal decomposition HKUST-1, respectively. All samples 

were run under air.   

 

The D,L-lactide monomer has a melting point of 120-125 °C and initiates ring-opening 

polymerisation between 130-135 °C, at atmospheric pressure. Hence, only PLAC@HKUST-

1 was studied using TG and DTG analyses.  

 

Following the losses of water at T < 110 °C, the TGA profile in region II shows a significant 

drop. This can be partially attributed to the polymer decomposition in the PLAC@HKUST-1 

composite. The lack of distinct regions in PLAC@HKUST-1 suggests that the polymerisation 

I II III 
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here is extrinsic to the MOF, and the monomer is unable to penetrate the pores of the MOF 

likely due to its high viscosity at the monomer stage and incomplete melting to allow in-situ 

polymerisation. As a result, there is an overall 60 wt% loss in the region II that combines 

polymer decomposition, residual monomer vaporisation, and removal of bound water and 

solvent molecules in HKUST-1. It is possible through DTG analysis to identify the 

temperature step at which there is onset of MOF degradation at 275 °C (Appendix A4.18). 

The mass loss step continues until 350 °C where the metal oxides are obtained as 

decomposition product. Based on interpretation of the data, it is not possible to corelate 

experimental data to theoretical data for calculating in-situ degree of polymerisation without 

data from the monomer loaded sample, and due to suspected extrinsic polymerisation.  

 

It was not possible to carry out an ex-situ monomer evacuation step under vacuum for LAC 

as this resulted in partial polymerisation of the monomer due to reduction in experimental 

pressure. For later experiments, this step was bypassed. Instead, mass percentage equal to the 

monomer loading of εCL, an addition of 40 wt% to the overall mass of the MOF was used for 

polymerisation experiments.   
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4.5 NMR Analysis – Isolated Polymer 

In our combinatorial systems, hydrogen bonding and coordinative interaction of solvent or 

additive with the polar groups of the monomer, and the chain growth can also be investigated 

through 1H and 13C NMR spectroscopy. 1H and 13C NMR spectra were evaluated to 

determine successful isolation of polymers from the MOF following Na2EDTA extraction 

method (Section 3.4).   

 

In-situ polymerisation of adsorbed guest monomer largely depends on the pore size of the 

MOF and its ability to penetrate and saturate the MOF pores to allow polymerisation within 

the MOF. Since there is no covalent chemical interaction between the adsorbed monomer or 

the polymer with the pore walls, but only physical and effective space interactions within the 

pores of the MOF, here polymer isolated from the MOF structure can be studied by NMR 

through isotropic chemical shift, assignments by harnessing neighbourhood relations from J 

coupling and peak integral analyses. 

 

4.5.1 Poly(vinyl acetate) isolated from MOF – 1H NMR 

Polymer extracted from MOF-5 showed all characteristic PVAc peak environments on the 1H 

spectrum (Fig 4.27, on the next page). 

 

The large signature in the 1H NMR spectrum is attributed to the repeating units of VAc at 1.8 

to 2.1 ppm. These are characteristic signals originating from the methyl, methylene, and 

methine protons at the lower chemical shift regions of the spectrum at 1.97-2.02, 4.84, and 

1.84 ppm, respectively. Peaks appearing in this region were fitted to a second polynomial 

curve for integral analysis (Appendix – Fig A4.21). The terminal methyl end groups on –

CH2‐O(C=O)CH3 groups appear at 3.8 ppm. Additional peaks in the spectrum are from AIBN 

initiator and appear between 1.4-1.5 ppm. There is residual and unreacted monomer present 

but in negligible amounts compared to the polymer.  
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Fig 4.27: 1H NMR spectra of (a) isolated PVAc from HKUST-1 (b) isolated PVAc from 

MOF-5 and (c) linear polymer PVAc. Detailed spectral assignments are shown in appendix 

A4.21. 1H-NMR (400 MHz, CDCl3): 1.25 (d, -CH3); 1.84 (q, 4H); 1.97 (rr, s, 3H); 2.0 (mr, s, 

3H); 2.02 (mm, s, 3H); 4.84 (s ,2H); 8.76 (s, 3H, COOH). 

 

Percentage conversion of VAc monomer was calculated by comparing the peak integral area 

of the 1H of vinylic CH2 proton of the monomer at 4.6 ppm with the total peak integral area 

of the monomer and the 1H of the methine (CH) proton on the polymer backbone at 4.84 

ppm. To compare the number average molecular weight of the polymer from the 1H NMR 

spectra, the peak area of the methine proton of the polymer at 4.84 ppm was compared with 

the methylene protons of the chain terminating end group at 4.6 ppm to calculate the number 

average molecular weight (Mn). The results of the calculations are shown in Table 4.5 below.  
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Table 4.5: 1H NMR conversion for templated PVAc following isolation from MOF, 

determined by integral analysis. (Calculated using method described in Section 3.5.2) 

Host MOF Conversion (%) Mn (Experimental) Mn (Theoretical) 

MOF-5 68% 4150 6200 

HKUST-1 64% 3950 6200 

 

Number average molecular weight for polymer isolated from MOF-5 and HKUST-1 are 

calculated to be 64 and 68%, respectively. Calculated number average molecular weight of 

isolated PVAc polymer was less than theoretical molecular weight that was calculated by ex-

situ solution polymerisation. The lower molecular weight by MOF templated approach is 

expected due to the confinement effects and steric hindrance imposed within the MOF pores 

on the monomer species. 
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4.5.2 Poly(vinyl acetate) isolated from MOF – 13C NMR 

Fig 4.28 shows the 13C NMR spectra of isolated PVAc from the MOF-5. 

 

Fig 4.28: 13C NMR spectra of isolated PVAc from MOF-5. PVAc isolated from HKUST-1: 

13C NMR (400 MHz, CDCl3): 19 (CH3); 31 (CH2); 65 (CH), 171 (–COO); PVAc isolated 

from MOF-5: 13C NMR (400 MHz, CDCl3): 19 (CH3); 31 (CH2); 65 (CH), 171 (–COO)   

 

A sharp singlet at 20 ppm originates from the methyl carbons on the acetyl group on the 

polymer. There is an overlap for the monomer and polymer characteristic methyl carbon peak 

between 19-20 ppm which is difficult differentiate on the solution state NMR. However, on 

solid state 13C MAS NMR, the monomer peak appears as a finely resolved sharp singlet 

whereas the polymer appears as a broad hump in this region. 

 

For VAc the methylene and methine carbon peaks appears at 97 and 141 ppm, respectively, 

and diminish in intensity as the monomer is converted to polymer. The characteristic methine 
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on the polymer backbone of PVAc appears in the region between 65–70 ppm as a broad peak. 

The region between 37-40 ppm appears from the three methylene carbon features peaks at 

38.4, 38.9 and 39.6 ppm.  

 

The 13C spectra of isolated PVAc from HKUST-1 and MOF-5 showed all characteristic peaks 

with little to no signal from residual linker and unpolymerized monomer, post-washing with 

respective solvent and water. The 13C NMR spectrum of the methine carbon of PVAc consists 

of two primary peaks shown as ‘c’ in Fig 4.30 and gives rise to a complicated spectrum of 

lines between 65-69 ppm due to configurational and compositional splitting. The relative 

intensity between the two peaks between 60-69 ppm peaks can be used to determine the 

tacticity of the polymer. When the lower field peaks are prevalent, the polymer tends to be 

more isotactic in nature. On the other hand, higher field peaks dominating the intensity 

suggest a heterotactic and syndiotactic triad on the polymer. In the polymers isolated from the 

MOF-5 and HKUST-1, the relative intensities between these two peaks were 0.47 and 0.53 

for the lower, and 0.53 and 0.47 for the upper field peaks, respectively. This suggests a more 

homogeneous mixture of isotactic and syndiotactic polymer in nature.  

 

The carbonyl carbon on PVAc is a single peak showing that the resonances of side-chain 

carbon atoms are not affected by the tacticity or stereochemistry of the polymer. The 

carbonyl peak for VAc appears at 168 ppm and shifts downfield at 170 ppm for PVAc. There 

is a splitting of the carbonyl peak in the polymer spectrum giving rise to resolved lines at 

170.09 and 170.20 ppm. Further details on 13C-NMR spectrum of for PVAc polymerisation is 

given in section 5.5 by solid state NMR. 
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4.5.3 Poly(ε-Caprolactone) isolated from MOF – 1H NMR 

The 1H-NMR spectrum of isolated PCL shows clear presence of the groups characteristic of 

successful ROP of εCL (Fig 4.29). The protons on the benzyl alcohol group appear at 7.36 

and 5.11 ppm. The multiplet of peaks between 1.25 and 1.65 ppm are assigned to proton 

resonance of methylene groups present in the repetitive unit on the polymer backbone. The 

peaks around 2.31 ppm are assigned to the methylene proton originating from the (–CO–

CH2), whereas triple splitting peaks at 4.06 ppm are assigned to resonance signal from the 

methylene connected to the ester group (–CH2–O–CO–).  

 

 

Fig 4.29: 1H NMR spectra of (top) isolated PCL from HKUST-1; (middle) isolated PCL from 

MOF-5, and (bottom) linear polymer PCL. 1H-NMR (400 MHz, CDCl3, 25 °C): δ = 4.06 (t; 

CH2 – e), 3.60 (t; CH2 – f), 2.31 (t; CH2 – g), 1.5-1.7 (m; CH2 – b,b*,d,d*), 1.25-1.45 ppm 

(m; CH2 – c,c*); 1.54 (s; OH), 0.87–0.97 (m; AIBN), 7.20 (s, CDCl3). 
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Additional peaks belonging to the CH2O protons are found around the region of 5.09–5.02 

ppm and are relatively weak compared to the other proton signals and the region is difficult to 

extract integral value due to noise.  

 

The CH2OH protons appear in the isolated PCL spectrum at 3.64–3.45 ppm. A new peak at 

4.20 ppm corresponding to the new ester group environment of the CH2 protons of PCL is 

present in the control spectrum of ex-situ linear PCL but may be embedded under the noise 

due to the solubility difficulty during sample preparation for NMR. While the ex-situ 

polymerised linear PCL is readily soluble in chloroform and DMSO, isolated PCL is 

insoluble or sparingly soluble in most deuterated solvents available. Upon heating, the 

polymer solubility increases but the polymer precipitates in a few minutes making finely 

resolved 1H and 13C NMR acquisitions increasingly difficult as it is cooled down to room 

temperature. This effect may likely be due to presence of –ONa as functional end groups 

from the polymer isolation process with Na2EDTA instead of hydroxyl end groups that are 

present on the linear PCL. This conclusion is supported by ICP-AES that shows presence of 

Na+ ions in the isolated polymer, and ESI-MS fragment analysis.  

 

Additional peaks that belonging to Sn(II)Oct2 initiator used for polymerisation of εCL are 

present in the spectrum of PCL, and can be identified with signal around 0.87 – 0.97 and 1.25 

– 1.67 ppm regions. The single peak at 1.54 ppm is likely from hydroxyl groups on residual 

water that may still be present following drying of isolated PCL in air.  

 

Table 4.6: 1H NMR conversion for templated PCL following isolation from MOF, 

determined by integral analysis. (Calculated using method described in Section 3.5.2) 

Host MOF Conversion (%) Mn (Experimental) Mn (Theoretical) 

MOF-5 59% 5350 7410 

HKUST-1 65% 4800 7410 
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Number average molecular weight for polymer isolated from MOF-5 and HKUST-1 are 

calculated to be 59 and 65%, respectively (Table 4.6). PCL isolated from MOF-5 shows a 

lower conversion compared to the polymer isolated from HKUST-1. It is unclear why the 

conversion in the case of MOF-5 was low and would need further investigation to determine 

the possible reason. It was suspected that a reason for this might be due to poor penetration of 

the monomer within the pores of MOF-5 but this was ruled out following a comparison 

between as-synthesised MOF weight and monomer@MOF weight for HKUST-1 and MOF-

5. Values for number average molecular weight of isolated PCL polymer was less than 

theoretical molecular weight that was calculated by ex-situ solution polymerisation. The 

lower molecular weight by MOF templated approach is expected due to the confinement 

effects and steric hindrance imposed within the MOF pores on the monomer species which is 

also seen in the case of PVAc@MOF. 
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4.5.4 Poly(ε-Caprolactone) isolated from MOF – 13C NMR 

Due to difficulties in solubilities due to reasons mentioned in section 4.5.3, acquiring 13C 

spectrum of only isolated PCL from HKUST-1 was possible. This is possible because of 

residual zinc metal complexes present in PCL isolated from MOF-5. The 13C NMR spectrum 

of isolated PCL also shows the characteristic peaks of PCL with resonance peaks at 176.4–

173.9 ppm from the carbonyl group of the polymer (Fig 4.30). A single sharp resonance at 

64.49 ppm appears in the spectrum from (–CO–CH2–). Further, upfield in the spectrum in the 

region between 34.1–23.40 ppm, resonance signals from each methylene carbons on the 

polymer backbone are present at 34.1, 28.3, 25.5, and 24.6 ppm. 

 

Fig 4.32: 13C NMR spectra of PCL isolated from HKUST-1: 13C NMR (400 MHz, CDCl3): 

24.6 (aCH2); 25.5 (bCH2); 28.3 (cCH2), 34.1 (dCH2), 64.49 (eCH2O), 173.90 (C=O) ppm. 
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4.6 Mass Spectrometry  

Mass spectrometry (ESI) and MALDI-TOF was carried out on isolated polymers to identify 

and confirm the species present, polymer structure and nature of end groups, efficiency of the 

templating process and molecular weight distribution of the of the polymer. Furthermore, 

analysis was carried out to identify and resolve the homopolymer end groups using equation 

4.3. 

 

                                       Mn-mer = n(MRU) + MEG1 + MEG2 + Mion                                   (4.3) 

 

Where, Mn-mer = Mass of polymer, n = Degree of polymerisation, MEG1 = Mass of α-end 

group, MEG2 = Mass of ß-end group, MRU = Mass of repeating unit of the polymer, Mion = 

Mass of ion that complexes with the polymer. Polydispersity index (PDI) was calculated from 

the MALDI spectrum using Mw/Mn ratio. 

 

4.6.1 Poly(vinyl acetate) isolated from MOF  

ESI GC-MS and MALDI-TOF spectra of PVAc isolated from HKUST-1 are shown in Fig 

4.31 and 4.32, and spectra for PVAc isolated from MOF-5 are shown in Fig 4.33 and 4.34. 

Isolated PVAc from both MOFs show intense peaks that can be assigned to repeating 

monomer units for PVAc. Isolated polymers from MOF show a number average molecular 

weights to be 1215.4 and 1199.6 g/mol for HKUST-1 and MOF-5, respectively. From the 

MALDI spectrum of polymer isolated from HKUST-1 (Fig 4.32), the dispersity of 1.02 was 

calculated for PVAc using the Mw/Mn ratio. The PDI for PVAc isolated from MOF-5 was 

found to be 1.03. Both isolated polymers from MOF suggested an isolated short-chain 

polymer with 14 monomer units with –OH end groups at α and 𝛽 sites.  
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Fig 4.31: ESI GC-MS spectrum of isolated PVAc from HKUST-1 

 

Fig 4.32: MALDI-TOF spectrum of isolated PVAc from HKUST-1 
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Fig 4.33: ESI GC-MS spectrum of isolated PVAc from MOF-5 

 

Fig 4.34: MALDI-TOF spectrum of isolated PVAc from MOF-5 
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4.6.2 Poly(ε-Caprolactone) isolated from MOF  

Fig 4.35 shows LC-MS chromatogram for PCL isolated from HKUST-1. The intense peaks 

are assigned to each of the monomer units. The fine structure observed at higher peak clusters 

is assigned to the PCL isomers. Analysing the distribution of the peaks from MALDI-TOF 

spectra, the resulting Mn values were 2875.89 and Mw of 3308.88 giving a PDI of 1.15. PCL 

isolated from HKUST-1 reveals successful polymerisation (Fig 4.36). Average number of 

monomer units from all HKUST-1 extraction were 20 monomer units (Mn = 2200). These 

values correlate with those obtained from GPC (Gel Permeation Chromatography) and NMR.  

End group analysis reveal that unlike PVAc isolation following in-situ template 

polymerisations in MOFs, PCL extracted from HKUST-1 results in –OH end groups on α and 

ß end group sites. The high molecular weight and polydispersity is a promising result for 

polymers templated from MOFs and a potential candidate for drug loading studies.  

 

 

Fig 4.35: LC-MS spectrum of isolated PCL from HKUST-1 
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Fig 4.36: MALDI-TOF spectrum of isolated PCL from HKUST-1 

 

PCL extracted from MOF-5 shows similar findings with molecular weight polymer as Mn = 

1283.38 and Mw = 1309.38, and a resulting PDI of 1.02. End group analysis also suggests 

presence of –OH groups on α and ß end group sites. LC-MS and MALDI-TOF spectrum are 

shown in Fig 4.37 and 4.38, respectively.  
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Fig 4.37: LC-MS spectrum of isolated PCL from MOF-5 

 

 

Fig 4.38: MALDI-TOF spectrum of isolated PCL from MOF-5 
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4.7 Emission Spectroscopy: ICP-AES 

Isolated polymers were characterised by ICP-AES to determine the amount of residual metal 

and to determine the amount of sodium ions due to –ONa present as the end groups on 

polymers, as suggested from fragmentation analysis of MS data. The measured values of 

sodium and metal ions are shown in Table 4.7. Measurement calibrations for isolated 

polymers from HKUST-1 and MOF-5 are presented in Appendix Table A4.28 and A4.29 

 

Polymer Host MOF 
Concentration (± 0.5 mg/g) 

Na  M  

Poly(vinyl acetate) 
HKUST-1 115.1 8.8 

MOF-5 110.1 9.1 

Poly(ε-Caprolactone) 
HKUST-1 116.5 8.7 

MOF-5 116.7 50.7 

 

Table 4.7: Measured concentrations of sodium (Na) and metal ions (M = Cu2+ for HKUST-1; 

Zn2+ for MOF-5) by ICP-AES. 

 

4.8 Adsorption Isotherms and BET Surface Area Analysis 

HKUST-1 and MOF-5 are highly porous material with a wide BET surface area range 

reported in the literature from 700–3400 m2/g and 680–1900 m2/g, respectively.29,41–44 Most 

HKUST-1 studies however, report values between 700-1000 m2/g, whereas MOF-5 is 

commonly reported with a surface area between 700–950 m2/g.3 N2 adsorption isotherms 

were recorded at 77 K to determine pore volume and BET surface area. The pore volume and 

surface area values for as synthesised MOFs were compared with polymer@MOF samples to 

determine change in gas sorption and confirm pore occupancy following in-situ 

polymerisation. 

 

Due to restrictions on lab access with the instrument during COVID-19 pandemic, all 

isotherm measurements were taken and recorded by Dr Greg Shaw (Cardiff Catalysis 

Institute, Cardiff School of Chemistry). 
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4.8.1 MOF-5 

N2 adsorption experiments on MOF-5, PVAc@MOF-5, and PCL@MOF-5 show a reversible 

type I adsorption isotherm with a steep increase in at low pressures that are characteristic of 

microporous materials with high surface area (Fig 4.39). 

 

Fig 4.39: N2 adsorption isotherm for MOF-5 (black), PVAc@MOF-5 (red), and PCL@MOF-

5 (blue) recorded at 77 K. 

 

The dimensionality of the MOF depends on the synthesis temperature with the pore 

dimensions and distribution of MOF-5 increasing as the reaction temperature is raised, a 

property which can explain the gas adsorption property of MOF-5 varying widely due to 

differences in crystal morphology or exposed surface of the crystals. Therefore, decreasing 

the crystal size results in a direct increase in the crystal surface area and leads to a larger 

amount of N2 adsorption in the relatively high-pressure region of the isotherm. This suggests 

that synthesis with higher reaction temperatures may benefit to form multidimensional 

framework with larger voids. Based on these findings, the synthesis was altered from the 

earlier used synthesis in the research group resulting in an increase in surface area with the 

modified synthesis at 120 °C. 
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The as synthesised MOF-5 shows a BET surface area of 1027 ± 2 m2/g and pore volume of 

0.41 cm3/g. As expected, upon in-situ polymerisation of monomers in MOF-5, there is a 

decrease in maximum available pore volume and BET surface area values as the polymers 

chains now occupy the pores of the MOF. The calculated values are shown in Table 4.8.  

 

Table 4.8: Calculated BET surface area and maximum pore volume values for MOF-5. 

Sample SABET (m2/g) VPore (cm3/g) 

MOF-5 1027 0.41 

PVAc@MOF-5 688 0.27 

PCL@MOF-5 771 0.29 

 

From gas sorption isotherms, there are 34% and 29% reduction pore volumes between 

desolvated MOF and polymer@MOF-5 composites for PVAc@MOF-5 and PCL@MOF-5, 

respectively. These values are consistent to those calculated from TGA for the case of 

PVAc@MOF-5. However, in the case of PCL@MOF-5, measured values from N2 adsorption 

isotherms are not. A possible explanation of this may be that during the sample preparation 

for N2 adsorption experiments, the samples were dried under vacuum that may evacuate any 

residual moisture, unbound monomer, and/or surface monomer, prior to porosity 

measurements. The sample preparation prior to TGA measurements did not involve such 

procedure and due to the overlapping regions of monomer and polymer thermal degradation, 

it is not possible to conclude whether this is the reason without further investigation.   
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4.8.2 HKUST-1 

Due to instrument failures and travel restrictions during COVID-19 pandemic for 

maintenance to be carried out on the instrument by Micrometrics engineering team, 

measurements for PVAc@HKUST-1 was not possible. 

 

N2 adsorption isotherms for HKUST-1, PVAc@HKUST-1, and PCL@HKUST-1 in Fig 4.40 

show a typical type I isotherm for all samples. The high N2 adsorption capacity at low 

pressures for HKUST-1 indicates that the sample is micropore dominant.  

 

 

Fig 4.40: N2 adsorption isotherm for HKUST-1 (black) and PCL@HKUST-1 (blue). 

 

 

As synthesised HKUST-1 has a BET surface area of 1895 ± 1 m3/g that is consistent with the 

reported values for HKUST-1 with higher surface area.45 In-situ polymerisation of polymers 

in HKUST-1 leads to an observable decrease in BET surface area and maximum available 

pore volume as the pores are blocked by the intrinsic polymer present in the crystal.   
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Table 4.9: Calculated BET surface area and maximum pore volume values for HKUST-1. 

Sample SABET (m2/g) VPore (cm3/g) 

HKUST-1 1895 0.71 

PVAc@HKUST-1 N/A N/A 

PCL@HKUST-1 768 0.29 

 

From adsorption isotherm data there is 59% reduction pore volume between desolvated 

HKUST-1 and PCL@HKUST-1 composites (Table 4.9). The reduction in pore volume is 

unexpected and contradicts observations from TGA. Repeat measurements are necessary to 

ascertain the validity of the of measured values. However, due to instrument failures and 

travel restrictions during COVID-19 pandemic for maintenance to be carried out on the 

instrument by Micrometrics engineering team only two samples for PCL@HKUST-1 were 

measured.  
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4.9 Scanning Electron Microscopy (SEM) 

All materials were dried in vacuum oven overnight at 60 °C before using SEM to capture 

images. Isolated polymers were dried without vacuum in an oven for 24 h at 60 °C.  

 

4.9.1 MOF-5 

Fig 4.41 shows SEM images of crystalline MOF-5 and comparison against the morphology of 

MOF-2. 

   

  

Fig 4.41: SEM images of crystalline MOF-5. (a) cubic shaped crystals of MOF-5, (b,c) 

agglomerates of cubic MOF-5 (d) sheet-like morphology of MOF-2 before synthesis 

optimisation.  

 

(a) (b) 

(c) (d) 
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MOF-5 is a crystalline white powder with an average crystallite size ranging from 0.2–0.4 

μm. Fig 4.41 illustrates SEM images of MOF-5. The morphology of the crystals is typically 

cubic with average size of MOF-5 estimated to be around 0.2 μm. During the process of 

optimising the literature reported synthesis, it was found that the zinc nitrate and H2BDC 

molar ratio played an important part in the ultimate crystal size and morphology on 

increasing the zinc nitrate and H2BDC ratio, the crystal morphology changes from having 

sheet-like crystals or rough cubic crystals to cubes with defined edges and a larger crystal 

size. It has been now reported that the higher molar ratio of the metal ions to ligand may 

cause MOF-5 into a self-confinement effect that results in regular cubic shaped crystals with 

a larger overall crystal size.3  
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4.9.2 Monomer@MOF-5 composite 

MOF-5 with adsorbed VAc and εCL monomer at experimental loading of 0.4 g/g of MOF 

was imaged to provide a visual comparison to the diffraction data that suggested expansion of 

the framework (Fig 4.42).  

  

  

Fig 4.42: SEM images of monomer@MOF-5. (a,b) VAc@MOF-5 and (c,d) εCL@MOF-5. 

