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Abstract 
Metal-organic Frameworks (MOFs) are a class of porous materials with excellent potential for 

application in catalysis, gas storage or molecular separations. MOFs are synthesised by combination of 

an organic linker unit and metal node precursor to yield an overall network structure that typically 

extends in two or three dimensions. Often the network contains void space, which is the origin of the 

large surface areas and high porosity observed for many MOFs. 

N-Heterocyclic Carbenes (NHCs) were originally applied as ligands for metal complexes, and 

are commonly used as supporting ligands for organometallic catalysis. For example, an NHC is 

incorporated into Grubbs’ second generation catalyst. NHC precursors have been incorporated into 

MOFs, leading to properties that make them applicable to catalysis and gas sorption. Metalation of the 

NHC precursor to yield a MOF bound NHC-metal complex provides an opportunity to further enhance 

a MOF’s capacity for gas sorption or to provide a site for catalysis to be performed. 

The main aim of this thesis was to incorporate NHCs into MOFs to yield materials with 

applications in catalysis (via NHC metalation) or gas sorption. In Chapter 2 five new azolium or NHC 

containing 1-D MOFs are presented (1-Cu, 2, 3, 4, and 5), with 1-Cu and 2 showing strong enthalpy of 

adsorption values for H2 gas. An NHC-Cu(I) complex was generated concomitantly with MOF synthesis 

to yield 1-Cu, however this metal site was not viable for catalysis due to the low porosity of 1-Cu. 

These studies were extended to the highly stable DUT-5 MOF in Chapter 3 with two new DUT-5 

analogues and two new mixed linker DUT-5 analogues generated. All four materials showed improved 

porosity compared to the MOFs in Chapter 2. In Chapter 4, the DUT-5 analogues were investigated for 

CO2 and CH4 gas sorption properties at high pressure in order to provide increased industrial relevance. 

Furthermore, ionic liquids (ILs) were included within the DUT-5 analogues in an attempt to improve 

CO2 uptake. However, excessive loading of the IL resulted in a loss of MOF porosity and minimal uptake 

of CO2 or CH4. Finally, early metalation outcomes of the NHC precursor containing DUT-5 analogues 

are discussed in Chapter 4, with an aim toward NHC-metal based catalysis in further experiments. 
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Chapter 1: Introduction 

1.1 Metal-organic Frameworks 

A metal-organic framework (MOF) is a porous, crystalline structure comprised of metal nodes and 

organic linkers.1 MOF formation is a self-assembly process, where the metal-linker bonds are 

reversible.2 The inorganic nodes of the network are either isolated metal ions or metal-oxo clusters, 

which can be referred to as secondary building units (SBUs).3 The inorganic node is bound to organic 

linkers by coordination bonds, forming an overall network structure (Fig. 1.1). Often the network 

contains an open void space, which results in MOFs possessing large internal surface areas. 

 

Fig. 1.1: Cartoon of MOF synthesis from an organic linker and metal ion or cluster. Image adapted with permission from K. 

Sumida.4 

MOFs have been classified into three generations by Kitagawa1c, 5 on the basis of the response 

to guest molecule exchange or removal. First generation MOFs lose porosity on removal of guest 

molecules, second generation MOFs demonstrate permanent porosity in a similar manner to zeolites, 

and third generation MOFs exhibit dynamic properties such as flexing due to exchange of guest 

molecules or in response to external stimuli. A MOF is classed as porous if there is void space within 

the network that is available for solvent (or other guest) molecules to occupy.1d Thus while all three 

generations of MOFs classified by Kitagawa are porous, only second and third generation MOFs are 

permanently porous. Permanent porosity may be measured by gas uptake, whereby guest molecules 

are removed from the so-called ‘as-synthesised’ framework to yield an activated MOF, with the 

porosity probed by a gas such as N2. The porosity of MOFs is of particular interest as it provides an 
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enclosed environment in which to perform chemistry, however permanent porosity is not a 

prerequisite for applications such as catalysis.6 

Through judicious choice of chemical building blocks, MOFs can be made both chemically and 

thermally stable in harsh conditions.3 High stability is critical for industrial application, as the presence 

of water, high temperatures, and varying pH is common in many industrial processes such as gas 

separations or catalysis. Many MOFs have been synthesised which are stable to a wide pH range, as 

seen below (Fig. 1.2). In most cases MOF degradation occurs at the bond between metal node and 

linker, followed by dissolution (chemical) or combustion (thermal). Chemical degradation results in the 

formation of a protonated linker with a hydroxide or water ligand attached to the metal node, whereas 

thermal degradation generally occurs by node-linker bond breakage and subsequent linker 

combustion.3 The metal-linker bond strength of MOFs with carboxylate or N-donor linkers can be 

enhanced by using high valent metal salts, for example replacing Zn(II) or Cu(II) with Al(III) or Zr(IV).7 

The improved chemical and thermal stability of these higher valence MOFs suggests excellent potential 

for applications such as catalysis or gas sorption. 

 

Fig. 1.2: Stability of a collection of representative MOFs in an aqueous pH range, collated by Howarth et al.3 MOFs marked 

with * or ‡ have not been investigated for acidic or basic solutions respectively. An arrow indicates stability beyond the pH 

range plotted. 1,3‑BDP, 1,3‑benzenedipyrozolate; 1,4‑BDP, 1,4‑benzenedipyrozolate; 1,4‑NDC, 1,4‑naphthalenedicarboxylate; 

BTP, 1,3,5‑tris(1H‑pyrazol‑4‑yl)benzene; BTTri, 1,3,5‑tris(1H‑1,2,3‑triazol‑5‑yl)benzene; dimb, 

1,4‑bis(1H‑imidazol‑4‑yl)benzene; DUT, Dresden University of Technology; MIL, Materials Institute Lavoisier; NU, 

Northwestern University; PCN, porous coordination network; ZIF, zeolitic imidazolate framework. 
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Simple variation of the linker used in MOF synthesis, while the metal salt precursor or node 

remains constant, can generate families of materials with identical topology but differing pore sizes, 

referred to as isoreticular synthesis.8 A prominent recent example of pore size modulation is the 

University of Oslo (UiO) family of MOFs,9 where exchange of a benzene dicarboxylate (bdc) linker to a 

biphenyl or terphenyl dicarboxylate (bpdc or tpdc) linker results in a family (UiO-66, 67, 68, 

respectively) of Zr(IV) based MOFs which differ in pore size but not in overall topology (Fig. 1.3). 

 

Fig. 1.3: Representations UiO-66, -67, and -68 showing the increase in size due to extension of the linker through bdc, bpdc, 

and tpdc respectively. Zr: red, O: blue, C; grey, H: white. Image adapted from reference 9. 

While enlargement of pore size is generally desirable in MOFs, especially for catalysis, it can 

also result in an interpenetrated material. This is particularly prevalent when attempting to increase 

the void space present within a series of isoreticular MOFs (IRMOFs).10 Interpenetration occurs when 

two or more independent networks become interlocked, such that the only way to separate the 

networks is by breaking chemical bonds.11 This results in lowered porosity, which is undesirable for 

applications which rely upon the presence of a relatively large pore. Thus, avoiding interpenetration is 

an important consideration when designing the synthesis of a new MOF. 

Aside from the isoreticular process, linker geometry can also be exploited in order to alter the 

MOF synthesised. The comparison between MOF-51b and MOF-17712 is a good example of this, as both 

MOFs contain the same Zn4O metal node but have differing linkers. MOF-5 has a bdc linker, while MOF-

177 utilises a tritopic 1,3,5-benzenetribenzoate (btb) linker (Fig. 1.4). Use of the btb linker allowed 
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access to a more open framework, with a surface area of 4500 cm3/g, the highest recorded at the time 

of publication.12 

 

Fig. 1.4: Linkers for MOF-5 (1.1) and MOF-177 (1.2) 

Further to linker geometry, linkers may be appended with additional functional groups 

pendant to the main organic backbone of the linker. These pendant functional groups may bind to the 

metal node, or can be positioned within the MOF pore space, such that further chemistry can be 

undertaken after MOF synthesis (discussed in more detail below). An example of this concept is 

observed by comparing the 4,4′-dioxido-3,3′-biphenyldicarboxylic acid (dobpdc) linker of the expanded 

MOF-7413 with the 2,2′-dihydroxybiphenyl-4,4′-dicarboxylic acid (dhobdc) linker used by Rankine et 

al.14 (Fig. 1.5, compounds 1.3 and 1.4 respectively). MOF-74 has been reported with a Mg, Fe, Co, Ni, 

or Zn node, where the hydroxyl groups on the dobpdc linker coordinate to the metal nodes. For 

dhobdc however, the hydroxyl groups were observed to remain free within the pore space of a Zn 

based MOF, and are thus available for further applications such as metalation or catalysis.14a Based on 

this example, it is evident that the possibility of binding to the metal node must be considered when 

attaching a pendant functional group designed for further chemistry to be performed. 
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Fig. 1.5: Linkers with pendant hydroxyl groups highlighted in green, used for MOF-74 (1.3) and by Rankine et al (1.4). 

A non-linker based approach to access differing MOF topologies is to modify the metal source 

used in the synthetic process. In a similar manner to that discussed for linker variation above, several 

MOF topologies can be accessed from one linker by using differing metal salts. For example, bpdc has 

been combined with: Zn(II),8 Zr(IV),9 and Al(III)15 to yield three different MOF topologies, ranging from 

individual metal-oxo clusters through to chains of interconnected metal ions (IRMOF-10, UiO-67, and 

DUT-5, respectively). The same phenomenon has been observed for bdc for V(IV), Ti(IV), In(III), V(III), 

Zr(IV), and Zn(II) (Fig. 1.6). 

 

Fig. 1.6: A selection of available MOF topologies when the metal source is changed while retaining a simple bdc linker for all 
materials. 
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In some cases, the modification methods discussed above are not sufficient, or the desired 

end product is not compatible with the MOF synthesis conditions. Further chemical diversity is possible 

in MOF chemistry through processes occurring subsequent to crystallisation of the MOF, referred to 

as post synthetic modification (PSM). PSM is of particular interest as it allows the MOF pore 

environment to be tailored for the desired application. The linker is commonly (but not exclusively) 

targeted in the PSM process, whereby additional functionality can be included after MOF synthesis,16 

or the linker itself can be replaced.17 Post synthetic modification of the linker can occur through 

metalation, and this subset of reactions are referred to as post synthetic metalation (PSMet).18 

Introduction of new metal sites into the pore space of a MOF allows for new chemistry to be performed 

and the PSMet process has been demonstrated to be beneficial for MOF applications such as 

catalysis,19 and gas sorption.20 

Replacement of the linker is generally performed in solution, and is therefore referred to as 

solvent assisted linker exchange (SALE). SALE can be used to access frameworks with a topology that 

is not compatible with direct synthesis. A prominent example of SALE was recently provided by Hupp 

and Farha,21 whereby formation of a new MOF was achieved in a stepwise series of SALE and 

transmetalation reactions starting from the MOF Zn2(tmbdc)2(bpy), (tmbdc = 

tetramethylterephthalate, bpy = 4,4′-bipyridyl) to yield Ni2(ndc)2(dabco) (ndc = 2,6-

napthalenedicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane) (Fig. 1.7). 
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Fig. 1.7: The SALE and transmetalation scheme performed by Hupp and Farha resulting in a completely new MOF in three 

steps.21 

During the SALE process the new linker is not always included at full loading within the MOF. 

This gives rise to a MOF copolymer, or mixed linker MOF (ML-MOF).17 ML-MOFs allow for inclusion of 

larger functional groups, which at full loading may block the pore system entirely. A ML-MOF may also 

be obtained via a one-pot reaction, where the molar ratio of the linkers used can control the final MOF 

product obtained. An example of a ML-MOF was recently provided by Huxley et al.22 whereby a 

functionalized version of the main linker was included in a Mn(II) based MOF via a one pot synthesis. 

Interestingly, this linker was observed to only occupy ‘pillar’ sites of the MOF rather than fully replace 

the original linker. 

1.2 N-Heterocyclic Carbenes 

N-Heterocyclic Carbenes (NHCs) are cyclic molecules with a four to seven membered ring, containing 

at least one nitrogen atom.23 Five membered ring NHCs are most common in the literature and can be 

derived from a series of azolium precursors (Fig. 1.8). Formation of an NHC from a precursor moiety 

requires deprotonation at the carbenic position by a strong base.23 For an imidazolium, the carbenic 

position is preferentially at the C2 position between the two nitrogen atoms (Fig. 1.9), however it can 

also be found at the C4 or C5 position if the preferred site is blocked. 

 The original application of NHCs as ligands for metal complexes was discovered by Wanzlick in 

1968,24 where an NHC was observed to donate two electrons from the carbenic carbon to form a 



8 
 

metal-carbon single bond.25 NHCs were somewhat overlooked until the first unbound NHC was 

characterised in 1991 by Arduengo.26 From this point onward, the study of NHCs increased 

dramatically, such that there are now a wide array of synthetic routes to NHCs and NHC-metal 

complexes available. There are three main positions of interest for structural modification of NHCs 

(Fig. 1.9). Note that a five membered NHC is considered in this example. The ‘bridge’ between C4 and 

C5 can be sp3 or sp2 hybridised (an imidazolidine or imidazolium precursor respectively), the C4 and C5 

positions may be functionalised (R4 and R5), and finally the nitrogen-substituents R1 and R3 can be 

adjusted. NHCs have now been developed into highly versatile ligands which can be easily 

functionalised. This can be utilised in the design of NHC containing linkers for MOF assembly, and will 

be discussed in more detail throughout. 

 

Fig. 1.8: A selection of NHC precursor azolium units. 1.5, imidazolidine; 1.6, imidazolium; 1.7, triazolium; 1.8, 

benzimidazolium. 

 

Fig. 1.9: General formation of an NHC from an imidazolium precursor, with commonly modified positions as R-groups. Note 

that C2 is referred to as the carbenic carbon. 

1.3 Catalysis 

1.3.1 Comparison of Heterogeneous and Homogenous Catalysis 

For a substance to be classified as a catalyst, it must remain unchanged after the reaction has occurred, 

and be able to perform further catalytic cycles. Catalysts are separated into two main groups, 

homogenous and heterogeneous catalysts. Homogenous catalysis is a single phase process, i.e. the 

catalyst is the same phase as the reagents. Prominent examples of homogenous catalysis include the 
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Monsanto27 and Cativa28 processes. Homogenous catalysts have been observed to perform at high 

efficiency and show good enantioselectivity when performing asymmetric catalysis to form chiral 

compounds.29 Furthermore, the reaction conditions required for such catalysts are generally mild. 

Heterogeneous catalysis involves two phases, where catalysis takes place at the interface between the 

two phases (e.g. between gaseous reactants and a solid catalyst),30 and arguably the most well-known 

example of heterogeneous catalysis is the Haber-Bosch process.31 Heterogeneous catalysts are 

typically less enantioselective than homogenous catalysts, and can have lower catalytic efficiency.32 

However, heterogeneous catalysts are typically more stable than homogenous catalysts, and can be 

recovered from reaction mixtures with greater ease.29a Thus approaches that capture the inherent 

advantages and minimise the disadvantages by combining the two approaches would be greatly 

beneficial in the field of catalysis. Immobilization of a homogenous catalyst onto a solid support has 

been proposed as a method to yield such an idealised catalyst.29a, 32 This has been demonstrated in 

materials such as polymers,33 mesoporous silicas,34 and zeolites.35, 36 

1.3.2 NHC Based Catalysis 

NHCs are desirable ligands for organometallic catalysis as their steric and electronic properties are 

easily manipulated by modification of the R groups (Fig. 1.9), which can result in drastic modification 

of catalytic efficiency.23 Until recently, the most prominent ligands used in organometallic catalysis 

have been phosphines and cyclopentadienes (Cp), which are also easily modified to fine tune catalytic 

properties.37 However, replacement of a phosphine or Cp group with an NHC has been demonstrated 

to improve catalytic efficiency. This is exemplified in the second generation Grubbs’ catalysts (Fig. 

1.10), where the NHC 1,3-dimesityl-4,5-dihydroimidazol-2-ylidene (IMesH2) replaces the phosphine 

PCy3 (Cy = cyclohexyl) of the original ruthenium based catalyst, with a marked increase in catalytic 

activity.38 Grubbs et al.39 noted that the higher activity reported is likely caused by a change in 

ruthenium binding site chemistry, which is due to replacement of the PCy3 with IMesH2. 
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Fig. 1.10: Schematic depicting the replacement of a PCy3 ligand in Grubbs' first generation catalyst with IMesH2 to produce 

Grubbs' second generation catalyst. X = halogen, usually Cl, Cy = cyclohexyl. 

 

1.3.3 Catalysis in MOFs 

MOFs have been extensively investigated for catalytic applications, and show potential as a bridge 

between heterogeneous and homogenous catalysis.1d, 18, 40, 41, 42 As mentioned in section 1.1, judicious 

selection of metal node precursor and organic linker allows for specific design of MOFs and careful 

manipulation of the internal pore environment. This immense design versatility provides several 

positions within the MOF which can be targeted for catalysis, including the metal node, the organic 

linker, or the pore network itself. The pore environment of a MOF can encapsulate reactant molecules 

in a specific orientation, thus favouring transition state conformation and hence aiding catalysis of the 

reaction.40b Here the MOF is said to act as a reaction vessel, where reactants are held in close proximity 

to each other within the pore system but are not irreversibly bound to the MOF. Alternately, the metal 

node can be exposed by removal of a coordinated ligand, often a solvent, leaving a coordinatively 

unsaturated metal site.40a A prominent example of this is in the MOF HKUST-1, where open Cu(II) sites 

may be generated by removal of coordinated water molecules. Kaskel et al.41a then demonstrated that 

these Lewis acidic Cu(II) sites were able to catalyse the cyanosilylation of benzaldehyde or acetone. 

Finally, the linker may be targeted as a site for catalysis, either directly or by attaching a catalyst to the 

linker. The MOFs presented here were only intended to perform catalysis based upon linker chemistry, 

and this is therefore discussed in more detail here. 

The linker in a MOF is often based upon aromatic rings and metal binding groups such as 

carboxylates or N-donors, as seen in several examples in section 1.1. As such the catalytic action of 

most linkers is negligible and a homogenous catalytic moiety must be attached or integrated into the 

linker. As discussed earlier, this is often referred to as a pendant group. In the ideal case, the resultant 
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MOF-bound catalyst would not only preserve the catalytic activity of the homogenous material but 

improve its efficiency.43 The catalytic moiety, typically a metal,18 may be appended through a pre-

synthetic approach,44 concomitant with MOF synthesis,6, 45 or post synthetically (Fig. 1.11).19c, 46 The 

most appropriate approach is dependent on the system at hand, as the pendant group must be 

compatible with the MOF synthesis conditions for the first two approaches. 

 

Fig. 1.11: Methods to include a catalytic moiety within a MOF. Linker in brown, metal node in grey, and catalytic moiety in 

green. The catalytic moiety is not shown at full occupancy for clarity. 

1.4 Gas Storage and Separation 

The separation and storage of gases such as CO2 or H2 is of increasing importance as CO2 emissions 

continue to rise and alternative fuels are sought.47 Hydrogen has been proposed as an alternative fuel, 

especially for transport, however the energy density by volume is very low compared to hydrocarbon 

fuels.48 In order to overcome the low energy density of H2 it may be stored at high pressure, however 

this is inherently dangerous. Thus new porous adsorbents for H2 are highly desirable in order to 

advance the use of H2 as a fuel. 

Gas separation is a critical industrial process where many important compounds can be 

selectively captured or purified. Examples include production of O2 and N2 enriched air,49 H2 production 

from refinery off-gas,50 CO2 capture from flue gas,51 and purification of CH4 in natural gas.52 The gas 
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separation process is thermodynamically unfavourable, and as such the process is extremely energy 

intensive.53 One example is cryogenic distillation, which is a common method for separation of air 

mixtures into purified N2 or O2. The main energy consumption in this process lies in air compression 

and heat exchange to achieve liquefaction of the component gases being separated.49 Furthermore, 

water and CO2 need to be removed prior to the cryogenic distillation process. Removal of CO2 from 

flue gas mixtures is also highly energy intensive, and currently requires corrosive amine based solvents. 

Regeneration of the amine solution requires heating to high temperatures (consuming some 25-30% 

of the energy generated by the power plant), and can often result in toxic by-products and large 

amounts of degraded solvent to be disposed of.51 Hence alternative adsorbents for gas separations are 

an active area of research. 