 

As with all hard crystalline materials, MOFs tend to crack and deform under stress.48 MOF-5 

with adsorbed monomer shows visible appearance of cracks and fissures appearing on the 

MOF crystals. These cracks were consistent with all the monomer adsorbed and pre-

polymerised samples indicating that upon adsorption of the monomer, the crystal is forced to 

expand as the micropores of the MOF are saturated with monomer and results in formation of 

cracks on the crystal. In the case of εCL@MOF-5, there is presence of surface species on the 

MOF crystal. εCL having a higher boiling point (b.p = 240 °C) and viscosity compared to 

(c) 

(a) (b) 

(d) 
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VAc, does not vaporise at vacuum conditions and when electron beam is incident on the 

sample. As a result, surface species of extrinsic monomer can be observed on the crystal 

surface.  

 

Additionally, white spots on the surface of the crystals appear that are otherwise not present 

in the MOF-5 without adsorbed monomer present. These are usually present because of 

organic molecules present on the surface of the material and appear due to desorption from 

the pores of the MOF upon excitation by the electron beam of the SEM. 
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4.9.3 Polymer@MOF-5 composite 

Polymer@MOF-5 samples were characterised by SEM as a composite with experimental 

loading of 0.4 g/g of MOF as a direct comparison to the monomer@MOF-5 samples and with 

an excess loading of 0.6 g/g of MOF to see the influence of excess monomer addition and 

polymerisation within the micropores of the MOF. (Fig 4.43)  

 

  

Fig 4.43: SEM images of polymer@MOF-5. (a) PVAc@MOF-5 at 0.4 g/g MOF loading, (b) 

PVAc@MOF-5 at an excess loading of 0.6g/g MOF. 

 

For PVAc@MOF, Fig 4.43 shows that the samples have cracks and fissures that are seen in 

VAc@MOF-5 samples but the crevasse tend to have compressed as the structure of the 

MOF-5 retained its cubic shape with defined edges and surface. Visual representation of the 

MOF-5 crystals provides support to the experimental diffraction data that shows an increase 

in d-spacing for monomer@MOF, and the observations that the MOF structure contracts 

following polymerisation after it undergoes expansion as the monomer saturates the pores of 

MOF by a decrease in d-spacing compared to monomer@MOF. The contraction of the 

crystals is likely because of the polymer chains developing in the micropores of the MOF and 

reinforcing the crystalline structure.  

 

  

(a) (b) 
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Fig 4.44: SEM images of polymer@MOF-5. (a) PCL@MOF-5 at 0.4 g/g MOF loading, (b) 

PCL@MOF-5 at an excess loading of 0.6g/g MOF 

 

  

Fig 4.45: SEM images of polymer@MOF-5 protrusions on. (a) PVAc@MOF-5 and (b) 

PCL@MOF-5 at an excess loading of 0.6g/g MOF (Magnification – x600). 

 

In the case of PCL@MOF-5, the shrinking of the crack width is also observed as with 

PVAc@MOF-5. The surface species seen with εCL@PCL are replaced by species with a 

bushy appearance that is likely due to polymer protruding out of the framework as the 

polymer chains grow and fill the pores of the MOF that eventually saturates the micropores 

and are forced out of the framework. (Fig 4.44) 

 

(a) (b) 

(a) (b) 
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For structures with an excess loading of 0.6 g/g, the effect of polymer protrusions on the 

crystal surface are more prevalent than the experimental loading in the case of both PCL and 

PVAc (Fig 4.43, 4.44 and 4.45). PCL@MOF-5 composite protrusions resemble a bushy 

appearance that are fibrous in nature. On the other hand, the protrusions on PVAc@MOF-5 

resemble globules of polymer with a smoother surface when compared to the fibrous nature 

of PCL@MOF-5. It is important to consider that nature of polymer synthesised from ex-situ 

polymerisation and reported morphology matches that observed with polymer protrusions.  

 

4.9.4 HKUST-1 

SEM images of HKUST-1 shows that the MOF has an octahedral shape with crystal diameter 

ranging from 8 to 10 nm (Fig 4.46). 

  

Fig 4.46: SEM images of crystalline HKUST-1. (a) Octahedral crystals of HKUST-1 (b) 

aggregated crystallites of HKUST-1 upon excess moisture adsorption.  

 

The dimensions of the crystals are similar in size to reported in examples.37,46 It was found 

that solvothermal synthesis at 100 °C with ethanol as reaction solvent gave the highest yield 

(83 %) and led to formation of octahedral crystals with defined edges whereas, earlier 

synthesis at 120 °C resulted in a more spherical shaped crystal with rounded edges. This 

observation is consistent with literature reported crystal morphology at elevated 

temperatures.47  

(a) (b) 
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HKUST-1 is usually present as clusters of aggregated individual crystals. Adsorption of 

water molecules from ambient air causes crystal agglomeration.51 

 

4.9.5 Monomer@HKUST-1 composite  

SEM images were captured for monomer@MOF composites with the experimental loading 

of monomer equal to 0.45 g/g MOF. It can be observed that the aggregation of crystals is 

exaggerated than what was observed with as synthesised HKUST-1 crystals. This may be a 

result of electrostatic attraction between the individual crystals due to the presence of 

adsorbed monomer in the micropores of the MOF or wetting. (Fig 4.47) 

 

   

Fig 4.47: SEM images of monomer@HKUST-1. (a) VAc@HKUST-1, (b) εCL@HKUST-1. 

 

As with the case of monomer@MOF-5 composites, white spots on the surface of the crystals 

appear that are otherwise not present on the as synthesised MOF due to the presence of 

organic molecules present on the surface of the material that appear due to desorption upon 

excitation by the electron beam of the SEM and the vacuum in the SEM chamber. 

 

 

 

 

(a) (b) 
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4.9.6 Polymer@HKUST-1 composite 

Fig 4.48 show SEM images of monomer@HKUST-1 composites. With polymer@MOF 

samples, the level of aggregation is lost and there are more individual crystals to be found in 

both PVAc@HKUST-1 and PCL@HKUST-1. 

  

  

Fig 4.48: SEM images of in-situ polymerised monomer@HKUST-1. (a,b) PVAc@MOF-5 

and (c,d) PCL@HKUST-1 at 0.4 g/g MOF loading. 

 

The surface morphology of the HKUST-1 does not appear uniform in the SEM images and 

has lost its sharp and flat surfaces that were earlier observed with as synthesised HKUST-1. 

A likely cause for this change may be the in-situ polymerisation causing distortion in the 

crystal structure of the MOF, as seen in MOF-5. This effect is consistent with polymerisation 

of both VAc and εCL. It is to be noted that the structural changes in the MOF for HKUST-1 

is observed in monomer@MOF and polymer@MOF samples through powder diffraction too. 

(b) 

(a) 

(c) (d) 
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4.9.7 Isolated polymer 

Polymer isolated by methods described in section 3.4, from MOF-5 and HKUST-1 were 

imaged under SEM to provide visual representation of isolated polymer by in-situ template 

polymerisation process (Fig 4.9). Literature reports polymers isolated from MOFs that were 

polymerised by the template approach to have a mesh-like network structure with large 

surface area that was otherwise difficult to achieve by solution polymerisation and other 

commonly used ex-situ polymerisation approaches.48–55 However, there is a lack of evidence 

presented in the literature without surface area or imaging studies for homopolymers that 

have been isolated from MOF. 

 

   

   

   

Fig 4.49: SEM images of (a) isolated PVAc from MOF-5, (b) isolated PCL from HKUST-1, 

(c) isolated PLAC from HKUST-1.  

 

(a) 

(b) 

(c) 
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SEM images of isolated polymer in our research conflicts this theory. Polymers isolated from 

the MOFs show a lack of definitive network-like structure. Instead, the isolated polymers 

represent miniature rods or sheets when seen under magnification of SEM. Dimensional 

analysis of the polymer reveals that the size distribution of the isolated polymer is similar to 

the size of MOF crystals (Fig 4.49). Whereas the polymerisation does successfully take place 

within the MOF pores replicating the shapes of the channels, it fails to form an intertwined or 

mesh-like structure as it has been reported. 

 

It should be noted that dimensions of the isolated polymer rods are not an indication of pore 

dimensions. Upon isolation of the polymers, the polymer chains aggregate following drying 

and as a result, the dimension of different polymer ‘rods’ in the SEM images (Fig 4.49) 

appear non-uniform in size and dimensions. 

 

Isolated PVAc from HKUST-1 and MOF-5 appears as sheets of polymers that collapse on top 

of each other upon isolation from the MOF. The isolated PCL does not form sheets as 

observed in the case of PVAc but resembles rod like fibres. PCL as a polymer is crystalline 

and ordered in nature and thus results in formation of such rod-like crystalline structures. The 

crystalline nature of isolated PCL is supported by PXRD analysis. As the polymerisation 

occurs, the polymers form with a rod-like like morphology of isolated polymers, as opposed 

to a mesh-like structure hypothesised in the literature.55 This suggests a possibility that 

polymers form through the pores of the MOFs as rods, with each pore-channel having 

individual polymer propagation, but do not intertwine due to lack of chemical bonding 

between homopolymer chains that in other branching polymers could result in a covalently 

bonded mesh-like structure. 
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4.10 Conclusions 

In conclusion for characterisations performed on MOF and guest@MOF composites, we 

were able to determine structural changes on the host framework structure upon guest 

sorption and in-situ polymerisation of guest monomers. By comparing PXRD patterns of an-

synthesised MOF with the monomer@MOF and polymer@MOF composites, we see the 

framework experiences stress effects in the presence of guests. Upon monomer adsorption, 

the framework experiences expansion of lattice, seen by an increase in d-spacing in the 

diffraction patterns. An opposite effect of decrease in d-spacing due to framework contraction 

is observed in the polymer@MOF composites following polymerisation of monomer. While 

this effect is consistent with both guest@HKUST-1 and guest@MOF-5, this effect is more 

prevalent in the case of guest@MOF-5, suggesting that the robust rigidity of MOF-5 widely 

reported in the literature may not be true.60,61 Furthermore, in our PXRD studies with 

VAc@MOF-5, we see appearance of additional peak at 2θ = 8.9º which may be due to guest 

coordination with the metal-node of MOF-5. It is possible that guest co-ordination also 

results in changes in framework lattice that results in framework distortion. To investigate the 

possible causes further, we performed neutron scattering experiments that will be discussed 

in the next chapter (Chapter 5). 

 

Successful monomer conversion through in-situ polymerisation was determined by a range of 

characterisation methods. ATR-FTIR spectroscopy was used to determine the polymer 

conversion by observing characteristic monomer absorption band changes in the IR spectra. 

Changes in absorption bands of monomer upon polymerisation in MOF pores was consistent 

with both HKUST-1 and MOF-5. Furthermore, crystalline nature of PCL observed with 

PXRD patterns, was confirmed with FTIR by observing features unique to heterogeneous 

PCL with higher crystalline than amorphous nature.62  

 

The amount of monomer adsorption was also determined by TG and DTG analysis. In the 

case of MOF-5, guest monomer uptake was found to be greater for ε-CL (35 ± 1 % weight 

increase) compared to VAc (32 ± 1 % weight increase). This is possibly due to smaller 

molecular radius of ε-CL compared to VAc. However, due to overlapping temperature 

regions for guest and framework decomposition, it is difficult to conclusively determine guest 

sorption in the case of ε-CL composites. Presence of solvent DMF and atmospheric moisture 
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was quantified in the case of MOF-5. Results suggest that even after activation of MOF to 

remove unbound solvent in the framework, the framework consists of an estimated 3 (± 1) 

molecules of DMF and 30 (± 5) molecules of water per unit cell that is not removed due to 

possible solvent interaction with the framework.  

 

The monomer conversion to polymer was determined by 1H and 13C NMR spectroscopy. 

Structural properties and end-group analysis was also performed on the isolated polymers 

from the MOF. Characteristic PVAc polymer peaks were identified, and 68 ± 2 % and 64 ± 2 

% of the loaded monomer was converted to polymer in MOF-5 and HKUST-1, respectively. 

In the case of PCL, the percentage conversion was determined to be 59 ± 2 % and 65 ± 2 % 

for PCL in MOF-5 and HKUST-1, respectively. TGA calculations for PCL@MOF-5 suggest 

a higher conversion. However, TGA is less reliable in the case of ε-CL and PCL due to 

overlapping thermal degradation regions of host and guest. Consequently, further 

experiments to determine polymer conversation by solid-state NMR (Chapter 5) were 

performed and confirm the reliability of 1H NMR over TGA. 13C-NMR experiments were not 

performed on isolated polymer from MOF-5 due to insolubility in common NMR solvents. 

Ex-situ polymerised PCL was soluble, and used to provide reference data. We found by ICP-

AES analysis that the reason for this is possibly due to high presence of metal complex in the 

polymer. 

 

With SEM images of guest@MOF composites, we were able to visualise the structural 

deformation upon monomer adsorption for monomer@MOF composites, and contraction of 

the framework following polymerisation in polymer@MOF composites as the polymer 

chains in the pores of the MOF reinforce the structure. Images of isolated polymers from 

MOFs have not been previously reported, and to our best knowledge, this is the first-time 

polymers synthesised by templated approach have been visualised with SEM. It is 

hypothesised in the literature that with templated polymerisation approach, control over 

polymer morphology can be achieved and a three-dimensional polymer network is 

achievable. However, our observations suggest that the polymer chains form one dimensional 

structures, as opposed to a three dimensional polymer network hypothesised in reported 

studies for other linear polymers.63,64 
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In conclusion, we have determined structural changes on MOF in presence of guests in MOF 

pores by PXRD and SEM. Additionally, monomer conversion and polymerisation has been 

quantified through complementary technique. Work presented in this chapter provides a basis 

for further studies for guest interactions and influence of guest on host structure that is 

presented in the next chapter. 
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Introduction  

This chapter will briefly discuss the theory and characterisation results of the MOF and 

guest@MOF composites by means of neutron scattering experiments conducted at the ISIS 

Neutron and Muon Source facility at Rutherford Appleton Laboratories, Harwell on the Near 

and InterMediate Range Order Diffractometer (NIMROD) instrument and the IRIS 

spectrometer at ISIS Neutron and Muon Source (Oxfordshire, UK). Solid-state NMR 

spectroscopy and single-crystal XRD results are also discussed in the chapter. 

 

NIMROD utilises small and wide-angle arrays of ZnS-based neutron scintillation detectors 

covering a wide range of solid angle from 2θ = 0.5 to 40°. The instrument is designed to 

measure the differential scattering cross-section and total structure factor F(Q) of a liquid or 

structurally disordered system. The primary aim of the instrument is to correlate the short-

range structure on interatomic and intermolecular length scales with nanoscale structures as 

the radial distribution function g(r) is usually not the most ideal function to illustrate the r-

space correlation. It is expressed instead in terms of the pair correlation function G(r).1 This 

function considers long range correlation based on the length scale on which they occur, 

without masking the short-range structure. The total scattering structure factor F(Q) and pair 

distribution function G(r) are described as:  

 

𝐹(𝑄) = ∑ 𝑐𝑖𝑐𝑗𝑏𝑖𝑏𝑗
𝑛
𝑖,𝑗=1 [𝐴𝑖𝑗(𝑄) − 1]                                         (5.1)  

And 

𝐺(𝑟) = ∑ 𝑐𝑖𝑐𝑗𝑏𝑖𝑏𝑗
𝑛
𝑖,𝑗=1 [𝑔𝑖𝑗(𝑄) − 1]                                          (5.2) 

 

Where c is the proportion of species i and j in the material, b is the coherent bound neutron 

scattering length of species i and j, averaged over their nuclear spin states. Aij(Q) and gij(r) 

are the Faber-Ziman partial structure factor and partial radial distribution function, 

respectively.2 Consequently, F(Q) and G(r) are related to each other by Eq. 5.3 and Eq 5.4. 
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𝐹(𝑄) = 𝜌0  ∫ 4𝜋𝑟2𝐺(𝑟)
sin 𝑄𝑟

𝑄𝑟
𝑑𝑟

∞

0
                                           (5.3) 

 

𝐺(𝑟) =
1

(2𝜋)3𝜌0
 ∫ 4𝜋𝑟𝑄2𝐹(𝑄)

sin 𝑄𝑟

𝑄𝑟
𝑑𝑄

∞

0
                                          (5.4) 

 

The NIMROD instrument has been used to study the structure of liquids and disordered 

solids on a continuous length scale, correlating interatomic and intermolecular length scales. 

There have been studies investigating liquids,3 surfactant micelles,4 biomolecules in solution 

where the intrinsic size of small proteins is matched into nanoscale capabilities of the 

instrument.5 Confined liquid in crystalline substances such as monomer in crystalline 

microporous MOF in our case have also been studied.6,7 Here, the phase behaviour of liquids 

can be modified to allow the investigation of structural changes that are induced by the guest 

in host crystal. 

 

Investigations of guest sorbent molecules in MOFs by total neutron scattering (TNS) have 

been used to determine the MOF and guest–MOF lattice parameters and structures. The 

diffraction data of the empty framework can be analysed by Rietveld methods,8 and 

compared with MD model developed to examine guest–MOF system with Fourier difference 

methods to produce nuclear-density maps that can directly identify the location of guest 

entities.9 Furthermore, guest binding mechanisms can be obtained, and structural changes 

induced by the guest on MOF such as unit cell expansion or contraction can be investigated 

by total neutron scattering (TNS).10,11  

 

TNS has been employed to investigate guest adsorption and binding sites and to visualise 

interactions between MOF and guest molecules but has been limited to small gas molecules 

such as CO2, O2, H2, and H2O.12–14 Smaller hydrocarbons such as methane, acetylene, 

propane and propylene, and small organic molecules such as dimethylformamide have been 

investigated.15–17 However, to the best of our knowledge investigations of larger liquid 

monomer molecules through TNS have not been reported in the literature. Our experiment at 

NIMROD investigating binding interactions of liquid monomer molecules confined within 
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MOF pores, and guest induced structural effects on the MOF through total neutron scattering 

remains a standalone study at the time of writing this thesis.  

 

5.1 Total Neutron Scattering: Experimental Analysis (NIMROD) 

To process the data, the Gudrun package was employed for reducing total scattering data.18 

Gudrun removes instrument and sample backgrounds, performs sample attenuation and 

multiple scattering corrections, and places the data on an absolute scale by normalising it 

against a referencing sample, in this case a VNb alloy.19 It also enables systematic reduction 

of inelasticity effects that arise from presence of light elements such as hydrogen. 

 

5.1.1 Diffraction Data Analysis 

The basic method and steps in data analysis followed are illustrated in Scheme 5.1 and 

described in detail in Appendix A5.1. The primary aim of data collection is to extract the 

scattering cross-section of the sample. Further details with steps involved in data processing 

can be found on the software packages website.18  

 



Chapter 5: Characterisation of Guest interactions in VAc@MOF-5 

Page | 171  

 

 

 

 

 

 

Scheme 5.1: Steps in scattering data analysis with Gudrun for reducing total scattering data.19  
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5.1.2 Calculations on MOF-5 Crystallographic Unit.  

 

Fig 5.1: Crystallographic MOF-5 unit cell. Only the atoms within the dotted blue line have 

been shown and considered to be in the unit cell, full linkers have been shown to aid visual 

representation.  

 

All calculations in Gudrun were performed on a MOF-5 crystallographic unit cell of an 

atomic composition consisting of 424 framework atoms [Zn32O104C192H96] and is shown in 

Fig 5.1. As MOF-5 is a crystalline powder rather than a liquid, the data was corrected for the 

packing fraction of the crystal, considering the porosity of the framework using the ‘tweak 

factor’ feature in Gudrun (Appendix A5.1), which effectively is the inverse of packing 

fraction. 

 

A secondary complication arising from the MOF sample is the presence of residual solvent 

and adsorbed atmospheric moisture. The addition of DMF and water as solvent into the 

expected composition was performed to match the expected scattering levels determined with 

Gudrun to the mass of MOF-5 present in sample container, considering the packing fraction. 
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The calculations consider presence of 30 water molecules [H60O30] and 3 DMF molecules 

[C9H21N3O3] based on calculations from the TGA data (Section 4.4.1). The density of the unit 

cell under consideration was calculated to be 0.64049 g/cm3 and 0.0326 atoms/Å3.  

 

5.2 Investigation of Vinyl Acetate Binding and Interaction in MOF-5 

Interaction and binding of vinyl acetate monomer molecules within MOF-5’s crystal structure 

was investigated by TNS at Near and InterMediate Range Order Diffractometer (NIMROD) 

instrument at ISIS neutron and muon source, STFC. (Experiment number RB1920428) 

 

5.2.1 Materials and Sample Preparation  

The synthesis for the MOF-5, H/D-MOF-5 and D-MOF-5 have been described in section 

3.2.2. Deuterated d4-vinyl acetate was sourced from QMX Laboratories Ltd, UK. Equimolar 

hydrogenated-deuterated vinyl acetate mixture was made by mixing equal volumes of vinyl 

acetate (Merck, 99%) and d4-vinyl acetate. 

 

Individual MOF samples were activated to remove residual solvent and minimise adsorbed 

moisture by heating in glass vials, in a vacuum oven at 80 °C for 12 h. The vials containing 

the samples were sealed following activation of MOF to prevent moisture adsorption. The 

MOFs were loaded to flat-plate TiZr cell containers in a vacuum glove box under argon (Ar). 

Sample details are provided in Table 5.1.  
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Table 5.1: Details of container and mass content of MOF in each container. (* - H/D-MOF is 

1:1 physical mixture of deuterated and hydrogenated reactants. Synthesis is described in 

section 3.2.2.3) 

Container 
MOF-5 

Isotopologue 

Container Path 

Length (mm) 

Added Mass of 

MOF (g) 

Cell A H 2 1.492 

Cell B D 1 0.973 

Cell C D 1 1.197 

Cell D D 1 1.041 

Cell E H/D* 2 1.730 

Cell H H/D* 1 0.753 

Cell G H 2 1.493 
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5.2.2 Monomer Addition 

Vinyl acetate monomer was transferred into the cell container with MOF by vapour 

deposition (initial experiment) and liquid deposition (second experiment).  

 

5.2.2.1 Vapour Deposition Method 

Vapour deposition method used the vacuum evaporation principle to transfer monomer onto 

the sample container with MOF-5. Monomer was transferred by generating vacuum in the 

transfer line, allowing monomer to vaporise by flash evaporation, which then is transferred to 

the sample container containing MOF. (Fig 5.2) 

 

 

Fig 5.2: Schematic diagram of monomer addition by vapour deposition method. (Insets – 

Photographic image of cell container, monomer reservoir, and vacuum operated–vapour 

deposition system.) 
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Negative pressure in the line is generated by a turbo vacuum pump which vaporises the 

monomer. When then the system is in vacuum state, the flow valve (2) is shut to the line and 

flow valve (3) is opened resulting in the vapourised monomer is transferred to the sample 

container with MOF-5 allowing dispersion of monomer over the MOF. 

 

However, vapour deposition method resulted in majority of the monomer condensing at the 

top portion of the sample cell as the monomer vapours expanded from the inlet nozzle of the 

sample container and upon contact with the MOF. Consequently, the MOF crystals at the top 

were saturated with the monomer. On the other hand, crystals at a greater depth of the cell 

remained free of any interaction with monomer. This was evident on removing the samples 

which had been polymerised in-situ for potential experiment investigating binding and 

interaction of guests following polymerisation. Samples on removal from sample container 

were ‘wet’ and texturally resembling a paste at the top, possibly due to polymerisation of the 

monomer. MOF below ≤ 1.5 cm resembled dry MOF sample.  

 

Additionally, this method gave evidence of some sample contamination from prior 

experiments and resulted in the loss of large quantities of monomer. As a result, the 

experiment was repeated using liquid adsorption method. 
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5.2.2.2 Liquid Deposition Method – Monomer Addition 

Monomer was transferred to the vacuum sealed container by using a syringe with outer 

diameter identical to the internal diameter of ‘port A’ (Fig 5.3). The syringe filled with 

predetermined volume of monomer was placed on the port A and ensure the syringe was 

sealed and locked in place. Once the tight seal was ensured, the Swagelok on the vacuum 

sealed container was opened such the vacuum pulled the monomer into the cell. Upon 

complete transfer of the monomer in the cell, the Swagelok was shut once again to allow the 

cell to remain under vacuum before removing the empty syringe from the top. The cell was 

then tested on the vacuum line to check for any leaks before running the deposition process. 

  

 

 

Fig 5.3: (a) Schematic diagram of monomer addition by liquid deposition method. (b) 

Photographic image of cell container with Swagelok and air-tight vacuum seal. 
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The amount of monomer required was determined based on experiment at Cardiff University 

to determine optimum monomer adsorption by MOF-5 without excess extrinsic monomer 

present on the surface of MOF (Section 4.4.4.1). Following addition of monomer, it was 

allowed to equilibrate and the increment in mass of the cell was recorded to determine the 

exact mass of the monomer added.  
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5.3 Results and Discussion 

The data analysis for total neutron scattering is a continuing work in progress. This is the first 

study attempting to interpret TNS data from NIMROD by simulation-based methods for 

confined fluids in MOFs. Due to time constraints and the lengthy process of simulating 

complex system, and delays caused by COVID-19 pandemic, the data analysis remains 

unfinished at the time of submission of thesis, but much has been learnt on how to deal with 

complex materials.  

 

5.3.1 Calculation of number of guest molecules. 

In order to calculate the number of guest molecules added to each sample container holding 

the sample MOF-5, two approaches were devised to calculate the appropriate amount of guest 

molecules. The first calculation approach was based on the physical mass of monomer added 

to the sample containing MOF taking the increase in weight upon monomer addition to 

calculate the number of monomers in the system. The second approach was based on 

approximation based on the expected scattering levels and packing fraction approximations 

from Gudrun. In this case, the number of monomer molecules calculated from the first 

approach were used as input parameter and matched with the expected calculations for 

scattering by Gudrun, and the number was increased or decreased appropriately.  
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Table 5.2: Comparison of calculated number of molecules of monomer per unit cell of MOF-

5 in each sample container. (50/50-Monomer is an equimolar sample of hydrogenated and 

deuterated monomer prepared by physical mixing) 

Monomer Addition 
Calculated based on 

isotopic mass. 
Calculated from Gudrun. 

Cell A (h-Monomer@H-MOF) 40 39 

Cell B (d-Monomer@D-MOF) 28 27 

Cell C (h-Monomer@D-MOF) 56 67 

Cell D (50/50-Monomer@H-MOF) 32 38 

Cell E (d-Monomer@H/D-MOF) 49 82 

Cell G (50/50-Monomer@H/D-MOF) 49 59 

Cell H (d-Monomer@H-MOF) 47 44 

 

The number of molecules calculated from both approaches match within a tolerance of ± 10 

molecules for sample containers A, B, C, D, H and G. However, cell E showed to have 

considerably large number based on Gudrun calculations compared to the isotopic mass 

calculations and it remained uncertain as to why this might be the case. However, considering 

a reasonable average DCS levels (br/atoms/sr) and tweak factor between empty MOF and 

monomer@MOF samples, the decision was made to accept the number of monomer 

molecules calculated from Gudrun as the basis for further calculations.  

  

5.3.2 Modelling of Experimental Data 

The simulations and modelling were performed using Dissolve, a software for simulation for 

total scattering data based on the refinement of structure by the generation of empirical 

potentials.20 Dissolve allows investigation of microporous materials with variable pore size 

and partially filled porous systems, such as guest@MOF systems. Additionally, it is also 

possible to account for the additional solvent molecules embedded in the guest@MOF using 

Dissolve. The program also permits potential refinement on multiple compositions, or 

completely different systems that share common force field parameters.  
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Dissolve software was developed by Dr Tristan Youngs at ISIS Pulsed Neutron and Muon 

Source, RAL (Oxfordshire, UK). Creation and implementation of MOF-5 simulation box, 

and structural refinement were performed by Calum Green (STFC Liquid Structure 

Simulation Placement Student, Imperial College London) under supervision of Dr Thomas 

Headen (ISIS Pulsed Neutron and Muon Source, RAL, Oxfordshire, UK). 

 

5.3.2.1 Calculation of Bragg Peaks on Dissolve 

Dissolve calculates the Bragg peak intensities separately from the local, diffuse scattering. 

The Bragg scattering amplitude is calculated using the Eq. 5.5: 

 

𝐵(ℎ𝑘𝑙) =  ∑ 𝑏𝑗 exp[−2𝜋𝑖(ℎ𝑥𝑗 +  𝑘𝑦𝑗 +  𝑙𝑧𝑗)]𝑗                                 (5.5) 

 

Where, the sum is over all the atoms in he simulation box, bj is the scattering length of atom j, 

(hkl) are the standard Miller indices and (xj, yj, zj) are the fractional coordinates of the jth 

atom along the a, b, and c lattice vectors.21,22  

 

Bragg reflections occur at discrete Q values: 

Qhkl = ha* + kb* + lc*                                                         (5.6) 

Where a*, b*, c* are the reciprocal lattice vectors. Hence, to calculate Bragg intensities on 

the same scale as total scattering structure factor, Dissolve calculates the total structure factor 

by the following equation: 

 

𝑆𝐵𝑟𝑎𝑔𝑔,𝑖𝑛𝑡(𝑄) =  
∑ 𝐼𝑡𝑜𝑡𝑃(𝑄,𝑄ℎ𝑘𝑙)− ∑ 𝑏𝑗

2
𝑗ℎ𝑘𝑙

𝑁𝑠(∑ 𝑐𝛼〈𝑏𝛼〉𝛼 )2
                                       (5.7) 
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Where Ns is the number of atoms in the simulation box, P is the three-dimensional Lorentzian 

broadening function, and Itot is the total measures intensity. Each interaction between pairs of 

atoms in the sample is denoted to a partial structure factor Sij(Q), and these are weighted by 

the concentration ci, cj and scattering lengths bi, bj for atoms i and j. These are expressed as 

the sum of all correlations with Kronecker delta δnm used to prevent double counting atomic 

pair terms. 

 

𝐹(𝑄) =  ∑ (2 − 𝛿𝑖𝑗)𝑐𝑖𝑐𝑗𝑏𝑖𝑏𝑗𝑆𝑖𝑗(𝑄)𝑖𝑗≥𝑗                                    (5.8) 

 

Eq. 5.8 details the total structure factor F(Q) obtained in the neutron scattering experiment. 

The differential cross section is measured as a function of magnitude of the momentum 

vector Q. This contains contributions from both single atom scattering and correlation 

between atom pairs  

 

5.3.2.2 Calculations for G(r) 

For monomer@MOF, a set of pair distribution function were calculated as per the standard 

definition of G(r), with limiting values g(r → 0) and g(r → ∞) = 1. For all distances above 6 

Å, all PDF show a less intense peaks resembling liquid-like order. To compare the 

experimental neutron scattering data, the partial g(r) functions are combined to give a 

modification of Eq. 5.2 (Chapter 5 – Introduction) as: 

 

𝐺(𝑟) = 4𝜋𝜌 ∑ 𝑐𝑚𝑐𝑛𝑏𝑚𝑏𝑛𝑑𝑚𝑛(𝑟) 𝑚,𝑛                                     (5.9) 

 

In equation 5.9, m and n represent two atomic species, cm is the atomic fraction of species m, 

bm is the coherent neutron scattering length for atomic species m. (bH = –3.74 barns, bD = 6.67 

barns, bC = 6.46 barns). Calculated F(Q) and G(r) are related by Eq 5.3 and Eq 5.4 (Chapter 5 

– Introduction). 
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The oscillations at higher r are enhanced in the case of deuterated samples compared to the 

hydrogenated samples. This is because in the case of higher D concentrations, the C–H/D 

contribution in G(r) is similar in values to that of constant C–C contribution (bD = 6.67 barns, 

bC = 6.46 barns in Eq. 5.2). For higher H concentration, the contribution of C–H/D in total 

D(r) is the opposite to that of the C–C contribution (bH = –3.74 barns, bC = 6.46 barns in Eq. 

5.2). In all cases, the H/D–H/D contribution is negligible for a perfect null composition. As 

the long-range r oscillations are present in each partial PDF, the effect of changing the H/D 

ratio is to go from the case where all three PDFs have positive weighting to the case where 

the C–H PDF has a negative weighting and in effect, the combination of the amplitude of the 

oscillations are diminished. This is a controlling factor when calculating the experimental 

scattering function and comparing experimental to simulated data.23  

 

5.3.2.3 Implementing Forcefield on Dissolve.  

Structural refinement of scattering data within the realms of a classical forcefield is 

performed on Dissolve with provision for common harmonic bond and angle potentials as 

well as several functions for torsional terms but with allowance for additional functions and 

inter-molecular terms.  

 

For simulations for this experiment, a Universal ForceField (UFF) was implemented. The use 

of a general forcefield allows large and flexible monomer molecules to be accurately treated 

for molecular dynamics simulations in the structural refinement procedure. MOF-5 is 

classified under UFF4MOF atom types when implementing UFF and was used for all the 

simulations on Dissolve.24 Forcefields for vinyl acetate monomer, water, and DMF were 

acquired and implemented from LigParGen OPLS/CM1A parameter generator for organic 

ligands database.25,26 
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5.3.2.4 Building MOF-5 simulation box.  

The configuration for MOF-5 used in this work contains 3,392 framework atoms (2x2x2 

cubic cell). For empty MOF, simulations were carried out with solvent 3 DMF and 30 water 

molecules, contributing to additional 96 and 90 atoms, respectively. Fig 5.4 presents a 

snapshot of the simulation box for empty MOF and Fig 5.5 presents the equivalent for 

monomer@MOF. 

 

Fig 5.4: Atomic structure of crystalline MOF-5 from simulation environment in Dissolve for 

empty MOF with solvent DMF and water. 

 

Fig 5.5: Atomic structure of crystalline MOF-5 from simulation environment in Dissolve for 

monomer@MOF without solvent (shown here is the h-monomer@H-MOF-5 sample with 

414 monomer molecules per simulation box or 52 molecules/unit MOF cell loading before 

simulation)  
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Simulations for monomer@MOF were performed with presence of the calculated monomer 

molecules for each sample contrast but in absence of guest molecules. This decision was 

made based on evidence from QENS (Section 5.5), solid-state NMR (Section 5.7) and 

SCXRD data (Section 5.9.2) which suggest that the monomer displaces DMF and water 

molecules from the MOF pores. The simulations were performed at a temperature of 300 K, 

mean configuration edge length was 51.95 Å, and the number average density of 0.0314 

atoms/Å3. 

 

 

5.3.2.5 General Atomistic Simulations  

The atomistic simulations were performed with the help of core modules on Dissolve. 

MolShake performs whole-molecule Monte Carlo (MC) simulations and attempts a random 

MC translational and/or rotational move on every vinyl acetate molecule in the system. MD 

module performs NVT molecular dynamics on the specified species which are restricted to 

MOF and vinyl acetate for every 5 steps of molecular dynamics. RDF module calculates the 

inter- and intramolecular radial distribution function, G(r) and total G(r) out of the cubic box 

length. Energy module calculates the total system energy that arises from interatomic and 

intermolecular terms.27 
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5.3.3 H- and D-MOF-5  

The diffraction patterns for H-MOF-5 and D-MOF-5 were obtained from experimental 

samples as an output from Dissolve. The patterns are consistent with the space group cubic, 

Fm-3m, observed with powder XRD (Section 4.2).  

      

    

Fig 5.6: Comparison of powder XRD and TNS patterns for (a) H-MOF-5 and (b) D-MOF-5. 

(c) total structure factor F(Q) and (d) total pair distribution function G(r) for H- and D-MOF. 

 

Fig 5.6 shows a comparison between powder XRD patterns and TNS (TNS) pattens from the 

scattering data from H- and D-MOF-5. As expected, F(Q) show sharp and well-defined peaks 

at lower Q from the crystalline MOF (Fig 5.4 (a)). The peaks can be associated with Bragg 

reflections observed by powder XRD to reciprocal space (Table 5.3). 

 

 

(a) (b) 

(c) (d) 
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Table 5.3: Comparison of Bragg reflections observed through PXRD and TNS.  

Bragg reflection observed in 

TNS (Q = A-1) 

Corresponding diffraction peak 

observed in PXRD (2θ = º) 

Miller Plane 

(hkl) 

0.46 6.9 (200) 

0.68 9.8 (220) 

0.83 - - 

0.95 13.67 (400) 

1.07 15.50 (420) 

1.18 16.81 (440) 

1.36 19.48 (531) 

1.44 20.49 (442) 

1.60 22.83 (533) 

 

Fig 5.4(a) shows the characteristic Bragg peaks in the powder XRD data also appear as peaks 

in TNS (TNS) data for H-MOF-5. Fig 5.4 (b) shows a comparison between powder XRD and 

TNS patterns for the D-MOF. It is seen from both Fig (b) and (c), that of the D-MOF there is 

an additional peak in the F(Q) scattering data at Q = 0.42 Å-1 (2θ = 5.9º) that does not appear 

in powder XRD data of H-MOF. Subsequent SCXRD analysis suggests that a peak at such 

diffraction angle may appear due to co-ordination from guest species present in the 

guest@MOF composites. As there is no guest monomer species present in the empty D-

MOF, our working assumption during data analysis was that the peak at Q = 0.42 Å-1 (2θ = 

5.9º) is present due to solvent DMF coordination within the framework. A possible reason for 

this peak appearing only in D-MOF may be due to amplified coherent scattering effects from 

deuterium. Deuterium has a larger scattering cross-section (σcoh = 5.56 barns) compared to 

hydrogen (σcoh = 1.76 barns), and as a result, the relative intensity of the peak for 

hydrogenated DMF@D-MOF may be greater than the intensity observed with hydrogenated 

DMF@H-MOF.  

 

In the G(r) comparison in Fig 5.5 (d) for H- and D-MOF, the first negative peak in both 

MOFs is observed at r = 0.88 Å. This peak may possibly be due to the presence of O–H from 

water or DMF interactions within the MOF framework. This is consistent with the earlier 

observed presence in the neutron diffraction samples from Gudrun (Section 5.1.2) and in 
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F(Q). The next peak is observed at r = 1.09 Å as a negative peak for H-MOF and a positive 

peak for D-MOF, as expected to be from respective C–H and C–D due to a negative coherent 

scattering length of hydrogen (Hσcoh = –3.74, Dσcoh = 6.67). Another characteristic MOF-5 

feature is observed at 1.91 Å from framework Zn–O at distances > 2.0 Å.  

 

5.3.4 Data Analysis: Monomer@MOF  

Creation and implementation of monomer@MOF-5 simulation box, and structural refinement 

were performed on the empty MOF-5 simulation box created by Calum Green (STFC Liquid 

Structure Simulation Placement Student, Imperial College London) on Dissolve. Monomer 

molecules were added to the simulation box from calculations from Gudrun described in 

Section 5.3.1. All processing and changes with the simulation box were made with guidance 

from Dr Tristan Youngs and Dr Thomas Headen (Disordered Materials Group, ISIS Pulsed 

Neutron and Muon Source, RAL, Oxfordshire, UK). 

 

All calculations shown here are performed in absence of DMF and water molecules as guest, 

and only vinyl acetate as guest species, unless stated otherwise. Forcefields parameters for 

vinyl acetate were acquired and implemented from LigParGen OPLS/CM1 and imported in 

Dissolve.25 Depending on the number of monomers calculated for each sample (Section 

3.5.1), appropriate number of monomers for the simulation box were added to determine 

F(Q) and G(r). A separate simulation for each sample was performed and the results and 

observations are described below. 
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Hydrogenated monomer@MOF 

The following section will discuss observations from total structure factor F(Q) and total pair 

distribution function G(r) for h-VAc@H-MOF and h-VAc@D-MOF. 

 

5.3.4.1 h-VAc@H-MOF 

The calculated experimental and simulated F(Q) and G(r) for h-VAc@H-MOF are shown in 

Fig 5.7.  

 

  

Fig 5.7: The experimental and calculated (a) total structure factor F(Q) and (b) total pair 

distribution function G(r) for h-VAc@H-MOF. Comparison between empty H-MOF and h-

VAc@H-MOF (c) total structure factor F(Q) and (b) total pair distribution function G(r). 

 

(a) (b) 

(d) (c) 
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The experimental F(Q) for h-VAc@H-MOF are similar in peak positions to those simulated 

by Dissolve from the simulation ensemble. The peaks can be associated with Bragg 

reflections observed by powder XRD to reciprocal space (Table 5.3 in Section 5.3.3.1). 

 

There is an additional peak seen in the Q = 0.83 A-1 that is not seen in the powder XRD data 

for VAc@MOF-5 and TNS data for empty H-MOF. This new peak is possibly a result of 

solvent contribution on the framework as it appears following addition of guest monomer for 

all four samples. Comparing F(Q) for empty H-MOF and d-VAc@H-MOF show no clear 

peak shifts or changes in Q (Fig 5.7 (c)). Diffuse scattering over higher Q (Q > 1.75 A-1) can 

be observed possibly from long range disorder imposed by monomer. 

 

G(r): The pair distribution function G(r) gives the distribution of relative interatomic 

distances with respect to average atom at the origin. The overall intensity in the mismatch 

between atomic pairs may be due to the initial simulation models containing a higher order 

and crystallinity compared to experimental samples (Fig 5.7 (b)), but most features present in 

the data are well reproduced. Peaks at longer distances decrease much faster than those 

observed at shorter distances (< 3 Å). The liquid like behaviour and loss of ordering at longer 

distances in overall G(r) suggest that the monomer is in a liquid state within the pores of the 

MOF. It is seen from Fig 5.7 (b) that the experimental (calculated) data matched well with the 

simulated data from the ensemble and suggests short-range order with sharp features. The 

expected interatomic distances as peaks from the MOF structure are present at the Zn–O peak 

(1.92 Å) shows no change between empty H-MOF and h-VAc@H-MOF. However, there is 

an increase with monomer loaded sample by a magnitude of + 0.2 Å for the peak at C–O 

(1.32 Å) which merges in the C–C (1.38 Å) peak (Fig 5.7 (d)). As there is no evidence of a 

formal change in coordination number around Zn, this suggests a possibility of framework 

expansion that results in an increase in bond length of the framework C–O bond connecting 

the metal node and the phenyl ring. It is expected that any framework expansion and 

structural changes occur at this bond based on observations from powder XRD (Section 4.2). 

In powder XRD, diffraction associated with (400) and (420) plane show a decrease in 2θ at 

13.7º and 15.5º peaks (Appendix Fig A5.2). 
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To mitigate the mismatch between F(Q) and G(r) between the experimental and simulated 

data for peak widths, the Bragg features were fitted to an omega-dependent Gaussian 

convolution for Bragg peaks (FWHM = 0.05) from independent Gaussian convolution 

(FWHM = 0.02). The results of this analysis are shown in the Fig 5.7 above.  

 

5.3.4.2 h-VAc@D-MOF 

The calculated experimental and simulated F(Q) and G(r) for h-VAc@D-MOF, and 

comparison of experimental F(Q) and G(r) against empty D-MOF are shown in Fig 5.8.  

 

   

 

Fig 5.8: The experimental and calculated (a) total structure factor F(Q) and (b) total pair 

distribution function G(r) for h-VAc@D-MOF. Comparison between empty H-MOF and h-

VAc@H-MOF (c) total structure factor F(Q) and (b) total pair distribution function G(r). 

 

(c) (d) 

(a) (b) 
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Simulated and experimental F(Q) data for h-VAc@D-MOF show a good match with all peak 

present in both sets of data. Observations from h-VAc@H-MOF also apply to h-VAc@D-

MOF wherein the simulated data shows a greater crystallinity when compared to 

experimental data as observable diffuse scattering at higher Q (Fig 5.8 (a)). There is an 

additional peak in the h-VAc@D-MOF sample compared to the previous sample at Q = 0.83 

A-1 that is present which may be a contribution from solvent coordination with the framework 

(as described in Section 5.3.3.1). The peak is of a higher intensity in the case of h-VAc@D-

MOF because the total coherent scattering contribution from h@D is expected to be greater 

than h@H. The relative intensity of this peak is expected to be highest in the case of d@D 

(shown later in Section 5.3.4.3).  

 

G(r): Fig 5.8 (b) shows a moderate match between experimental and simulated data. 

Positions of the first peak (r = 1.09 Å) is a negative peak in the D-MOF which is possibly due 

to greater atomic density of hydrogenated monomer C–H (486 bonds/unit cell) compared to 

framework C–D (92 bonds/unit cell) atoms. The peak is shifted towards lower distance 

compared to h-VAc@H-MOF by r = –0.01 Å. This is may be because of shorter C–D bond 

length compared to C–H of h-VAc@H-MOF but it is not possible to conclude the same as it 

is outside the resolution of instrument. However, due to the artifact between 0–0.8 Å in the 

simulated data for all monomer loaded samples, it is unclear if this is a real feature in the 

data. Most features beyond this region are well produced in the simulated data, and can be 

used for further analysis.  
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5.3.4.3 Conclusions from h-VAc@MOF samples 

The experimental F(Q) and G(r) for MOF-5 isotopologues with h-monomer is reasonably 

well reproduced in the simulated data following iterative corrections. Bragg features were 

fitted to an omega-dependent Gaussian convolution for Bragg peaks (FWHM = 0.05) from 

independent Gaussian convolution (FWHM = 0.02) to mitigate broadening mismatch. Partial 

g(r) showed features at low r distances (r ˃ 0.5 Å) suggested possibility of guest monomer 

penetration in the metal node which is physically not possible. Consequently, the tolerance 

values for MD/MC simulation ensemble were increased (0.2 → 0.4) to inhibit very short-

range interactions between framework and guest species. QMax input in the Bragg layer 

module on Dissolve sets the width of the Bragg peak and the maximum Q to which Bragg 

peaks are calculated. These input values were changed to match the high Q range Bragg 

features to improve the gradient of the baseline in the experimental data by matching like 

Bragg features.  

 

Deuterated monomer@MOF 

Iterative correction performed on h-monomer@MOF were also performed on d-

monomer@MOF to reproduce improvements on the data. The following section will discuss 

observations from total structure factor F(Q) and total pair distribution function G(r) for d-

VAc@D-MOF and d-VAc@H-MOF.  
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5.3.4.4 d-VAc@D-MOF 

Fig 5.9 shows the calculated experimental and simulated F(Q) and G(r) for h-VAc@D-MOF, 

and comparison of experimental F(Q) and G(r) against empty D-MOF. 

 

  

  

Fig 5.9: The experimental and calculated (a) total structure factor F(Q) and (b) total pair 

distribution function G(r) for d-VAc@D-MOF. Comparison between empty D-MOF and d-

VAc@D-MOF (c) total structure factor F(Q) and (b) total pair distribution function G(r). 

 

The mismatch between experimental and simulated data, and the large spike in data at Q ≈ 

1.75 Å-1 in Fig 5.9 (a) is a result of crossover between direct (Bragg) and diffuse (Fourier-

transformed) parts of the structure factor calculations (further discussion in Section 5.4). 

Currently, Dissolve is unable to address this error, but work is being carried out to find a 

solution to this problem. 

(d) (c) 

(a) (b) 
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The Bragg peaks observed on the F(Q) of the experimental pattern are reproduced in the 

simulated patterns for d-VAc@D-MOF. There is considerable mismatch between scattering 

level baseline experimental and simulated data. The most likely cause of this may be 

overcalculation of average differential scattering cross-section levels in Gudrun resulting in 

under subtraction scattering intensities. Hence, total scattering data reductions and iterative 

corrections for d-VAc@D-MOF were repeated on Gudrun. Following no improvement with 

recalculation of data, alternate approaches to mitigate this effect are under consideration.  

 

A more significant discrepancy between experimental and simulated data is the appearance of 

additional peaks at low Q (Q = 0.24 and 0.34 Å-1). The source of these peaks is unclear at 

present. Several possible hypotheses were explored, and necessary measures were attempted 

to understand the presence of these peaks. Simulations on the ensemble for h-VAc@MOF 

were performed using the appropriate number of monomer molecules calculated from 

Gudrun. For d-VAc@D-MOF a possibility of DMF and water being present was investigated 

as a small feature in the G(r) is observed at r = 0.87 Å may be present due to O–H bond 

interactions in water or from DMF (Fig 5.9 (b)). From updated input reference files following 

recalculations on Gudrun, simulations were run again with halved the number of monomers, 

and in the presence of both water and DMF (160 water and 16 DMF/ensemble). However, 

upon doing so, improvements were not made, and the low Q peaks were still present. The 

possibility of interpenetrating networks of MOF-5 was considered and ruled out following 

solid-state NMR and SCXRD experiments (Section 5.7 and 5.8). 

 

Another approach implemented was of introducing disorder in the empty MOF ensemble 

before addition of guest species. For the experiment, the empty MOF samples were activated 

prior to addition of monomer guests to remove excess solvent within the MOF pores at 443 K 

(170 ºC). This was replicated on the ensemble by performing atomistic simulations at 443 K 

till a stable energy was achieved. Following this step, monomer, water, and DMF species 

were added in the ensemble and simulations were performed. Although this resulted in no 

significant improvement, it is decided that for all future simulations, disorder will be 

introduced in the empty MOF prior to adding guest species to better replicate the 

experimental environment. Further analysis of the data cannot be carried out without 

identifying the source of the error. The peak intensity will be most prominent on d@D 



Chapter 5: Characterisation of Guest interactions in VAc@MOF-5 

Page | 196  

 

samples due to highest average coherent scattering and all attempts to find possible solutions 

are being made on this sample at the time thesis submission.  