 The critical properties of an adsorbent for use in gas separation and purification applications 

are the working capacity and gas selectivity. The adsorptive process generally requires passing a gas 

mixture through a vessel or bed packed with the adsorbent, thus yielding an output mixture that has 

been enriched with the gas which is least well adsorbed. The porous adsorbent must then be cleared 

of adsorbed gas to perform repeat adsorption cycles. There are several cyclic methods available for 

gas separation, the most common of which are temperature swing adsorption (TSA) and pressure 

swing adsorption (PSA).50 In standard TSA, desorption occurs at higher temperature than the 

adsorption phase whereas in PSA the partial pressure of adsorbed components is reduced in order to 

achieve desorption. The quantity of gas that can be adsorbed between the adsorption and desorption 

points in TSA and PSA is referred to as the working capacity. The working capacity can be different to 

the total gas uptake, as the desorption temperature or pressure used may not result in full desorption 

of the porous material, and hence working capacity is a more accurate measure of an adsorbent’s 

utility in gas separations. 

Porous materials such as zeolites, aluminophosphates, activated carbon or alumina, or carbon 

nanotubes have been investigated as potential alternative adsorbents. Zeolites and activated carbons 

are currently used in industry for molecular sieving based separations, where the kinetic diameter of 

the compounds within the gas stream determines the rate at which the compound passes through the 
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sieve. 50, 54 MOFs have also been identified as alternative adsorbents, and are discussed in more detail 

below. 

1.4.1 MOFs for Gas Storage and Separation 

Due to the chemically tuneable structures, large pore volumes, and high internal surface areas of 

MOFs, they are potentially optimal adsorbent materials for gas storage and separation. MOFs have 

been actively investigated and extensively reviewed for these applications.8, 10, 48, 54-55 Large pore 

volumes and high internal surface areas allow for uptake quantities which are competitive with and in 

some cases exceed zeolites or activated carbons.55d Meanwhile, the ability to control functional groups 

within MOFs presents an opportunity to direct adsorption toward desired gases. MOFs also have 

excellent potential as molecular sieving type adsorbents, as this is based on size or shape exclusion, 

and thus the ability to tune MOF pore size immediately lends itself to this process. For example, Zhou 

and coworkers56 demonstrated selectivity for O2 over N2 based on a molecular sieving effect in a Zn 

based MOF named PCN-13. In a similar manner, Hamon et al.57 showed good separation of CO2 from 

a mixed CO2/CH4 gas stream, both experimentally and computationally for a Cr based MOF (MIL-

100Cr). 

The performance characteristics in gas adsorption of MOFs can be tailored via PSM.17-18 This 

technique has been employed to install additional metal sites within the pore system of several MOFs, 

which has been shown to enhance both gas storage and separation properties.20a An example of 

enhanced selectivity was provided by Yaghi and coworkers20b in an Al based MOF, where metalation 

with Pd led to a four-fold increase in selectivity of CO2 over N2 under typical flue gas conditions. A 

computational study by Han and Goddard58 demonstrated a significant improvement in reversible 

hydrogen storage at room temperature by doping several Zn based MOFs with Li. Mulfort and 

coworkers59 demonstrated this effect experimentally, albeit with only a minor increase in H2 

adsorption. 
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1.4.2 Ionic Liquids for Gas Storage Applications 

Ionic liquids (ILs) are a class of ionic compounds with weak ionic interactions such that their melting 

points are low. For example the melting point of the IL 1-butyl-3-methylimidazolium 

hexafluorophosphate is -8°C, and thus it is a liquid at room temperature (Fig. 1.12). ILs have been 

shown to strongly adsorb certain gases, for example CO2,60 or SO2,61 and therefore proposed for use in 

gas stream purification processes. 

 

Fig. 1.12: Chemical structure of 1-butyl-3-methylimidazolium hexafluorophosphate, which has a melting point of -8°C. 

Recently, ILs in MOFs have been the subject of several computational studies which 

demonstrated the potential of these notional IL loaded MOFs for CO2 capture.62 The first experimental 

inclusion of an IL into a MOF was demonstrated by Fujie et al.63 and has since been shown in other 

systems.64 Of particular note is the work of Ma et al.,64c where an IL was specifically designed for CO2 

uptake within a MOF. 

1.5 Azoliums and NHCs in MOFs 

The introduction of NHC-precursor (azolium containing) linkers into MOF architectures has attracted 

significant attention (Fig. 1.13).6, 65,66 The first in situ generation of an NHC-metal complex within a MOF 

was reported by Chun et al.,65c where Cu(I) produced by reduction of the Cu(II) precursor was bound 

to an NHC to yield an NHC-Cu(I) complex within a Cu(II)-based MOF. The large majority of azolium-

containing MOFs in the literature have utilised imidazolium precursors, however triazolium65g and 

benzimidazolium44 precursors have also been studied. Of particular interest is the use of NHCs in MOFs 

for catalysis, as the MOF provides a unique opportunity to immobilize homogenous NHC based 

catalysts onto a heterogeneous (MOF) support, and this is discussed further in section 1.5.1 below. 

Furthermore incorporation of azolium moieties into MOFs has been shown to be beneficial for proton 

conductivity65e and anion binding or exchange.65i 
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Fig. 1.13: Selection of NHC-precursor linkers used in the literature to date. Data collected by Ezugwu et al.66 Linkers in the top 

row are used in Chapter 2. 

Inclusion of the azolium directly into the linker backbone causes the linker to have a bent 

geometry (Fig. 1.14a), which has been shown to lead to highly interpenetrated structures.66 While 

inclusion of azolium entities in the backbone of a flexible linker can allow increased structural diversity, 

it can also create difficulties in controlling the final structure that is formed.67 Furthermore, the charge 

on the azolium linker can affect MOF structure, as demonstrated by Burgun et al. 65g by comparing a 

charged triazolium-containing linker to an equivalent neutral triazole linker. 

 As discussed in section 1.1, interpenetration is undesirable as it causes a significant drop in 

MOF porosity, which can negatively impact on catalysis or impede access to adsorption sites within 

the MOF. To overcome the prevalence of azolium containing linkers forming interpenetrated MOFs, 

Sen et al.65h designed a ML-MOF with two different types of linker. This involved synthesis of 2-D sheets 

from a bent, azolium containing, linker, followed by pillaring with a second, pyridyl based linker to yield 

a 3-D porous ML-MOF as the final product. 
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Fig. 1.14: a) An imidazolium NHC precursor incorporated into the linker backbone (black). Note that this linker has no side 

chains (green). b) An imidazolium attached as a side chain to a bpdc linker backbone. 

An alternate strategy for NHC precursor incorporation in MOFs to avoid interpenetration is to 

attach azolium entities as side chains onto existing linkers (Fig. 1.14b). The advantage of the pendant 

approach was demonstrated by Hupp et al.,65d where it was noted that attaching two azolium units to 

a bpdc based linker gave the non-interpenetrated IRMOF-10, while attaching only one azolium formed 

an interpenetrated MOF isomorphous with IRMOF-9.65d Importantly these modified linkers still 

produced the same porous cubic structure as the original un-functionalised linker.8 In a similar manner, 

Yaghi et al.44 were able to incorporate a benzimidazolium NHC precursor within a terphenyl linker in 

order to access a non-interpenetrated cationic framework, but this NHC precursor was unavailable for 

metalation. When an NHC-Pd moiety was formed prior to MOF synthesis, the final product had the 

same network as the original azolium containing MOF, but resulted in a two-fold interpenetrated 

structure. Despite this, sufficient porosity was retained to allow access to the Pd sites within the MOF. 

The pendant approach provides greater opportunity to incorporate an azolium unit into a MOF 

of known structure, thus avoiding design of a new MOF from first principles. Of particular interest are 

MOFs with a linear dicarboxylate type linker which possess high chemical and thermal stability. For 

example, the MOFs UiO-679 and DUT-515 are highly stable Zr(IV) and Al(III) (respectively) MOFs which 

contain a bpdc linker, as discussed in section 1.1. Attachment of an NHC precursor as a pendant group 

to a linear dicarboxylate linker may provide access to an NHC containing MOF with improved stability. 

1.5.1 Catalysis by NHC Containing MOFs 

Most NHC-based catalytic species are homogenous and, as discussed above, the immobilization of 

homogenous catalysts onto heterogeneous supports would ideally provide a significant improvement 
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over the homogenous catalyst alone.66 Incorporation of NHC precursors into MOFs presents an 

opportunity to obtain a unique, reusable heterogeneous catalyst (Fig. 1.15).43, 68 Free NHCs often 

dimerise in solution which causes a drop in organocatalytic activity of homogeneous NHC catalysts.69 

In a MOF system however, the NHC is attached to the linker and is an integral structural feature, thus 

NHC dimerization cannot occur.65d, 70 

 

Fig. 1.15: Simplified representation of the immobilization of an NHC-based catalyst within a MOF, shown here embedded into 

a single linker. 

 As discussed in section 1.3.2, NHCs are ideal supporting ligands for organometallic catalysis. 

Hence metalation of NHC precursor compounds within MOFs provides an opportunity to generate 

highly stable catalytic metal sites. Metalation at the carbene site can be achieved simultaneously with 

the MOF synthesis step in a ‘one-pot’ reaction,6, 65c post synthetically,17-18, 19c, 71 or prior to MOF 

formation by pre-functionalising the organic linker.42c, 44 Metalation of NHC precursors in MOFs has 

been demonstrated both post-synthetically19c, 46, 72 and concomitantly with MOF synthesis.6 The post-

synthetic approach is exemplified by the work of Kong et al.19c whereby their Cu-based MOF was simply 

treated with Pd(OAc)2 in THF to yield a MOF with NHC-Pd sites. More recently, a concomitant approach 

has been pursued in order to obtain quantitative NHC-metal complex formation with only one 

synthetic reaction required.6 Finally, Yaghi et al. demonstrated that a pre-formed NHC-metal complex 

can be used as a linking unit in MOF formation,44 which has recently been replicated within UiO-68 in 

order to improve NHC-metal complex accessibility.42c 

 Despite the aforementioned NHC precursor or metalated NHC containing MOFs, there have 

been limited examples of NHC based catalytic activity within MOFs. Ezugwu and Verpoort provided a 

comprehensive summary in early 2016,66 and showed that NHC-containing MOFs have been used for: 
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Suzuki-Miyaura couplings,19c, 73 Heck couplings,73 olefin metathesis,73 hydroboration of CO2,6 

nitrobenzene reduction for aniline formation,73 and conjugative addition of alcohols to α, β 

unsaturated ketones.43 The MOF catalysts are generally superior to their homogenous counterparts in 

certain aspects, commonly an increased ease of recovery and recycling. Due to the limited examples 

provided thus far, there is scope for further investigation into azolium-containing MOFs as catalysts, 

through the production of NHC-metal complexes within these materials. Specifically, the formation of 

a chemically stable, permanently porous MOF which contains an NHC precursor would be an important 

contribution to the field. 

1.5.2 Gas Adsorption by Azolium and NHC Containing MOFs 

Aside from catalysis, incorporation of azolium units into MOFs has also been demonstrated to confer 

novel topologies,19c provide charged frameworks,74 and to modify gas sorption properties,65b, 65f, 65h, 75 

Both Lee et al.65b and Sen et al.65h have presented azolium containing MOFs which are selective for CO2 

over CH4, with Sen using a pillaring strategy to synthesise a 3-D MOF from 2-D azolium containing 

sheets. Wang et al.75b extensively studied the gas sorption properties of another azolium containing 

Zn(II) based MOF. The charge separation present within this MOF resulted in significant hysteretic 

behaviour for CO2, CH4, and H2 gas, with the CO2 hysteresis observed at 195 K and up to 298 K. Despite 

the more extensive studies on CO2 and CH4, there have only been two reports on the effect of azolium 

units on H2 gas sorption.65f, 75b Given the promise of these systems and the clear importance of charge 

separation there is scope for further investigation, which is presented in this thesis. 

Attachment of NHC precursors as a side chain of linker units is of particular interest for gas 

sorption applications, as it has been shown to inhibit interpenetration.65d Attachment onto a pre-

existing linker allows for access to a MOF topology that has already been studied, thus allowing 

targeted NHC inclusion for specific gas sorption or separation. This is of particular importance for size 

or shape exclusion based adsorption, where the MOF can be tuned as required for the gas mixture of 

interest. 
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Aside from the effect of azolium units on gas sorption, and as noted in relation to catalysis, NHCs 

also present an opportunity to anchor new metal sites into MOFs via metalation of the NHC binding 

site. While NHC-metal complexes within MOFs lend themselves toward catalytic applications, this can 

also be beneficial for gas sorption and separation as demonstrated by several studies in the 

literature.20, 58-59  

1.6 Thesis Aims and Overview 

The optimal material for both catalysis and gas sorption applications is chemically stable, highly 

porous, and readily tuneable to allow simple optimisation for specific gases or to anchor a particular 

catalyst. As outlined above, MOFs are excellent systems for both these applications due to the simple 

and controllable synthetic process. Further study into incorporation of an NHC moiety into MOFs is an 

important contribution to both areas, specifically in exploring the metalation of NHCs within MOFs. 

Firstly, a MOF bound NHC presents an opportunity to combine the advantages of homogenous and 

heterogeneous catalysis, where the catalytic efficiency of an existing homogenous system such as 

Grubbs catalyst can be retained, but the new catalytic MOF can easily be recovered and recycled. 

Secondly, NHC precursors and NHC-metal complexes have been shown to modify gas sorption 

properties. 

 This thesis describes research towards the design and synthesis of new azolium and NHC 

containing MOFs. A linker containing an embedded imidazolium NHC precursor was re-investigated in 

work described in Chapter 2, and the coordination chemistry of this bent linker developed to produce 

four new imidazolium containing MOFs. Metalation of this linker was demonstrated to have a minor 

effect on the enthalpy of adsorption for H2. In Chapter 3 the study of new azolium containing MOFs 

was extended to the pendant attachment approach, whereby an imidazolium is appended to a bpdc 

linker. This linker was incorporated into the more chemically and thermally stable MOFs UiO-67 and 

DUT-5 in the form of a homogenous single linker framework and a mixed linker material, where the 

azolium linker was diluted with a non-functionalised linker. Loading of the imidazolium containing 

linker was controlled by solvent assisted linker exchange reactions. The resulting materials were 

examined for their gas sorption properties and the potential for conversion to a catalytically active 



20 
 

metalated NHC species. The gas sorption studies were extended to high pressure uptake of CO2 and 

CH4 in Chapter 4. Finally, ILs were loaded into the DUT-5 analogues and these materials were also 

investigated for high pressure sorption of CO2 and CH4. 

Chapter 2:  Incorporation of Imidazolium based linkers by direct and 

exchange methods 

2.1 Introduction and Scope of Chapter 

As discussed in Chapter 1, azolium containing MOFs have excellent prospects for both catalytic 

and gas sorption applications. Beyond inclusion of the azolium unit itself, deprotonation at the 

carbene position of the NHC precursor can allow for the in situ formation of MOF tethered 

NHC-metal complexes, with such entities capable of enhancing gas adsorption or providing 

access to catalytic MOFs.17-18 Metalation at the carbene site can be achieved simultaneously 

with the MOF synthesis step in a ‘one-pot’ reaction,6, 65c post synthetically,17-18, 19c, 71 or prior to 

MOF formation by pre-functionalising the organic linker.42c, 44 Notable metalation outcomes for 

NHC precursors in MOFs have been demonstrated both post-synthetically19c, 46, 72 and 

concomitantly with MOF synthesis.6 The post-synthetic approach is exemplified by the work of 

Kong et al.19c whereby their Cu-based MOF was simply treated with Pd(OAc)2 in THF to yield an 

NHC-Pd loaded form. More recently, a concomitant approach has been pursued in order to 

obtain quantitative NHC-metal complex formation with only one synthetic reaction required.6 

Finally, Yaghi et al. demonstrated that a pre-formed NHC-metal complex can be used as a 

linking unit in MOF formation,44 which has recently been replicated within UiO68 in order to 

improve NHC-metal complex accessibility.42c 

Crees et al.76 previously reported an imidazolium-containing Zn(II) MOF {[Zn2(μ2-

HCOO)(HL1)2](NO3)∙DMF}n (1) (H3L1 = 1,3-bis(3-carboxyphenyl)-1H-imidazol-3-ium bromide, 

see Fig. 2.1) as a potential precursor to MOF-tethered NHC complexes.76 In this thesis, 1 is 

demonstrated to be permanently porous and a synthesis of a metalated form of 1 is presented, 

where Cu(CH3CN)4PF6 was used to concomitantly generate a tethered NHC-Cu(I) complex 
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within 1. Partial metalation was achieved to yield the material {[Zn2(μ2-HCOO)(HL1)1.6(L1-Cu-

Br)0.4](NO3)0.6 0.75DMF}n (1-Cu). 

The coordination chemistry of H3L1 was further investigated and found to be highly 

versatile. Four new, isomorphous or closely structurally-related to 1 and 1-Cu, materials were 

generated which are synthesised by combination of Cu(II), Co(II), Mg(II) nitrate and Mn(II) 

chloride salts with H3L1 to yield MOFs 2, 3, 4, and 5, respectively (Fig. 2.1). The structures of 

these materials are discussed further later in this chapter. 

 

Fig. 2.1: Summary of MOFs 1-5 with representations of the metal node environment included. The nodes shown are for 1-Cu, 

1, and 4 (from top to bottom, respectively) but are representative of 2, 3, and 5 with appropriate metal atom substitution. 

As discussed in Chapter 1, azolium containing MOFs have been demonstrated to be 

promising for gas sorption applications such as CO2/CH4 separations, and charge separation has 

typically been a key feature of these azolium containing MOFs. Given these observation, MOFs 

1, 1-Cu, and 2 presented an opportunity to probe the comparative role of charged imidazolium 

moieties or NHC-CuBr entities in gas adsorption. Due to the ultra-microporous networks (5-8 Å 
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range) in 1, 1-Cu, and 2, the H2 adsorption properties of this family of materials were also 

explored and are discussed in this chapter. 

Further to the coordination chemistry of H3L1, a related linker H3L2 (Fig. 2.2) was investigated. 

To date, only two Zn(II) based MOFs that contain H3L2 have been reported in the literature. The first 

was reported by Sen et al.65e which incorporates a Zn8O cluster and shows high proton conductivity. 

The second was reported by Burgun et al.6 and was able to be metalated with Cu(I) in order to catalyse 

the hydroboration of CO2. Given these properties, H3L2 was pursued in an attempt to produce porous 

2-D and 3-D MOFs rather than the 1-D MOFs encountered with linker H3L1. A 2-D or 3-D MOF would 

allow for greater access of small molecules for catalytic applications and may also result in a larger 

surface area which is desirable for gas sorption. 

As discussed in Chapter 1 partial incorporation of a new linker can lead to mixed linker MOFs 

(ML-MOFs) with new topologies that are not accessible to the parent MOF. Any post synthetic process 

typically requires a robust MOF that does not degrade significantly in order to successfully characterise 

the new ML-MOF. A good candidate in this case is the well-studied MnMOF1 framework, which has 

been shown to possess considerable chemical versatility for both post-synthetic modification and 

linker substitution.22, 46 A linker first synthesised by Kong et al.19c (H4L3 in Fig. 2.2) is a viable option for 

substitution into MnMOF1, as it possesses a similar structure to the main linker in MnMOF1 (H2L4 in 

Fig. 2.2). Furthermore, the 2-D sheets of MnMOF1 are bound by an L4 moiety that binds through only 

the carboxylate groups but not the pyrazole functionality.46 Thus, it is conceivable that L3 could replace 

L4 at these bridging positions and provide a site for unique NHC-based chemistry to be performed. 
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Fig. 2.2: The four imidazolium containing linkers used in this chapter. H3L1 was used to synthesise MOFs 1-5, H3L2 for MOFs 6 

and 7, and H4L3 and H2L4 were used in SALE studies of MnMOF1. 

2.2 Results and Discussion 

2.2.1 Imidazolium and NHC Containing MOFs Synthesised from H3L1 

MOF synthesis and Metalation Optimisation 

Through careful consideration of previous work76 and data on facile Cu(I)-NHC complex formation6, 77 

a method to synthesise the Cu(I) metalated form of framework 1 was designed: {[Zn2(μ2-

HCOO)(HL1)1.6(L1-Cu-Br)0.4](NO3)0.6}n (1-Cu). Previously reported Cu(I)-NHC syntheses, concomitant 

with MOF formation, used Cu2O6 but here a reproducible synthesis is presented from H3L1, 

Zn(NO3)2·6H2O and Cu(CH3CN)4PF6 in distilled DMF at 100°C for 48 hours. Washing as detailed in the 

experimental section gave 1-Cu as pale yellow crystals. Phase purity was confirmed by Powder X-ray 

Diffraction (PXRD, Fig. 2.3). Attempts to obtain 1-Cu from Zn(NO3)2·6H2O, H3L1 and Cu(II) metal salts65c 

under similar conditions to the synthesis of 1 were unsuccessful, but during these attempts a Cu(II) 

analogue of 1 was obtained {[Cu2(μ2-HCOO)(HL1))2](NO3)∙DMF}n (2) that is isomorphous to 1. 