 

5.3.4.5 d-VAc@H-MOF 

The experimental and calculated total structure factor F(Q) and total pair distribution function 

G(r) for h- and d-VAc@D-MOF are shown in Fig 5.10. 

 

  

Fig 5.10: The experimental and calculated (a) total structure factor F(Q) and (b) total pair 

distribution function G(r) for d-VAc@D-MOF. Comparison between empty D-MOF and d-

VAc@D-MOF (c) total structure factor F(Q) and (b) total pair distribution function G(r). 

 

The d-VAc@H-MOF presents the same disparity between simulated and experimental F(Q) 

vs. Q data as observed with d-VAc@D-MOF samples (Fig 5.10 (a)). The low Q peaks at 0.24 

and 0.34 Å-1 are present but are less intense due to presence of less coherently scattering 

(a) (b) 

(c) (d) 
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hydrogen. Fig 5.10 (c) shows a comparison between empty H-MOF and d-VAc@H-MOF. 

All Bragg peaks observed in empty MOF are present in d-VAc@H-MOF. However, at this 

point of time, conclusions cannot be derived due to aforementioned problems with disparities 

between simulated and experimental d-VAc@H-MOF data.  

 

Fig 5.10 (b) shows pair distribution function for d-VAc@D-MOF. Features present in the 

simulated data are well reproduced in the experimental data, but without a match between 

intensities. Possible reasons for this may be due to simulations assuming a lesser crystalline 

order of the composite or due to iterative errors in simulating data that also results in low 

G(r) values at distances at r > 0.5. The overall match between peak positions is acceptable.  

 

5.3.4.6 Conclusions from d-VAc@MOF 

It remains unclear at present as to why the problems in matching experimental and simulated 

data is exacerbated in the case of deuterated monomer. Changes implemented in the case of 

h-VAc@MOF described in section 5.3.4.5 have been applied to d-VAc@MOF composites 

without improvement in Bragg calculation discrepancies at Q > 0.5 Å-1. The reason for the 

presence of peaks at 0.24 and 0.34 Å-1 remains uncertain and possible causes and subsequent 

steps to improve reproducibility will be discussed in the following section (Section 5.4) 

 

5.4 Present Hypotheses and Future Outlook  

The aim of the neutron diffraction experiment was to investigate monomer interactions in 

host MOF at atomic level. Through analysis of diffraction data, we are en route to 

conclusively identify the binding interactions and sites of monomer species in the framework, 

and the effect sorbent monomer has on the crystal structure of the host MOF. The data 

modelling and analysis is presently ongoing and continuous efforts are being made to draw 

conclusions towards the aim of the experiment. The results of some trial investigation are 

described below.  

 

  



Chapter 5: Characterisation of Guest interactions in VAc@MOF-5 

Page | 198  

 

Future Simulations on Dissolve  

Experimental samples, prior to monomer loading, are activated at 443 K under vacuum to 

remove any unbound moisture and solvent molecules present in the framework. It is expected 

that this introduces disorder in the host MOF due to thermal effects on the framework atoms. 

To mimic this, empty MOF ensemble will be ‘heated’ to introduce disorder in the system by 

performing simulation at high temperature prior to adding monomer. 

 

Fig 5.11 shows differences between two simulation ensembles before and after introducing 

disorder. There is noticeable lattice distortion seen in Fig 5.9 (b) as a result of simulated 

heating resulting and differences in individual pore dimensions. 

 

 

Fig 5.11: A comparison between simulation ensemble used during (a) preliminary 

simulations and (b) after introduction of disorder following simulated heating at 443 K.  

 

Current calculations for monomer addition content are based on isotopic mass calculations 

that assume uniform distribution of monomer in the sample container in beam path. The 

inhomogeneity in pore filling by monomer is a possibility and thus, calculations will be 

attempted to alter monomer content to achieve desirable scattering and match average 

differential scattering cross-section by data processing on Gudrun. Pair distribution function 

analysis suggest that upon monomer loading, not all guest solvent and water molecules may 

(a) (b) 
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be evacuated from the framework as there are peaks observed at shorter distances of r = 0.88 

Å, possibly from O–H bonds on water molecules. 

 

There have been considerable improvements made to reproduce Bragg features on simulated 

data to experimental calculated data through fitting to an omega-dependent Gaussian 

convolution for Bragg peaks (FWHM = 0.05) and altering QMax for setting an appropriate 

width of the Bragg peak and the maximum Q to which Bragg peaks are calculated. Further 

investigation for setting these values will be made to improve match between simulated and 

experimental data. 

 

H and D contrast variations are unique to neutron scattering and enables visualisation of 

structures within an intact system, providing information that is otherwise not accessible by 

other structure characterisation methods. Contrast variation by selective deuteration 

composites has been employed to differentiate between component in the complex 

monomer@MOF composites. However, we have found that there are some structural 

differences between the H-MOF and the D-MOF making data analysis and interpretation 

more complex as the contrast must be treated as individual samples for atomistic simulation. 

Therefore, next simulations will be performed on four different MOF ensembles. 

 

Currently, our hypothesis with the appearance of intense low Q peaks (Q = 0.24 and 0.34 Å-1) 

in the case of d-VAc@MOF is that they are a contribution from monomer interactions with 

the framework Zn–O metal node. Due to the simulation ensemble currently being a 2x2x2 

supercell of MOF unit cell, this effect is amplified, and interactions appear as Bragg features 

in the F(Q) vs. Q plots. It is proposed that simulations with a larger ensemble (8x8x8 

supercell) and through introduction of disorder in the system prior to monomer addition, this 

effect may be mitigated.  

 

Simulations with standalone ensemble for each sample and a larger simulation box will 

enable us to reason and conclude whether isotopic effects contribute towards distinct Bragg 

features in the monomer@MOF composites. 
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Present Hypothesis and Conclusion 

In conclusion from available data, the differences between the hydrogenated and deuterated 

MOF-5 structure are revealed that cannot be concluded by PXRD. For deuterated MOF-5, 

there is an additional peak observed at Q = 0.42 Å-1 (2θ = 5.9º) that does not appear in PXRD 

data of D-MOF. Possible reasons for this may be from structural differences between H- and 

D-MOF. Subsequent SCXRD analysis suggests that a peak at such diffraction angle may 

appear due to co-ordination from guest species and interactions on the MOF that distorts the 

framework lattice from Fm-3m (cubic) to R-3m (rhombohedral or trigonal). This hypothesis 

is further supported with guest@MOF composite data where there is an increase in the 

scattering intensity of this peak. For the case of empty MOF, this peak may be present due to 

residual solvent DMF molecules in the framework. This result also questions the widely 

reported methodologies for MOF-5 activation to remove any intrinsic solvent molecules 

without structural distortion.28–30  

 

From the preliminary analysis of the G(r), we can sufficiently identify MOF contributions 

and differentiate short-range monomer interactions in the system. The long-range features 

observed in G(r) of all samples assumes that framework consists of an alternating open and 

closed pore structure with different pore diameters (discussed in detail in section 5.7.2) in the 

current ensemble, and the monomer filling infinitely translates into all directions to 

successive unit cells in the framework. It is possible that the simulation introduces an isotope 

effect to calculate scattering which is amplified through assumed homogenous filling, and 

current ensemble size. To allow for inhomogeneity in pore filling by guest species, a larger 

ensemble will provide a more accurate representation of experimental samples. Furthermore, 

control over individual pore filling in the simulation ensemble will aid identifying the source 

of features from scattering.  

 

Through proposed changes on the simulation ensemble and Bragg corrections to match 

simulated and experimental data, from this experiment we will be able to conclude the effect 

of guest molecules on the host MOF that have previously not been studied or reported. 

Current research has been limited to transport behaviour and interactions of ions and small 

gaseous alkanes such as methane, butane, acetylene, CO2, H
+ and Li+.31–34 Large molecules 

interactions such as vinyl acetate interactions in MOF-5 at the time of writing this thesis have 
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not been reported. Furthermore, understanding structural effects of guest monomers on host 

MOF will correlate with observation from PXRD data (Section 4.2) will be confirmed by 

neutron scattering data simulated on Dissolve. Isotopic effects of monomer isotopologues on 

host framework have not been reported and conclusions from simulations will conclude our 

current hypothesis of short-range binding interactions of monomer on the host framework 

through observation of peaks at Q = 0.24 and 0.34 Å-1.  

 

Lastly, initial simulations of monomer@MOF on Dissolve have contributed towards 

determining avenues that can be applied on the code to understand complex systems such as 

confined liquids in crystals. Currently, it is not possible to introduce inhomogeneous pore 

filling on Dissolve simulations that result in correlating effects that are not present in the 

experimental samples. Identifying these changes provides a basis and direction to further 

improve simulations and development of Dissolve.  

 

Progress following submission of thesis.  

The simulation ensemble was expanded to an 8x8x8 supercell, and disorder was introduced in 

the MOF by simulating the activation of the MOF. This was done by heating the simulation 

ensemble to 443 K and MD and MC simulations were performed till a stable energy was 

reached. Doing so resulted in an improved match on the Bragg peak positions on the 

experimental versus simulated data. The additional peak observed at low Q values (Q = 0.24 

and 0.34 Å-1) in the case of D-MOF diminished upon expansion of the simulation ensemble 

too. This suggests that in the data earlier in the 2x2x2 ensemble, these peaks may be a result 

of homogeneous filling of the guest molecules within the pores of the MOF. 

 

Another key factor that may have played a vital part in the appearance of these peaks may 

have been result of incorrect molecular charges implemented at the time of creating the 

MOF-5 unit cell ensemble. This has been realised and corrected by creating a new MOF-5 

unit cell with correct molecular charge assignment and distribution. In our opinion, this may 

have been cause of many discrepancies with simulation of data. 
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Furthermore, an envelope function was implemented that allows the Schrödinger equation to be 

simplified to refer only to the behaviour of the envelope by applying boundary conditions envelope 

function directly, rather than to the complete wavefunction.35 This allowed a more accurate match 

between the simulated and experimental data. QMax was altered (QMax = 20) for setting an 

appropriate width of the Bragg peak and the maximum Q to which Bragg peaks are 

calculated.‡ This change resulted in improvement of the baseline gradient in the experimental 

data by matching like Bragg features of the simulated data. 

 

This proves to be a positive step forward in data analysis and interpretation by enlarging the 

simulation ensemble (8x8x8 from 2x2x2 unit cell), with incorporation of envelope function 

for scattered neutron wave and modified Bragg parameters. The subsequent steps will involve 

addition of monomer molecules and simulating the ensemble to determine if the 

improvements on empty MOF ensemble are translated in the monomer@MOF ensemble as 

well. Upon doing so, we will be able to precisely identify additional guest monomer peaks 

and/or structural changes on the MOF structure with greater certainty from F(Q) data and 

identify the binding sites and interactions of the guest species within the framework by 

investigation of G(r). Currently, the data analysis and interpretation will be carried forward 

by Dr Tristan Youngs and Dr Thomas Headen (Disordered Materials Group – ISIS Pulsed 

Neutron and Muon Source) with input from the candidate, Dr Alison Paul, and Dr Timothy 

Easun (Cardiff University).  

  

 
‡ - QMax input in the Bragg layer module on Dissolve sets the width of the Bragg peak and 

the maximum Q to which Bragg peaks are calculated. (Section 5.3.4.3) 
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5.5 Quasi-Elastic Neutron Scattering (QENS) Experiment:   

In order to investigate the dynamics, mobility rate, and length-scales of guest motion within 

the MOF framework QENS experiment was performed at IRIS spectrometer at Target 

Station-1 (TS1) of ISIS Pulsed Neutron and Muon Source facility at Rutherford Appleton 

Laboratories, Oxfordshire, UK (Experiment RB2010536). IRIS is a high resolution TOF 

instrument with indirect geometry QENS spectroscopy and long d-spacing window scan 

capability. In addition to guest mobility, it also provides analysis regarding the influence of 

guest species in MOF to further corroborate the framework contraction and expansion 

observed with neutron diffraction (NIMROD) and X-ray diffraction (Cardiff University).  

 

We aimed to use elastic and inelastic window scans to determine how the motion of guest 

species in the framework evolves over time upon initiation of polymerisation. Additionally, 

interpreting the coherent and incoherent elastic and quasi-elastic contributions affected 

independent resolution of the guest and its motion within the framework. The extended Q-

resolved capability of the IRIS spectrometer was exploited to determine the geometry of 

motion of two components as by interpretation of elastic incoherent structure factor (EISF). 

However, EISF did not provide any useful information for guest@MOF-5 system following 

the experiment (described in detail; Section 5.5.3.7).   

 

5.5.1 In-situ polymerisation of vinyl acetate monomer in MOF-5 

5.5.1.1 Materials and Methods 

The synthesis for the H-MOF-5 and D-MOF-5 have been described in section 3.2.2 of 

Chapter 3 of this thesis. Deuterated d4-vinyl acetate was sourced from QMX Laboratories 

Ltd, UK. Hydrogenated vinyl acetate (≥99% purity) and AIBN (98%) were purchased from 

Merck KGaA.  

 

Individual MOF samples were activated to remove residual solvent and minimise adsorbed 

moisture by heating glass vials containing MOFs in a vacuum oven at 80 °C for 12 h. The 

MOFs, upon activation were sealed in the reaction flask and transferred to the sample 

container in a vacuum glovebox with inert atmosphere.  
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Monomer@MOF and oligomer@MOF samples were prepared by methods described in 

section 3.3. Upon preparation, samples were sealed in reaction flask and transferred to the 

sample container in a vacuum glovebox. Polymer@MOF sample was prepared by 

polymerising monomer@MOF samples for 48 h in an oven at 70 °C. Approximately 2 g of 

sample was transferred to cylindrical aluminium sample container in a glove box filled with 

nitrogen gas to prevent air exposure.  

 

QENS experiments were carried out on time-of-flight IRIS spectrometer at ISIS Neutron and 

Muon Source, STFC, Harwell. The QENS spectra were recorded by the IRIS spectrometers, 

affording the FWHM of 17.5 μeV energy resolution with momentum transfer range varying 

0.5 to 1.8 Å-1. QENS measurements were taken from 4 – 300 K at a heating rate of 10 K/min 

using PG002 pyrolytic graphite analyser bank on the IRIS spectrometer. The background 

contribution and experimental distortion were not corrected. All measurements were taken 

and recorded by Dr Ian Silverwood at ISIS Pulsed Neutron and Muon Source (Rutherford 

Appleton Laboratory, Oxfordshire, UK) due to restrictions on site access due to COVID-19 

pandemic. Data processing and analysis were also performed by Dr Ian Silverwood with 

input from the candidate for system specific interpretation. 
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5.5.1.2 Sample Containers 

The sample containers for the experiment used were cylindrical sample cans made from 

aluminium, 55 mm in height and 22 mm in diameter (i.d.) (Fig 5.12) 

 

 

Fig 5.12: Schematic diagram of sample containers used for investigation of in-situ 

polymerisation of monomer@MOF-5 experiment by neutron spectroscopy on the IRIS 

instrument.  

 

The sample cylinder contains a hollow insert resulting in an annular cross-section with 1 mm 

void space between the outer and inner cylinder. The overall volume of the void space is 3.97 

cm3 and serves as the volume in which the sample is deposited. The sample cylinder and the 

insert are sealed with an indium wire and sealed air-tight with screws on the circumference. 

The void space in the centre of the cell serves as the path length for incident neutrons. 
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5.5.1.3 Experimental Samples  

The samples used for experiments were a total of eight hydrogenated and deuterated variants 

of MOF and the guest (Table 5.4). Samples were in the sets of empty MOF-5 without 

adsorbed guest monomer, monomer adsorbed MOF-5 (VAc@MOF-5; monomer@MOF-5), 

MOF-5 wherein the adsorbed monomer partially polymerised sampled for a total time of 18 h 

(OVAc@MOF-5; oligomer@MOF-5), and monomer polymerised over complete 

polymerisation time of 48 h. 

 

Table 5.4: Sample list and numbers for the neutron spectroscopy experiment.  

No. Sample No. Sample 

1 H-MOF-5 5 D-MOF-5 

2 d-VAc@H-MOF-5 6 h-VAc@D-MOF-5 

3 d-OVAc@H-MOF-5 7 h-OVAc@D-MOF-5 

4 d-PVAc@H-MOF-5 8 h-PVAc@D-MOF-5 

 

The initial experimental plan involved having multiple samples for sample 3 and 7 at 

different polymerisation times to evaluate the onset and the mechanism of polymerisation in 

the MOF. The oligomer@MOF-5 samples would be divided into samples with 

polymerisation times of 3 h intervals starting from 12 h, until 48 h. The basis for the first 

oligomer sample was supported by laboratory PXRD and FTIR experiments observed on the 

monomer@MOF and partially polymerised samples (Section 4.2.1.1). However, due to 

experimental time limitations and site accessibility restrictions imposed by the COVID-19 

pandemic, only one sample at an intermediate polymerisation time of 18 h was selected as the 

intermediate, oligomer@MOF-5 sample. 

 

 

 

 



Chapter 5: Characterisation of Guest interactions in VAc@MOF-5 

Page | 207  

 

5.5.2 QENS Data Analysis – Underlying Theory 

During a normal QENS experiment, the measurements are taken from motions in Q– ω 

space, where ω is the angular velocity, which occur in real space and time.36 The intensity of 

elastic, coherent neutron scattering is proportional to the spatial Fourier transform of the pair 

correlation function, G(r) i.e., the probability of finding a particle at position r when there is 

simultaneously, a particle at origin (r = 0). The intensity of inelastic coherent neutron 

scattering is proportional to the space and time, and Fourier transform of the time dependent 

pair correlation function G(r,t) i.e., the probability of finding a particle at a position r, at time 

t when there is a particle at r = 0 and t = 0. As for inelastic incoherent scattering, the 

intensity is proportional to the space and time Fourier transform of the self-correlation 

function Gs(r,t) i.e., the probability of finding a particle at position r at time t when the 

particle was as r = 0 and t = 0. Thus, Scoh(Q, ω) is proportional to the two dimensional 

Fourier transform of time-dependent pair correlation function G(r, t). Whereas, Sinc(Q, ω) is 

proportional to the two dimensional Fourier transform of time-dependent self-correlation 

function, Gself(r, t). The total structure factor is a sum of coherent and incoherent structure 

factors. The scattering functions are from the van Hove correlation function G(r, t) given by 

equation 5.10 and denoted the probability of finding the particle at a distance dr at a position 

r at a time t: 

 

𝑆(𝑸, 𝜔) =  
1

2𝜋
∫ 𝑑𝑡 exp(−𝑖𝜔𝑡) ∫ 𝑑𝒓 exp(𝑖𝑸 ∙ 𝒓)𝐺(𝒓, 𝑡)                (5.10) 

This equation can be described in the form of intermediate scattering function, I(Q, t) as: 

 

𝐼(𝑸, 𝑡) =  ∫ 𝑑𝒓 exp(𝑖𝑸 ∙  𝒓)𝐺(𝒓, 𝑡)                               (5.11) 
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From the equation Eq 5.11, the scattering function and the inverse Fourier transform gives 

another expression for the intermediate scattering function result in: 

 

𝑆(𝑸, 𝜔) =  
1

2𝜋
∫ 𝑑𝑡 exp(−𝑖𝜔𝑡) 𝐼(𝑸, 𝑡)                         (5.12) 

 

𝐼(𝑸, 𝑡) =  ∫ 𝑑𝝎 exp(𝑖𝜔𝑡)𝑆(𝑸, 𝜔)                           (5.13) 

 

The incoherent and coherent scattering functions are related to the self and pair correlation 

function by:  

 

𝑆𝑖𝑛𝑐(𝑸, 𝜔) =  
1

2𝜋
∫ 𝑑𝑡 exp(−𝑖𝜔𝑡) ∫ 𝑑𝒓 exp(𝑖𝑸 ∙ 𝒓)𝐺(𝒓, 𝑡)           (5.14) 

𝑆𝑐𝑜ℎ(𝑸, 𝜔) =  
1

2𝜋
∫ 𝑑𝑡 exp(−𝑖𝜔𝑡) ∫ 𝑑𝒓 exp(𝑖𝑸 ∙ 𝒓)𝐺(𝒓, 𝑡)           (5.15) 

 

Q and ω are the Fourier transform variables of r and t. Q has the dimension of reciprocal 

distance, and ω of angular frequency. Hence, larger distances will correspond to low Q 

values and small energy changes will correspond to longer times in G(r, t).37 Broadening of 

the elastic peak is observed when the  characteristic time of a dynamical process measured is 

shorter than the inverse of resolution offered by the instrument, ∆ω. Hence, to observe true 

broadening of the elastic peak, it is essential to consider that the scattering function is 

convoluted by the instrumental energy resolution. 36,37Analysis mainly focusses on Sinc(Q, ω) 

and the intermediate scattering function Is(Q, t) due to exceptionally high incoherent cross-

section of hydrogen.. Analysing S(Q, ω) is comprised of two parts, the analysis of elastic 

region where energy transfer is zero being the first, and the broadening of the spectrum 

beyond the elastic region being the second. The analyses are described for the systems of 

study in Section 5.3.3. 
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5.5.3 Results and Discussion  

5.5.3.1 Elastic Fixed Window Scan (EFWS) 

The elastic fixed window scan (EFWS, ki = kf, Δℏω = 0) measurement observes temperature 

dependent changes in elastic intensity of scattered neutrons from the sample as a function of 

Q.38 EFWS allow measurements of transition temperatures of the guest, molecular rigidity of 

the MOF framework, and Debye-Waller information (d〈u2〉/dT) that determines the 

thermally-averaged atomic positions. In addition, further analysis may potentially yield useful 

information such as activation energies (Ea), mobile fractions (pm) and associated geometry of 

motion (A0(Q)) through detailed fitting of the quasi-elastic peak. For the IRIS spectrometer, 

the elastic scattering intensity is determined by integrating S(Q, ω) between Δℏωmin = –Γres/2 

and between Δℏωmax = +Γres/2. Where, the Γres is the energy resolution of the instrument. This 

is experimentally determined by measuring the full-width at half maximum (FWHM) of 

elastic peak in a sample with minimal inelastic scattering.  

 

5.5.3.2 EFWS: Observing MOF Dynamics 

The signal in the QENS measurement is likely to be a contribution from both incoherent and 

coherent scattering weighted in accordance with isotopic contributions. MOF and guest are 

primarily formed of carbon, oxygen, zinc, and hydrogen. Hydrogen will have a sizable 

incoherent scattering contribution compared to other nuclei and any measurement from 

protonated material will be dominated by the incoherent dynamic structure factor Si(Q, ω) 

arising from scattering of 1H nuclei. Therefore, the information that is extracted is dominated 

by the mobility or self-motion of the 1H species. Deuterium (2H) on the other hand is a 

coherent scatterer and has a weak incoherent cross-section relative to hydrogen (σi
D = 2.05 

barns) and is not ‘seen’ in EFWS. Therefore, EFWS for hydrogenated MOF and deuterated 

guest provides information regarding structural dynamics of the MOF in the presence of 

deuterated guest molecules. EFWS of empty H-MOF and d-guest@H-MOF are shown in Fig 

5.13. 
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Fig 5.13: EFWS of empty H-MOF and d-guest@H-MOF plotted as (a) absolute elastic 

intensity versus temperature, and as (b) normalised to elastic intensity measurement at 15 K 

versus temperature.    

 

To measure the extent of changes, benchmark measurements were carried out with 

hydrogenated MOF-5 in absence of deuterated guest. Fig 5.13 (a) shows elastic intensity as a 

function of temperature. Introduction of guest species in the framework causes an increase in 

the elastic intensity of the framework, which may arise from framework stiffening. This 

would be consistent with studies by high pressure crystallography which have shown 

framework stiffening at high guest loadings.62,63 To confirm this premise, it is useful to 

normalise the data to the first data point of the lowest temperature to account for any 

variation in the amount of sample in the containers which may likely cause and increased or 

decreased elastic scattering as a proportion to relative amount of sample present.  

 

Fig 5.13 (b) shows the elastic intensity versus temperature plots that have been normalised to 

the first measurement point at 15 ± 0.01 K. This case assumes that there is no discernible 

motion visible at lower temperatures. Small differences are observed amongst samples with 

localised framework motion restricting upon guest inclusion. Empty H-MOF shows a 

shallower gradient when compared to the H-MOF with deuterated guest present in the pores 

of the MOF. This may suggest that the framework flexibility is decreases upon guest 

inclusion and increases slightly upon subsequent polymerisation. The motion observed in the 

empty H-MOF sample may be a result of the elastic contribution from the 1H of residual 

solvent DMF and water. This observation furthers the conclusion derived from neutron 

(a) (b) 
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diffraction data (Section 5.1.2), powder XRD, and other characterisation methods presented 

in chapter 4. A change in slope of the elastic scattering intensity for empty MOF at 205-210 

K is observed suggesting a slight increase in framework mobility at the higher temperature. 