Compound 2 can be directly synthesised in a 1:1:25 mixture of ethanol/water/DMF with two drops of 

85% nitric acid. A MOF-bound Cu-NHC species in 2 could not be controllably prepared under a range 

of conditions. Indeed, when a Cu(I) source was specifically included disproportionation occurred 

forming both Cu(II) and Cu(0) thus inhibiting the formation of 2. Pure, crystalline samples were 

obtained and PXRD confirmed phase purity (Fig. 2.3 and Fig. 2.4). 
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Fig. 2.3: PXRD patterns for 1 (red), 1-Cu (blue) and 2 (green) compared with the simulated pattern of 1 (black). The y axis (arb. 

intensity) is not shown. A minor amount of Cu2O is observed in the PXRD for 1-Cu, shown by the blue star.  

 

Fig. 2.4: Pure crystalline sample of 1-Cu (left) and 2 (right) viewed down an optical microscope at 35x magnification. 

In addition to demonstrating metalation of the NHC site to give 1-Cu and formation of an isomorphous 

Cu(II) analogue 2, it was found that H3L1 also yielded three structurally related materials upon reaction 

with Co(II), Mg(II) and Mn(II) salts. These three new MOFs were synthesised by combination of H3L1 

with Co(NO3)2·6H2O, Mg(NO3)2·6H2O or MnCl2·4H2O, in a 2:1 (for Co and Mg) or 5:1 (for Mn) DMF/water 

solution at 85°C, 120°C, and 100°C respectively, to give {[M3(HL1)2(H2O)2](NO3)∙DMF}n (M = Co, 3; Mg,4; 

Mn, 5). The structures were determined by SCXRD and bulk phase purity of the crystalline samples 

supported by PXRD (Fig. 2.5). Bulk samples of 3, 4, and 5 are crystalline but PXRD shows some loss of 

crystallinity upon removal from their mother liquors. Compounds 3 and 5 lose crystallinity upon 

heating to 100°C whereas this is maintained for 4 indicating a degree of thermal stability. 
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Fig. 2.5: PXRD patterns for 3 (purple), 4 (cyan) and 5 (gold) compared with their corresponding simulated patterns (black). The 

y axis (arb. intensity) is not shown. 

Inductively-Coupled Plasma Mass Spectrometry (ICP-MS) revealed that the greatest degree of 

metalation for 1-Cu was achieved when 0.75 equivalents of Cu(I) (relative to moles of H3L1 present in 

the reaction; 1.5 equivalents per available metalation site) were added (Fig. 2.6), giving an average 

Cu(I) occupancy of 40%. Due to charge balance requirements however, as detailed below, only one in 

every two linker units may bind to Cu(I), which means that under these conditions 1.5 equivalents of 

Cu(I) were present relative to moles of H3L1 available for NHC-Cu complex formation. Cu(I) occupancy 

of the available metalation site varied between crystal samples but remained centred around 40% (Fig. 

2.6 inset). Up until this maximal loading Cu(I) metalation increased linearly with increasing feed ratios. 

 

Fig. 2.6: Data showing the level of metalation achieved for increasing amounts of [Cu(CH3CN)4]PF6 in the reaction mixture. 

Optimal loading is obtained at 1.5 equivalents of Cu(I) with respect to the metalation site. Greater variability is observed at 

higher loadings while higher starting concentrations of [Cu(CH3CN)4]PF6 inhibit MOF synthesis. Inset: Variation at 1.5 

equivalent of Cu(I), where each colour represents a different reaction vessel, and A1, A2, A3 etc. are different crystals obtained 

in their respective reaction vessels. 



26 
 

It has been established for molecular alloys and metal doped coordination polymers that metal ratios 

can vary within individual crystals.78, 79 For example, Song et al.79 were able to demonstrate node 

transmetalation for a series of MOFs (consisting of Zn, Co, Cu, or Ni metal nodes), the extent of which 

could be controlled by monitoring the reaction time. Shorter reactions times led to transmetalation of 

the exterior of the MOF, while the interior remained the original metal. With these results in mind, 

Energy-dispersive X-ray analysis (EDX) was used to study the distribution of Cu(I) in crystals of 1-Cu. 

Single crystals (approximately 0.25 x 0.20 x 0.20 mm3) were cut through the centre to expose the 

interior and EDX performed across the newly cut face (Fig. 2.7). The EDX data revealed that Cu(I) is 

incorporated homogeneously throughout crystalline samples of 1-Cu and does not show higher 

loadings at the centre or extremities of the crystal. 

 

Fig. 2.7: EDX of the exposed inner face of a crystal of 1-Cu with the metalation percentage of Cu(I) in green, and the 

approximate collection point shown by a green star. 

Crystallography 

Single crystal X-ray crystallography (SCXRD) confirmed that 1-Cu is isomorphous but not isostructural 

with 1, due to metalation at the carbenic carbon of the imidazolium ring in HL1 (Fig. 2.8). Both 176 and 

1-Cu form 1D chains that extend in an undulating manner along the b-axis cell direction, with two cis- 

HL1 carboxylate moieties linking each paddlewheel Zn(II) node. The Zn(II) atoms have a square 

pyramidal coordination environment with coordination completed by the oxygen donors of a formate 

bridging ligand (formed from the decomposition of DMF in situ) and the expected four carboxylate 
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groups. In the non-metalated form 1, the 1D chain is cationic and thus a nitrate anion is also present 

in order to maintain overall charge balance. Upon metalation (in 1-Cu) the positive charge of the 

imidazolium is countered by formation of an NHC-CuBr moiety and thus the 1D chain approaches 

charge neutrality with increasing metalation (up to 40%). However, due to the structural integrity of 

the formate anion, only one in every two imidazolium units is available for metalation to give a material 

with the formula {[Zn2(μ2-HCOO)(HL1)1.6(L1-CuBr)0.4](NO3)0.6}n. For 1-Cu metalation leads to a retention 

of the crystallographically imposed m-symmetry of 1, with Cu1 and Br1 both lying on a mirror plane. 

Note that in the cif provided an NHC-Cu moiety is shown at both imidazolium positions. These moieties 

do not exist concurrently but were included to provide the best fit for the electron density map 

obtained experimentally. As refined, Cu1 has an occupancy of 50% while Cu2 has an occupancy of 10% 

which is slightly higher than that measured by ICP-MS and EDX. 

 

Fig. 2.8 a) Synthesis and packing of 1-Cu viewed down the c axis, indicating channels parallel to the c axis (with non-

coordinated anions omitted). Separate chains of 1-Cu are shown in green, orange, or blue. b) Comparison of the paddlewheel 

units and connecting linkers of 1-Cu and 1. The paddlewheel of 1 is also representative of 2 with appropriate substitution of 

Zn for Cu(II). c) Propagating chain of 1-Cu. d) Alternate packing view of 1-Cu down the b axis. C: grey, N: blue, O: red, Zn: 

purple, Cu: light blue, Br: yellow H: white. Note that 1-Cu is shown at 100% metalation. 
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MOF 2 was found to be isomorphous to both 1 and 1-Cu by SCXRD (Fig. 2.8). The same 

undulating, 1D chains are observed, with two cis-HL1 carboxylate moieties linking each paddlewheel 

Cu(II) node. As in 1, the 1D chain is cationic and a nitrate anion is present to maintain overall charge 

balance. As discussed above, a MOF-bound NHC-Cu species as seen in 1-Cu could not be obtained for 

framework 2. A limited amount of NHC-Cu(I)Br was observed in the SCXRD data for 2, likely due to 

ethanol in the reaction mixture acting as a reducing agent. Similarly to 1-Cu, the small extent of 

metalation observed for 2 means the structure retains m-symmetry with the added metal lying on the 

mirror plane. 

Analysis of {[M3(HL1)4(H2O)4](NO3)2∙DMF}n (M = Co, 3; Mg, 4; Mn, 5) by SCXRD revealed that all 

three frameworks are isostructural, and form 1D chains of cage-like structures with a repeating metal 

trimer node (Fig. 2.9), rather than the paddlewheel motif seen in 1, 1-Cu, and 2. Each trimeric metal 

node is bound to a total of eight HL1 moieties and four water molecules such that all three metal atoms 

have an octahedral coordination environment. The trimer has two water molecules capping the ends 

of the node, while the remaining two bind to the central metal atom of the trimer. Note that for all 

structures, atom site M1 lies on a crystallographic inversion centre (M = Co, Mg, Mn for 3-5 

respectively). Each HL1 linker binds to two trimer metal nodes, resulting in one bidentate and one 

monodentate carboxylate unit for each molecule of HL1. A single nitrate anion is required to maintain 

a charge neutral framework as seen in 1, however metalation of the remaining imidazolium unit, using 

the methods previously employed to prepare 1-Cu, could not be achieved due to the non-porous 

nature of all three frameworks (Fig. 2.9). 
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Fig. 2.9. a) Synthesis and packing of 4 viewed down the a axis, confirming the non-porous nature of 3, 4, and 5. Separate 

chains of 4 are shown in green, orange, or blue. b) Enlargement of the metal trimer unit in 4. c) View of 4 demonstrating the 

metallic trimer that propagates through the structure. d) Alternate packing view of 4 down the c axis, DMF molecules are 

shown as space filling. Note that while all images show 4 these are also representative of 3 and 5 with appropriate substitution 

of Mg for Co and Mn respectively. C: grey, N: blue, O: red, Mg: green, H: white. 

Thermal Stability 

Thermo-gravimetric analysis (TGA) was performed to investigate the thermal stability of 1-Cu (Fig. 

2.10). The activated framework, 1-Cuact
,
 was stable until 220°C, followed by two regions of significant 

mass loss. The first region resulted in a 10% mass loss between 220 and 270°C, while the second 

corresponds to 40% mass loss between 320 and 450°C. The presence of pore bound DMF solvent in 

the as synthesised framework was evidenced by an extra period of mass loss between 160 and 220°C. 

As observed for a number of related materials,80 1-Cuact is hygroscopic, and adsorbed water between 

the activation process and TGA measurement which resulted in a mass loss of ca. 4% up to 100°C. 
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Fig. 2.10: TGA for 1-Cu (red), and 1-Cuact (blue) showing DMF loss from the as synthesised framework between 160 and 220°C, 

and the hygroscopic nature of 1-Cuact. 

Thermal stability of 2 was also investigated by TGA and revealed similar regions of mass loss 

to 1-Cu (Fig. 2.11). 2 was stable up to 160°C, with ~15% mass loss between 160 and 220°C, and ~40% 

mass loss between 220 and 450°C. On the basis of the structure of compounds 3, 4, and 5, these MOFs 

were deemed likely to be non-porous and not further investigated. 

 

Fig. 2.11: TGA for 2 (green), and 2act (brown) showing DMF loss from the as synthesised framework between 160 and 220°C, 

and the hygroscopic nature of 2act 

Gas Adsorption 

N2 gas adsorption isotherms (Fig. 2.12) were performed at 77 K on activated samples of 1, 1-Cu, and 2. 

The resulting isotherms are Type 1 in shape and Brunauer–Emmett–Teller (BET) analysis affords 

surface areas of 480, 350 and 470 m2g-1 for 1, 1-Cu, and 2, respectively. Crystallinity was retained after 

activation for 1 and 1-Cu, while a minor loss in peak intensity was observed for 2 (Appendix Fig. A1.1). 
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For these materials the differences in surface area are consistent with their structures. The theoretical 

surface area of 1 was found to be 500 m2g-1 using Materials Studio 5.0.81 However, analysis of 1-Cu 

affords values that are dependent on which of the two NHC precursor sites are metalated; only one of 

these sites can be metalated in 1-Cu with the retention of charge balance. Accordingly hypothetical 

materials were generated and designated as 1-CuA and 1-CuB (Appendix Fig. A1.2-A1.3). Material 1-

CuB is metalated at the site shown in Fig. 2.9 (the major occupancy site as determined by SCXRD) while 

1-CuA has metalation at the alternate site. The calculated surface areas of 160 and 340 m2g-1, for 1-

CuA and 1-CuB respectively, provide an average BET surface area of 250 m2g-1 assuming an even 

distribution between 1-CuA and 1-CuB. Hence, based on the experimentally determined occupancy of 

Cu(I) in 1-Cu being 40%, these values fit well with an experimentally determined BET surface area 

being 350 m2g-1 and an intermediate value between 1 (500 m2g-1, no NHC-CuBr occupancy) and a mix 

of 1-CuA and 1-CuB (250 m2g-1, full NHC-CuBr occupancy). 

 

Fig. 2.12: N2 adsorption isotherms for 1, 1-Cu, and 2 at 77 K. Filled circles indicate adsorption while empty circles indicate 

desorption. 

H2 isotherms (Fig. 2.13) were also collected at 77 K for 1, 1-Cu, and 2, with all frameworks presenting 

Type 1 isotherms. While 1 and 2 presented a similar uptake, especially at low pressure, 1-Cu exhibited 

a lesser uptake. The lower H2 uptake for 1-Cu can be rationalised by consideration of the lower BET 

surface area obtained as compared to 1 and 2. Isosteric heats of adsorption (Qst, Fig. 2.13) were 

obtained from temperature independent virial fits to the isotherms. A virial analysis was applied as it 
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provided the optimal fit to the adsorption isotherms obtained. The Qst values from the virial analysis 

correspond well with the initial Van’t Hoff plot obtained from proprietary software on the 

Micromeritics 3-Flex Analyser (Table 2.1). The isosteric curves all indicate strong adsorption of H2 with 

initial Qst values of -9.9, -9.1, and -9.7 kJmol-1 for 1, 1-Cu, and 2 respectively. These initial Qst values 

exceed those observed previously for imidazolium containing MOFs,65f, 75b and fall within the range for 

the well-documented M2(dopdc) (M = Zn, Mn, Mg, Co, Ni; dopdc = 2,5-dioxido-1,4-

benzenedicarboxylate) family of MOFs, with 1 and 2 exhibiting higher Qst values than the Zn and Mn 

frameworks, but not reaching that of the Ni framework.82 Furthermore, the Qst values are comparable 

with those obtained for anionic zeolite-like MOFs.83 This suggests that micropores lined with a charged 

imidazolium group are a competitive option in the field of H2 adsorption. Interestingly, while the Qst 

values for 1 and 2 are initially higher than 1-Cu, the metalated framework retains a larger enthalpy of 

adsorption at increased H2 loading. These high Qst values are consistent with narrow pore widths for 

1-Cu (6.43 Å) and 1 and 2 (6.79 Å),27 as determined by Non-linear density functional theory pore size 

calculations (Fig. 2.14). 

 

Fig. 2.13: a) H2 isotherms at 77 K for 1 (red), 1-Cu (blue), and 2 (green). b) Isosteric heat of adsorption for H2 for 1 (red), 1-Cu 

(blue), and 2 (green). 
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Fig. 2.14: Pore size distribution calculated by Non-linear density functional theory for 1 (red), 1-Cu (blue), and 2 (green). 

Table 2.1: Low coverage Qst values obtained from proprietary software on the Micromeritics 3-Flex Analyser. 

MOF Low coverage Qst value (kJ/mol) 

1 -9.189 

1-Cu -8.999 

2 -9.093 

 

2.2.2 Toward azolium and NHC containing MOFs with increased porosity 

Given the chemical versatility of H3L1 to produce four new MOFs from Cu(II), Co(II), and Mg(II) nitrate 

salts and Mn(II) chloride, H3L2 was also screened against a series of metal salts to investigate its 

coordination chemistry. The para positioning of the carboxylate groups in H3L2 as opposed to the meta 

positioning in H3L1 was predicted to yield structures with a more open network. Unfortunately H3L2 

did not form any new MOFs from this widespread testing other than with Zn(NO3)2, of which two MOFs 

have already been reported in the literature. The solubility of H3L2 in DMF is significantly lower than 

H3L1, with H3L2 precipitating from solution at temperatures below ~80°C. On the other hand H3L1 

readily dissolved in DMF at room temperature, which likely accounts for the increased versatility of 

MOF formation, under common MOF synthesis conditions, for H3L1 as compared to H3L2. 

The first Zn(II) based MOF using H3L2 was reported by Sen et al.65e and incorporates a 

purported Zn8O cluster and exhibited high proton conductivity. The second was reported by Burgun et 

al.6 and was able to be metalated with Cu(I) in order to catalyse the hydroboration of CO2. Given these 
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unique results, a further investigation of Zn(II) based MOFs from H3L2 was undertaken, with an initial 

aim toward in situ metalation of the NHC precursor with Ag or Au. Unfortunately no metalation was 

achieved, however two separate MOFs were obtained from synthesis conditions which differed only 

in the volume of DMF used (Table 2.2). MOF 6 was originally synthesised in the presence of AgNO3 in 

attempt to metalate the NHC precursor with Ag, however it was confirmed to form without AgNO3 

present. MOF 7 was synthesised in a greater volume of DMF and crystallised in the P-3 space group as 

opposed to R-3 for 6. Preliminary structural data for both 6 and 7 in comparison to the structure of 

Sen et al.65e is discussed in more detail below. 

Table 2.2: Synthetic conditions for MOFs 6 and 7. Note that the metal salt used was Zn(NO3)2.6H2O, and all syntheses were 

conducted at 100°C for 24 h. 

MOF code 
H3L2:Zn molar 

ratio 

Linker concentration 

in DMF 
Additive Result 

6@Ag 1:8 5 mg/mL AgNO3 1 equiv. 
Rectangular crystals in 

precipitate 

6 1:8 5 mg/mL None Rectangular crystals 

7 1:8 2 mg/mL None Hexagonal crystals 

 

 The original Zn(II) MOF reported by Sen et al.65e consists of 2-D sheets (Fig. 2.15) which are 

then 3-fold interpenetrated to form a 3-D porous material (Fig. 2.16, Fig. 2.17). The MOF crystallises in 

the R-3 space group, and forms a 6,3 connected net. The asymmetric unit that yields the 2-D sheets 

consists of two H3L2 molecules bound to a tetrahedral Zn centre, with bond distances of 1.95 Å. A DMF 

molecule is also coordinated to the Zn centre with a bond distance of 2.00 Å. Two further Zn atoms are 

included in the asymmetric unit to form a Zn8O node. This node is then bound to six H3L2 molecules in 

a spiral formation, with a ‘radar dish’ motif attached to each linker arm to form a 48 membered 

metallocycle. 6 is isostructural to the Zn(II) MOF synthesised by Sen et al.,65e with the exception of the 

metal node as discussed below (Fig. 2.18). 
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Fig. 2.15: Tilted view of the 2-D sheet present in the Zn(II) MOF synthesised by Sen et al. The 2-D sheet propagates to the left 

and right in this view. Zinc, light blue; carbon, grey; nitrogen, dark blue; hydrogen, white. 

 

 

Fig. 2.16: Three interpenetrated nets of Sen’s Zn(II) MOF represented in red, green, and purple. Hydrogens are omitted for 

clarity. 
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Fig. 2.17: Space filling view down the a axis of the Zn(II) MOF synthesised by Sen et al., where the positioning of the 

imidazolium group on the pore channel walls is highlighted. Figure produced by Sen et al.65e 

 

Fig. 2.18: View of the Zn metal node and six nearest ‘radar dish’ motifs in Sen’s MOF and 6 both a) top down, and b) side on. 

Zinc, light blue; carbon, grey; nitrogen, dark blue; hydrogen, white. 

The SCXRD data obtained here for MOF 6 disagrees with the assignment of the Zn8O node by 

Sen et al.,65e instead suggesting a disordered Zn4O metal node (Fig. 2.19). This type of node has been 

observed in literature previously by both the Lin84 and Zhou85 groups. This is evident by comparing the 

thermal ellipsoids obtained when the structure is assigned with a Zn8O node or two disordered Zn4O 

nodes (Fig. 2.20a and b, respectively). The thermal ellipsoids for the oxygen atoms in the Zn8O model 

are elongated and significantly larger than those of the Zn atoms (Fig. 2.20). This disproportionality of 

ellipsoid size for the Zn centres suggests that too little electron density has been modelled in this 

region. On the other hand, all ellipsoids in the Zn4O model are similar in overall disposition and the 

oxygen ellipsoids are not elongated, which indicates an improved modelling of the electron density. 

Hence here the disordered Zn4O node is suggested as the correct assignment of the electron density 
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obtained from the diffraction data. While the node composition does not affect the overall packing of 

MOF 6, it does affect the molecular formula and density of the material. Thus, properties such as 

proton conductivity and porosity may be affected and should be re-evaluated. 

 

Fig. 2.19: The two potential nodes for MOF 6; a) the Zn8O node proposed by Sen et al.65e and b) the two disordered Zn4O nodes 

proposed here. Both primary nodes are shown in yellow, and the alternate node in b) is shown in red and blue. Zinc, light blue 

or yellow; oxygen, red or yellow (in b only); carbon, grey. 

 

Fig. 2.20: Thermal ellipsoids for a) the Zn8O model, and b) the disordered Zn4O model indicating the improved electron 

density fit obtained for the Zn4O model, as discussed above. 

Another intriguing difference between 6 and the structure published by Sen et al. lies in 

collection of PXRD data. Sen et al. showed retention of crystallinity up to 523K by PXRD for their Zn8O 

material, however here 6 was unstable to solvent loss, resulting in a loss of crystallinity when the PXRD 

pattern was collected (Fig. 2.21). While this is preliminary data, it is worthy of note as this may then 

affect the properties of the bulk material. The synthesis conditions here were identical to Sen et al., 

but evidently there is some point of difference between the two materials that is yet to be discerned. 
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Fig. 2.21: PXRD data for Sen et al., simulated (black), 6 simulated (blue), and 6 desolvated (purple), showing the loss in 

crystallinity upon desolvation of 6. 

MOF 7 was originally synthesised by Lewis (University of Adelaide Honours thesis, 2011) but 

not published due to the unreliable synthetic procedure used at the time. MOF 7 is similar to 6, with 

the key difference being the quantity of DMF used in synthesis, while all other synthetic components 

are held constant. DMF was observed to bind to the tetrahedral Zn centres of the ‘radar dish’ motif in 

7 and all linkers are bound in a monodentate fashion. In comparison, 6 has one carboxylate on each 

linker bound in a bidentate fashion, and the other remains monodentate to form the three tetrahedral 

Zn centres. While 7 also forms interpenetrated 2-D sheets, there are only three metallocycles bound 

to each node as opposed to six rings in 6 (Fig. 2.22). This causes the interpenetration to now be 6-fold 

to form a 3-D porous material (Fig. 2.23). The increase in DMF appears to inhibit formation of the Zn4O 

node, and thus causes this structural difference. However, the exact nature of the compound bound 

to the tetrahedral Zn could not be determined with the diffraction data obtained, but appears to be 

an oxygen donor (Fig. 2.24). It is predicted to be disordered DMF or water based upon the reaction 

conditions. One nitrate anion is observed within the pore space of 7, however an additional nitrate is 

required to achieve charge balance that is not observed crystallography. Despite these crystallographic 

issues, the connectivity and overall MOF structure are well established and are a reasonable model of 

the electron density map. 
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Fig. 2.22: 2-D sheet of 7, showing only three metallocycles originating from each Zn centre. The sheet propagates to the left 

and right in this view. 

 

Fig. 2.23: Six interpenetrated nets of 7 shown in red, green, light blue, purple, yellow, and brown.  

 

Fig. 2.24: View of the zinc node in 7, where disordered solvent (top O donor on tetrahedral Zn) binds instead of three linkers, 

thus inhibiting formation of the Zn4O node as observed in 6. Note that the MOF continues to propagate in the radar dish 

motif at the end of each linker, but this is not shown here. Zinc, light blue; carbon, grey; nitrogen, dark blue; hydrogen, 

white. 
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Removal of the Zn4O node in 6 to form 7 results in a change of space group from R-3 to P-3, 

and thus the simulated PXRD pattern also differs (Fig. 2.25). As observed for 6, 7 was unstable to 

solvent loss and therefore only the simulated PXRD patterns are compared here. 

 

Fig. 2.25: Simulated PXRD patterns for 6 (blue) and 7 (red) which demonstrate the change in space group from R-3 to P-3. 

2.2.3 Imidazolium Containing Linker Substitution into a Porous MOF 
As discussed in the introduction, substitution of an azolium containing linker into a parent MOF is a 

common alternative to direct MOF synthesis. This can often lead to ML-MOFs with new topologies that 

are otherwise inaccessible by the conventional synthetic route. Here a linker synthesised by Kong et 

al.19c (H4L3) was identified as a candidate for substitution into the well-known MnMOF1 framework, 

which has shown considerable chemical versatility for post-synthetic modification and ligand 

substitution.22, 46 H4L3 was chosen as it is of a similar length and design to the native H2L4 linker used 

in MnMOF1. Furthermore, the structure of MnMOF1 consists of 2-D sheets which are bound to form 

a 3-D material by H2L4 moieties which bind to Mn through the carboxylate donors alone, whereas the 

linkers within the 2-D sheets bind with both carboxylate and N-donor groups. Thus, H4L3 was proposed 

to be capable of replacing these H2L4 moieties which bind only through carboxylate groups. 

A series of one pot syntheses and solvent assisted linker exchange (SALE) reactions were 

attempted, however none of these resulted in a crystalline product. From the reactions attempted, it 

was evident that H4L3 easily precipitates out of solution in DMF, likely due to the two charged 

imidazolium groups present on the molecule. While H4L3 is readily soluble in water, any SALE reactions 

involving water resulted in the destruction of any MnMOF1 crystals and H4L3 remained in solution. 

Interestingly, the one pot syntheses utilising water still resulted in a H4L3 precipitate (determined by 
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1H NMR spectroscopy and PXRD) but formation of MnMOF1 was only observed when the MnMOF1 

linker was in large excess. This suggests that H4L3 inhibits growth of pure MnMOF1.  

H4L3 was chosen as a candidate to replace the carboxylate donor H2L4 moieties in MnMOF1 as 

discussed above. However, given the lack of successful SALE or one-pot syntheses, H4L3 appears to not 

be an ideal substitution candidate. This is likely due to the charge balance required in MnMOF1. When 

deprotonated, L4 has a 2- charge due to the carboxylate groups, while L3 is neutral as the negative 

carboxylates are balanced by the two positively charged imidazolium groups. Thus a neutral linker is 

attempting to replace an anionic linker, which will result in an unfavourable charged environment. 

Furthermore, close examination of the linker shape when in reported MOFs suggests another source 

of incompatibility (Fig. 2.26). When crystallised as part of the Cu(II) MOF synthesised by Kong et al.,19c 

L3 twists about the methylene bridge to yield a reverse S like shape. On the other hand, L4 also twists 

around the methylene bridge in MnMOF1 (solvated with DMF), but this causes both carboxylate 

groups to exist on the same side as each other. This suggests that L3 may not be preferentially able to 

obtain the shape required to substitute for L4 in MnMOF1. 

 

Fig. 2.26: Crystallised structures of L3 and L4 from their native MOFs (extended structure not shown). L3 is twisted into a 

reverse S type shape, while L4 twists such that both carboxylates are on the same side as each other. Carbon, grey; nitrogen, 

blue; oxygen, red; hydrogen, white. 
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Given the issues discussed, no further attempts at substitution reactions of H4L3 into MnMOF1 

were made. Instead this section acted as a preliminary investigation into SALE that was used as a 

stepping stone toward the substitution reactions that are described in Chapter 3. 

2.3 Experimental 

2.3.1 General Methods 

Unless otherwise stated, all chemicals were obtained from Sigma-Aldrich and used as received. 1,3-

Bis(3-carboxyphenyl)-1H-imidazol-3-ium bromide (H3L1),76 1,3-bis(4-carboxyphenyl)-1H-imidazol-3-

ium chloride (H3L2),65e 3,3'-methylenebis(1-(4-carboxyphenyl)-1H-imidazol-3-ium) chloride (H4L3),19c 

4,4'-(1,1'-methylenebis(3,5-dimethyl-1H-pyrazole-4,1-diyl))dibenzoic acid (H2L4),46 MOF 1,76 and 

MnMOF146 were prepared as previously described. N,N’-Dimethylformamide (DMF) and acetonitrile 

(AcN) were distilled from calcium hydride, stored over 4 Å molecular sieves under argon, and degassed 

with argon prior to usage.  

All 1H Nuclear Magnetic Resonance (NMR) spectra (499.818 MHz) and 13C NMR spectra 

(125.692 MHz) were obtained using an Agilent DD2 NMR spectrophotometer at 26°C unless otherwise 

indicated. Spectra of samples were recorded in solutions in CDCl3, using TMS as an internal standard, 

or d6-DMSO. 

TGA was performed on a Perkin-Elmer STA-6000 instrument under a constant flow of nitrogen 

at a temperature increase rate of 10 °C/min. Samples were either dried under nitrogen (as synthesised) 

or under high vacuum (activated) and between 10 and 20 mg was loaded into a metal crucible within 

a ceramic crucible for TGA.  

Samples were prepared for PXRD by washing with DMF (or other solvent as described for some 

specific samples in the main text), and PXRD data were collected on a Bruker Advanced D8 

diffractometer (capillary stage) using Cu Kα radiation (λ = 1.5418 Å, 50 kW/40 mA). Samples were 

mounted in 0.5 mm glass capillaries and data collected for 2θ between 2° and 52.94° with Phi rotation 

at 20 rotations/min at 1 second exposure per step, with 5001 steps. The data were converted into xye 
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format and background subtracted using WinPLOTR86 2015 software. Simulated PXRD patterns were 

generated from the single crystal data using Mercury 3.0. 

Samples were prepared for infrared spectra as for PXRD, and the spectra were collected on a 

Perkin Elmer 100S Infrared spectrometer in Universal ATR mode. 

EDX analysis was performed on a Philips XL30 field emission scanning electron microscope. 

Samples were dry loaded onto adhesive carbon tabs on aluminium stubs and coated with carbon by 

Adelaide Microscopy staff. All EDX measurements were collected at three different points on each 

sample and the results combined to provide an average measurement of the sample. 

ICPMS was performed on a Solution 7500cs ICPMS spectrometer. Samples were prepared by 

digestion of one MOF crystal in 2% HNO3 in milliQ water at 60°C for 18 h, then filtered through a 0.2 

μM filter before analysis. All ICPMS experiments were completed in triplicate. 

Gas adsorption isotherm measurements were collected on a Micromeritics 3-Flex Analyser. 

Pure samples of MOFs 1, 1-Cu, and 2 were activated by solvent exchange with distilled acetonitrile (5 

x 2 h, 1 x 12 h), followed by dichloromethane (DCM, 3 x 1 h) and dried under high vacuum at 110°C for 

16 h prior to gas sorption measurements. BET surface areas and pore size distributions were calculated 

using proprietary software. UHP grade (99.999%) N2, CO2, CH4 and H2 were used for all measurements. 

Temperature was maintained at set points by a cryo device.  

Geometric surface areas were obtained from the Accelrys program Materials Studio 5.081 using 

a probe molecule of radius 1.84 Å and grid resolution of 0.1 Å. 

Single crystals were mounted in paratone-N oil on a nylon loop and X-ray diffraction data were 

collected at 150(2) K with Mo Kα radiation (λ = 0.7107 Å) using an Oxford Diffraction X-calibur single-

crystal X-ray diffractometer (2, 3, 4) or at 100(2) K on the MX-1 beamline of the Australian Synchrotron 

(λ = 0.7107 Å) (1-Cu, 5). Data sets were corrected for absorption using a multi-scan method, and 

structures were solved by direct methods using SHELXS-2013 and refined by full-matrix least squares 

on F2 by SHELXL-2014,87 interfaced through the program X-Seed.88 In general, all non-hydrogen atoms 

were refined anisotropically and hydrogen atoms were included as invariants at geometrically 
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estimated positions, unless specified otherwise. Further details of the data collection and structure 

refinement are provided in Table A1.1 in the Appendix. CIF data have been deposited with the 

Cambridge Crystallographic Data Centre, CCDC reference numbers 1475105-1475109 (where 1-Cu = 

1475108; 2 = 1475106; 3 = 1475109; 4 = 1475105 and 5 = 1475107). 

The SQUEEZE routine89 was applied in PLATON to MOFs 1-Cu, 2, and 3 in order to account for 

electron density due to disordered DMF solvate molecules. In the case of 5 disordered nitrate anions 

could not be located and the electron density accounted for also includes two nitrate anions. Electron 

density equivalent to approximately 0.75, 0.75, and 2.5 DMF molecules per formula unit was removed 

from 1-Cu, 2, and 3 respectively, and two NO3 anions and 1.5 DMF molecules removed from 5. Residual 

water molecules were not considered due to the far greater amount of DMF present in the reaction 

vessels. 

2.3.2 Ligand Synthesis 

1,3-Bis(3-carboxyphenyl)-1H-imidazol-3-ium bromide (H3L1): 

H3L1 was prepared by the method of Crees et al in 55% yield over two steps.76 Mp: >260 °C 1H NMR 

(500 MHz, DMSO-d6) δ 10.54 (s, 1H), 8.66 (s, 2H), 8.49 (s, 2H), 8.14 - 8.19 (m, 4H), 7.85 (t, J = 7.95 Hz, 

2H) ppm. 

1,3-Bis(4-carboxyphenyl)-1H-imidazol-3-ium chloride (H3L2): 

H3L2 was synthesised following the modified literature procedure presented by Sen et al. in 60% yield 

over two steps.65e Mp: >260 °C 1H NMR (500 MHz, DMSO-d6) δ 10.64 (br. s, 1H), 8.71 (d, J = 1.22 Hz, 

2H), 8.24 (d, J = 8.80 Hz, 4H), 8.10 (d, J = 8.80 Hz, 4H) ppm. 
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Ethyl 4-aminobenzoate: 

Modification of the literature method of Sellarjah et al. with appropriate substitution of methanol for 

ethanol and reduction of reflux duration from 36 h to 3 h yielded ethyl 4-aminobenzoate in 85% yield.90 

Mp 187-188 °C (dec.) 1H NMR (500 MHz, CDCl3) δ 7.86 (d, J = 8.80 Hz, 2H), 6.64 (d, J = 8.80 Hz, 2H), 4.32 

(q, J = 7.09 Hz, 2H), 1.37 (t, J = 7.09 Hz, 3H) ppm. 

1-(4-Ethylcarboxyphenyl)-imidazole: 

1-(4-Ethylcarboxyphenyl)-imidazole was synthesised following the procedure of Ahrens et al. in 47% 

yield over 3 steps.91 Mp: 107-110 °C 1H NMR (500 MHz, CDCl3) δ 8.18 (d, J = 8.80 Hz, 1H), 7.95 (br. s, 

1H), 7.48 (d, J = 8.80 Hz, 2H), 7.36 (t, J = 1.35 Hz, 1H), 7.25 (s, 1H), 4.42 (q, J = 7.17 Hz, 2H), 1.43 (t, J = 

7.21 Hz, 3H) ppm. 

3,3'-Methylenebis(1-(4-carboxyphenyl)-1H-imidazol-3-ium) chloride (H4L3): 

H4L3 was prepared with a slight modification to the literature procedure by Kong et al., whereby the 

toluene reflux was extended from 4 days to 6 days, in 66% yield over two steps.19c Mp: >260 °C 1H NMR 

(500 MHz, D2O) δ 9.99 (br. s, 1H), 8.28 (d, J = 8.80 Hz, 1H), 8.19 (d, J = 1.96 Hz, 13H), 8.12 (d, J = 1.96 

Hz, 1H), 7.84 (d, J = 8.80 Hz, 1H), 7.02 (s, 2H) ppm. 
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4,4'-(1,1'-Methylenebis(3,5-dimethyl-1H-pyrazole-4,1-diyl))dibenzoic acid (H2L4): 

H2L4 was prepared as described by Bloch et al. in 76% yield in one step.92 Mp: >260 °C 1H NMR (500 

MHz, DMSO-d6): δ 12.87 (br. s, 2H), 7.97 (d, J = 8.2 Hz, 4H) 7.39 (d, J = 8.2 Hz, 4H), 6.27 (s, 2H), 2.47 (s, 

6H), 2.13 (s, 6H) ppm. 

2.3.3 MOF Synthesis 

MOF 1 was prepared following previous established literature methods, with the following 

alterations.76 N,N’-Dimethylformamide (30.0 mL) was added to a flask containing Zn(NO3)2·6H2O (1.89 

g, 6.35 mmol, 16.3 equiv.) and H3L1 (150 mg, 0.390 mmol, 1 equiv.). The reaction mixture was 

sonicated for 10 min to achieve full dissolution. Aliquots (2 mL) of the stock solution were dispensed 

into 20 mL Teflon capped glass vials, which were heated at 100°C for 72 h and then allowed to cool to 

room temperature. Yellow crystals of 1 were separated from a more dense amorphous precipitate by 

solvent exchange with dibromomethane and further purification achieved by repeating the process in 

a 1:1 mixture of dichloromethane/dibromomethane. Washing as detailed in the general procedures 

afforded the activated material, 1act (69.0 mg, 60% yield). νmax (neat, cm-1): 16557 (s, C=O), 1564 (s, 

C=C). 

{[Zn2(μ2-HCOO)(HL1)1.6(L1-Cu-Br)0.4](NO3)0.6∙0.75DMF}n (1-Cu). N,N’-Dimethylformamide (45.0 mL) 

was added to a flask containing Cu(CH3CN)4PF6 (108 mg, 0.290 mmol, 0.750 equiv.), Zn(NO3)2·6H2O 

(1.89 g, 6.35 mmol, 16.3 equiv.) and H3L1 (150 mg, 0.390 mmol, 1 equiv.). The reaction mixture was 

sonicated for 10 min to achieve full dissolution. Aliquots (3 mL) of the stock solution were dispensed 

into 20 mL Teflon capped glass vials, which were heated at 100°C for 48 h and then allowed to cool to 

room temperature. Yellow crystals of 1-Cu were separated from a more dense amorphous precipitate 

by solvent exchange with dibromomethane and further purification achieved by repeating the process 

in a 1:1 mixture of dichloromethane/dibromomethane. Washing as detailed in the general procedures 

afforded the activated material, 1-Cuact (31.2 mg, 25% yield). νmax (neat, cm-1): 1655 (s, C=O), 1568 (s, 
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C=C). Anal. Calcd for C76.25H64.25Br1.2Cu1.2N12.55O28.15Zn4 (DMF solvate): C, 45.52; H, 3.14; N, 8.51. Found: 

C, 46.4; H, 3.40; N, 8.12. 

{[Cu2(μ2-HCOO)(HL1)2](NO3)∙DMF}n (2). Concentrated nitric acid (2 drops) was added to a 1:1:25 

mixture of ethanol/water/DMF (2.7 mL) containing H3L1 (10 mg, 0.026 mmol, 1.0 equiv.) and 

Cu(NO3)2∙2.5H2O (9.0 mg, 0.039 mmol, 1.5 equiv.). The mixture was sealed in a 20 mL Teflon capped 

glass vial, sonicated for 10 min and heated at 85°C for 24 h, and then allowed to cool to room 

temperature. The resulting crystals were washed with fresh DMF, and the general activation protocol 

above was performed to afford the activated material, 2act as dark green crystals (9.2 mg, 77%). νmax 

(neat, cm-1): 1651 (s, C=O), 1562 (s, C=C). Anal. Calcd for C40.25 H35.15 Br0.1 Cu2.1 N6.65 O14.45 (DMF solvate): 

C, 49.14; H, 3.59; N, 9.53. Found: C, 48.6; H, 3.61; N, 9.16. 

{[Co3(HL1)4(H2O)4](NO3)2∙DMF}n (3). A 2:1 DMF/water mixture (6.0 mL) was added to H3L1 (10 mg, 

0.026 mmol, 1.0 equiv.) and Co(NO3)2·6H2O (11 mg, 0.039 mmol. 1.5 equiv.). The mixture was sealed 

in a 20 mL Teflon capped glass vial, sonicated for 10 min, heated at 85°C for 24 h, and then allowed to 

cool to room temperature. The resulting crystals were washed with fresh DMF and dried under vacuum 

overnight to afford 3 as pink crystals (2.0 mg, 20%). νmax (neat, cm-1): 1622 (s, C=O), 1561 (m, C=C). 

Anal. Calcd for C75.5 H69.5 Co3 N12.5 O28.5 (DMF solvate): C, 50.81; H, 3.93; N, 9.81. Found: C, 49.74; H, 

3.87; N, 9.01. 