This may be due to coordinated solvent DMF changing phase from solid to liquid that allow 

for greater framework flexibility (DMFm.p. = 212 K). Further, as elastic scattering is 

dominated by localised motion, translational or long-range motion of liquid DMF may not be 

observed. 

 

The difference in gradient between mononomer@MOF, oligomer@MOF, and 

polymer@MOF is negligible and it is therefore not possible to quantify the differences 

between each without further data analysis with higher instrumental resolution. However, it 

cannot be made certain that experiments using higher resolution can yield the desired 

information.  

 

5.5.3.3 EFWS: Observing Guest Dynamics 

The absolute and normalised data for EFWS as a function of temperature are shown in Fig 

5.14. Fig 5.14 (a) shows a noticeable increase in elastic scattering for the h-guest loaded D-

MOF which is as expected due to an increased cross-section of 1H atoms on hydrogenated 

guests. 
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Fig 5.14: EFWS of empty D-MOF and h-guest@D-MOF plotted as (a) absolute elastic 

intensity versus temperature, and as (b) normalised to elastic intensity measurement at 15 K 

versus temperature. (The discrepancy between two data points at 260 K for oligomer@MOF-

5 sample is due to recording measurements in two different times. Measurements at 

temperature 0–260 K were recorded two months prior to final 260–320 K measurements due 

to scheduled maintenance of the IRIS instrument)   

 

EFWS for hydrogenated guest confined in deuterated MOF provides information regarding 

observable localised motion from elastic signal contributions from the H-guests. Benchmark 

measurements were carried out with deuterated MOF-5 in absence of hydrogenated guest.  

 

The quasi-elastic peak may contain elastic contributions associated with localised dynamic 

contributions from the hydrogenated guests. A diffusive species that is no longer free to move 

without constraint, and is geometrically anchored, may show an increased elastic scattering 

compared to an unbound species present in the framework. We hypothesise that this is the 

case when considering the decreased elastic scattering intensity with polymer@MOF 

compared to monomer@MOF and oligomer@MOF samples. A possible reason for this effect 

is that monomer molecules and short oligomer chains remain bound to the structure of the 

MOF enhancing the probability of elastic scattering through localised motions. This would 

explain the stiffening of the framework that is observed in the case of EFWS with d-

guest@H-MOF. Polymer@MOF the other hand, remains ‘free’ and is not geometrically 

bound to the framework. It therefore exhibits a higher degree of translational motion, being 

unbound, resulting in a lower intensity of the observable elastic scattering. There can be an 

argument made regarding the polymer chains diffusing out of the framework based on the 

above hypothesis. We can, however, successfully eliminate the likelihood of this based on 

(a) (b) 
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evidence from EFWS of d-polymer@H-MOF which shows that the polymer@MOF sample 

shows much higher elastic scattering intensity compared to the empty MOF and relatively 

similar to other guest@MOF samples, that is likely only if the framework stiffness (compared 

to the empty MOF) is maintained due to the presence of deuterated guest species present in 

the framework. Furthermore, complimentary characterisation methods such as solid-state 

NMR (Section 5.7), powder XRD, FTIR, SEM (Chapter 4) and show no evidence of polymer 

diffusion out of the MOF crystals.   

 

5.5.3.4 Quasi-elastic Peak Fitting 

Translational Diffusion 

Guests, especially monomers, are expected to undergo long range isotropic translational 

diffusion.38 For translational diffusion, the particles are considered to be unconstrained and 

move through the pores of the MOF. Particle fluctuations in this case are governed by Fick’s 

law,39 with the incoherent structure factor Sinc(Q, ω) being described by the Lorentzian or 

exponential, respectively. The Q dependence of the quasi-elastic broadening at a given 

temperature can be related to the diffusion coefficient of the guest given by: 

 

 Γ(HWHM) = DsQ
2                                                    (5.16) 

 

Where Γ is the line broadening at half-width at half maximum (HWHM) and Ds is the self-

diffusion coefficient. Hence, a continuous diffusion is a linear trace if T is plotted as a 

function of Q2, with the gradient being equal to D. 

 

Data from QENS spectrum and S(Q, ω) are divided into two part analysis, that of the elastic 

region and broadening of the spectrum beyond the elastic region.40 The integral of the 

spectrum within the dynamic range is instrument resolution depends on Q and is an 

approximation to the dynamic structure factor of the elastic scattering. 
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The data analysis included fitting of a scattering function consisting of the convolution of 

instrumental resolution with a delta function and a Lorentzian function. The Q dependence of 

the width and intensities of these peaks showed systematic trends suggesting faster process 

with rotational character and slower process which were dominated primarily by translational 

character. For our data, fitting of the elastic peak was performed with DAVE.41 DAVE (Data 

Analysis and Visualization Environment) is a software package for the reduction, 

visualization, and analysis of neutron spectroscopic data as well as providing experiment 

planning tools. Mantid software platform was used for reduction, and other analysis for 

neutron scattering and muon spectroscopy data.42,43 Delta function was used to represent the 

elastic scattering and the Lorentzian function to represent the inelastic peaks. Further 

information about the theory of fitting convolution of resolution with theoretical function is 

given in Appendix A5.1. It is worth mentioning that for some samples, the data was 

sufficiently fitted without a Lorentzian contribution. This may suggest that any motion 

present in the sample is outside the dynamic range of the instrument and only the elastic 

scattering contribution is observed as a result.  

 

5.5.3.5 Lorentzian Peak Area 

Lorentzian peak height represents the quantity of inelastic scattering from the sample under 

observation. For the case of h-guest@D-MOF systems, this would elucidate the modes of 

molecular motion by the guest molecules. Coherent scattering dominated by 2H nuclei results 

from interference between scattered neutron waves and different atoms to give information 

relating to the relative position of the atoms. In terms of G(r, t), coherent scattering will give 

information regarding interactions between atoms within the framework, and correlated 

inelastic events. Incoherent scattering that is dominated by the presence of 1H nuclei, gives 

the probability G(r, t) of finding an atom at a given position (r) at a time (t) when the same 

atom is present at the origin and gives information regarding diffusion-like motion. Fig 5.15 

shows a plot of area of the Lorentzian peak v Q. 
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Fig 5.15: Height of Lorentzian peak vs Q for guest@MOF. (The Q dependence of scattering 

intensity for D-MOF, H-Monomer@D-MOF and H-Oligomer@D-MOF have not been fitted 

to Lorentzian model, shown here as a reference only).  

 

For H-MOF systems, there is an increase in intensity of inelastic scattering with the d-guest 

loaded H-MOF compared to the empty MOF. The inelastic intensity increases with the 

monomer loaded sample, and further with oligomer@MOF. Polymer@MOF shows the 

highest intensity of inelastic scattering. The increase in elastic scattering with guest inclusion 

suggests that there is an increase in diffusional motion. It is seen from the EFWS observing 

MOF structure that it is most rigid in the presence of monomer guest suggesting that the 

monomer is bound within the pores of the framework. The lack of long-range Fickian 

diffusion resulting from Brownian motion observed on the monomer@MOF sample further 

supports the conclusion regarding binding of the monomer. Further studies to confirm this 

with solid state NMR will be discussed in Section 5.7 of this chapter.  
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The oligomer and polymer@MOF show a further increase in inelastic scattering. This 

observation suggests that as the monomer polymerises, there is an increase in diffusion going 

from oligomer to polymer. The intensity of the polymer also supports the earlier observation 

from EWFS for h-guest@D-MOF that the polymer remains unbound to the framework in 

comparison to monomer and oligomer that remain bound, resulting in an increased 

framework stiffness. 

 

To identify the kinetics and length scale of motion, we investigated the FWHM variation of 

the inelastic peak with Q. 

 

5.5.3.6 Full Width at Half Maximum (FWHM) 

In QENS experiment for samples that follow Fickian diffusion, the solution of the diffusion 

equation shows that the single-particle intermediate scattering function in (Q, ω) space 

decays exponentially with time [I(Q,ω) = Exp(– DQ2ω), where D is the translational 

diffusion coefficient].38 A Delta function is used to elastic contribution from hydrogens that 

do not show motion during the experimental time window and length scale. A Lorentzian is 

used to describe the quasi-elastic broadening (dynamics), and a linear function is included to 

represent the background signal and dynamics that are much faster than the time window. 

The corresponding scattering function in (Q, E) space is a Lorentzian with FWHM 

represented by Eq 5.10, can be modified to: 

 

Γ(FWHM) = ℏDQ2                                                    (5.17) 

 

Here, ℏ is the modified Plank’s constant. Diffusion in such systems that follow Brownian 

motion, is described by Fick’s Law. Several models can be used to understand the geometry 

of motion such as translational diffusion (TD) model based on Fick’s law of diffusion, for 

particles when they experience very high energy barriers for diffusion where the guest motion 

is no longer continuous, but stepwise. Chudley-Elliot (CE) model is applicable for confined 

guests that undergo jump diffusion on a lattice, Singwi-Sjölander (SS) model for molecules is 

suited for guests that show oscillatory and directional motions, and Hall-Ross (HR) Model 
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that shows jump diffusion of guest molecules within a restricted volume.44 In the case for 

guest@MOF, the extracted Q-dependence of the Lorentzian function parameters can be fitted 

to a jump diffusion model in a restricted volume, Hall-Ross model, to extract information 

such as jump length, residence time, and diffusion constant. The parameters obtained from 

the fits are the width and intensities of the Lorentzian peaks, and the intensity of elastic line. 

The Q dependence of the widths (FWHM) of the Lorentzian peaks are shown in Fig 5.16. 

 

 

Fig 5.16: The Q dependence of the widths (FWHM) of the Lorentzian peaks for empty MOF 

and guest@MOF. (The inconsistency in data beyond Q = 1.7 Å-1 is due to weak signal at 

higher Q derived from the instrument detector for H-Monomer@D-MOF and H-

Oligomer@D-MOF). 

 

For the specific samples of empty D-MOF and h-polymer@D-MOF, the data was better fitted 

to a single Delta model due to elastic scattering dominating in case of these samples. Much of 

the scattering observed in the case of empty MOF is expected to be by framework deuterium 
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atoms and data from this sample is expected to be dominated by elastic scattering. This may 

be because coherent elastic scattering from deuterium is greatly emphasised for empty D-

MOF and h-polymer@D-MOF relative to monomer and oligomer@D-MOF due to lack of 

guest diffusional motion. This in turn, may suggest that in the case of D-MOF with 

hydrogenated monomer and oligomer guest species, there is translational motion observed 

but upon polymerisation, the diffusional motion is reduced resulting in decrease in inelastic 

signal from the polymer hydrogens.  

 

Loss in elastic scattering intensity is accompanied by a gain in inelastic scattering intensity. 

Thus, quasi-elastic broadening increases linearly with Q2, and indicates diffusive motion 

where the slope is related to the diffusion coefficient. Variation in quasi-elastic peak width 

(FWHM) over Q can help understand the length scale and degree of motion for guest species 

(h-guest@D-MOF) or framework hydrogen atoms (d-guest@H-MOF). Changes in quasi-

elastic peak FWHM over Q shows that the motion of BDC linker protons on empty H-MOF 

and d-guest@H-MOF composites are confined over the measured length-scales. The 

variations in the absolute values of scattering due to this loss of elastic intensity and gain in 

inelastic intensity for d-polymer@H-MOF is lesser compared to empty H-MOF, 

monomer@MOF-5 and oligomer@MOF. This suggests that there is degree of motion seen on 

the H-MOF linkers in the case of d-polymer@H-MOF is greater than that seen from 

monomer@MOF and oligomer@MOF. This supports earlier observed stiffening of the 

framework in EWFS of d-guest@H-MOF that suggests a greater degree of stiffening with 

monomer@MOF and oligomer@MOF, compared to the polymer@MOF. Furthermore, 

observations from EFWS of h-guest@D-MOF also suggest that the h-polymer@D-MOF 

remains free and less bound to the framework showing a greater degree of motion compared 

to monomer@MOF and oligomer@MOF. Overall absolute values for d-polymer@H-MOF 

show greater FWHM of quasi-elastic peak in comparison to empty H-MOF confirms 

presence of guest species within the framework and provides further support against 

possibility of polymer chain diffusion out of the framework. 
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5.5.3.7 Elastic Incoherent Structure Factor (EISF) 

An important parameter to consider when analysing particle motion in restricted space as in 

guest@MOF system, is the elastic incoherent structure factor (EISF), that describes the 

geometry of underlying motions defined by: 

 

𝐸𝐼𝑆𝐹 =  
𝑆0(𝑄,0)

𝑆(𝑄)
=

𝐼𝑒𝑙

𝐼𝑒𝑙+𝐼𝑞𝑒𝑙
                                                         (5.18) 

 

The EISF, relative integrated intensities of the incoherent elastic Iel(Q) and quasi-elastic 

Iqe(Q) components, is indicative of the specific type of motion in localised space. In principle, 

this can be used to identify changes in guest motion as the monomer polymerised can be 

compared to each other to observe the changes. Analysis in time-domain A0(Q) can be 

evaluated by considering the Q dependence of the long-time asymptote reached by Is(Q,t) → 

∞. EISF can reveal important information such as geometry of motion in a confined system. 

However, analysis of EISF was not useful in case of guest@MOF samples due to poor signal 

from complex samples and detection limitations of the IRIS instrument. Further experiments 

would also provide data difficult to interpret and there would be no guarantee for successful 

measurements even with higher performance instruments with greater detection limits, such 

as LET (ISIS Pulsed Neutron and Muon Source, UK) or IN6B (Institut Laue-Langevin, 

France). 

 

5.6 Conclusion of QENS Experiment.  

In conclusion we investigated from QENS experiment and available data, the diffusion of 

guest molecules in the MOF-5 framework and their influence on the structure. We observe 

that the guest species are bound to the MOF’s framework that result in stiffening of the MOF 

structure. We examined elastic scattering from the materials through elastic fixed window 

scan of the elastic peak (EFWS) and analysed shape of Lorentzian curve through inelastic 

intensity and broadening of elastic peak. Our observations suggest that vinyl acetate 

monomer remains bound to the MOF framework resulting in greater rigidity of the 

framework compared to oligomer species and polymer species. This observation supports 

conclusions derived from total neutron scattering experiment (Section 5.1) that identifies that 
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the monomer primarily remains bound to the framework atoms of the MOF, resulting in 

framework expansion after guest loading. Observations that a lower proportion of unbound 

and freely diffusive intrinsic monomer is supported here through lack of evident motion seen 

from the monomer, and greater elastic scattering observed with monomer@MOF samples 

relative to polymer@MOF. In contrast, the framework is less constrained in the case of 

polymer@MOF suggesting that the polymer remains relatively less bound geometrically to 

the framework atoms. This is supported by the Q dependent changes observed from FWHM 

of quasi-elastic peak for d-polymer@H-MOF which shows a greater degree of diffusional 

motion for linker hydrogen atoms. Furthermore, the presence of polymer guest in framework 

can be confirmed by comparing the absolute values on the FWHM versus Q plot of d-

polymer@H-MOF and empty H-MOF.  The possibility of polymer chains diffusing out of the 

framework therefore can be satisfactorily ruled out through evidence from PXRD (Section 

4.2), ATR-FTIR (Section 4.3), TGA (Section 4.4), and SEM (Section 4.9) which shows, at 

this degree of monomer loading, that polymer chains remain within the framework following 

polymerisation. 
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5.7 13C solid-state NMR analysis of VAc@MOF-5 Polymerisation 

Solid-state NMR (ssNMR) is a powerful characterisation tool that can provide element-

specific atomic-resolution insight into materials and is a well-established as a technique of 

various porous materials.45 As ssNMR yields information about the local structure of the 

material, it is a complementary to diffraction techniques that rely on the existence of long-

range order and probe an average crystal structure.46 As a result, ssNMR provides support to 

characterisation of the monomer@MOF composite structure and reveals structural changes 

that may occur during monomer adsorption and polymerisation of the monomer. 

Additionally, it can be used to follow the conversion of monomer to polymer, and to locate 

and quantify the molecules present to support data from neutron scattering experiments. 

Therefore, employing ssNMR spectroscopy is crucial for supporting the conclusion of host-

guest relationship of MOF.47  

 

NMR in solid-state faces two major hurdles. One of achieving a readable NMR signal from 

the species and the other of precisely quantifying species. The Cross-polarisation – Magic 

angle spinning (CP-MAS) technique based on orientation averaging produces solution NMR 

like resolution for solid samples by removing the chemical anisotropy. To achieve a stronger 

signal, a routinely employed technique is that of cross polarisation (CP), where the signal of a 

selected atomic nuclei is enhanced via the transfer of spin polarisation from atomic nuclei 

with larger magnetic moments.48 CP method is most suitable for atomic nuclei having spin 

quantum number of ½ and if the nuclei are coupled with a strong dipolar coupling. 1H nuclei 

have 4 to 10 times larger magnetic moment than 13C, thus the application of 1H-13C CP 

approach can greatly enhance the 13C NMR signals. Both 1H and 13C nuclei are primary 

constituents of vinyl acetate and BDC linkers on MOF-5, we employed CP MAS method to 

study VAc polymerisation in MOF-5. Cross-polarisation also circumvents problems with 

inherently long relaxation times for carbon nuclei. The intensity of the CP signals depends on 

the so-called contact time; when 1H and 13C are brought in contact and magnetisation is 

transferred from the former to the latter. As a result, it is possible to infer the chemical nature 

of potentially mobile carbons associated with the monomer and its influence on the structure 

of the MOF as strongly bound guest molecules will have a greater contact time, resulting in a 

greater signal enhancement to 13C MOF signals compared to the non-interacting guests. 
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High power 1H decoupling (HPDEC) is a technique that can substantially reduce line-

broadening by isolating 13C and 1H spin systems during detection. Furthermore, HDEC can 

be used to quantify the species by isolating 1H and 13C signals of the monomer and polymer. 

In theory, when observing a dilute spin such as 13C (1.1% abundance), with 1H or other 

abundant spins nearby, heteronuclear dipolar coupling always causes broadening on a 

spectrum that is already weak. HPDEC removes the effect of heteronuclear coupling by 

applying a continuous irradiation of very high power (100-1000 W) at the frequency of 

proton resonance.49 The required pulse sequence for the 13C nuclei is then applied, and the 

13C free induction decay (FID) is measured while continuing the 1H irradiation.  Hence, as the 

monomer polymerises the intensity of characteristic monomer signals are expected to 

decrease, with increments in signals from polymer carbons. The HPDEC spectra can also 

show the growth and precipitation of oligomers with time.   

 

5.7.1 Sample Preparation  

Three samples were analysed for referencing and studying the polymerisation process: MOF-

5, VAc@MOF-5, and PVAc@MOF-5. MOF-5 and PVAc@MOF-5 were prepared using the 

methods described in sections 3.2.3 and 3.3.1, respectively. VAc@MOF-5 was prepared by 

adding a mixture of VAc and AIBN to dried and activated MOF-5 and allowed to soak for 24 

h. PVAc@MOF-5 was prepared as VAc@MOF-5, and subsequently polymerised for 72 h at 

70 ºC under nitrogen.  

 

All measurements were taken and recorded by Dr Nia Richards (Cardiff University) due to 

restrictions on site access due to COVID-19 pandemic. Data processing and analysis were 

performed by Dr Colan Hughes (Cardiff University) with input from the candidate for system 

specific interpretation. 
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5.7.2 13C MAS NMR Experimental Method 

13C solid-state MAS NMR spectra were recorded at 400 MHz (9.4 T) on a Bruker AVANCE 

III spectrometer with a 4 mm Bruker MAS NMR probe. 13C cross-polarised (CP) MAN NMR 

spectra were performed with a contact time of 5 ms and repetition time of 5 s. 13C high-power 

decoupling (HPDEC) MAS NMR spectra were recorded after an excitation with a π/2 pulse 

with a repetition time of 5 s. For 13C spin-counting experiments, a repetition time of 30 s was 

performed. The sample spinning rates of ca. 3.5 to 4.5 kHz were applied. All 13C MAS NMR 

spectra were referenced to glycine (C2H5NO2; CAS: 56-40-06).  

 

Crystalline empty MOF-5, VAc@MOF-5, and PVAc@MOF-5 samples were packed in 

separate 4 mm Bruker MAS NMR ZrO2 rotor with a Vespel (SP1) caps and in a rotor with 

ZrO2 cap for polymerisation experiment. The 1H-13C CP and 13C HPDEC spectrum for MOF-

5, VAc@MOF-5 and PVAc@MOF-5 were collected for reference spectrum at room 

temperature. For the polymerisation experiment, measurements were taken at temperatures 

below the polymerisation temperature at 4, 10, 20, 30 and 40 °C to observe any changes in 

mobility of the linkers on the host and/or guest monomer. Spectral acquisitions were taken at 

polymerisation temperature of 70 °C from the onset, alternating between CP and HPDEC for 

an extended polymerisation time of 72 h. Acquisition time for each measurement was 21.5 

minutes, accounting to total time of 43 min for a cycle of CP and HPDEC measurement. 
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5.7.3 1H-13C MAS NMR of MOF-5 

13C CP and HPDEC MAS NMR spectrum of MOF-5 recorded are shown in Fig 5.17. 

 

 

Fig 5.17: 1H-13C MAS NMR spectrum of MOF-5 (a) CP and (b) HPDEC. Expansion of the 

range 120 – 180 ppm is shown in Appendix A5.1. 

 

MOF-5 forms crystals with density of 0.59 g/cm3 and a porosity ranging from 50-55% for 

hydrogenated MOF-5. The phenyl ring on the BDC is the source of C1 and C2 signal in the 

carbon spectrum at 128 and 132 ppm. Additional carbon signals (C3,4) are a contribution from 

the carbon linking the phenyl ring to the carbon (C5) linking to Zn4O tetrahedra and appears 

at around 138 ppm. The BDC linkers and the nodes formed by the Zn4O clusters are easily 

identified in the 13C NMR by the peak corresponding to C5 at 171 ppm.45 

 

 

 

* 

b) 

a) 



Chapter 5: Characterisation of Guest interactions in VAc@MOF-5 

Page | 225  

 

The MOF-5 unit cell consists of two different types of alternating cavities that differ slightly 

in terms of void spaces (Fig 5.18). 

 

      

Fig 5.18: (a) The 2x2x2 unit cell of MOF-5 formed by four A- and four B-subcells. (b) single 

crystallographic unit cell of MOF-5.50 

 

The larger sub cell A has a diameter equalling 1.5 nm and the smaller sub cell B with a 

diameter of 1.1 nm. As a result, the resonances from C3 and C4 are present at two adjacent 

peaks, due to a different chemical environment around respective carbons. The same is true 

for C5 peak. From the data obtained, a preliminary analysis of 171 ppm peak from the C5 

carbon showed the least observable changes over the course of the experiment and was 

therefore used as a reference for quantifying and observing the mobility of the monomer.  

 

MOF-5 unit cell formed by four A- and four B-sub cells determines the accessibility of the 

metal centres for adsorbed molecules.30,51 In general, inside the microporous solids adsorbed 

guest molecules are constantly interacting within the pore walls and as a result, thermally 

activated motion inside microporous materials can be considered as an activated process.52  

The 13C CP NMR spectrum of the VAc@MOF-5 sample is shown in Fig 5.19. 

 

(a) (b) 
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Fig 5.19: 1H-13C MAS NMR spectrum of VAc@MOF-5 (a) CP and (b) HPDEC. The box 

(dotted lines) indicate key regions of the spectra, as described in the text. 

 

A sharp singlet at 19 ppm originates from the methyl carbon associated to the acetyl group on 

the monomer molecule. No compositional nor configurational splitting is observed on the 

peak and is in line with the literature reported and solution NMR results of the monomer. The 

methylene carbon resonance lines appear at 97 ppm. The methine carbon peaks of the acetate 

give rise to a single peak adjacent to the MOF-5 resonance peaks in the range of 128 – 134 

ppm, at 141 ppm. The carbonyl carbon from the acetyl group appears as a peak at 168 ppm.  

 

The 13C CP NMR spectrum of PVAc@MOF-5(L) sample is shown in Fig 5.20. 

b) 

a) 
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Fig 5.20: 1H-13C MAS NMR spectrum of PVAc@MOF-5 (a) CP and (b) HPDEC. The box 

(dotted lines) indicate key regions of the spectra, as described in the text.  

 

The methyl carbon associated with the branching acetyl group on the polymer backbone 

remains in the region of 19 ppm. The methyl resonance signal overlaps with the residual 

monomer peak in the same region, however, the base of the peak increasing in width. The 

methylene carbon peaks appear in the region between 28 and 38 ppm as broad signals, rising 

highest at 32 ppm and 38 ppm respectively. The methine carbons substituted by the acetate 

group give rise to a complicated spectrum at 60 – 65 ppm due to different configurational and 

compositional splitting (red dotted box in Fig 5.18). The carbonyl carbons from acetyl side 

group resonates at 168 ppm. Recording the C=O region with sufficient data points gives rise 

to two well resolved lines at 174.4 and 176.8 ppm (black box in Fig 5.20).    