{[Mg3(HL1)4(H2O)4](NO3)2∙DMF}n (4). A 2:1 DMF/water solution (6.0 mL) was added to H3L1 (10 mg, 

0.026 mmol, 1 equiv.) and Mg(NO3)2·6H2O (9.8 mg, 0.0039 mmol, 1.5 equiv.). The mixture was sealed 

in a 20 mL Teflon capped glass vial, sonicated for 10 min, heated at 120°C for 24 h, and then allowed 

to cool to room temperature. The resulting crystals were washed with fresh DMF and dried under 

vacuum overnight to afford 4 as pale brown crystals (6.4 mg, 60%) νmax (neat, cm-1): 1645 (s, C=O), 1571 

(m, C=C). Anal. Calcd for C74 H66 Mg3 N12 O28 (DMF solvate): C, 54.05; H, 4.05; N, 10.22. Found: C, 53.68; 

H, 4.03; N, 10.00. 

{[Mn3(HL1)2(H2O)2](NO3)∙DMF}n (5).  A 5:1 DMF/water solution (6 mL) was added to H3L1 (10 mg, 0.026 

mmol, 1 equiv.) and MnCl2·4H2O (17.6 mg, 3.85 x 10-2 mmol, 1.5 equiv.). The mixture was sealed in a 
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20 mL Teflon capped glass vial, sonicated for 10 min, heated at 100°C for 24 h and then allowed to cool 

to room temperature. The resulting crystals were washed with fresh DMF and dried under vacuum 

overnight to afford 5 as pale orange crystals (2.6 mg, 27%) νmax (neat, cm-1): 1620 (s, C=O), 1577 (w, 

C=C). Anal. Calcd for C72.5 H60.5 Mn3 N11.5 O26.5 (DMF solvate): C, 51.78; H, 3.63; N, 9.58. Found: C, 51.33; 

H, 4.00; N, 7.99. 

MOF 6: DMF (2.0 mL) was added to a 20mL Teflon capped glass vial containing Zn(NO3)2·6H2O (69 mg, 

0.23 mmol, 8.0 equiv.) and H3L2 (10 mg, 0.03 mmol, 1.0 equiv.). The reaction mixture was sonicated 

for 10 min to aid dissolution. The vial was heated at 100°C for 24 h and then allowed to cool to room 

temperature. The rectangular clear crystals were collected and washed with DMF to yield 6. All 

material collected was immediately used for structural characterisation and hence no yield is available. 

MOF 7: DMF (5.0 mL) was added to a 20mL Teflon capped glass vial containing Zn(NO3)2·6H2O (69 mg, 

0.23 mmol, 8.0 equiv.) and H3L2 (10 mg, 0.03 mmol, 1.0 equiv.). The reaction mixture was sonicated 

for 10 min to aid dissolution. The vial was heated at 100°C for 24 h and then allowed to cool to room 

temperature. The hexagonal clear crystals were collected and washed with DMF to yield 7. All material 

collected was immediately used for structural characterisation and hence no yield is available. 

MnMOF1: MnMOF1 was synthesised as reported by Bloch et al46 without modification. 

One-pot Syntheses 

H4L3 and H2L4 (varying ratio of linkers) and MnCl2 (1.0 equiv.) were dissolved in a 2:1 DMF/H2O mixture 

(varying volume) in a 20 mL Teflon capped vial. The reaction mixture was sonicated for 15 min. to 

achieve full dissolution of the Mn salt. Samples were heated statically at 100°C for 48 h and then 

allowed to cool to room temperature.  

Solvent Assisted Linker Exchange 

H4L3 (0.5 equiv., 7 mg; or 1.0 equiv., 14 mg) was added to MnMOF1 crystals (10 mg, 1.0 equiv.) in DMF 

(0.5 mL), or a solution of DMF (1.0 mL) and H2O (0.5 mL), and the reaction mixture heated statically at 

85 or 100°C for 18 h, then allowed to cool to room temperature. 
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Chapter 3: Toward Metalation of DUT-5 Analogues 

3.1 Introduction and Scope of Chapter 

Following the work described in Chapter 2, focus shifted to incorporating an imidazolium functionality 

in a pendant position, as a linker side chain, thus allowing the NHC precursor to protrude into the MOF 

pore space. Furthermore, a highly porous MOF that is stable under a range of conditions, including 

those needed for post-synthetic metalation (PSMet), was desired rather than the low porosity 1-D 

materials (1, 1-Cu, 2) reported in Chapter 2. Greater pore space was sought as it provides room for 

chemistry to occur within the MOF itself – be that PSMet, interaction of the azolium moiety with gas 

molecules, or catalytic reactions. An easily functionalised MOF provides a simple platform from which 

to probe imidazolium inclusion, and superior stability allows for a wider range of properties to be 

investigated, while also making the MOF simpler to handle in a laboratory environment (i.e. it is stable 

to a variety of solvents/desolvation, air exposure, and heating). The chemically stable MOFs UiO-67 

and DUT-5 were selected for further investigation here as both are 3-D permanently porous MOFs, and 

utilise a 4,4’ biphenyl dicarboxylate (bpdc) linker which can be modified with relative synthetic ease.9, 

15 UiO-67 is a Zr(IV) based MOF with formula Zr6(μ3-O)4(μ3-OH)4(bpdc)6, while DUT-5 is an Al(III) based 

MOF with formula Al(OH)(bpdc)(DMF)1.8(H2O)3.5. Representations of each MOF are shown below (Fig. 

3.1). 

 

Fig. 3.1: Representations of UiO-67 (a-c) and DUT-5 (d-e). a) packing of UiO-67; b) view with the triangular pore highlighted 

in black; c) view with the diamond shaped pore highlighted in black. d) view of DUT-5 demonstrating the continuous aluminium 

chains within the MOF; e) view showing the pore channels in DUT-5. Green, aluminium; red, oxygen; grey, carbon; hydrogens 

omitted. Red, oxygen; orange, zirconium; green, aluminium; grey, carbon; hydrogens omitted. 
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 Incorporation of functionalised linkers into MOFs has been extensively studied,22, 42a, 93 leading 

to two main types of materials. Firstly, the modified linker may completely replace the original linker 

in MOF synthesis, assuming that the modification does not affect overall formation of the MOF and 

the material maintains the same topology and unit cell parameters. In some cases the modified linker 

is incompatible with the MOF synthesis conditions, and thus must be incorporated fully in a post 

synthetic manner. Secondly, the modified linker can be partially included to form a MOF ‘copolymer’, 

which may also be referred to as a multivariate MOF (MTV-MOF) or mixed linker MOF (ML-MOF). The 

post-synthetic process is often performed in solution, and can be referred to as solvent-assisted linker 

exchange (SALE).93a A prominent example of SALE was recently provided by Hupp and Farha,21 whereby 

formation of a new MOF was achieved in a stepwise series of SALE and transmetalation reactions 

starting from the MOF Zn2(tmbdc)2(bpy), (tmbdc = tetramethylterephthalate, bpy = 4,4′-bipyridyl) to 

yield Ni2(ndc)2(dabco) (ndc = 2,6-napthalenedicarboxylate, dabco = 1,4-diazabicyclo[2.2.2]octane) (Fig. 

3.2). 

 

Fig. 3.2: The SALE and transmetalation scheme performed by Hupp and Farha.21 

 The majority of ML-MOFs within the UiO-67 and DUT-5 families focus on inclusion of 2,2’ 

bipyridine dicarboxylate (bpydc) type linkers, and the UiO-67 system in particular has been targeted 

most commonly (Fig. 3.3). Cohen has synthesised a series of ML-UiO-67 analogues containing bpydc 

linkers, ranging from 0 to 100% replacement of bpdc with bpydc, and used two of these ML-MOFs for 

Pd42a and Ir94 based catalysis. Inclusion of bpydc into UiO-67 was achieved by both one pot and post 



52 
 

synthetic methods. A similar system was reported by Platero-Prats et al.,95 whereby bpydc was 

simultaneously metalated with Ir and Pd, or Ir and Rh, followed by addition of ZrCl4 and bpdc to yield 

a metalated ML-UiO-67 analogue from a one pot (albeit multi-step) reaction. Recently, Schumacher et 

al.96 demonstrated linker substitution in UiO-67 with an imidazolium NHC precursor linker (bpdc-NHC, 

Fig. 3.3) using a one pot reaction. The NHC was generated by exposure to lithium diisopropylamide 

and the ML-UiO-67 analogue used for organocatalysis. Finally, Krajnc et al.97 presented a simple one 

pot synthesis from bpydc and bpdc, with the same conditions as the original DUT-5 synthesis by 

Senkovska et al,15 to yield a ML-DUT-5 analogue, which was used to demonstrate a new NMR based 

method for studying spatial distribution of linkers in ML-MOFs. 

 

Fig. 3.3: Linkers used for ML-MOF synthesis in UiO-67 and DUT-5. bpdc is shown for comparison. 

A viable linker substitution candidate was required for inclusion of the imidazolium 

functionality into the UiO-67 and DUT-5 MOF targets. A linker with an appended imidazolium group 

first reported by Hupp et al.65d was chosen, 3-((4,4'-dicarboxy-[1,1'-biphenyl]-2-yl)methyl)-1-methyl-

1H-imidazol-3-ium bromide (bpdc-Im), as it contains a biphenyl backbone of the same length as bpdc, 

thus increasing the likelihood of successful inclusion into UiO-67 and DUT-5. Synthesis of bpdc-Im is 

relatively straightforward, with only four steps required from commercially available starting materials 

to yield the final compound in 42% overall yield. The original work containing bpdc-Im also presented 

a linker with two imidazolium groups attached. While in Hupp’s case this provided control over 

interpenetration in MOFs NU-503 and NU-504 (not an issue for DUT-5 and UiO-67), this linker was not 

used here as it was predicted to provide too great a density of imidazolium groups, and thus would 

block the MOF pores from further chemistry. 
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As discussed in Chapter 1, incorporation of NHC precursors can provide a metalation site 

within MOFs. Metalation can typically be achieved by three synthetic approaches; by pre-

functionalisation of the linker,42c, 44 in a ‘one-pot’ synthesis of the metalated framework,6, 65c or post- 

synthetically.17-18, 19c, 71 Targeted metalation can lead toward MOFs with specifically designed catalytic 

or gas sorption properties. In this chapter synthesis of bpdc-Im containing analogues of UiO-67 and 

DUT-5 and details of early metalation outcomes are discussed. All linkers used in this chapter are 

shown below (Fig. 3.4). 

 

Fig. 3.4: Linkers used in chapter 3 to follow incorporation of imidazolium functionality into the pore space of UiO-67 and DUT-
5. 

3.2 Results and Discussion 

3.2.1 Synthesis of Linkers 
The two linkers used in this chapter (bpdc-Me and bpdc-Im) were synthesised as per the experimental 

section 3.5.2. Conveniently, bpdc-Me was the first step product obtained during the synthesis of bpdc-

Im. An overall reaction scheme is provided below (Scheme 1). 
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Scheme 1: Synthesis of bpdc-Im from readily available starting materials. 

Bpdc-Me was synthesised in one step using generalised Suzuki coupling conditions, as per 

Bloch et al.,92 with the work up adapted from that of Richardson et al.98 Successful synthesis of bpdc-

Me was confirmed by agreement of diagnostic 1H NMR signals with literature data,98 with the key 

methyl group signal observed at 2.29 ppm in d6-DMSO. A simple methyl ester protection reaction was 

performed to obtain 3.1 from bpdc-Me in 74% yield, with a good match of melting point99 and 1H NMR 

spectra98 to literature data. 

The original conditions reported by Hupp et al.65d for the synthesis of 3.2 from 3.1 required N-

bromo succinimide (NBS), and azobisisobutyronitrile (AIBN) in CCl4 at reflux under a nitrogen 

atmosphere. The AIBN was replaced with 1,1’-azobis(cyclohexylcarbonitrile) (ABCN), and CCl4 is a 

banned substance in Australia due to environmental concerns, and thus it was initially replaced with 

CHCl3. Over a number of attempts, minimal to no product was observed (Table 3.1). Examination of 

the reaction conditions of similar transformations identified acetonitrile as a promising solvent, and 

the reaction could be performed using a smaller solvent volume (i.e. higher concentration) with 

acetonitrile rather than CCl4.100 This reaction provided a good yield of the brominated product, 

however it should be noted that any exposure to air resulted in the reaction mixture becoming black, 
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which ultimately led to a lower isolated yield of the desired product (ca. 40-50%). Hupp et al.65d 

proceeded toward bpdc-Im without purification at this point using the isolated pale yellow solid of 3.3. 

However, with work up and recrystallisation from ethanol as detailed in the experimental, 3.3 was 

obtained as a pure white powder. The 1H NMR spectrum of the recrystallized product was a good 

match to that reported by Richardson et al.98, with key signals at 4.43 ppm (6H, 2 x methyl ester) and 

3.97 ppm (2H, CH2 bridge) in CDCl3. 

Table 3.1: Conditions for bromination of 3.1.  

Entry Solvent Radical Initiator Atmosphere Yield 

Literature Hupp 

synthesis.65d 
CCl4 AIBN Ar 62%* 

1 CHCl3 ABCN N2 <5% 

2 neutralised CHCl3 ABCN Ar <5% 

3 CH3CN ABCN air 40% 

4 CH3CN ABCN N2 64% 

*Product was not isolated at this step and the yield given is the final yield of bpdc-Im reported. 

Once pure 3.2 was obtained the synthesis was continued as described in the literature.65d The 

final yield for this section of the literature synthesis, starting from 3.1, was 62%, which is the same 

yield as obtained when performed here over two steps. The 1H NMR data were in good agreement 

with that of Hupp et al.,65d with key signals at 5.47 ppm (2H, CH2 bridge) and 3.75 ppm (3H, methyl 

group on imidazolium ring) in d6-DMSO. 

3.2.2 MOF synthesis 

3.2.3 UiO-67 based system 
The UiO-67 system was first investigated for inclusion of bpdc-Im, as it has been as a starting point for 

several ML-MOFs developed within the literature, as discussed in the introduction to this chapter. A 

proposed scheme is presented for incorporation of bpdc-Im into UiO-67 below, which may be achieved 

by direct or post synthetic methods (Scheme 2). 
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Scheme 2: Proposed inclusion of bpdc-Im into UiO-67 by; a) direct synthesis or, b) SALE. 

There are a wide array of syntheses available in the literature for UiO-67, some of which are 

tailored toward obtaining single crystals suitable for XRD analysis.9, 72, 101 Many single crystal syntheses 

rely on modulators such as benzoic acid or acetic acid to slow down the synthetic process, thus 

favouring slow crystallisation rather than fast precipitation. These mono-carboxylates slow the 

crystallisation process by competing for binding sites with the carboxylate groups of the linker. Use of 

modulators requires the MOF to be the thermodynamic product, such that the majority of modulator 

is eventually displaced. It should be noted that the use of modulating agents generally leads to defect 

sites within the MOF.102 While defects can be desirable for gas sorption,103 they may also have a 

negative influence on the stability of MOFs, especially at high defect loading.103-104 In our hands all 

syntheses to produce single crystals were unsuccessful, including when substituting bpdc-Me or bpdc-

Im for bpdc in the experimental procedure (to potentially form MOF analogues UiO-67Me and UiO-

67Im respectively). In these cases an amorphous solid was rapidly obtained upon heating the reaction 

vessel, and no crystalline product was observed by PXRD (see Table A2.1 in the Appendix). UiO-67 was 

prepared by the method of Cohen et al.,42a and was shown to be crystalline by PXRD (Fig. 3.5). 
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 Given the issues with modulating agents, syntheses of UiO-67Me and UiO-67Im were 

attempted with no modulator present. Screening of conditions yielded a poorly crystalline sample of 

UiO-67Me. The synthesis required a straightforward 1:1 molar ratio of bpdc-Me and ZrCl4 in DMF to 

be heated at 120°C for 18 h, and resulted in a white precipitate. PXRD of the precipitate matched the 

simulated and experimental patterns of UiO-67, but all peaks were broad and any peaks past 2θ = 10 

had poor intensity (Fig. 3.5). This is likely due to the rapid crystallisation process in the absence of a 

modulator. 

 

Fig. 3.5: PXRD for UiO-67 simulated (black), UiO-67 as synthesised (red), and UiO-67Me (blue). Note the reduced crystallinity 

of UiO-67Me. 

While a successful direct synthesis was obtained for UiO-67Me, conditions to produce the UiO-

67Im framework could not be identified. Solvent assisted linker exchange (SALE) was also attempted, 

with bpdc-Me or bpdc-Im added to UiO-67 in DMF. However, the resulting powder could not be 

dissolved to obtain an NMR sample, and thus incorporation of the modified linker could not be verified. 

UiO-67 is exceptionally stable as the carboxylate groups of coordinated linker units are sterically 

hindered by the Zr6O4(OH)4 inorganic subunit.9 Due to this stability, conditions including strong acid or 

base and heating did not result in dissolution of the framework into d6-DMSO and thus an NMR sample 

could not be obtained. 

The potential for incorporation of bpdc-Im into UiO-67 was further investigated by modelling 

in Materials Studio 5.0.81 A UiO-67 .cif published by Gutov et al.102 was used as a starting point, with 

the imidazolium functionality of bpdc-Im added to form a hypothetical UiO-67 analogue with full 

occupancy of bpdc-Im. A van der Waals (vdW) surface was calculated for both systems using a solvent 



58 
 

molecule radius of 1.84 Å at grid resolution of 0.1 Å, and yielded free volumes of 4250 and 60 Å3 for 

UiO-67 and UiO-67Im respectively. Evidently full occupancy of bpdc-Im drastically reduces the 

available volume within UiO-67 and the pore channels can be seen to no longer propagate through the 

framework (Fig. 3.6). Given that the pore windows for UiO-67 are only 8 Å wide,9 a MOF with larger 

pore apertures was desired in order to provide increased access for the NHC precursor of bpdc-Im to 

be metalated, or for increased volume available for gas adsorption. 

 

Fig. 3.6: Available volume calculated for a vdW surface with solvent molecule radius of 1.84 Å. The volume is shown as 

transparent polyhedra, with yellow representing the internal wall and grey the external wall of the available space. a) the 

pore channels extending through UiO-67, and b) obstruction of the pore channels when bpdc-Im is included at full occupancy. 

Light blue, zirconium; red, oxygen; blue, nitrogen; grey; carbon, white; hydrogen. 

DUT-5 is a viable MOF system that allows for the NMR digestion and pore space issues 

discussed above to be circumvented. Samples of DUT-5 can be digested in a D3PO4/d6-DMSO solution, 

thus providing the ability to monitor bpdc-Im or bpdc-Me incorporation in ML-MOFs. Furthermore, 

the pore apertures of DUT-5 are 11.1 x 11.1 Å wide,15 and are expected to provide increased space 

around the imidazolium moieties of bpdc-Im, thus potentially allowing for improved access for 

metalation or increased gas adsorption volume. With this in mind, the major focus of this research 

shifted to the DUT-5 system. 

3.2.4 DUT-5 based systems 
DUT-5 was synthesised with relative ease using the method of Senkovska et al. and did not require 

large quantities of modulator as for the UiO-67 system.15 Using the published conditions as a starting 

point, two new DUT-5 analogues, DUT-5Me and DUT-5Im, were synthesised from linkers bpdc-Me and 



59 
 

bpdc-Im as detailed in the experimental section (3.5.3). PXRD data indicated a successful synthesis by 

good agreement with the simulated pattern for DUT-5 with only minor differences in relative intensity 

(Fig. 3.7). The presence of both bpdc-Me and bpdc-Im was further supported by NMR digests (as 

detailed in the section 1.5.1) of DUT5-Me and DUT-5Im, which contained diagnostic signals for both 

linker types respectively (see Fig. 3.8 for key signals, full NMR spectra in the Appendix, Fig. A2.1 and 

Fig. A2.2). 

 

Fig. 3.7: PXRD for DUT-5 simulated (black), DUT-5 experimental (red), DUT-5Me (green), and DUT-5Im (blue). Note the 

background is not subtracted here as this provides a better view of the low intensity peaks. 

 

Fig. 3.8: Key 1H NMR signals for bpdc-Im and bpdc-Me in d6-DMSO. 

The thermal stability of DUT-5Me and DUT-5Im was also investigated and compared to that of 

DUT-5 (Fig. 3.9). The TGA plots indicate that DUT-5Me retained the thermal stability exhibited by DUT-

5, however DUT-5Im presents an extra region of ~10% mass loss between 230 and 310°C. In all cases, 

the as synthesised samples lose 20-30% mass of DMF up to 210°C, while the activated samples lose 

~5% mass of water within the same region. Water uptake occurs when transporting the activated 

sample between instruments due the hygroscopic nature of these samples, which has been observed 
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to occur in several other systems,80 as well as in Chapter 2 here. Native DUT-5 degrades beyond ~450°C, 

which is mirrored by both DUT-5Me and DUT-5Im. 

 

Fig. 3.9: TGA for a) DUT-5Me as synthesised (dark green) and activated (light green) and b) DUT-5Im as synthesised (dark 

blue) and activated (light blue), with comparison to DUT-5 as synthesised (red) on both plots. The grey dashed lines indicate 

regions of interest as discussed in the main text above. 

77 K N2 isotherms were collected for DUT-5Me and DUT-5Im in order to probe the effect of 

the pendant functional groups on the available pore space within these DUT-5 analogues (Fig. 3.10). 

Samples were activated as detailed in the experimental section (3.5.1) prior to collection. Data for 

DUT-5 were extracted from the original work by Senkovska et al.15 using the WebPlotDigitizer 

extension105 for Google Chrome, and replotted here. As expected, the inclusion of pendant 

functionality within the pore space resulted in reduced N2 uptake. DUT-5 was reported with a 

Brunauer-Emmett-Teller (BET) surface area of 1610 m2/g, and here DUT-5Me was calculated to have 

BET surface area of 1550 m2/g, thus showing the minor drop in available surface area when a methyl 

group is appended to the native bpdc linker. Furthermore, DUT-5Im has a BET surface area of only 870 

m2/g, approximately half that of DUT-5. 
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Fig. 3.10: 77 K N2 isotherms for DUT-5 (red), DUT-5Me (green) and DUT-5Im (blue). 

In order to provide greater understanding of the potential structure of DUT-5Me and DUT-

5Im, models were developed in the Accelrys program Materials Studio 5.0.81 The .cif provided by 

Senkovska et al.15 was imported and used as a starting point. The PXRD data (Fig. 3.7 above) indicates 

no change to the unit cell parameters, and thus the cell parameters were fixed in subsequent 

optimisations. The appropriate pendant groups were manually added to bpdc at 100% occupancy to 

form bpdc-Me or bpdc-Im linkers with the MOF. The modified structures were optimised by molecular 

mechanics using the universal force field (UFF)106 to provide possible structures for DUT-5Me and DUT-

5Im (Fig. 3.11). 
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Fig. 3.11: Models of a) DUT-5, b) DUT-5Me, and c) DUT-5Im, showing the repeating Al chains joined by the appropriate linker 

(left) and view down the pore windows of each MOF (right). Green, aluminium; blue, nitrogen, red, oxygen; grey, carbon. 

Hydrogens are omitted for clarity. 

The N2 adsorption isotherms (Fig. 3.10 above) had a large drop in uptake for DUT-5Im, and the 

BET surface area calculated also fell by a factor of two from DUT-5 to DUT-5Im. This was consistent 

with the calculated structure for DUT-5Im, which contained four imidazolium groups oriented into one 

pore window (Fig. 3.11c). In order to maintain room within the MOF for metalation of the imidazolium 

NHC precursor, or for gas adsorption, it appeared that the imidazolium functionality needed to be 

diluted within the MOF. Thus a series of target ML-MOFs were proposed, whereby the bpdc-Im linker 

would be included in stepwise loadings from 0 to 100%. 

A one pot synthesis of a ML-DUT-5 analogue was recently reported by Krajnc et al.,97 where a 

bipyridyl dicarboxylate (bpydc) linker was incorporated into native DUT-5. In that work, the bpydc and 

bpdc were combined in a 1:5.5 ratio and the ML-DUT-5 synthesised following the conditions of 

Senkovska et al.15 to achieve 12% incorporation of the bpydc linker (Fig. 3.12). Based upon this work, 

a series of one pot reactions were attempted to develop a ML-MOF containing bpdc-Im. Despite 

several attempts, no successful conditions could be found for the one-pot method. In a recent review 

on ML-MOFs, Burrows93e noted that the solubility of linkers used must be similar for a successful one-

pot synthesis of ML-MOFs. Given this knowledge, an alternative approach was sought that does not 
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rely upon a one-pot approach. Solvent assisted linker exchange (SALE) was proposed to be more 

favourable for synthesis of a ML-DUT-5 analogue, as both bpdc-Me and bpdc-Im have greater solubility 

in DMF than bpdc. 

 

Fig. 3.12: Representative image of bpydc incorporation into DUT-5 produced by Krajnc et al.97 

Solvent assisted linker exchange allows control of the feed ratio of bpdc-Im, thus potentially 

providing good control over the final amount of bpdc-Im incorporated into the new ML-DUT-5 

analogue. The SALE process was initially attempted by addition of bpdc-Im to native DUT-5. In order 

to follow bpdc-Im inclusion, the ML-MOFs were digested for NMR spectroscopy as detailed in the 

experimental section (3.5.1). Study of the NMR spectra obtained became problematic as the aromatic 

signals from bpdc were often obscured by the residual H3PO4 peak (Fig. 3.13). Both bpdc signals should 

integrate to 4 H, however the signal closer to the acid peak integrates to 5 H prior to background 

subtraction of the H3PO4 peak. While the residual acid peak could be background subtracted to yield 

the correct integration for both bpdc signals, this is not reliably reproducible. Thus, measurement of 

the ratio between integration of bpdc and bpdc-Im is not an accurate method for determining the 

extent of bpdc-Im incorporation. An alternative method was to use DUT-5Me or DUT-5Im as the 

starting point for SALE, thus allowing comparison of the diagnostic methyl peak for bpdc-Me with the 

CH2 bridge signal in bpdc-Im. As both of these signals are well clear of the aromatic region (Fig. 3.8 

above), this avoids the issues relating the residual H3PO4 peak. 
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Fig. 3.13: 1H NMR of DUT-5 in d6-DMSO with D3PO4 added. a) before background subtraction of the residual acid peak. This 

causes the bpdc-2 signal to integrate incorrectly to 5H rather than 4.b) after background subtraction of the acid peak. The 

bpdc-2 signal now integrates correctly to 4H, however this is not always reliably reproduced. 

 Renewed SALE efforts began with bpdc-Me added to pure DUT-5Im in an attempt to provide 

ML-MOFs with high loading of bpdc-Im. Secondly, bpdc-Im was added to pure DUT-5Me to provide 

ML-MOFs with low loadings of bpdc-Im. Unfortunately, the first approach did not result in any 

inclusion of bpdc-Me measurable by NMR spectroscopy. The second approach, however, yielded two 

ML-DUT-5 analogues. Five equivalents of bpdc-Im resulted in 25 ±5% inclusion of bpdc-Im, and two 

equivalents yielded 5 ±2% inclusion (Table 3.2 and 3.3 for integration values, Appendix Fig. A2.3 to 

A2.10). The overall SALE process is summarised in Fig. 3.14. The two new ML-DUT-5 analogues are 

referred to herein as DUT-5Im25% and DUT-5Im5%, respectively. 

Table 3.2: Linker incorporation details for SALE reactions from DUT-5Me with 5 equivalents of bpdc-Im. Loading calculated 
as detailed in the experimental section 3.5.4. 

Sample number 
bpdc-Im methyl peak 

integration  

bpdc-Me methyl peak 

integration 
bpdc-Im loading 

1 1.34 3 22.3% 

2 1.72 3 28.7% 

3 1.40 3 23.3% 

4 1.7 3 28.3% 
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Table 3.3: Linker incorporation for SALE reactions from DUT-5Me with 2 equivalents of bpdc-Im. Loading calculated as 
detailed in the experimental section 3.5.4. 

Sample Number 
bpdc-Im methyl peak 

integration measured 

bpdc-Me methyl peak 

integration 
bpdc-Im loading 

1 0.42 3 7.0% 

2 0.28 3 4.6% 

3 0.27 3 4.5% 

4 0.24 3 4.0% 

 

 

Fig. 3.14: Summary of SALE reactions attempted for the DUT-5 systems. 

The SALE reactions were intended to provide several ML-MOFs covering the range of 0-100 % 

bpdc-Im occupancy. As the SALE reactions were only successful using DUT-5Me as the starting point, 

and given that five equivalents only resulted 25% inclusion of bpdc-Im, higher loadings were not 

pursued due to the large excess of bpdc-Im required. Despite the lack of quantitative substitution, it 

has been shown in literature that low loadings of a modified linker is often desirable, especially for 

catalytic applications, where overcrowding of the pore space would be an issue.42a 

 Synthesis of the ML-DUT-5 analogues was confirmed by both PXRD and TGA measurements 

(Fig. 3.15). The PXRD data show a match of the key reflections for DUT-5Im to both DUT-5Im25% and 

DUT-5Im5% and confirms that both ML-MOFs are isostructural to DUT-5Im, however the 25% loading 
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causes reduced peak intensity. All three samples were prepared for TGA as synthesised, and hence 

exhibit DMF and water loss up to ~200°C. The extra mass loss observed for DUT-5Im compared to DUT-

5 (refer to Fig. 3.9 above) is observed for both ML-DUT-5 analogues, with the relative percentage mass 

lost in this region comparable to the bpdc-Im loading calculated by NMR measurements. This region 

of mass loss is postulated to be loss of the imidazolium group. The mass lost in this region corresponds 

to 20%, 10%, and 5% of the final mass for DUT-5Im, DUT-5Im25%, and DUT-5Im5% respectively. Finally, 

as for all the DUT-5 analogues presented in this work, the framework degrades above ~450°C. 

 

Fig. 3.15: a) PXRD for DUT-5Im (blue), DUT-5Im25% (purple), and DUT-5Im5% (pink). Note reduced intensity was observed for 

DUT-5Im25%. b) TGA for DUT-5Im as synthesised (blue), DUT-5Im25% (purple), and DUT-5Im5% (pink). The grey dashed lines 

indicate regions of interest as discussed in the main text above. 

3.3 Metalation of NHC-precursors 

3.3.1 Molecular system 

As discussed in Chapter 1, post synthetic metalation provides an opportunity to embed metal sites 

within a MOF, for either catalysis or enhanced gas sorption and separation. Here the molecular system 

was first studied to prove that bpdc-Im may be metalated, before pursuing metalation of the DUT-5 
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analogues. Using a facile synthesis recently reported for [(NHC)MX(cod)] complexes (cod = 

cyclooctadiene, M = metal, X = halide) by Savka and Plenio,107 reaction of the bpdc-Im PF6 salt (3.4) 

yielded an NHC-Rh molecular complex as detailed in the experimental (bpdc-Im@Rh). Single crystals 

were isolated from a large amount of precipitate, and the final structure of bpdc-Im@Rh was revealed 

by SCXRD (Fig. 3.16). As all material was used for crystallisation, and only a small quantity of single 

crystals were obtained amongst the precipitate, no reaction yield or NMR data were collected. In the 

interest of time this Rh metalation process was extended to DUT-5Im without further characterisation 

of the molecular system. Any future work in this area should include complete characterization of the 

molecular system. 

 

Fig. 3.16: Structure of bpdc-Im@Rh. Note that the Rh is bonded to the cod group by its two double bonds, and the four Rh-C 

single bonds are representative of this. C: grey, O: red, N: blue, Rh: yellow, Cl: green, H: white. 

3.3.2 MOF system 

Metalation with Rh of DUT-5Im, DUT-5Im25% and DUT-5Im5% was attempted following the same 

conditions as for the molecular system. The MOFs were isolated from the sparingly soluble K2CO3 in 

the reaction mixture by a density based separation with CHCl3, followed by washing of the MOFs with 

acetone. EDX analysis revealed incorporation of Rh into the MOF as detailed in Table 3.4. Despite a 

number of attempts, ICP-MS could not be performed reliably due to the resilience of the Al-based 

frameworks to acidic digestion. The harshest conditions tested here were attempted dissolution in 

aqua regia, which is a mixture with a 1:3 molar ratio of nitric acid to hydrochloric acid. Future work in 

this area could entail use of hydrofluoric acid for acidic digest of the DUT-5Im materials, however this 

will require highly specialised equipment and staff training which was not undertaken here. 
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Table 3.4: Extent of Rh metalation obtained for DUT-5Im (pure and ML-MOFs) as determined by EDX. 

Sample Metalation Calculated by EDX (%) 

DUT-5Im@Rh 30.2 

DUT-5Im25%@Rh 24.8 

DUT-5Im5%@Rh 11.1 

 

Production of these MOFs was targeted toward Rh based catalysis, whereby the cod bound to the Rh 

could be replaced by CO ligands as demonstrated by Savka and Plenio.107 Bubbling of CO gas through 

the metalation reaction mixture in an attempt to replace the cod group resulted in destruction of all 

three DUT-5Im analogues tested. This was observed to occur both before and after removal of the 

K2CO3, and may be due to displacement of the bulky cod group disrupting the Al-carboxylate bonds of 

the metal node, thus causing the framework to break down. 

3.4 Conclusions 
Two new DUT-5 analogues, DUT-5Me and DUT-5Im have been synthesised from linkers bpdc-Me and 

bpdc-Im respectively. Powder diffraction patterns, N2 adsorption, Materials Studio 5.0 modelling,81 

and TGA analysis indicated the successful synthesis and retention of the DUT-5 topology. Synthesis of 

UiO-67 analogues using the same linkers was unsuccessful, likely due to the reduced pore aperture 

within UiO-67 compared to DUT-5. Furthermore, SALE was performed starting from DUT-5Me to yield 

two new ML-MOFs, with 25 ± 5% and 5 ± 2% loading of bpdc-Im respectively (DUT-5Im25% and DUT-

5Im5%). The synthesis of these ML-MOFs was confirmed by PXRD and TGA measurements, and they are 

good targets for further investigation toward NHC metalation and NHC-metal based catalysis. Early 

metalation outcomes suggest successful formation of an NHC-Rh complex in the molecular system of 

bpdc-Im. There is limited evidence toward NHC-Rh complex formation within the DUT-5Im analogues, 

however further investigation is still required here. 
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3.5 Experimental 

3.5.1 General methods 

Methods were performed as described in chapter 2, with the following additional information. Unless 

otherwise stated, all chemicals were obtained from Sigma-Aldrich and used as received. DMF and 

acetonitrile were distilled from calcium hydride and degassed with argon prior to usage. 

Nuclear magnetic resonance (NMR) spectroscopy data on samples of the DUT-5 MOFs were 

obtained by adding d6-DMSO (700 μL) to the appropriate MOF sample (8 mg), followed by two drops 

of 85% D3PO4. The solution was stood at room temperature for 3-5 hours until full dissolution of all 

materials was achieved. 1H NMR spectra were collected on an Agilent 500 MHz spectrometer. 

Samples of the DUT-5 analogues were prepared for all measurements by washing with DMF 

as detailed in the MOF synthesis section below. Samples used at this stage are referred to throughout 

as ‘as synthesised’. Activated samples were prepared by heating the as synthesised sample at 160°C 

under high vacuum for 18 h, and removal of DMF confirmed by TGA and 1H NMR measurements. 

77 K N2 adsorption data for DUT-5 were obtained from the original work by Senkovska et al.15 

using the WebPlotDigitizer extension105 for the Google Chrome web browser. 

3.5.2 Linker Synthesis 
2-Methyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid (bpdc-Me):  

bpdc-Me was prepared using general Suzuki coupling conditions described by Bloch et al.,92 followed 

by work up as described by Richardson et al.98: 

A round-bottom flask was charged with 4-bromo 3-methyl benzoic acid (1.00 g, 4.65 mmol, 1 equiv.), 

4-carboxyphenyl boronic acid (1.54 g, 9.30 mmol, 2 equiv.), Pd(PPh3)4 (0.240 g, 0.200 mmol, 0.044 

equiv.), and Na2CO3 (2.60 g, 24.5 mmol, 5.3 equiv.). A 2:1 mixture of DMF/H2O (37.5 mL) was degassed 

with Ar for 20 min, then added to the reaction vessel via cannula, and the reaction mixture was stirred 

at 90°C for 16 h under an Ar atmosphere. The reaction mixture was cooled to room temperature and 
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washed through a pad of Celite with 0.1 M NaOH (30 mL) and H2O (30 mL). The aqueous filtrate was 

washed with ethyl acetate (50 mL) and acidified to pH 1 with 6 M HCl to precipitate the dicarboxylic 

acid product. The white precipitate was filtered, washed with H2O, and dried in air to yield bpdc-Me 

as a white powder (1.10 g, 92%). Mp: >260°C. 1H NMR (500 MHz, d6-DMSO) δ 8.02 (d, J = 8.31 Hz, 2H), 

7.90 (br. s, 1H), 7.84 (d, J = 8.07 Hz, 1H), 7.51 (d, J = 8.31 Hz, 2H), 7.35 (d, J = 7.83 Hz, 1H), 2.29 (s, 3H) 

ppm. 

Dimethyl 2-methyl-[1,1'-biphenyl]-4,4'-dicarboxylate (3.2): 

The conditions of Richardson et al.98 were used without modification starting from bpdc-Me to yield 

dimethyl 2-methyl-[1,1'-biphenyl]-4,4'-dicarboxylate (3.2) as a white powder (1.81 g, 74%). Mp (lit.99 

119.5-120°C) 118-120°C, 1H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 8.31 Hz, 2H), 7.98 (br. s, 1H), 7.92 (br. 

d, J = 8.10 Hz, 1H), 7.40 (br. d, J = 8.30 Hz, 2H), 7.30 (d, J = 7.83 Hz, 1H), 3.95 (d, J = 6.11 Hz, 6H), 2.31 

(s, 3H) ppm. 

Dimethyl 2-(bromomethyl)-[1,1'-biphenyl]-4,4'-dicarboxylate (3.3): 

3.3 was synthesised by modification of the literature procedure by Hupp et al.65d: 

A round-bottom flask was charged with compound 3.2 (1.00 g, 3.52 mmol, 1 equiv.), NBS (1.08 g, 6.04 

mmol, 1.7 equiv.), and ABCN (0.001 g, 0.004 mmol, 0.001 equiv.). Acetonitrile (4 mL) was degassed 

with Ar for 20 min and added to the reaction vessel. The reaction mixture was heated at reflux under 

a N2 atmosphere for 16 h, then allowed to cool to room temperature. Solvent was removed under 

reduced pressure, and the crude reaction mixture was taken up in CHCl3 (40 mL). The organic phase 

was washed with H2O (3 x 40 mL) and brine (40 mL), dried over MgSO4, and CHCl3 removed under 

reduced pressure. The crude product was recrystallized from ethanol (ca. 5 mL) to yield 3.3 as a white 

powder (0.82 g, 64%). Mp 122-123°C, 1H NMR (500 MHz, CDCl3) δ 8.23 (d, J = 1.71 Hz, 1H), 8.16 (d, J = 
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8.31 Hz, 2H), 8.03 (dd, J = 1.47, 8.07 Hz, 1H), 7.54 (d, J = 8.07 Hz, 2H), 7.35 (d, J = 8.07 Hz, 1H), 4.43 (s, 

2H), 3.97 (br. s, 6H) ppm. 

3-((4,4'-Dicarboxy-[1,1'-biphenyl]-2-yl)methyl)-1-methyl-1H-imidazol-3-ium bromide (bpdc-Im): 

bpdc-Im was synthesised from 3.3, continuing the literature procedure by Hupp et al.65d with the 

following modifications: 

A suspension of compound 3.3 (1.46 g, 4.01 mmol, 1 equiv.) and 1-methyl imidazole (1.24 mL, 16.0 

mmol, 4 equiv.) was dissolved in acetonitrile (36 mL) and heated at 80°C for 2 h, then allowed to cool 

to room temperature. Solvent was removed under reduced pressure to yield an orange oil. Methanol 

(60 mL) and 2 M KOH (15 mL) were added to the crude oil, and the reaction mixture stirred at room 

temperature for 3 h. Methanol was removed under reduced pressure and the remaining solution 

acidified to pH 1 with 48% HBr to precipitate the dicarboxylic acid. The white precipitate was isolated 

by vacuum filtration and dried in air to yield bpdc-Im as a white powder (1.32 g, 97%) Mp: 258°C (dec.), 

1H NMR (500 MHz, d6-DMSO) δ 8.78 (s, 1H), 8.05 (dd, J = 1.71, 7.83 Hz, 1H), 8.00 - 8.03 (m, 2H), 7.97 

(d, J = 1.47 Hz, 1H), 7.62 (t, J = 1.71 Hz, 1H), 7.48 (d, J = 8.07 Hz, 1H), 7.42 - 7.45 (m, 2H), 7.41 (t, J = 1.71 

Hz, 1H), 5.47 (s, 2H), 3.75 (s, 3H) ppm. 
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3-((4,4'-Bis(methoxycarbonyl)-[1,1'-biphenyl]-2-yl)methyl)-1-methyl-1H-imidazol-3-ium 

hexafluorophosphate (3.4): 

3.4 was synthesised via a modification of the synthesis for bpdc-Im: 

A suspension of compound 3.3 ( 0.80 g, 2.20 mmol, 1.00 equiv.) and 1-methyl imidazole (0.70 mL, 8.80 

mmol, 4.00 equiv.) was dissolved in acetonitrile (20 mL) and heated at 80°C for 2 h, then allowed to 

cool to room temperature. Solvent was removed under reduced pressure to yield an orange oil. 