 

 

 

a) 

b) 
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5.7.4 Data Analysis and Fitting 

To analyse changes in the peak intensities, peak shape, and the appearance of new peaks plus 

the changes in integrations of monomer, polymer, and MOF-5 signals were calculated using 

MestReNova NMR (Mestrelab Research, S.L.) and Wolfram Mathematica software.53,54 The 

integral values were fitted to an exponential decay curve (Eq. 5.19) and least squared fitting 

by the Levenberg–Marquardt algorithm to avoid local minima in finding the best fit for 

experimental data of the integrals. Analysis was initiated from first two starting points and 

the fit with the lowest χ2 was chosen.§  

𝑦 = 𝑦0 + 𝐴1𝑒
−𝑥

𝑡1                                                           (5.19)  

And 𝑘 =  
1

𝑡1
                                                                 (5.20) 

(Where; y0 is the intercept, A1 is the pre-exponential factor, and t1 is the time constant for the 

reaction, and k = rate constant for the reaction) 

 

Estimated amplitude and decay constants were determined from Eq 5.20 by fitting the 

integrations using the Levenberg–Marquardt non-linear least squared algorithm fitting 

function in OriginPro 2020b (OriginLab, USA) which is an iterative procedure which 

combines the Gauss-Newton method and the steepest descent method to give estimated 

amplitudes and decay constants with associated standard errors for the exponential 

components.55 No allowance was made for gradient nonuniformity and pure exponential 

decay as a function of gradient square was assumed. Integrals belonging to MOF-5 signals in 

the 13C HPDEC spectrum were fitted as a linear fit (with gradient zero) because it was not 

expected that the quantity of MOF changes during the NMR experiment.  

 

Polymerisation kinetics can be analysed with several models. The rate of solid-state 

isothermal reactions is usually shown by Eq 5.21 

 
§ Integrals for polymerisation reaction were fitted to first-order kinetics. Rate of vinyl acetate 

conversion depends only on the decay rate constant and the concentration of the initiator. Reaction 

initiation and chain propagation are expected to decrease exponentially as VAc is converted into 

PVAc polymer.  
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𝑑𝛼

𝑑𝑡
= 𝑘𝑓(𝛼)                                                           (5.21) 

And,                                   𝑓(𝛼) = 𝑛(1 − 𝛼)[− ln(1 − 𝛼)]
(𝑚−1)

𝑚⁄
                                  (5.22) 

 

Here, k is the reaction rate constant, f(α) is the reaction model and α is the conversion 

fraction. The results from the 13C HPDEC data was used to calculate the monomer to polymer 

conversion by observing well resolved peaks at 97 ppm and 141 ppm, using the exponential 

decay fitted integrals from the polymerisation experiment. The dynamics and monomer 

conversion were calculated using the Avrami-Erofeev model (Eq. 5.23).  

 

−𝑙𝑛(1 −  𝛼) = (𝑘𝑖𝑡)𝑚                                                   (5.23) 

 

Where α is the fraction of reacted monomer, ki is the overall reaction rate constant of the 

polymerisation reaction, t is the decay time of the exponential, and m is the Avrami constant 

of dimensional growth (m = 1 for one-dimensional growth). 

 

A major limitation of the Avrami-Erofeev model is that it does not distinguish between 

nucleation and a growth process.56 The model assumes that the material growth occurs by 

stepwise addition of individual molecules at a constant rate. In theory, the Avrami constant 

consists of information regarding the dimensionality and mechanism of growth. Three 

regimes are often described as diffusion mechanism (m = 0.5–0.6), one-dimensional or point 

growth (m = 1.0), two-dimensional or spherical growth in more than one direction (m = 2, 3, 

4). We expect polymerisation to be a one-dimensional or point growth where oligomers are 

formed by successive addition of monomer molecules in the chain propagation step. We have 

also considered two-dimensional growth (m = 2) to determine its probability of a two-

dimensional growth occurring and to directly relate vales to one-dimensional growth. 

However, m = 2 yields a negative value of α = -1.7, thus ruling out the possibility of a two-

dimensional growth. Considering m = 3, the values for α are like those obtained considering 

one-dimensional growth (α = 0.63). Vinyl acetate forms an unbranched homopolymer from 
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in a chain growth progressive addition of monomer molecules during chain propagation step 

of the polymerisation. It is likely that the assumption of three-dimensional growth (m = 3) 

gives reasonable values due to the inability of Avrami-Erofeev model to discern between 

nucleation and growth processes. Development of local exothermic ‘hot-spots’ within the 

MOF framework initiates polymerisation at different locations resulting in chain propagation 

to commence and increasing monomer diffusivity within the framework.  

  

5.7.5 Results and Discussion 

5.7.5.1 Temperature Ramp Experiment. 

A temperature ramp experiment prior to initiation of polymerisation at 70 °C was performed 

on VAc@MOF-5 sample to observe changes in the mobility of the monomer and phenyl 

rings of MOF-5’s linker. 

 

The experiment involved acquiring CP spectrum of the VAc@MOF-5 sample at 4, 10, 20, 

30, 40 °C and initiating polymerisation at 70 °C. The heating on the instrument is by hot gas 

stream where a variable temperature gas stream which flows towards the centre of the 

spinning rotor containing the sample to accomplish VT. The bearing and drive gas streams 

that spins the rotor remain at room temperature. As a result, a temperature gradient is 

established from the centre of the sample towards the end of the rotor. Hence, to mitigate this 

effect, the instrument was allowed to reach the set temperature and allowed to equilibrate for 

30 minutes before commencing 13C CP spectral acquisition. (Fig 5.21) 
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Fig 5.21: 13C CP MAS NMR spectrum of VAc@MOF-5 at set temperatures during the 

temperature ramp step. Monomer and expected (if present) polymer peaks positions: 13C 

NMR: δ = 19 ppm (CH3 – Monomer/Polymer), 31 and 38 ppm (CH2 – Polymer), 97 ppm 

(CH2 – Monomer), 128 ppm (C1,C2 – MOF), 136 ppm (C3 – MOF), 138 ppm (C4 – MOF), 

141 ppm (CH – Monomer), 168-170 ppm (C5 – MOF). 

 

As seen in Fig 5.21, all monomer and MOF-5 characteristic peaks can be identified in the 

temperature ramp experiment from 4 °C. There is an increase in integral of the monomer 

peaks at 19, 97, 141 and 168 ppm as the temperature increases consistent with the monomer 

becoming more mobile as the sample temperature increases. No additional polymer peaks can 

be observed developing in the characteristic chemical shift regions and no broadening in the 

CH3 region of monomer and polymer overlapping region at 19 ppm is observed, suggesting 

that no significant polymerisation occurs during the experiment.  
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Characteristic peaks associated with the phenyl ring of the linker on the other hand, show a 

decrease in mobility with the increase in temperature. Based on interpretation of data from 

the 70 °C, it is reasonable to assume that this effect is likely due to the steric hindrance 

imposed by mobile monomer molecules that saturate the MOF pores. As the temperature 

increased, mobility of the monomer increases within the microporous MOF and increase in 

steric effects and dynamic binding to restrict the free rotation of the phenyl ring. In addition, 

at T1 the CH peaks from MOF-5’s phenyl linker at 128 ppm is in form of a pake doublet 

pattern which begins to merge into a broad single peak as the temperature in increases. This 

feature is characteristic of phenyl ring rotation observed in MOFs where the increase in flip-

rotation around C2 principal axis.57,58   

 

The region 134 to 138 ppm features two sets of double peaks (assigned as C3 and C4) that 

arise from identical carbons on that phenyl ring that bridges with C5 carbon. The peak at 

lower chemical shift is a sharp single peak with an accompanying shoulder that diminishes as 

the temperature increases as the sharp single peak is relatively unchanged. This is a 

temperature effect of change in linker mobility as observed with CH peaks at 128 ppm. On 

the other hand, signals downfield show a decrease in intensity with the increase in 

temperature the C5 peaks at 168–171 ppm. These effects suggest that upon increasing the 

temperature from 4 to 40 °C while the phenyl ring rotation increases along its axis, the MOF 

itself becomes rigid in presence of guest molecules in the framework.  

 

5.7.5.2 Polymerisation Experiment  

Considering parameters for individual peak changes for VAc@MOF-5 during polymerisation 

allowed us to identify changes in mobility (through 13C-1H CP NMR) and quantify monomer 

conversion (13C-1H HPDEC NMR) by observing peak integrations. The results of Avrami-

Erofeev model analysis for VAc@MOF-5 are collated and tabulated as Table 5.5, Table 5.6, 

and shown in Fig 5.22. (Shown on the next page) 
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Fig 5.22: 13C (a) CP and (b) HPDEC exponential fits of peak integral values for all resonance 

peaks. (Blue and red crosses indicate the integral values and black lines indicate the fit. Plots 

without black fit line could not meaningfully be fitted to linear or exponential kinetics.) 

 

 

 

b) 

a) 
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Table 5.5: 13C CP MAS NMR exponential fit R2 values with corresponding decay time and 

rate constants.  

13C CP NMR 

Signal 
Source R2 

Time Constant 

(t1) 
Rate Constant (k) 

Value Error (±) Value Error (±) 

19 ppm Mono/Poly (CH3) 0.87 9.3 0.3 0.11 0.01 

31 ppm Polymer (CH2) 0.12 12.3 7.6 0.09 0.05 

38 ppm Polymer (CH2) 0.50 10.8 2.4 0.09 0.02 

97 ppm Monomer (CH2) 0.85 5.9 0.5 0.14 0.01 

128 ppm 
CH(Phenyl) – MOF 

(C1, C2) 
0.82 26.2 4.1 0.04 0.01 

136 ppm C=C – MOF (C3) 0.85 7.7 0.7 0.12 0.01 

138 ppm C=C – MOF (C4) 0.45 2.6 0.6 0.20 0.07 

141 ppm CH – Monomer 0.81 5.1 0.5 0.13 0.01 

173 ppm O-C-O – MOF (C5) 0.01 - - - - 

 

Table 5.6: 13C HPDEC MAS NMR exponential fit R2 values with corresponding decay time 

and rate constants.  

13C HPDEC 

NMR Signal 
Source R2 

Time Constant 

(t1) 
Rate Constant (k) 

Value Error (±) Value Error (±) 

19 ppm  Mono/Poly. (CH3) 0.21 2.9 0.3 0.34 0.13 

97 ppm  Monomer (CH2) 0.74 11.46 1.5 0.09 0.01 

141 ppm CH – Mono 0.79 15.13 1.8 0.07 0.01 

 

Figures 5.23, 5.24, 5.26, 5.27, 5.28 and 5.29 show the components of figure 5.22. The 

assignments and behaviour of each set of signals are discussed below.  
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19 ppm: CH3 Monomer-Polymer Overlapping Methyl Signal  

             

Fig 5.23: 13C (a) CP and (b) HPDEC exponential fits of peak integral values for resonance 

peak at 19 ppm. (Blue crosses indicate the integral values fit to exponential fit – black lines)  

 

Fig 5.23 shows exponential fits for integration values of CP spectra show a steady increase in 

mobility of the monomer and polymer species with a steady and steep increase up to 15 h, 

followed by a gradual increase beyond 15 h up to 45 h. Overall, an exponential fit to these 

data was good with a R2 = 0.87 and t1 = 9.3 ± 0.8 h. The peak behaviour suggests an increase 

in mobility of this carbon as the polymerisation time progresses as more monomers are 

converted to polymer. Since the contact time coupling parameter are sensitive to dynamic 

averaging, it is possible to measure local mobility by CP MAS. The polymerisation can be 

monitored by observing changes in integration area of monomer peaks, as it is expected that 

the overall mobility of monomer will decrease as it is converted into polymer. The 19 ppm 

peak begins as a sharp singlet for the monomer and widens at the base (19 – 20 ppm) as 

overlapping polymer peaks grow during the experiment.  

 

As the monomer and polymer peaks overlap, it is not possible to differentiate between, and 

quantify the possible increase in polymer species and decrease in monomer species in the 
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HPDEC data. Additionally, the initial peak is very intense, making quantification impossible. 

Consequently, these peaks were not used for further analysis. 

 

30-40 ppm: CH2 Polymer Methylene Signal 

 

 

Fig 5.24: 13C (a, c) CP and (b, d) HPDEC exponential fits of peak integral values for 

resonance peak at 31 and 38 ppm. (Blue crosses indicate the integral values fit to exponential 

fit – black lines)  

 

Integration changes over the course of the experiment were small, and as a result, exponential 

fits for both CP and HPDEC experiment were poor (Fig 5.22). The peaks were fitted to a 

Gaussian curve and the integration values was calculated based on the curve. However, due 

(d) 
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to large signal-to-noise, the integrations were inconsistent. The methylene peaks in the 

HPDEC spectra were poorly resolved and difficult to separate from the noise.  

 

The polymer gives rise to two characteristic broad signals at 31 and 38 ppm. This indicates 

that two different chemical interaction environments are experienced by the polymer 

backbone. One possibility is one peak appears from interaction with the metal node and the 

second from unbound polymer experiencing weak interaction with the phenyl ring on the 

linker. Another possibility is that we are observing the difference between bound and 

unbound polymer in the framework whereby the latter is occupying the void spaces within 

the MOF, and the former interacting with the framework atoms. It is also possible that the 

combination of these two effects is occurring. 

 

60-75 ppm: CH Polymer Methine Signal 

 

 

 

A broad signal corresponding to methine peak develops in the region between 60 – 75 ppm as 

the polymerisation progresses. However, due to the low intensity of the signals, it was not 

possible to quantify and extract integration values or fit the change in integral over time. As a 

result, no analysis was carried on this peak. Fig 5.25 shows 2D contour plots of 13C CP and 

HPDEC NMR spectrum over the experiment time of 72 h. 
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Fig 5.25: 2D contour plots of 13C (a) CP and (b) HPDEC spectrum over the experiment time 

of 72 h. Black box with dotted line shows the region of development of methine signal from 

the polymer over time.  

a) 

b) 
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97 ppm: CH2 Monomer Methylene Signal 

 

 

Fig 5.26: 13C (a) CP and (b) HPDEC exponential fits of peak integral values for resonance 

peak at 19 ppm. (Blue crosses indicate the integral values fit to exponential fit – black lines)  

 

In Fig 5.26, the CH2 monomer peaks in the CP spectrum shows an evident decrease over 

time, and integrals and can be fitted exponentially with R2 = 0.81 and t1 = 6.8 ± 0.7 h. This 

decrease suggests that the mobility of the methylene group of the monomer decreases during 

polymerisation but does not reach zero. This is suggestive of incomplete polymerisation, 

possibly due to saturation of MOF pores with polymer chains. 

 

HPDEC data could be fitted to an exponential decay with a R2 = 0.75 and t1 = 12.3 ± 1.6 h. 

This decrease in observable monomer signal in the HPDEC data is due to a reduction in the 

monomer amount as it is converted to polymer. At the end of the experiment, the methylene 

signal is still present and consistent with incomplete conversion. These fit parameters were 

used to calculate conversion through Avrami-Erofeev equation resulting in α = 0.632 or 63.2 

% monomer conversion to polymer. (Section 5.5.4 and Table 5.7)    
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Table 5.7: Estimated percentage conversion from Avrami-Erofeev equation compared to 

conversation values calculated from TGA and 1H NMR.   

13C HPDEC peak 

assignment 

Avrami-Erofeev 

Conversion (α). 

TGA Calculated 

Deg. of Polym. 

Estimated 1H 

NMR Conversion 

97 ppm – Monomer (CH2) 0.63 0.8 ± 0.05 0.68 

 

141 ppm: CH Monomer Methine Signal 

 

 

 

Fig 5.27: 13C (a) CP and (b) HPDEC exponential fits of peak integral values for resonance 

peak at 141 ppm. (Blue crosses indicate the integral values fit to exponential fit – black lines)  

 

Like the methylene signal of the monomer, the methine signal shows similar exponential 

decay with acceptable exponential fits (R2 = 0.81 and t1 = 5.04 ± 0.5 h) (Fig 5.27). The 

methine signal is present after the experiment suggesting incomplete monomer conversion. 

The presence of methine and methylene peaks on CP data after the experiment suggest that 

the carbons associated with CH and CH2 on the monomer have unrestricted and free motion, 

unlike the vinylic C and methyl carbon (that interact with the framework) that have inhibited 

its motion are indicative of the interactions within the framework.  
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Integrations from HPDEC data results in an acceptable fit with a R2 = 0.8 and t1 = 14.9 ± 1.8 

h. In the HPDEC experiment, there is a constant decrease in integral values of the monomer 

signal, but it is still present after the end of experiment, supporting the changes observed in 

the CH2 monomer peak at 97 ppm. Exponential fit on the HPDEC integration data (R2 = 0.8 

and t1 = 14.9 ± 1.8 h) was used to calculate conversion through Avrami-Erofeev equation 

resulting in α = 0.631 or 63.1 % monomer conversion to polymer. The conversion values 

observed here are closely similar to the values earlier obtained from CH2 monomer (97 ppm) 

peak (α = 0.632 or 63.2 %) and calculated from 1H NMR and TGA. (Table 5.8) 

  

Table 5.8: Estimated percentage conversion from Avrami-Erofeev equation compared to 

conversation values calculated from TGA (Section 4.4) and 1H NMR (Section 4.5).   

13C HPDEC peak 

assignment 

Avrami-Erofeev 

Conversion (α). 

TGA Calculated 

Deg. of Polym. 

Estimated 1H 

NMR Conversion 

141 ppm – Monomer 

(CH2) 
0.63 0.8 ± 0.05 0.68 
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168-171 ppm: C Monomer-Polymer Overlapping Carbon Signal 

                   

 

Fig 5.28: 13C (a) CP and (b) HPDEC exponential fits of peak integral values for resonance 

peak at 168-171 ppm. (Blue crosses indicate the integral values fit to exponential fit – black 

lines)  

 

The acetate carbon signal arises from the polymer and monomer at 168 ppm in CP and at 171 

ppm in HPDEC spectrum and is overlapped with MOF signal arising from C=O bond (Fig 

5.28). As a result of this multiple overlapping signals, the integration values are could not be 

accurately determined to extract useful information. Exponential fitting was poor due to large 

fluctuations in the integral values.    

 

5.8 Summary and Conclusion for Polymerisation. 

Monomer mobility changes in the integration values for the resolved CH and CH2 monomer 

peaks in the 13C CP spectra show a steep decrease in mobility of the monomer for 15 h, 

followed by a gradual decrease from 15 – 45 h. This suggests that the monomer becomes less 

mobile during the initial phase and then remains mobile at the end of the experiment. It is 

most likely that this is a result of incomplete conversion of the monomer to polymer. This is 

supported by calculations for monomer conversion by Avrami-Erofeev equation (α = 0.63). 
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Due to overlapping signals of monomer and polymer at 19 ppm and 168/171 ppm, it is 

difficult to observe the monomer mobility for the CH3 and C signals and extract useful 

information. However, as the carbons associated with CH2 and CH groups show little change 

in the signal intensity on the 13C CP spectrum, it is reasonable to assume that the associated 

carbons have unrestricted and free motion. On the other hand, although the vinylic C and 

methyl signals cannot be integrated to extract reasonably accurate integral values, the 

monomer signal intensity can be seen to visibly decrease. This may suggest that their motion 

is restricted due to interaction with the framework atoms. Further investigation of identifying 

binding sites through SCXRD further support this hypothesis (Section 5.9.2). 

 

13C HPDEC spectrum quantifies the number of mobile species present in the sample under 

investigation.59 The characteristic monomer peaks show a continuous decrease up to 15 h of 

polymerisation time and levels beyond 15 h to the end of the experiment (72 h). The 

monomer peaks remain appreciably present in the HPDEC spectrum after the experiment, 

confirming incomplete polymerisation. Calculations for monomer conversion through 

Avrami-Erofeev equation with Avarami constant (m) = 1, 3 suggest a 63 % conversion (α = 

0.63) of monomer to polymer which agree with the conversion calculated by other 

characterisation methods such as 1H NMR, TGA and MALDI. Integration values derived 

from the HPDEC spectra of the methine (141 ppm) and methylene (97 ppm) groups on the 

monomer does not show a drop of 60–65 %. Due to the alternating CP and HPDEC 

experiments, the first HPDEC spectrum was acquired at t = 1 h after reaching 70 °C, and the 

prior spectrum at 40 °C. Therefore, during this period there may have been some 

polymerisation at 70 °C, prior to reaching the first HPDEC spectrum and possibly at lower 

temperatures as well which would explain an observable drop less than 60%. To confirm that 

α = 0.63 was a reasonably accurate value for monomer conversion, reverse calculations to 

estimate the amount of elapsed time required to achieve this resulted in t = 14 h. 

  

This suggests that initiation of polymerisation is rapid, and possibly occurs earlier at 

temperatures lower than 70 °C. Unfortunately, the polymer characteristic peaks and the 

comparable decrease in monomer peaks observed due to the poor signal-to-noise ratio. Due to 

the complexity of the three-component system and present of liquid monomer 

(directionality), this cannot be avoided.   
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5.8.1 MOF Dynamics during Polymerisation. 

 

Fig 5.29: 13C (a) CP and (b) HPDEC exponential fits of peak integral values for MOF peaks 

at 168-171 ppm (C4). (Blue crosses indicate the integral values fit to exponential fit – black 

lines)  

 

Characteristic MOF peaks at 129 (C1), 136 (C2), 138 (C3), and 171 (C4) ppm in 13C CP NMR 

spectra acquired during polymerisation was used as a basis to gather understanding of guest 

species influence on the phenyl rings on the linker and structural changes resulting from 

increase or decrease in the mobility of the associated carbons. (Fig 5.29)  

 

C1 and C2 carbon peaks associated with the phenyl ring methine carbons show a continuous 

decrease in mobility through the polymerisation process over 72 h. This decrease in mobility 

of the phenyl is likely a result of two contributing factors. Firstly, the polymer chains develop 

and grow within the micropores of the MOF, it restricts the motion of the phenyl ring is 

restricted by steric hindrance induced by the polymer chains. Secondly, polymer chains grow 

to saturate the micropores of the MOF, and reinforce the structure without causing long-range 

disorder and restrict the motion of the phenyl rings. This conclusion supports earlier 

observable changes of lattice expansion on monomer inclusion and subsequent contraction 

upon polymerisation seen by powder XRD (d = ± 1 Å) and SEM.  
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C3 (C=C) peak at 138 ppm, shows an early decrease in mobility up to 15 h and small 

fluctuations in the later times of polymerisation as observed with all characteristic MOF 

peaks. This may be a result of polymer chains influencing the expansion-contraction of the 

framework or from external instrumental effects. C4 carbon connects the linker to oxygens on 

Zn4O metal node and is expected to show least displacement being more strongly bound than 

the C–C bonds. 

 

5.9 X-ray Structure Analysis.  

The MOF-5 crystal structure used in the NMR study was verified by PXRD and SCXRD. 

The first PXRD were measured with the crystals as obtained from synthesis, suffix (1). The 

second PXRD pattern was taken after the NMR study and upon polymerisation of 

VAc@MOF-5 sample on the instrument, suffix (2). SCXRD patterns were measured on 

VAc@MOF-5 samples to determine the structure and obtain an electron density map of the 

guest in MOF-5 structure.  

 

5.9.1 Powder XRD of solid-state NMR Samples  

PXRD samples were prepared by opening the NMR sample rotor tube and removing the 

powder with a screw packer tool and transferring sample to silicon zero-background wafer 

for PXRD. Powder XRD was performed on X’Pert PRO PANanalytical Chiller 59 

diffractometer using Ni-filtered CuKα radiation source (λ = 1.5418 Å) at room temperature.  

 

Result and Discussion 

PXRD patterns obtained for VAc@MOF-5 are shown in Fig 5.30 (shown on next page). Both 

pre- and post-ssNMR experiment samples show no splitting. The ratio of relative peak 

intensities for (200) and (220) reflection (I6.9°/I9.7° ≈ 2.1) and positions (2θ = 6.9°and 9.7°) 

were in good agreement with all synthesised samples for earlier experiments. Any peak 

splitting and intensity ratio between peaks at 6.9° (200) and 9.7° (220) would indicate zinc 

hydroxide inclusion (I6.9°/I9.7° < 1) and an interpenetrated MOF-5 crystal structure would give 

(I6.9°/I9.7° ≈ 1.33). The observed peak ratio I6.9°/I9.7 > 2 and the absence of peak splitting of 

6.9° (200) and 9.7° (220) indicates presence of cubic MOF-5 structure. However, upon closer 
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inspection of the 9.7° peak for VAc@MOF-5 sample, slight broadening can be observed 

which could arise from either a change in electron density of the material due to the presence 

of mobile VAc monomer molecules in the crystal structure or perhaps degradation of the 

sample to form nanocrystallites. To investigate this, SCXRD analysis was carried out, as this 

provides more detailed electron density mapping than is possible from PXRD. 