Acetone (20 mL) and NaPF6 (0.44 g, 2.60 mmol, 1.20 equiv.) were added and the reaction mixture 

stirred at room temperature for 16 h The reaction mixture was filtered and solvent removed under 

reduced pressure to yield a crude white solid. The residue was purified by washing with a1:1 

DCM/acetone solution on a plug of silica gel. The filtrate was washed with water (3 x 20 mL) and brine 

(1 x 20 mL), dried over MgSO4, and solvent removed under reduced pressure to yield 3.4 as a white 

powder (0.22 g, 58%). Mp 138-139°C,1H NMR (500 MHz, CDCl3) δ 8.21 (br. s, 1H), 8.15 (dd, J = 1.59, 

7.95 Hz, 1H), 8.10 - 8.13 (m, 2H), 8.10 (d, J = 1.22 Hz, 1H), 7.42 (d, J = 8.07 Hz, 1H), 7.28 - 7.33 (m, 2H), 

7.11 (t, J = 1.59 Hz, 1H), 6.76 (t, J = 1.83 Hz, 1H), 5.39 (s, 2H), 3.95 (d, J = 1.47 Hz, 6H), 3.78 (s, 3H) ppm. 

Bpdc-Im@Rh: 

Where cod = cyclooctadiene 

Compound 3.4 (41 mg, 0.08 mmol, 1 equiv.), [RhCl(cod)]2 (20 mg, 0.04 mmol, 0.5 equiv.), and K2CO3 

(33.6 mg, 0.24 mmol, 3 equiv.) were suspended in acetone (3 mL) and the reaction mixture stirred at 

60°C for 16 h Solvent was removed in vacuo, the crude product was dissolved in toluene, filtered, and 
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toluene also removed in vacuo to yield bpdc-Im@Rh as a yellow solid. The compound was dissolved in 

DCM (3 mL) and a layer of hexane (3 mL) added slowly above the DCM layer for crystallisation. The vial 

was left in the dark for 2 days, then the cap loosened to allow slow removal of volatiles. Single yellow 

crystals were formed over 18 h. 

3.5.3 MOF Synthesis 

DUT-5 was synthesised following the method detailed by Senkovska et al.15 DUT-5 analogues DUT-5Me 

and DUT-5Im were synthesised with minor adjustments to the method for DUT-5 as follows: 

DUT-5Me. N,N’-Dimethylformamide (5.0 mL) was added to a 20 mL Teflon capped glass vial containing 

bpdc-Me (46.2 mg, 0.180 mmol, 1 equiv.) and Al(NO3)2·9H2O (87.8 mg, 0.234 mmol, 1.30 equiv.) and 

the vial sonicated for 10 min to achieve full dissolution. The reaction mixture was heated at 120°C for 

24 h, then allowed to cool to room temperature. The white precipitate was collected by centrifugation 

(5000 rpm, 2 min.), washed five times with fresh DMF, and dried overnight in a desiccator to yield DUT-

5Me as a white powder (72.1 mg, 81%). νmax (neat, cm-1): 1615 (s, C=O), 1545 (s, C=C). 

DUT-5Im. N,N’-Dimethylformamide (5.0 mL) was added to a 20 mL Teflon capped glass vial containing 

bpdc-Im (60.5 mg, 0.145 mmol, 1 equiv.) and Al(NO3)2·9H2O (67.3 mg, 0.180 mmol, 1.24 equiv.) and 

the vial sonicated for 10 min to achieve full dissolution. The reaction mixture was heated at 120°C for 

24 h, then allowed to cool to room temperature. The white precipitate was collected by centrifugation 

(5000 rpm, 2 min) and washed five times with fresh DMF and dried overnight in a desiccator to yield 

DUT-5Im as a white powder (73.4 mg, 77%). νmax (neat, cm-1): 1608 (s, C=O), 1553 (s, C=C). 

3.5.4 Solvent Assisted Linker Exchange 

DUT-5Im25%. N,N’-Dimethylformamide (2.0 mL) was added to a 6 mL Teflon capped glass vial containing 

DUT-5Me (0.020 g, 0.004 mmol, 1 equiv.) and bpdc-Im (0.084 g, 0.020 mmol, 5 equiv.) and the reaction 

mixture stirred vigorously at 90°C for 18 h. Solvent was removed by centrifugation (5000 rpm, 2min.), 

the solid washed five times with fresh DMF, and dried overnight in a desiccator to yield DUT-5Im25%. 

The linker composition was measured by NMR spectroscopy averaged over four samples and 

determined to consist of 75 ± 5 % bpdc-Me and 25 ± 5 % bpdc-Im. 
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DUT-5Im5%. N,N’-Dimethylformamide (2.0 mL) was added to a 6 mL Teflon capped glass vial containing 

DUT-5Me (0.020 g, 0.004 mmol, 1 equiv.) and bpdc-Im (0.034 g, 0.008 mmol, 2 equiv.) and the reaction 

mixture stirred vigorously at 90°C for 18 h. Solvent was removed by centrifugation (5000 rpm, 2min.) 

and the remaining solid washed five times with fresh DMF, and dried overnight in a desiccator to yield 

DUT-5Im5%. The ligand composition was measured by NMR spectroscopy averaged over four samples 

and determined to be 95 ± 2 % compound bpdc-Me and 5 ± 2 % compound bpdc-Im. 

Incorporation of bpdc-Im was determined by NMR spectroscopy in d6-DMSO as follows: 

The integration of the bpdc-Im methyl peak at 3.72 ppm was measured, with the integration value 

referenced to the 3H methyl peak of bpdc-Me at 2.26 ppm. At a theoretical bpdc-Im loading of 50%, 

these two integration values will both have a value of 3H. Hence the integration value for the bpdc-Im 

methyl peak was divided by 3 to determine how close to 50% loading of bpdc-Im was achieved. I.e. an 

integration reading of 1.5H means that the sample is half way toward 50% loading of bpdc-Im. 

Therefore to obtain the loading of bpdc-Im relative to the entire MOF system, this value was divided 

by two. In the example given, an integration of 1.5H would therefore yield a final bpdc-Im loading of 

25%, and this is shown in Table 3.5 below. 

Table 3.5: Example calculations for NMR spectroscopy based determination of bpdc-Im incorporation into mixed DUT-5 
systems. 

Integration reading for bpdc-Im 

peak at 3.72 ppm 

Extent toward 50% loading of 

bpdc-Im in the MOF 

Occupancy within the entire 

MOF system 

2H 2/3 33.3% 

1.5H 1/2 25% 

1H 1/3 16.7% 
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Chapter 4: High Pressure Adsorption in DUT-5 Analogues 

4.1 Introduction and Scope of Chapter 

Imidazolium containing MOFs have been used in a range of gas adsorption studies, as discussed in the 

Chapter 1. In Chapter 2 the presence of an imidazolium moiety within the pore space of Zn(II) and 

Cu(II) based MOFs was shown to affect H2 adsorption enthalpy. Additional gas sorption studies on the 

role of imidazolium moieties are now possible with the new materials DUT-5Me and DUT-5Im in hand, 

particularly given that these frameworks have increased porosity compared to those described in 

Chapter 2. 

The original report of DUT-5 showed promise for gas storage and separation, specifically high 

pressure sorption of H2, CO2, and CH4.15 More recently, the Kitagawa group demonstrated 

incorporation of an ionic liquid (IL) into a MOF for the first time.63 Inclusion of ILs into MOFs can be 

advantageous for gas storage and separation, particularly for CO2 or H2, as demonstrated both 

computationally62a, 62b, 62d and experimentally.62c, 64b-d, 108 Other, less studied, potential applications 

include catalysis, synthesis templates for nanoporous carbon-rich structures, or low temperature 

batteries.64a, 64b  

There are three main methods to incorporate ILs into MOFs that have been developed, as 

summarised by Fujie and Kitagawa.64b The first relies on the target MOF possessing coordinatively 

unsaturated metal sites, where the IL is added in solution and trapped by interaction with the vacant 

coordination site.109 The second strategy is to synthesise the IL within the pores of the MOF, using the 

MOF as a pseudo reaction vessel.110 This allows for incorporation of ILs that would not normally fit 

through the pore openings, as only the starting materials need to be introduced. Thus the IL is trapped 

within the pore where it is synthesised. The final strategy is to introduce the IL into the MOF by capillary 

action, where the MOF is first activated, then stirred with the IL and heated to aid the diffusion 

process.63-64, 108 

There are no coordinatively unsaturated Al sites within DUT-5 or its analogues, and thus the 

first method of IL incorporation is not available in these systems. The third method was chosen here, 

as it provides a fast and relatively simple method for IL incorporation, and activation conditions for the 
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MOFs were already known from the work of Senkovska et al.15 It was thought that DUT-5Im may have 

a more favourable interaction with ILs due to the charged moieties already present in the pore space 

of DUT-5Im. Thus, ILs with imidazolium cations were chosen due to the presence of the imidazolium 

functionality on the bpdc-Im linker. ILs with an imidazolium cation are commercially available with a 

variety of counter ions including; thiocyanate, acetate, ethyl sulfate, chloride, or bromide. Often the 

imidazolium cation is substituted at the N positions, and the identity of both the cation and anion in 

an IL can significantly alter the melting point. An IL which is a liquid at room temperature removes the 

need for a solvent when introducing the IL into a MOF by capillary action. The room temperature IL 1-

ethyl-3-methyl-imidazolium ethyl sulfate (EMIM-ES, Fig. 4.1) was chosen as it was relatively cheap and 

expected to interact favourably with the imidazolium group present in DUT-5Im. Herein the 

incorporation of EMIM-ES into DUT-5Me and DUT-5Im, and subsequent gas sorption measurements 

are detailed. 

 

Fig. 4.1: Chemical structure of EMIM-ES 

4.2 Ionic Liquid Incorporation for High Pressure Adsorptions 

Capillary action was used to incorporated EMIM-ES into DUT-5Im and DUT-5Me as detailed in Fujie’s 

review64b and the experimental section to yield DUT-5Im@IL and DUT-5Me@IL respectively. The 

samples were washed with ethanol while under reduced pressure to remove EMIM-ES on the MOF 

exterior, leaving only EMIM-ES within the MOF pores. Inclusion of EMIM-ES was confirmed by FTIR and 

1H NMR spectroscopy (FTIR spectra Fig. 4.2, 1H NMR Fig. 4.3 and Fig. 4.4, full FTIR spectra are available 

in the Appendix, Fig. A3.1 and A3.2). FTIR spectra were collected for the MOFs both before and after 

EMIM-ES was added, and the inclusion of EMIM-ES is shown by the additional peaks for EMIM-ES 

present in the FTIR trace for DUT-5Me@IL and DUT-5Im@IL (Fig. 4.2). Integration of the 1H NMR 

spectra revealed incorporation of 1.0 EMIM-ES molecules per linker for DUT-5Me, but only 0.4 EMIM-

ES molecules per linker in DUT-5Im. To determine EMIM-ES loading relative to available space, the N2 
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77K isotherm data collected in Chapter 3 was considered. This gave maximal uptake values (at ~710 

mbar) of 508 and 292 cm3/g of N2 for DUT-5Me and DUT-5Im, respectively, indicating that DUT-5Im 

has significantly less available space than DUT-5Me. Given the reduced space in DUT-5Im, 

incorporation of EMIM-ES per linker was expected to be approximately half that seen for DUT-5Me. 

Hence while the loading per linker is significantly different, the loading relative to available pore 

volume is very similar. 

 

Fig. 4.2: FTIR spectra for the DUT-5 analogues and EMIM-ES. The EMIM-ES trace (black) compared to a) DUT-5Me (green); b) 

DUT-5Im (blue); c) DUT-5Me@IL (purple);and d) DUT-5Im@IL (orange) demonstrating the successful incorporation of EMIM-

ES. This can be seen by the EMIM-ES signals which are now reflected in the IL loaded MOFs (c and d) as compared to MOF only 

(a and b). Note that DUT-5Im has some similarity to EMIM-ES due to the presence of imidazolium functionality in the bpdc-

Im linker. 



78 
 

 

Fig. 4.3: 1H NMR for a sample of DUT-5Me@IL. Samples were digested with D3PO4 in d6-DMSO, giving residual solvent peaks 

at δ 8.24 and 2.50 ppm (D3PO4 and d6-DMSO respectively). Signals marked with a solid black star are due to EMIM-ES, 

unmarked peaks are due to the bpdc-Me linker. The hollow star represents two EMIM-ES signals at δ 7.73 and 7.64 ppm, and 

the signals are shown in the inset. 

 

Fig. 4.4: 1H NMR for a sample of DUT-5Im@IL. Samples were digested with D3PO4 in d6-DMSO, giving residual solvent peaks 

at δ 8.24 and 2.50 ppm (D3PO4 and d6-DMSO respectively). Signals marked with a solid black star are due to EMIM-ES, 

unmarked peaks are due to the bpdc-Im linker. Note that the EMIM-ES signal at δ 3.71 ppm as seen in DUT-5Me@IL (Fig. 4.3) 

is obscured by the 3H singlet due to the methyl group bound to the imidazolium in bpdc-Im. The hollow star represents two 

EMIM-ES signals at δ 7.72 and 7.63 ppm, and the signals are shown in the inset. 
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4.3 High Pressure Measurements 

As discussed earlier, IL incorporation into MOFs can be beneficial for gas storage and separation. 

Senkovska et al.15 showed that DUT-5 has significant potential in high pressure adsorption of H2, CO2, 

and CH4. Investigation of high pressure adsorption provides increased industrial relevance, as most 

pre-combustion processes are performed at high pressure.55f Of particular note is the purification of 

mixed CO2/CH4 gas streams in order to yield purified CH4 fuel. The low volumetric energy density of 

CH4 means that high pressure is also required for storage applications in order to remain competitive 

with regular gasoline fuels.55j 

All modified DUT-5 frameworks (DUT-5Me, DUT-5Im, DUT-5Me@IL, and DUT-5Im@IL) were 

investigated for high pressure sorption of CO2 and CH4, with representative uptake values and ratios 

summarised in Tables 4.1-4.3 below. This analysis is the first time that high pressure gas adsorption 

has been measured in any DUT-5 analogues, as well as the first time IL incorporation into DUT-5 

analogues has been demonstrated. 

DUT-5 exhibits a CO2 uptake of approximately 8 mmol/g at 10 bar according to Senkovska et 

al.,15 which is approximately 180 cm3/g (Table 4.1 and Fig. 4.5a, see Appendix for calculations). This 

was the maximal pressure recorded in the original report of DUT-5, and thus all comparisons to DUT-

5 made here are at a CO2 pressure of 10 bar. As in section 4.2, the N2 isotherms from Chapter 3 were 

used to provide an estimate of the available volume within DUT-5Me and DUT-5Im, with uptake 

volumes of 508 and 292 cm3/g N2 respectively. The N2 isotherm for DUT-5 exhibited a maximal uptake 

of N2 of 555 cm3/g, suggesting that DUT-5Me may have a similar CO2 uptake to DUT-5 based solely on 

available volume. However, DUT-5Me was measured to have CO2 uptake of 97 cm3/g at 10 bar, which 

is approximately 50% of DUT-5’s CO2 uptake. This could indicate that the introduction of a methyl 

group to the bpdc linker causes a significant reduction in affinity for CO2. Adsorption of CH4 uptake by 

DUT-5Me results in a similar analysis to CO2 uptake, with DUT-5Me exhibiting only 40% of the CH4 

uptake observed for DUT-5 at 35 bar (Fig. 4.5b). 
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To investigate the observed reduction in CO2 uptake for DUT-5Me further, the available pore 

space of DUT-5, DUT-5Me and DUT-5Im was modelled in Materials Studio 5.0.81 These calculations 

yielded pore volumes of 2090, 605, and 425 Å3, respectively (Table 4.1). These data suggest that DUT-

5Me would have CO2 uptake approximately one third that of DUT-5, which is slightly lower than that 

observed experimentally. This may be due to assumptions made in modelling the structure of DUT-

5Me, where an even distribution of one methyl group per void space was assumed for simplicity. 

However this may not occur experimentally, and a single crystal structure of DUT-5Me is required to 

determine the exact methyl group positioning. Single crystals were not obtained here and have been 

shown in literature to be very difficult to obtain for many other Al based MOFs.20b, 111  

DUT-5Im exhibits a CO2 uptake of 84 cm3/g at 10 bar, which is just below 50% of the CO2 uptake 

under equivalent conditions for DUT-5 (Table 4.1 and Fig. 4.6a). The 77K N2 maximal uptake for DUT-

5Im is 292 cm3/g, approximately half that of DUT-5. Meanwhile the calculated pore space for DUT-5Im 

is 425 Å3, which is only 20% of the pore space available in DUT-5. For DUT-5Im the CO2 uptake predicted 

by the N2 uptake volume was a good match to that observed experimentally. However the 

experimental uptake was increased compared to that predicted based on the calculated pore space. 

Similarly to DUT-5Me, this may be due to the assumption made in modelling the structure that one 

imidazolium group from bpdc-Im lies within each void space of DUT-5Im, as opposed to the unknown 

experimental distribution of imidazolium groups. The increased experimental uptake may also be due 

to an increased CO2 affinity for DUT-5Im compared to DUT-5Me, however this cannot be confirmed 

based on the data available and requires further investigation. 

As discussed in Chapter 1 and section 4.1, ILs have been proposed for use in gas stream 

purification due to the promising uptake of CO2
60 and SO2

61 that has been measured. Furthermore, 

recent computational studies have demonstrated the potential of IL loaded MOFs for CO2 uptake.62a, 

62b, 62d Experimentally, Ma et al.64c demonstrated that loading the MOF MIL-100-Cr with an IL resulted 

in improved CO2/N2 selectivity. In this work, incorporation of EMIM-ES into both DUT-5Me and DUT-

5Im was intended to increase CO2 adsorption, however the reverse occurred (Table 4.2, Fig. 4.5c and 

d, and Fig. 4.6c and d). DUT-5Me@IL exhibited only 40% of the DUT-5Me CO2 uptake at 35 bar, which 
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is most likely due to the DUT-5Me pore space being filled with EMIM-ES, leaving limited space to 

adsorb CO2. The same reduction in uptake occurred for DUT-5Im, with DUT-5Im@IL adsorbing only 

20% of the CO2 or CH4 adsorbed by DUT-5Im. Loading with EMIM-ES resulted in an improved CH4/CO2 

selectivity from DUT-5Me to DUT-5Me@IL, but reduced the same selectivity from DUT-5Im to DUT-

5Im@IL (Table 3). While potentially interesting, the low volumetric uptakes obtained for both systems 

should be noted as they may affect the selectivity observed and result in a spurious conclusion. 

Table 4.1: Selected uptake values for all DUT-5 systems for both CO2 and CH4. Value marked with a star (*) was measured by 
Senkovska et al.15 Pore space values were calculated in Materials Studio, except for samples containing IL. 

MOF Gas Uptake at 10 bar (cm3/g) Uptake at 35 bar (cm3/g) Pore space (Å3) 

DUT-5 
CO2 180* - 

2090 
CH4 165 180 

DUT-5Me 
CO2 97 143 

605 
CH4 32 74 

DUT-5Me@IL 
CO2 31 53 

N/A 
CH4 8.6 32 

DUT-5Im 
CO2 84 125 

425 
CH4 25 55 

DUT-5Im@IL 
CO2 15 36 

N/A 
CH4 5.4 11 

 

Table 4.2: Uptake ratios for all DUT-5 systems at representative points for both CO2 and CH4. 

Ratio or System CO2 at 10 bar CO2 at 35 bar CH4 at 10 bar CH4 at 35 bar 

DUT-5Me/DUT-5 0.54 - 0.19 0.41 

DUT-5Me@IL/DUT-5Me 0.32 0.37 0.27 0.43 

DUT-5Im/DUT-5 0.47 - 0.15 0.31 

DUT-5Im@IL/DUT-5Im 0.18 0.29 0.22 0.20 

 

Table 4.3: Ratio of CH4 to CO2 uptake at 10 bar. 