 

 

Fig 5.30: PXRD pattern for (a) MOF-5, VAc@MOF-5, PVAc@MOF-5 and PVAc@MOF-5 

(L). Here PVAc@MOF-5 (L) is the sample polymerised during the solid-state NMR 

experiment.  

 

5.9.2 Single-crystal XRD (SCXRD) 

SCXRD was performed on VAc@MOF-5 samples to obtain an electron density map and 

localised interaction on the structure of the MOF. SCXRD data was collected on a Rigaku 

Oxford Diffraction dual source Gemini A Ultra diffractometer equipped with an Atlas CCD 

area detector and an Oxford Cryosystems CryojetXL liquid nitrogen flow device for 

temperature control. 
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The data were collected using MoKα radiation (λ = 0.71073 Å). The crystal was mounted in 

fomblin oil on a MiTeGen micromount and flash cooled to 150 K for data collection.  

 

Data collection, indexing and integration procedures were completed with CrysAlisPro 

version 41.107. The structure was solved via dual-space methods using ShelXT and refined 

by full-matrix least squares on F2 using ShelXL-2014. The relevant portion of the structure is 

shown in Fig 5.32. 

 

All measurements were taken and recorded by Dr Lauren Hatcher (Royal Society University 

Research Fellow, Cardiff University) due to restrictions on site access due to COVID-19 

pandemic. Data processing and analysis was also performed by Dr Lauren Hatcher with input 

from the candidate for system specific interpretation. 

 

Result and Discussion  

 

Fig 5.31: Crystal structure of VAc@MOF-5 determined by SCXRD. The network atoms are 

depicted by solid sticks, whereas guest monomer molecules are represented by red (oxygen) 

and grey (carbon) stick/solid surfaces. Only partial MOF-5 framework has been shown for 

clarity.   
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The crystal structure of VAc@MOF-5 determined by single-crystal X-ray diffraction 

(SCXRD) suggested the crystals are isomorphic and crystalise in R-3m space group of the 

rhombohedral or trigonal crystal system. Initially, the fitted structure of VAc@MOF-5 

suggested a network with two interpenetrated nets of cubic MOF-5 with the phenyl rings 

oriented such that they are laterally inverted compared to the opposite linker ring at any given 

time. Each net would consist of cubic channels with virtual diameter ~ 11 Å, where the 

secondary MOF-5 net is interpenetrated and a vinyl acetate molecule coordinates with each 

Zn4O node. However, following further structure determination this was ruled out on the 

basis of systematic absences of monomer causing a higher order symmetry fit. Furthermore, 

the MOF-5 structure prior to monomer loading is not interpenetrated and there is no rational 

mechanism by which monomer loading could generate a second net.  

 

The orientation of vinyl acetate molecule is such that the methyl group on the vinyl acetate is 

closest to the metal node. All monomer molecules reside in the pores and shows hydrogen 

bond interactions mediated by the methyl groups, with the acetate group on the monomer 

facing away. This supports our initial conclusion from the 13C CP NMR spectra of the 

monomer in the polymerisation experiment that methylene (97 ppm) and methine (141 ppm) 

group on the vinyl acetate monomer remain mobile through the experimental time. It should 

be noted that the arrangement of adsorbate monomer molecules strictly depends on the nature 

and the size of guest molecules and are possibly responsible for different degree is loadings.  

 

5.9.3 Conclusions from X-Ray Diffraction. 

The aim of the system investigated through SCXRD was to replicate samples studied by 

solid-state NMR and neutron diffraction and spectroscopy experiments to support the 

hypothesis derived from their data analysis. 

 

In Fig 5.32, a comparison of simulated powder XRD pattern from the SCXRD data shows 

additional peaks at 2θ = 5.9º that is possible due to vinyl acetate coordinating within the 

framework near the metal SBU which does not appear in the powder XRD patterns of 

VAc@MOF-5 prepared by method described in section 3.3.1. This peak is also observed in 

neutron diffraction data for d-monomer@D-MOF (Q = 0.42 Å-1). The presence of VAc 
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monomer in MOF-5 changes the symmetry of the MOF from cubic (Fm-3m) to 

trigonal/rhombohedral (R-3m) and may explain widening of the peak at 2θ = 9.7º observed in 

the powder patterns. However, through only powder XRD pattern, it is not possible to 

conclude the symmetry of MOF-5 as the powder XRD patterns only show framework 

expansion and peak widening but changes in symmetry cannot be concluded without 

additional diffraction data through SCXRD and neutron diffraction.  

 

 

Fig 5.32: Comparison of PXRD pattern of synthesised VAc@MOF-5 versus simulated 

powder pattern of VAc@MOF-5 following SCXRD analysis on the same sample. (Blue 

asterisks show additional peaks on the simulated pattern below 2θ = 20° that is otherwise not 

present in the experimental PXRD). 
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Future Work 

Further work studying guest@MOF-5 is planned and will be performed after the submission 

of the thesis. First measure will be to determine if the current rhombohedral model for the 

disorder of VAc monomer across the mirror plane. This will be performed by checking the 

Crystallographic Information File (CIF) by structure validation software in PLATON 

software to confirm rhombohedral space group for VAc@MOF-5 composite.60 Following 

this conformation, a second model for the data will be generated for an empty MOF-5. This 

model will be used to create a Fourier electron density difference map to show the precise 

location of VAc molecules. This will allow us to analyse a structure model for MOF-5, 

before and after loading the guest VAc molecules and compare the changes in diffraction 

patterns. Additionally, SQUEEZE procedure will be performed which takes in account the 

contribution of a heavily disordered solvent and/or monomer to the calculated structure 

factors by back-Fourier transformation of the continuous density found in a masked region of 

the difference map. The masked region is defined as the solvent accessible region left by the 

ordered part of the structure.61 These steps will allow us to directly compare the guest 

interaction and binding sites in the MOF to the data obtained from neutron scattering 

experiments.  

 

5.10 Conclusions 

We performed total neutron scattering experiment to investigate monomer interaction, 

identify monomer binding sites, and to study the influence of guest species on the structure of 

the MOF-5 framework. The data analysis and interpretation are still in its early stages despite 

considerable work and progress having been made. The data shows a difference between the 

hydrogenated and deuterated MOF-5 structure that cannot be concluded by means of powder 

X-ray diffraction. Additional peaks are observed at Q = 0.42 Å-1 (2θ = 5.9º) that does not 

appear in PXRD data of D-MOF suggesting a difference in structure of the H- and D-MOF 

isotopologues. Guest@MOF composite data show that there is an increase in intensity of the 

peak, and we think that this may be present due to guest specie interactions with the zinc 

metal-node on the MOF-5. This conclusion is further supported by SCXRD data that 

identifies similar interaction site of the guest monomer in MOF by mapping the electron 

density of the monomer@MOF composite. For the case of empty MOF, this peak may be 

present due to residual solvent DMF molecules in the framework. This result also questions 
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the widely reported methodologies for MOF-5 activation to remove any intrinsic solvent 

molecules without structural distortion.28–30  

 

We have identified steps to move forward with further analysis of the data. From the 

preliminary analysis of the G(r), we can sufficiently identify MOF contributions and 

differentiate short-range monomer interactions in the system. The long-range features 

observed in G(r) of all samples assumes that framework consists of an alternating open and 

closed pore structure with different pore diameters (discussed in detail in section 5.7.2) in the 

current ensemble, and the monomer filling infinitely translates into all directions to 

successive unit cells in the framework. It is possible that the simulation introduces an isotope 

effect to calculate scattering which is amplified through assumed homogenous filling, and 

current ensemble size. To allow for inhomogeneity in pore filling by guest species, a larger 

ensemble will provide a more accurate representation of experimental samples. Furthermore, 

control over individual pore filling in the simulation ensemble will aid identifying the source 

of features from scattering.  

 

Through proposed changes on the simulation ensemble and Bragg corrections to match 

simulated and experimental data, from this experiment we will be able to conclude the effect 

of guest molecules on the host MOF that have previously not been studied or reported. 

Current research has been limited to transport behaviour and interactions of ions and small 

gaseous alkanes such as methane, butane, acetylene, CO2, H
+ and Li+.31–34 Large molecules 

interactions such as vinyl acetate interactions in MOF-5 at the time of writing this thesis have 

not been reported. Furthermore, understanding structural effects of guest monomers on host 

MOF will correlate with observation from PXRD data (Section 4.2) will be confirmed by 

neutron scattering data simulated on Dissolve. Isotopic effects of monomer isotopologues on 

host framework have not been reported and conclusions from simulations will help affirm our 

current hypothesis of short-range binding interactions of monomer on the host framework 

through observation of peaks at Q = 0.24 and 0.34 Å-1.  

 

Lastly, initial simulations of monomer@MOF on Dissolve have contributed towards 

determining avenues that can be applied on the code to understand complex systems such as 
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those of confined liquids in crystalline solids. Currently, it is not possible to introduce 

inhomogeneous pore filling on Dissolve simulations that result in correlating effects that are 

not present in the experimental samples. Identifying these changes provides a basis and 

direction to further improve simulations and development of Dissolve.  

 

Changes in monomer mobility and quantity during the polymerisation of vinyl acetate in 

MOF-5 was investigated by means of 13C CP and HPDEC MAS NMR spectroscopy, 

respectively. This was done by calculating integration values for characteristic monomer 

peaks present in the 13C CP and HPDEC NMR spectra and plotting the changes over elapsed 

polymerisation time. We see that the CH and CH2 monomer peaks show a steep decrease in 

mobility up to 15 h, followed by a gradual and steady decrease from 15 – 45 h, and little to no 

changes beyond 45 h. This suggest that the polymer becomes less mobile as polymerisation is 

initiated and the monomer begins to polymerise. Much of the changes and conversion occurs 

to ~ 15 h, and the characteristic NMR peaks remain present at the end of the experiment due 

to monomer species remaining present within the MOF pores due to incomplete conversion 

of the monomer into polymer. Investigation of 13C HPDEC NMR confirms this hypothesis as 

we observe monomer peaks at the end of the experiment. To calculate the conversion of the 

monomer, we have used Avrami-Erofeev equation, considering Avarami constant (m) as 1 

and 3-dimensional growth. Calculations suggest a 63 % conversion (α = 0.63) of monomer to 

polymer which agree with the conversion calculated by other characterisation methods such 

as 1H NMR spectroscopy and TGA. As the carbons associated with CH2 and CH groups show 

little change in the signal intensity on the 13C CP spectrum, it is possible to suggest that the 

associated carbons associated to these peaks have unrestricted and free motion. However, it 

should be noted that the vinylic C and CH3 methyl signals cannot be integrated to reasonably 

accurate integral values due to overlap of the monomer and polymer CH3 signals in the 13C 

CP and HPDEC NMR spectroscopy data. the monomer signal intensity can be seen to visibly 

decrease.  

 

We studied changes in the characteristic MOF-5 peaks associated with the phenyl ring of the 

linker that shows a decrease in mobility with the increase in temperature from 4 to 70 °C. 

Based on interpretation of data from the 70 °C, it is reasonable to assume that this effect is 

likely due to the steric hindrance imposed by mobile monomer molecules on the MOF-5 
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phenyl linkers. Additionally, at lower temperatures, the CH peaks from MOF-5’s phenyl 

linker at 128 ppm is in form of a pake doublet pattern which begins to merge into a broad 

single peak as the temperature in increases. This feature is characteristic of phenyl ring 

rotation observed in MOFs where the increase in flip-rotation around C2 principal axis. 

Polymer peaks were not observed during the temperature ramp experiment or any broadening 

in the CH3 region of monomer and polymer overlapping region at 19 ppm is observed, 

suggesting that no significant polymerisation occurs during the experiment. However, due to 

the complexity of the three-component system and present of liquid monomer and poor 

resolution, this cannot be confirmed using solid-state NMR spectroscopy.   

  

We used single crystal XRD to analyse the crystal structure of VAc@MOF-5 and to confirm 

monomer interaction and binding sites within the pores of MOF-5 by modelling and creating 

electron density maps to further support results seen from ssNMR, TNS and QENS 

experiments. SCXRD suggested the crystals are isomorphic and crystalise in R-3m space 

group of the rhombohedral or trigonal crystal system in presence of guest species. Our data 

suggests that in the presence of VAc monomer in MOF-5 changes the symmetry of the MOF 

from cubic (Fm-3m) to trigonal/rhombohedral (R-3m). An important conclusion is that 

powder XRD as a stand-alone method, is unable to conclude the symmetry of MOF-5 as the 

powder XRD patterns only show framework expansion and peak widening but changes in 

symmetry cannot be concluded without additional diffraction data through SCXRD and 

neutron diffraction.  
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The conclusions and future work from Chapter 4 and 5 presented in the thesis are detailed in this 

chapter.  

 

6.1 Conclusion 

The use of powder X-ray diffraction (PXRD) enabled structural characterisation of MOF-5 and 

HKUST-1 for as-synthesised MOFs and guest@MOF composites using vinyl acetate, ε-

caprolactone, lactic acid, lactide, and their respective polymers. Structural changes upon guest 

sorption in both MOF were observed through positional changes in the 2θ of the characteristic 

MOF peaks in PXRD patterns. The result of these studies shows that upon monomer adsorption 

within the MOF pores, the MOF undergoes structural changes. However, further detailed 

analysis by indexing and structural refinement is necessary to quantify and confirm these 

changes using PXRD as a method. Conversely, when the monomer in the MOF pores is 

polymerised, an effect of framework expansion was observed with an increase in the d-spacing 

for PVAc@MOF-5 samples. It was determined from PXRD patterns of MOF-5 and 

guest@MOF-5 composites that an additional peak at 2θ = 8.9º appears in presence of guest 

molecules in the host framework that coordinate with the metal node of MOF-5 framework. 

MOF-5 by ε-CL monomer show similar changes in d-spacing upon guest adsorption and 

polymerisation, and peak broadening on powder pattern. These results provide support to the 

hypothesis that MOF lattice undergoes framework deformation upon guest adsorption. 

Guest@HKUST-1 composites were also investigated and showed similar changes in d-spacing to 

those observed with ε-CL@MOF-5 upon guest adsorption with a shift towards a greater 2θ angle 

compared to as-synthesised MOF.  

 

Results from SCXRD (Section 5.9) and neutron powder diffraction experiments (Section 5.1) 

suggest a possibility of structural disorder in guest@MOF-5 composites that is not observed 

through PXRD and were indicative of a transformation from a cubic (Fm-3m) to rhombohedral 

(R-3m) structure induced by monomer association at the nodes. PXRD studies are the basis for 

the neutron scattering experiments to accurately determine the structural changes in the MOF-5 

in presence of VAc and PVAc guests. We also conclude that PXRD characterisation as a method 
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cannot be used by itself to determine the symmetry of MOF-5 and additional diffraction data 

through SCXRD and neutron diffraction is required to draw conclusions. 

 

Monomer inclusion and conversion for composites prepared by in-situ polymerisation in host 

MOF has been studied and quantified through spectroscopic methods and thermal analysis. 

ATR-FTIR spectroscopy was performed on MOF and guest@MOF composites to confirm 

presence of adsorbed monomer through appearance of characteristic monomer absorption bands. 

Moreover, comparisons between the monomer@MOF and polymer@MOF spectra were made 

by observing band characteristics before and after polymerisation. Crystalline nature of isolated 

PCL observed with PXRD was also confirmed with FTIR by observing spectra for PCL which 

showed sharp features of asymmetric v(C–H) band at 2960 cm-1with a shoulder developing on 

the same band, in addition to absorption bands shifted at higher wavenumbers (5 ± 1 cm-1), 

which is typical of crystalline PCL. Presence of atmospheric water and DMF in MOF-5 was 

determined by FTIR, and subsequently quantified with TGA and total neutron scattering 

intensity via data reduction using Gudrun.  

 

TGA analysis was conducted to study thermal stability of the materials and showed that under 

confinement, guest species degrade at a higher temperature compared to bulk polymers without 

confinement. Monomer loadings in the MOFs were estimated by the mass loss in the central 

region of the TGA plots (Region II). Monomer conversion could not be reliably determined from 

TGA but qualitatively appeared higher than the values obtained from solution (68 ± 2 %) and 

solid-state NMR (64 ± 1%). This is likely due to overlapping thermal region of intrinsic polymer 

and framework-bound DMF molecules observed to be present through other characterisation 

methods and neutron scattering experiments. 
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Overview in context of previous studies.  

Guest interactions in MOF have been reported in the literature, mainly exploring transport 

behaviour of ions and covalent binding interaction of light gaseous hydrocarbons.1–15 Interactions 

of large molecule such as VAc and ε-CL monomer have not previously been reported, and the 

work in the thesis investigating interaction of VAc in MOF-5 by neutron scattering, to the best of 

our knowledge, is the first of its kind to merge neutron diffraction and neutron spectroscopic 

techniques to investigate behaviour of a confined liquid (monomer) in crystalline solids. This has 

identified the challenges of performing general atomistic, MC and MD simulations with such 

materials has been realised and substantial steps towards improving data analysis and simulation 

environment are being continuously explored, following recommendations from this work.  

 

In current reports, research is based on the hypothesis that MOFs can be used as templates to 

achieve three-dimensional polymer matrices of homopolymers with control over stereoregularity, 

and polymerisation to create polymer structures. Despite the advantages resulting from templated 

polymerisation by MOFs, there is a lack in understanding of how to effectively control these 

reactions and polymerisation dynamics in the confinement of MOF pores.18 Furthermore, little is 

known on how the guests interacts with the MOF framework during polymerisation. The first 

evidence of polymerisation in MOFs was from Uemura et al. on the radical polymerisation of 

styrene monomers within MOF pores.21 Although polymerisation of vinyl acetate in MOF (not 

MOF-5 and HKUST-1) has been investigated,22 studies to understand polymerisation dynamics, 

composite structure, and guest kinetics have not been explored in depth.  

 

Dimensionality and porosity of such structures can be tailored can be tailored by taking 

advantage of the unique isoreticular property of certain MOFs. Polymers isolated from the MOF 

do not undergo recrystallisation but are isolated by disassembly of the MOF structure by 

chelating complexes. Such an approach should preserve the polymer architecture. Through SEM, 

we initially realised that this may not be the case in practice by observing isolated polymers as 

MOFs as one-dimensional rods or chains. SEM images show that although polymerisation of the 

monomer takes places within the MOF pores resulting in regular one-dimensional rods of length 
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symmetrical with the MOF crystal size, it is unable to form a multi-dimensional homopolymer 

matrices as has been previously reported.16–18 To investigate the possible reasons regarding such 

an effect, we studied the composites at an atomic and molecular level by means of total neutron 

scattering (TNS) and quasi-elastic neutron spectroscopy (QENS). 

 

The aim of total neutron scattering experiment at the NIMROD instrument (ISIS Pulsed Neutron 

and Muon Source, RAL, UK) was to understand guest behaviour and identify possible binding 

sites and interactions of VAc in MOF-5. Additionally, we studied the influence of guest species 

on the structure of the host MOF, to identify the sources from the differences in diffraction 

patterns of MOF and guest@MOF composites observed through PXRD. By means of the QENS 

experiment on the IRIS instrument (ISIS Pulsed Neutron and Muon Source, RAL, UK) we were 

able to use elastic and inelastic window scans to observe the dynamics of guest motion in the 

framework evolves over time with VAc@MOF-5 and PVAc@MOF-5 composite, and an 

intermediate partially polymerised OVAc@MOF-5 sample. We were able to identify and 

interpret coherent and incoherent elastic and quasi-elastic contributions that affected independent 

resolution of the guest and its motion within the framework which has not been reported in the 

literature for composites alike. From the available data, we can observe stiffening of MOF 

structure in presence of guest sorbent molecules at different points of polymerisation. Monomer 

species bind to the framework atoms that result in stiffening of the MOF structure, more so than 

oligomer and polymer species. As a result, the framework undergoes tension resulting in 

expansion at a greater degree for monomer guest compared to polymer guest. The shape analysis 

of Lorentzian contributions on the quasi-elastic peaks show that framework linker atoms are 

more restricted in the presence of monomer within MOF than what is observed in the case of 

polymer@MOF which show less restrictive motion, therefore, suggesting that the polymer 

chains remain free under confinement in the MOF pores. Observing these phenomena, supports 

the PXRD data showing that the framework undergoes contraction due to monomer adsorption 

and contraction upon polymerisation. Furthermore, initial data analysis from TNS experiments 

suggests that the monomer primarily remains bound to framework atoms of the MOF, resulting 

in the framework expansion following guest loading, providing support to our findings from 

other characterisation methods.  
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We performed solid-state NMR experiments using 1H-13C cross-polarisation and high-powered 

decoupling MAS NMR methods to extract information about the local structure of guest@MOF-

5 and to understand the dynamics of polymerisation reaction within the MOF. From this 

experiment, we are able to provide additional support to our findings from complimentary 

methods and neutron scattering experiments. We observed monomer mobility from the 1H-13C 

CP MAS NMR method to find that the monomer remains mobile at the end of the extended 

polymerisation time (72 h) that suggests incomplete conversion earlier observed through solution 

1H NMR and TG analyses. We quantified the monomer conversion by Avrami-Erofeev kinetic 

model using integration values of characteristic resonance peaks from the 1H-13C HPDEC MAS 

NMR. The resulting values of 63 ± 1 % are in agreement with the conversion values obtained 

from solution 1H NMR. We also observed the mobility of phenyl rings on the BDC linker of 

MOF-5 to understand the influence of guest monomers on linker rotation and to identify binding 

interactions. The carbons associated with the phenyl rings show a continuous decrease in 

mobility during the early stages of polymerisation time followed by a gradual decrease. This 

supports the hypothesis that even after polymerisation, the linker rotation is restricted due to the 

presence of polymers to a degree. However, it is not possible to provide a direct comparison with 

experimental polymerisation time and polymerisation time during the solid-state NMR 

experiment as the reaction times are elongated due to slow diffusion in the system. 19 

 

To identify binding and interaction sites of the monomer guest in host MOF, we used single-

crystal XRD to map electron densities in the monomer@MOF composite. Results support the 

suggestions from TNS data simulations and analysis of the possible binding sites. VAc interacts 

with the framework such that methyl group on the acetate group of the monomer is closest to the 

metal node. Monomers also show hydrogen bond interactions mediated by the methyl groups, 

supporting our initial conclusion from the 13C CP NMR spectra of the monomer in the 

polymerisation experiment that methylene (97 ppm) and methine (141 ppm) group on the vinyl 

acetate monomer remain mobile through the experimental time. We realise that for guest@MOF-

5 composites, PXRD is unable to discern between structural changes due to introduced disorder. 
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We observe that upon guest monomer adsorption, MOF-5 undergoes structural changes from a 

cubic (Fm-3m) structure to a rhombohedral (R-3m) structure. This observation has not previously 

been reported in the literature as a contribution from the guest. 

 

The neutron scattering studies of guest@MOF and similar confined liquids in crystalline solid 

materials is still in its infancy. Resources available for data analysis, processing, and simulations 

are yet in their development stage for such materials. Through our experiments, we have 

identified the specific areas for improvement of analysis of guest@MOF materials that we aim to 

address in our future work.  

 

6.2 Future Work  

Preliminary studies detailed in the work, such as the investigation and modelling of local 

structure of monomer@MOF-5 composites by total neutron scattering, dynamical studies to 

understanding in-situ polymerisation kinetics by QENS and solid-state NMR, present 

opportunities for this work to develop and expand in the future to other materials and 

guest@MOF composites. 

 

The planned experiment proposal for total neutron scattering encompassed studying guest 

binding sites and interaction in MOF-5 by investigating monomer@MOF and polymer@MOF 

composites. However, due to experimental challenges leading to a repeat experiment, we were 

unable to analyse polymer@MOF composite due to restrictions on experimental time. Initial data 

analysis with monomer@MOF composites are unique in its novelty and the challenges 

encountered during data analysis with monomer@MOF composites has driven improvements on 

currently available resources for simulation and modelling complex materials alike. With a 

rescheduled experiment to investigate polymer@MOF composites, we will be able to push our 

findings forward and correlate with the data obtained from the QENS experiment at IRIS 

spectrometer.  
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In the short term with ongoing data analysis and simulation modelling on Dissolve to determine 

binding interactions of VAc monomer in MOF-5, we have identified the changes that will be 

implemented moving forward. Simulations will be performed by introducing disorder in the 

empty MOF framework prior to addition of monomer in the simulation ensemble to imitate 

experimental sample preparation that involves activation of MOF at 443 K. Furthermore, 

changes in the simulation Bragg parameters will be implemented to match experimental and 

simulated Bragg features for total structure factor F(Q) determination. Artificial features due to 

introduction of isotopic effects from the simulation that may not be present in experimental 

samples and other challenges may be addressed and mitigated by using a larger simulation 

ensemble.  

 

Preliminary data analysis of QENS experiment with guest@MOF reveal findings and 

conclusions that have previously not been reported. The experiment on such materials was one of 

the first to look at structural changes on the MOF induces by guest molecules. Experimental plan 

to study real-time changes on the MOF structure and guest mobility as polymerisation takes 

place was unable to be performed due to restrictions on site access and cancellation of the 

experiment due to COVID-19 pandemic. However, it was possible to perform measurements on 

a partially polymerised sample in addition to monomer@MOF and polymer@MOF sample to 

determine guest interaction. Further experiments can be performed using the initial experimental 

plan which would also provide data from measurements that we were unable to perform. Using 

higher performance instruments with greater detection limits, such as LET (ISIS Pulsed Neutron 

and Muon Source, UK) or IN6B (Institut Laue-Langevin, France), we can achieve greater 

resolution for our samples that restricted analysis from measurements on IRIS. 

 

In the longer term, these studies can be expanded to other guest@MOF composites to determine 

polymerisation kinetics and binding interactions of guest monomers in the MOF, and to 

complementary characterisation methods such as inelastic neutron scattering (INS), synchrotron 

X-Ray scattering and solid-state PFG-NMR. Composites such as ε-CL@HKUST-1 has shown 

promising results through structural change observation and the ability to isolate polymer from 
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the host MOF with relative ease and minimum residual impurities (Chapter 4). Experimental 

studies with benzene diffusion in the pores of HKUST-1 has been previously performed on the 

NIMROD instrument and recently reported.20 Hence, HKUST-1 is a good candidate to perform 

next experimental studies on and implement modelling and simulations using Dissolve. 

 

Our results have shown promise in understanding polymerisation mechanism for guest monomer 

species under confinement of MOF through identifying possible binding interactions and 

determining the role of guest monomer and polymer materials on framework structure. Reported 

studies investigate possibility of polymerisation in MOFs using templated polymerisation 

approach but our studies have stretched to understanding the processes at an atomistic level. We 

have also demonstrated the possibility of studying such materials with methods such as total 

neutron scattering, quasi-elastic neutron scattering, single-crystal XRD, solid-state NMR and 

suitability for further studies using inelastic neutron scattering.   
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All appendices have been named with the following nomenclature: 

A<X>.<Y> 

Where, X = Chapter number, Y = Figure/Table number. 

 

Table A2.1: Properties of Poly(vinyl acetate)  

Summary of properties of poly(vinyl acetate). Data collected from Oxford Handbook of 

Polymers.1 

Parameter Unit Value 

GENERAL   

Common name - Poly(vinyl acetate) 

IUPAC name - Poly(ethenyl ethanoate) 

Acronym - PVAc 

CAS number - 9003-20-7 

Empirical Formula - (C4H6O2)n 

SYNTHESIS   

Monomer - Vinyl Acetate 

Molecular weight g/mol 86.09 

Synthesis method - Oxidative addition of acetic acid to ethylene.  

Mass average molecular weight g/mol 13,000 – 500,000  

Polydispersity, Mw/Mn - 2.0 

Molar volume (298 K) cm3/mol 74.25 

Radius of gyration (Rg) nm 66 

PHYSICAL PROPERTIES   

Density at 20 °C g/cm3 1.18 – 1.20 

Bulk density at 20 °C g/cm3 0.7 – 0.85  

Colour - Colourless 

Odour - Odourless 

Melting temperature °C 152 – 180  
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Softening point °C > 190 

Decomposition temperature °C > 250 

Thermal expansion coefficient 

23–80 °C 

°C-1 2.8E-4 

Thermal conductivity W m-1 

K-1 

0.16 

Glass transition temperature °C 24-32 (atactic); 26 (isotactic); 28-40 

(commercial) 

Hansen solubility parameter, δD, 

δP, δH 

MPa0.5 10.9, 11.3, 9.7 

Surface tension mN m-1 36.5 

Surface free energy mJ m-2 38.5 

CHEMICAL SOLUBILITY   

Good solvent -  Acetic acid, Acetone, Acetonitrile, Allyl alcohol, 

Chlorobenzene, Chloroform, DMF, DMSO, 

Methanol, THF, Toluene. 

Non-solvent -  Acids, Dilute alkali, Carbon disulfide, 

Cyclohexanol, ethylene, Glycol, Mesitylene. 

CHARACTERISTICS   

1H NMR (chemical shifts) ppm COOH – 8.76; OH – 5.61, 5.58. 

FTIR (wavenumber assignment) cm-1 C=O – 1737; C-H – 1375; O-C – 1020  

Raman (wavenumber 

assignment) 

cm-1 C-C – 1132; C=C – 1525  
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Table A2.2: Properties of Poly(lactic acid)  

Summary of properties of PLA. Data collected from Oxford Handbook of Polymers.1 

Parameter Unit Value 

GENERAL   

Common name - Poly(lactic acid) 

IUPAC name - 1,4-dioxane-2,5-dione 

Acronym - PLA 

CAS number - 51063-13-9, 26680-10-4, 34346-01-5 

Empirical Formula - (C3H4O2)n 

SYNTHESIS   

Monomer - Lactic acid, Lactide 

Molecular weight g/mol 144.13 

Synthesis method - Lactic acid is heated to 150 °C to obtain 

oligomeric PLA. Oligomers are heated to 180 

°C under vacuum for 5 h to give PLA.  

Mass average molecular weight g/mol 13,000 – 500,000  

Polymerisation temperature °C 150-180 

Catalyst  - Tin(II) ethylhexanoate  

Polydispersity, Mw/Mn - 1.5-3.8 

Molar volume (298 K) cm3/mol 74.25 

Radius of gyration (Rg) nm 66 

PHYSICAL PROPERTIES   

Density at 20 °C g/cm3 1.21 – 1.29 

Molar Volume  mL/mol 56.7-57.7 

Colour - Colourless 

Odour - Odourless 

Melting temperature °C 150 – 180  

Decomposition temperature °C > 200 

Thermal expansion coefficient 

23–80 °C 

°C-1 2.8E-4 
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Glass transition temperature °C 55 – 75  

Enthalpy of fusion kJ mol-1 21.9 – 43.8  

Specific heat capacity  J K-1 kg-1 540 – 600  

Hansen solubility parameter, δD, 

δP, δH 

MPa0.5 18.50, 9.7, 6.0 

CHEMICAL SOLUBILITY   

Good solvent -  Acetone, Benzene, Chloroform, m-Cresol, 

Dichloromethane, Dioxane, DMF, Ethyl 

acetate, Isoamyl alcohol, Toluene, Xylene.. 

Non-solvent -  Methanol, Ethanol, Most alcohol, Ketones, 

Halogenated hydrocarbons 

CHARACTERISTICS   

13C NMR (chemical shifts) ppm C=O – 170.8; –CH – 70.5, –CH35.58. 

FTIR (wavenumber assignment) cm-1 C=O – 1748; ref - 1451 

Raman (wavenumber 

assignment) 

cm-1 C-O – 1128; C-C – 1044   
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Table A2.3: Properties of  Poly(ε-caprolactone) 

Summary of properties of poly(ε-caprolactone). Data collected from Oxford Handbook of 

Polymers.1 

Parameter Unit Value 

GENERAL   

Common name - Poly(ε-caprolactone) 

IUPAC name - 2-oxepanone, homopolymer; Poly[oxy(1-oxo-

1.6,hexanediyl)] 

Acronym - PCL 

CAS number - 24980-41-4; 25248-42-4 

Empirical Formula - (C6H10O2)n 

SYNTHESIS   

Monomer - ε-caprolactone 

Molecular weight g/mol 114.14 

Synthesis method - Ring-opening addition polymerisation of ε-

caprolactone at 70 °C under vacuum with 

Sn(II)Oct2
 as catalyst.  

Mass average molecular weight g/mol 13,000 – 500,000  

Polymerisation temperature °C 120 

Catalyst  - Tin(II) ethylhexanoate  

Polydispersity, Mw/Mn - 1.08-1.53 

PHYSICAL PROPERTIES   

Density at 20 °C g/cm3 1.07 – 1.2 

Molar Volume mL/mol 99.7 – 104.2 

Colour - White  

Odour - Odourless 

Melting temperature °C 58 – 63  

Decomposition temperature °C 200 – 220  

Glass transition temperature °C -60 to -72  

Ignition temperature °C 275 
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Specific volume cm3 g-1 0.83 – 1.01  

Specific heat capacity cal g-1 C-1 1.5E-1 to 4.7E-1 

Enthalpy of fusion kJ mol-1 24.4  

Hansen solubility parameter, δD, 

δP, δH 

MPa0.5 18.50, 9.7, 6.0 

CHEMICAL SOLUBILITY   

Good solvent -  Benzene, Chloroform, Dimethylacetamide, 

Dichloromethane, Carbon tetrachloride, 

Toluene, Cyclohexane, 2-nitropropane, THF 

Non-solvent -  Alcohols, Petroleum ether, Diethyl ether, and 

Water. 

CHARACTERISTICS   

1H NMR (chemical shifts) ppm CH2 – 1.6, 2.3, 3.63, 3.8, 4.0, 4.2. 

FTIR (wavenumber assignment) cm-1 C=O – 1778; C=C – 1642; C-O – 1164, 1107. 

 

 

Fig A4.1: PXRD pattern with 2θ = 5–15 ° range expansion for synthesised MOF-5, VAc@MOF-

5, and PVAc@MOF-5. (The diffraction patterns shown are background subtracted) 
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Fig A4.2: PXRD pattern with 2θ = 5–11 ° range expansion for synthesised MOF-5, VAc@MOF-

5, and PVAc@MOF-5.  
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Fig A4.3: PXRD pattern with 2θ = 11–15 ° range expansion for synthesised MOF-5, 

VAc@MOF-5, and PVAc@MOF-5.  
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Fig A4.4: PXRD pattern with 2θ = 5–15 ° range expansion for synthesised MOF-5, εCL@MOF-

5, and PCL@MOF-5. (The diffraction patterns shown are background subtracted) 
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Fig A4.5: PXRD pattern with 2θ = 5–15 ° range expansion for synthesised HKUST-1, 

VAc@HKUST-1, and PVAc@HKUST-1. (The diffraction patterns shown are background 

subtracted) 
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Fig A4.6: PXRD pattern with 2θ = 5–20 ° range expansion for synthesised HKUST-1, 

εCL@HKUST-1, and PCL@HKUST-1. (The diffraction patterns shown are background 

subtracted) 
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Fig A4.7: PXRD pattern with 2θ = 5–14 ° range expansion for synthesised HKUST-1, 

LAC@HKUST-1, and PLAC@HKUST-1. (The diffraction patterns shown are background 

subtracted) 
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Fig A4.8: ATR-FTIR spectra of MOF-5, VAc@MOF-5 and PVAc@MOF-5. Region between 

2000–450 cm-1. Dashed green lines and corresponding arrows indicate changes in absorbance 

intensity with polymerisation. (The spectra have been normalised to v(C=O) 1350 cm-1 

absorbance peak of the MOF.) 
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Fig A4.9: ATR-FTIR spectra of MOF-5, εCL@MOF-5 and PCL@MOF-5. Region between 

2000–450 cm-1. Dashed green lines and corresponding arrows indicate changes in absorbance 

intensity with polymerisation. (The spectra have been normalised to v(C=O) 1350 cm-1 

absorbance peak of the MOF.) 
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Fig A4.10: ATR-FTIR spectra of HKUST-1, VAc@HKUST-1 and PVAc@HKUST-1. Region 

between 2000–450 cm-1. Dashed green lines and corresponding arrows indicate changes in 

absorbance intensity with polymerisation. (The spectra have been normalised to v(C=O) 1350 

cm-1 absorbance peak of the MOF.) 
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Fig A4.11: ATR-FTIR spectra of HKUST-1, εCL@HKUST-1 and PCL@HKUST-1. Region 

between 2000–450 cm-1. Dashed green lines and corresponding arrows indicate changes in 

absorbance intensity with polymerisation. (The spectra have been normalised to v(C=O) 1350 

cm-1 absorbance peak of the MOF.) 
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Fig A4.12: TGA and DTGA profile of VAc@MOF-5 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 



Appendix 

Page | 286  

 

 

Fig A4.13: TGA and DTGA profile of PVAc@MOF-5 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.14: TGA and DTGA profile of εCL@MOF-5 under air flow. (The 1st order DTGA profile 

is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.15: TGA and DTGA profile of PCL@MOF-5 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.16: TGA and DTGA profile of VAc@HKUST-1 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.17: TGA and DTGA profile of PVAc@HKUST-1 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.18: TGA and DTGA profile of PLAC@HKUST-1 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.19: TGA and DTGA profile of εCL@HKUST-1 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.20: TGA and DTGA profile of PCL@HKUST-1 under air flow. (The 1st order DTGA 

profile is smoothened to weighted average of 10 points equivalent to 0.01 ᵒC). 
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Fig A4.21: 1H NMR spectra of PVAc isolated from MOF. Regions between 1.6 – 2.1 ppm have 

been expansion to show curve fitting and integral analysis.  
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Fig A4.22: 1H NMR spectra of PVAc isolated from MOF with detailed assignments.  
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Fig A4.23: 1H NMR spectra of PCL isolated from MOF with detailed assignments.  

Absorbance band (cm-1) Assignment 

1681 vas(COO) 

1573 vs(C-O) to Zn 

1500 v(C=C) and δ(C-H) [Overlap] 

1373 vas(C-O) to Zn 

1292 

δip(COO) 1103 

1014 

810 δoop(COO) 

744 
δoop(C-H) 

651 

516 Zn-O 

 

Table A4.24: Characteristic absorbance bands and their assignments for MOF-5. 
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Absorbance band (cm-1) Assignment 

2973 and 2926 v(C-H) 

1729 v(C=O) 

1433 
δ(C-H) 

1370 

1225 v(C-O) 

1120 

v(C-C) 1018 

945 

795 

δ(C-H) 632 

604 

 

Table A4.25: Characteristic absorbance bands and their assignments for PVAc. 

 

Absorbance band (cm-1) Assignment 

2960 vas(C-H) 

2900 vs(C-H) 

1725 vs(>C=O) 

1470 – 1485  δip(C-H) 

1415 – 1395  δoop(C-H) 

1295 – 1275  vas(O-C-O) 

1245 – 1235  vs(O-C-O) 

1193 
CH2 Deformation 

1163 

1047 
δ(C-O) 

940 – 960 

 

Table A4.26: Characteristic absorbance bands and their assignments for PCL. 
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Absorbance band (cm-1) Assignment 

3430 v(OH) from water 

2930 vs(C-H) 

1659 vs(COO) 

1590 vas(COO) 

1453 δoop(C=O) 

1419 vas(COO) 

1375 v(C=C) 

1252 v(C=O) 

1107 δip(C-H) 

935 δoop(C-H) 

494 v(Cu-O) 

1617, 1545 δ(OH) from water 

 

Table A4.27: Characteristic absorbance bands and their assignments for HKUST-1. 

 

 23 Na [He] 63 Cu [He] 

Sample 

Name 
Comment Conc. [ ug/l ] Conc. RSD Conc. [ ug/l ] Conc. RSD 

S-Blank  13.65 8.04 0.80 28.28 

S-Blank  14.51 9.45 0.74 3.71 

Sample 1 PVAc-KM185 24,086.53 3.59 1818.76 3.80 

Sample 2 PVAc-KM186 23,383.12 0.81 1824.84 3.03 

Sample 3 PCL-KM190 7,143.45 3.92 2,486.96 1.78 

Sample 4 PCL-KM191 7,752.84 4.12 2,566.96 1.81 

Sample 5 PCL-KM192 7,245.85 4.08 2,356.92 1.76 

 

Table A4.28: ICP-AES analysis of isolated polymers from polymer@HKUST-1 composite.  
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 23 Na [He] 66 Zn [He] 

Sample 

Name 
Comment Conc. [ ug/l ] Conc. RSD Conc. [ ug/l ] Conc. RSD 

Sample1 KM205-PVAc 19,672.73 0.68 4,079.04 3.39 

Sample1 KM205-PVAc 18,968.94 6.69 3,998.40 1.90 

Sample2 KM206-PCL 8,152.84 4.39 2,686.96 2.10 

Sample2 KM206-PCL 8,117.85 6.51 2,756.92 2.14 

 

Table A4.29: ICP-AES analysis of isolated polymers from polymer@MOF-5 composite. 
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Fig A5.1: 1H-13C MAS NMR spectrum of MOF-5 (a) CP and (b) HPDEC. Expansion of the 

range 120 – 180 ppm is shown. 
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A5.1: Data Processing in Gudrun. 

Sample Background 

Sample background measurement is essential and must be made in every case. It is not possible 

to run Gudrun without these data files. Essentially, this measurement is taken with radiation 

beam on but with no sample container in the scattering position. Such a measurement captures 

the incident beam on the detectors which is later subtracted in the first step of the data analysis.  

 

Purge Detectors for Time-of-Flight Diffraction  

The NIMROD instrument has 2,268 detectors positioned in large arrays and it is highly unlikely 

that each detector will be working for the duration of each sample run. Thus, it is essential that 

these detectors be removed at the time of data analysis. This is executed by running PURGE and 

must be performed prior to processing any data. Running PURGE produces a list of bad 

detectors as a spec.bad file and Gudrun excluded the number of detectors at the time of 

preparing the final differential cross-section. Further information about the PURGE process can 

be found in Section 3.3 in the Gudrun manual.2 

 

Calculation of Attenuation and Multiple Scattering Factors 

To calculate the attenuation and multiple scattering factors, it is necessary to have the total cross 

section for materials of the samples and the containers. The sample cross-sections, provided that 

the attenuation and multiple scattering cross-sections are not too large, tabulated single atom 

values for scattering cross-section can be used with sufficient accuracy in place of their precise 

values. To a reasonable approximation, the neutron cross section is independent of neutron 

wavelength with the exception near nuclear resonance values and when the sample has strong 

Bragg scattering of significant elasticity effects, as with the case of H and D containing samples. 

Away from a resonance, the neutron adsorption cross-section is a linear function of wavelength.3 

The most recent tabulations were compiled by Sears in 1992, but many online resources are 

available including the NIST neutron cross-section database.4,5   
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Deadtime Corrections 

Counting detectors have an intrinsic deadtime (τ), which is the minimum time between the 

scattering evened that is needed by the detector to classify two events as distinct events. Such a 

correction is executed before running the data analysis as one of the pre-set input parameters.  

 

Data Calibrations – Vanadium Background.  

To define the diffraction data on an absolute scale, a vanadium sample is run as a background. 

Vanadium has a small coherent scattering length and thus, any distinct scattering from Bragg 

reflections are very weak compared to single atom scattering.6 For data analysis, vanadium’s 

atomic mass means that inelastic effects with the material will be small and can be estimated 

using an approximate model to model for the inelasticity.7 Running the vanadium calibration 

sample before the analysis sample, using the same beam operation conditions allows a parallel 

comparison for background subtraction with accuracy. 

 

Data Processing 

Upon placing the data on an absolute scale and assuming the multiple scattering and attenuation 

corrections have been estimated, it is possible to remove multiple scattering. The final step 

includes dividing by the number of atoms in the beam to give the differential scattering cross 

section of the sample per atom of the sample. For powdered or crystalline particles where the 

container is not fully packed with the sample, tweak factor is introduced as one of the input 

parameters on Gudrun. (Described at length in the next) 

 

Flat-plate Containers  

The flat plate containers are made of a titanium-zirconium (TiZr) alloy. This alloy has a small 

coherent cross-section and takes advantage of the opposite phase of scattered neutrons by Ti and 

Zr. It is necessary to have materials that have no or negligible coherent cross-section to avoid 

Bragg reflections from the container that are difficult to subtract from the diffraction data.8 The 
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difference in Bragg reflections arise because the front of the container facing the incident beam 

and the back of the container corresponds to slightly different scattering angles at the detectors. 

When the container is measured filled with sample following an empty run, the neutron 

attenuation by the sample causes the Bragg peaks from the front of the container to be attenuated 

preferentially compared to those from the rear, causing an apparent shift in the position of the 

peak, as seen at the detector.  

 

Two cells with path length 1 mm and 2 mm were used during the experiment. Further details of 

the container cells is given in Table A5.2. 

 

Path Length 

(mm) 

Upstream and Downstream 

Thickness (cm) 

Pressure Rating 

(bar) 
Container Label 

1 0.05 10 
Cell B 

Cell C 

2 0.1 10 Cell A 

1 0.05 100 
Cell D 

Cell H 

2 0.1 100 
Cell E 

Cell G 

 

Table A5.1 Physical parameters of the flat-plate containers.    

 

Running Gudrun and input parameters.  

GudrunN consist of tabbed windows consisting of one tab for each of INSTRUMENT, BEAM, 

NORMALISATION, and SAMPLE BACKGROUND. The INSTRUMENT tab allows to 

specify the number of parameters for a particular run and is specific to an instrument with the 

instrument. The BEAM tab allows to specify aspects of incident neutron beam, sample geometry, 

and the scattering detector. The sample container may be a CYLINDRICAL or a FLATPLATE 
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type of container and defines the sample geometry.  There are different inputs that need to be 

defined for each of the cells, step sizes for the CYLINDRICAL attenuation and the number of 

slices for the FLATPLATE multiple scattering correction. ‘Normalisation’ in GudrunN refers to 

the process of data input on an absolute scale of the cross section per unit solid angle. For this 

purpose, a sample of vanadium of identical geometry as the sample is usually used due to its 

large and flat incoherent differential cross section (σinc = 5.07 barn).9 NORMALISATION tab 

allows defining the data files for the vanadium data such as composition, dimensions, density, 

and its corresponding background files. For an experiment, there are only one set of 

INSTRUMENT, BEAM and NORMALISATION tabs and cannot be removed. SAMPLE 

BACKGROUND tab may be more than one for any given sample. The sample background may 

be different from the normalisation background which is the background with no sample or 

reference material in the beam, while the sample background may include the background from a 

furnace or cryostat, should the experiment call for such modifications.  

 

The only parameters for the SAMPLE BACKGROUND tab are the data files which store the 

data for this background. Two additional types of tabs are possible, namely one or more 

SAMPLE tabs, and up to three CONTAINER tabs that would eventually contain the scattering 

data input files for each sample. The SAMPLE tab consists of the .raw data files. Along with the 

data files, the SAMPLE tab contains other input parameters that are specific to each samples: 

1. The sample Tweak Factor: By definition, the tweak factor is the division of number of 

atoms in the beam to give a total differential cross section of the sample per atom of the 

sample. In essence, it is the reciprocal of the packing fraction, which affects the 

attenuation and multiple scattering: a packing fraction of 0.75 would translate into a 

tweak factor of 1.5. It should be noted that sample tweak factor and container tweak 

factor are two distinct values as it is used to modify the specific number density by 

dividing that density with the tweak factor. This modified density is employed to 

calculate the attenuation and multiple scattering corrections, as well as the number of 

atoms in the beam for the final normalisation of the cross section to barns per steradian 

per atom (b/sr/atom). 
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2. Normalisation correction factor is used as a correction that considers that the 

normalisation geometry may not be consistent with that of the sample. The final 

normalisation may either be ‘nothing’, 〈𝑏〉2 or 〈𝑏2〉. 

 

3. The ‘top hat’ width is a number used to remove single atom background scattering before 

performing Fourier transform. If the value is negative, the final differential cross section 

is averaged from the Q value to the maximum Q value, and average level subtracted from 

the data prior to the Fourier. If the value is zero, there is no background subtraction and 

thus, no Fourier transform is performed.  

 

4. Both h(r) and d(r) = 4πρrh(r) are produced following performing Fourier transform and 

give outputs with extension .mgor01 and .mdor01 respectively. The former gives the 

Fourier transform of .mint01 which is the merged differential scattering cross section 

AFTER post processing using the top hat function and deconvoluting the function in real 

space that is defined in the SAMPLE tab. The latter gives the function 4πρrh(r). 

 

5. The minimum and maximum radius used for cleaning up the Fourier transform, rmin and 

rmax respectively. The broadening of r-space, minimum and maximum wavelength of any 

resonance, and exponential amplitude and decay constants are described in the Gudrun 

manual.10 

 

The CONTAINER tab consists of information regarding the dimensions, upstream and 

downstream thickness that is the path length of the cell, atomic composition for the material of 

construction of the cell. The cells are made of a titanium-zirconium alloy, taking advantage of 

the opposite phase of scattered neutrons by Ti and Zr. These materials are needed to avoid Bragg 

reflections from the container that may be hard to subtract at the time of data processing. The 

neutron attenuation from the sample that causes the Bragg peaks from the front of the container 

to be attenuated preferentially compared to those from the rear, causing an apparent shift in the 

peak positions in the detector. Hence, the container is measured empty first and then filled with 
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samples. By doing this, it is possible to subtract the scattering that arises from the container when 

empty, compared to when it is filled with samples.  

 

 

Fig A5.2: Expansion for PXRD pattern (2θ = 8–18 ° range) synthesised MOF-5 and 

VAc@MOF-5. Black arrows indicate the direction of shift for peaks. 
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