System CH4/CO2 uptake ratio at 10 bar 

DUT-5Me 0.52 

DUT-5Me@IL 0.60 

DUT-5Im 0.44 

DUT-5Im@IL 0.31 
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Fig. 4.6: High pressure adsorption isotherms of CO2 (circles) and CH4 (triangles) for DUT-5Im (blue) and DUT-5Im@IL (orange). 

Filled and open symbols indicate adsorption and desorption respectively. 

As discussed in section 4.2, the IL loadings achieved here were 1.0 and 0.4 EMIM-ES moieties 

per linker for DUT-5Me@IL and DUT-5Im@IL, respectively. Incorporation of ILs to increase gas uptake 

Fig. 4.5: High pressure adsorption isotherms of CO2 (circles) and CH4 (triangles) for DUT-5Me (green) and DUT-5Me@IL 
(purple). Filled and open symbols indicate adsorption and desorption respectively. 
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is reliant on a subsequent increase in charge density present within the MOF, which has been shown 

to occur in other charged MOF systems.65f, 75 In this case, however, it appears that EMIM-ES has 

completely blocked the MOF pores, and any benefit of the charge density is outweighed by the lack of 

space available for gas molecule uptake. A similar phenomenon has been observed in the literature by 

both Fujie et al.63 and Khan et al.112 In fact, Fujie et al. used the reduction in N2 uptake in a 77K N2 

isotherm to quantify the amount of IL adsorbed into the MOF being studied (ZIF-8). Furthermore, Khan 

et al. showed that a loading of greater than 50% IL resulted in a complete loss of porosity.  

4.4 Conclusions 
EMIM-ES incorporation was measured as 1.0 and 0.4 moieties per linker for DUT-5Me@IL and DUT-

5Im@IL respectively, which is the maximum loading possible in this case. All four DUT-5 systems 

discussed here adsorb CO2 preferentially over CH4 (Fig. 4.5c and d; and Fig. 4.6c and d), however the 

inclusion of EMIM-ES reduces the CO2/CH4 selectivity and overall uptake of both CO2 and CH4. Further 

study of ILs in the DUT-5 systems here must consider the loading of IL into MOF as a critical factor. 

4.5 Experimental 
General methods, including FTIR and 1H NMR digestions, were performed as describe in Chapters 2 

and 3 unless otherwise specified. 

4.5.1 Ionic Liquid Incorporation into MOFs 

DUT-5Me or DUT-5Im were activated at 160°C for 18 h to remove all DMF molecules, as confirmed by 

1H NMR spectroscopy, and retention of crystallinity was confirmed by PXRD (Appendix, Fig. A3.3 to 

A3.5). This was followed by static soaking of the MOF in EMIM-ES (50 mg MOF/mL EMIM-ES) for 18 h 

at room temperature. The MOF samples were washed with copious amounts of ethanol under reduced 

pressure on a 3 Å glass sinter to remove excess EMIM-ES, then dried in a desiccator under continuous 

vacuum for 3 h to remove any ethanol from the exterior MOF surface. Complete removal of ethanol 

was confirmed by 1H NMR spectroscopy, and incorporation of EMIM-ES was observed by FTIR and 1H 

NMR spectroscopy as detailed in the main text (Fig. 4.3 and Fig. 4.4 in section 4.2). 
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4.5.2 Preparation for Gas Sorption Isotherms 

Prior to high pressure adsorption measurements, the relevant MOF (120 mg, DUT-5Me or DUT-5Im) 

was activated at 160°C under vacuum for 16 h. The IL loaded samples (120 mg, DUT-5Me@IL or DUT-

5Im@IL) were prepared as detailed in section 4.5.1, and dried at 120°C under vacuum for 6 h to remove 

any water present prior to sorption measurements. The high pressure CO2 and CH4 experiments were 

conducted at 298K up to 35 bar using a high pressure volumetric analyser (Micromeritics HPVA-100). 

UHP grade (99.999%) CO2, CH4, and He were used for all measurements (He was used to purge air from 

the system prior to all measurements). 

  



85 
 

Chapter 5: Conclusions and Future Directions 

In Chapter 2, metalation with Cu(I) of the NHC precursor present in a Zn(II) MOF {[Zn2(μ2-

HCOO)(HL1)2](NO3)∙DMF}n (1)reported by Crees et al.76 was achieved concomitantly with synthesis of 

1 to yield the material {[Zn2(μ2-HCOO)(HL1)1.6(L1-Cu-Br)0.4](NO3)0.6 0.75DMF}n (1-Cu). This metalation 

was optimised to a maximal occupancy of 40% to yield a partially metalated MOF. The coordination 

chemistry of H3L1 was shown to be highly versatile, with four new MOFs synthesised from Cu(II), Co(II), 

and Mg(II) nitrate salts, and Mn(II) chloride to give {[Cu2(μ2-HCOO)(HL1)2](NO3)·1.75DMF}n (2) and 

{[M3(HL1)2(H2O)2](NO3)∙DMF}n (where M = Co, 3; Mg,4; Mn, 5). MOFs 1-5 are 1-D, with only 1, 1-Cu, 

and 2 showing permanent porosity. Subsequently 1, 1-Cu, and 2 were investigated for H2 adsorption, 

with enthalpies of adsorption of -9.9, -9.1, and -9.7 kJmol-1, respectively. The accessibility of the linker 

in MOFs 1-5 was limited due to the undulating 1-D chain structures observed, which pack together to 

leave only minimal pore space. While 1, 1-Cu, and 2 proved to have potential application in H2 

adsorption, the structure of the H3L1 linker was concluded to have a negative influence on the overall 

MOF network. The imidazolium core causes H3L1 to possess a bent geometry and, combined with the 

meta positioning of the carboxylic acids on the phenyl group, this causes the MOF networks 

synthesised here to tend toward a 1-D structure. 

In an attempt to obtain more porous 2-D or 3-D MOFs the coordination chemistry of H3L2 was 

also studied. The carboxylic acid groups of H3L2 are now substituted on the phenyl rings at the para 

position, thus potentially providing improved MOF porosity. The limited solubility of H3L2 in standard 

MOF synthesis conditions caused a significant reduction in the versatility of H3L2 as compared to H3L1. 

However, despite the lack of a new porous MOF after screening against a wide array of metal salts, a 

closer investigation into the reaction of H3L2 and Zn(II) salts led to the synthesis of two MOFs, 6 and 7. 

Compound 6 is similar to a Zn(II) MOF reported in the literature by Sen et al.,65e however inspection of 

the crystallographic data suggested a metal node assignment of a disordered Zn4O node provides an 

improved fit of the electron density map than the Zn8O node presented by Sen et al. MOF 7 is again 

similar to 6, however an increased quantity of DMF used in the synthesis inhibits the formation of the 

Zn4O node and instead disordered solvent is observed to bind to the mononuclear Zn centres. Further 
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characterisation of MOFs 6 and 7 is required in order to complete the investigation into Zn4O node 

formation in these systems. 

Finally, SALE in the highly porous material MnMOF1 was investigated as a method to 

incorporate NHC precursors into a robust, porous, MOF. The linker H4L3 was chosen for this study as 

it was predicted to be capable of replacing the native MnMOF1 linker, H2L4. While the linker moieties 

in MnMOF1 have been shown to be readily accessible for metalation,46 and mixed linker analogues 

have been synthesised from one pot reactions,22 efforts in this study did not yield any incorporation of 

H4L3 into MnMOF1. This was likely due to the relative shape of H4L3 compared to H2L4, where rotation 

about the methylene bridge causes the metal binding carboxylate groups of H4L3 to be in an 

unfavourable position for replacement of H2L4. 

Throughout Chapter 2, linkers were used which contained an imidazolium functionality in the 

core of the linker. It was generally concluded that this imposes a linker geometry that is inconvenient 

for linker inclusion into known MOFs, and furthermore generally inhibits the formation of 2-D or 3-D 

porous MOFs. Chapters 3 and 4 focused on NHC precursor incorporation into MOFs with improved 

stability and porosity over the MOFs synthesised in Chapter 2. Linkers with NHC precursors attached 

as pendant groups are used in order to provide more linear linker geometries that are better suited to 

substitution into known MOFs. As such, the majority of future work from Chapter 2 is included in 

Chapters 3 and 4. However, an alternative method not studied here is a pillaring strategy to form highly 

porous, NHC precursor containing MOFs. This strategy is exemplified by the work of Sen et al.,65h where 

2-D, imidazolium containing, sheets were pillared with a series of bipyridine based linkers to yield 

highly porous 3-D MOFs. Pursuit of this strategy has been demonstrated in other systems,113 and would 

be an important future experiment here. The most promising targets for this strategy are MOFs 6 and 

7, where coordinated DMF could be removed and replaced with a pillaring agents to yield highly porous 

3-D MOFs. However, the crystallographic study of MOF 7 is incomplete due to unresolvable disorder 

within the structure, and thus an improved dataset is desired. This would drive further investigation 

into the exact nature of the inhibition of the Zn4O node formation observed, and allow for a more 

complete pillaring study as described previously. 
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Chapter 3 focussed on incorporation of NHC precursors into the highly stable MOF DUT-5. Two 

linkers were used, bpdc-Me and bpdc-Im, and DUT-5 analogues DUT-5Me and DUT-5Im synthesised 

from these linkers. Bpdc-Im contains an imidazolium group attached to a biphenyl backbone as a 

pendant group, thus allowing improved access to the NHC precursor within the pore space of DUT-

5Im. 77K N2 isotherms and modelling suggested that full loading of bpdc-Im may fill the entire pore 

space of DUT-5Im, and thus dilution of the indazolium functionality was desired. This was achieved by 

SALE reactions starting from DUT-5Me and adding bpdc-Im to yield two mixed linker DUT-5 analogues 

with 5% and 25% loading of bpdc-Im, DUT5-Im5% and DUT-5Im25%, respectively. These SALE reactions 

were successful due to the relative solubility in DMF of bpdc-Me and bpdc-Im compared to bpdc. Both 

bpdc-Me and bpdc-Im are highly soluble in DMF, and thus are easily displaced from the MOF during 

the SALE process. On the other hand, bpdc is poorly soluble in DMF and thus is more difficult to 

exchange via SALE reactions. 

The methyl ester precursor of bpdc-Im was used as a model system to demonstrate the 

viability of NHC metalation in bpdc-Im. The methyl ester was metalated with Rh to yield bpdc-Im@Rh, 

as confirmed by SCXRD. The same conditions were extended to DUT-5Im, DUT5-Im5%, and DUT-5Im25% 

and appeared to be successful. Rh was observed to be incorporated by EDX measurements, however 

in the absence of a crystal structure or additional structural characterisation (such as solid-state NMR 

spectroscopy or EXAFS) the exact placement of the Rh centre within the MOF and its coordination 

environment could not be confirmed. Any future work concerning Rh metalation should involve full 

characterisation of the molecular system, and the nature of metalation of all three DUT-5 analogues 

needs to be confirmed. This may be achieved by attempting dissolution for ICP-MS in hydrofluoric acid, 

which was not available at the time this work was conducted. Measurement of the intense Kα emission 

lines for Rh in EDX was not possible due to the limited beam power (up to 30 keV) on the SEM used. 

As such, the weaker L emission lines were used, which results in a low signal to noise ratio and possible 

errors in the metalation level determined by this technique. ICP-MS provides a quantitative 

measurement of Al and Rh ions within a sample, whereas EDX yields only a qualitative ratio of Al to 
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Rh. Future work in this area could also investigate alternative metal centres to Rh in order to provide 

different NHC-metal complexes which may be simpler to characterise than the system investigated 

here. 

An alternative target for catalysis is the NHC itself for use in organocatalysis within DUT-5Im, 

DUT5-Im5%, and DUT-5Im25%. An example of NHC based organocatalysis within a MOF was recently 

provided by Schumacher et al.,96 where the NHC was obtained by deprotonation of the NHC precursor 

while attached to the Zr(IV) MOF UiO-67. The ML-DUT-5 analogues are likely to be the best targets for 

organocatalysis as the pore space is less crowded than the pure DUT-5Im material. Within this project 

tuning of the N-substituents on the NHC precursor will likely be necessary in order to stabilise the 

carbene produced within the MOF. 

Chapter 4 investigated high pressure adsorption of CO2 and CH4 in DUT-5 analogues DUT-5Me 

and DUT-5Im. The uptake of both CO2 and CH4 was negatively affected by the inclusion of extra 

functional groups within the pores as compared to DUT-5. The IL 1-ethyl-3-methyl-imidazolium ethyl 

sulfate (EMIM-ES) was introduced into DUT-5Me and DUT-5Im in an attempt to improve CO2 uptake, 

and hence improve CO2/CH4 selectivity. However the reverse occurred experimentally, with drastically 

reduced uptake in both MOFs to the extent that the total gas adsorbed was negligible. Any future work 

in this section must consider the IL loading within the MOF as a critical factor. In this case it appears 

there was too much IL and the MOF pores were completely blocked, however a lower loading of IL 

may alleviate this issue. One such method to incorporate less IL could be to use a solution of EMIM-ES 

in a solvent than can be easily removed from the MOF (e.g. ethanol). 

Further investigation is required into ILs in MOFs with a wider scope than the study presented 

here. For example, the effect of using an IL that is a liquid at ambient room temperature (as in Chapter 

4) against an IL that is solid at room temperature has not been thoroughly studied. Furthermore, the 

exact nature of the IL within MOFs is not well characterized and needs further investigation. For 

example, it is not clear if the IL remains in the liquid state within the MOF, and if this is dependent on 

the number of IL molecules present within the MOF pores. 
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Overall future directions for MOFs containing NHCs and their precursors centre on application 

for catalysis and gas sorption. The limited number of metalation studies in literature have shown 

promising properties both in terms of enhanced catalysis and gas sorption, and thus there is scope for 

further investigation. A promising metalation based project would be the inclusion of a NHC-Ru species 

within a highly porous MOF, which could be synthesised to yield a MOF bound species that is similar 

in design to Grubbs’ second generation catalyst. Furthermore, charge separation has been 

demonstrated to be a critical factor in gas sorption, and further study of the interplay between azolium 

and NHC-metal moieties within a MOF would be beneficial in this area.  
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Appendix 1: Supplementary Material for Chapter 2 

Activated PXRD for 1, 1-Cu, and 2 

 

Fig. A1.1: Simulated (black) and activated PXRD patterns for 1 (red), 1-Cu (blue), and 2 (green), showing retention of 

crystallinity for 1 and 1-Cu, with only a minor loss in crystallinity observed for 2. 

Calculated Pore Space for 1-CuA and 1-CuB 

 

Fig A1.2: Solvent accessible pore space in 1-CuA viewed a) down the c axis and b) tilted off the c axis. The accessible pore 

volume has been greatly reduced compared to that of 1 due to the NHC-Cu-Br moiety protruding into the pore, reflecting the 

significantly lower BET surface area calculated (160 m2g-1). 
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Fig. A1.3: Solvent accessible pore space in 1-CuB viewed a) down the c axis and b) tilted off the c axis to show the extension 

of the pore channels through the framework. There is still accessible pore space as predicted by the theoretical BET surface 

area (340 m2g-1). 
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Crystallographic Data for MOFs 1-Cu to 5 
Table A1.1: X-Ray experimental data for all MOFs synthesised using H3L1. 

Compound 1-Cu (Zn@Cu) 2 (Cu) 3 (Co) 4 (Mg) 5 (Mn) 

Empirical formula C72.25H50.25Br1.2Cu1.2N10.55O26.15Zn4 C40.25H35.15Br0.1Cu2.1N6.65O14.45 C75.5H69.5N12.5O28.5Co3 C74H66Mg3N12O28 C72.5H60.5Mn3N11.5O26.5 

Formula weight 1918.20 984.62 1784.72 1644.31 1681.64 

Crystal system monoclinic monoclinic monoclinic triclinic triclinic 

Space group C2/m C2/m C2/c P-1 P-1 

a (Å) 20.889(4) 20.7373(16) 23.128(5) 10.393(2) 11.014(2) 

b (Å) 18.004(4) 17.9433(14) 14.043(3) 14.018(3) 13.053(3) 

c (Å) 10.913(2) 10.9131(8) 23.412(5) 14.240(3) 14.145(3) 

α (°) 90 90 90 117.59(3) 63.88(3) 

β (°) 91.36(3) 91.48(7) 95.37(3) 93.18(3) 79.87(3) 

γ (°) 90 90 90 98.27(3) 89.57(3) 

Volume (Å3) 4103.1(14) 4059.4(5) 7571(3) 1801.9(8) 1791.8(8) 

Z 2 4 4 1 1 

Density (calc.) g/m3 1.553 1.611 1.566 1.515 1.558 

Absorption coefficient 
(mm-1) 

2.124 1.277 0.746 0.141 0.615 

F(000) 1927 2013 3676.0 854.0 863.0 

Crystal size (mm3) 0.25 x 0.2 x 0.2 0.3 x 0.15 x 0.15 0.28 x 0.14 x 0.10 0.1 x 0.1 x 0.05 0.28 x 0.14 x 0.12 

2θ range for collection (°) 2.986 to 60.17 5.352 to 58.392 3.396 to 55.84 3.258 to 55.838 3.268 to 55.828 

Reflections collected 41452 18655 62700 30454 30395 

Observed reflections 
[R(int)] 

5725 [0.0853] 5081 [0.0536] 9027 [0.0245] 7830 [0.0361] 7854 [0.0706] 

Goodness-of-fit on F2 1.055 1.074 1.048 1.056 1.060 

R1 [I>2σ(I)] 0.0760 0.0583 0.0453 0.0532 0.0788 

wR2 (all data) 0.2127 0.1685 0.1199 0.1422 0.2330 

Largest diff. peak and hole 
(e.Å-3) 

4.57, -4.04 2.58, -0.98 0.86, -0.81 0.35, -0.76 2.92, -0.79 
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Appendix 2: Supplementary Material for Chapter 3 

Attempted Syntheses for UiO-67 
Table A2.1: Summary of synthetic conditions attempted toward obtaining single crystals of UiO-67. All reactions were conducted at 120°C and for 24 h unless otherwise noted. All literature 
procedures were attempted with linkers bpdc, bpdc-Me, and bpdc-Im. 

Sample Reference 
Linker 

concentration 

Linker to 

ZrCl4 ratio 
DMF volume Modulator Extra Additive(s) 

Result for this 

author 

UiO-67 original 

synthesis 

Cavka et al.1  bpdc; 9x10-3 M 1:1 25 ml None None No precipitate 

UiO-67 SC Schaate et al.2  bpdc; 9x10-3 M 1:1 25 ml Benzoic acid 

30 equiv. 

None Amorphous 

precipitate 

UiO-67, KOH 

soaked flask, loose 

lid 

Øien et al.3  bpdc; 5.0x10-2 M 1:1 20 ml Benzoic acid 

30 equiv. 

35% HCl 0.83 μl. 48 

h reaction. 

Amorphous 

precipitate 

UiO-67 with bpydc 

linker 

Gonzalez et al.4  bpydc 1.2x10-2 M 1:2 anhydrous 

DMF; 80 ml 

Benzoic acid 

80 equiv. 

Deionized water 

128 μl. 120 h 

reaction. 

Amorphous 

precipitate 

UiO-67 powder Cohen et al.5  bpdc 3.5x10-2 M 1:1 3 ml Acetic acid 33 

equiv. 

None Successful 

UiO-67Me direct 

synthesis 

 bpdc-Me 4.1x10-2 

M 

1:1 3 ml None None Low 

crystallinity 

sample 

UiO-67Im direct 

synthesis 

 bpdc-Im 4.1x10-2 

M 

1:1 3 ml None None No precipitate 

 

1. J. H. Cavka; S. Jakobsen; U. Olsbye; N. Guillou; C. Lamberti; S. Bordiga; K. P. Lillerud, J. Am. Chem. Soc. 2008, 130, 13850. 

2. A. Schaate; P. Roy; A. Godt; J. Lippke; F. Waltz; M. Wiebcke; P. Behrens, Chemistry 2011, 17, 6643. 

3. S. Øien; D. Wragg; H. Reinsch; S. Svelle; S. Bordiga; C. Lamberti; K. P. Lillerud, Cryst. Growth Des. 2014, 14, 5370. 

4. M. I. Gonzalez; E. D. Bloch; J. A. Mason; S. J. Teat; J. R. Long, Inorg. Chem. 2015, 54, 2995. 

5. H. Fei; S. M. Cohen, Chem. Commun. 2014, 50, 4810. 
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NMR Spectroscopy Data 

As synthesised 1H NMR spectra for DUT-5Me and DUT-5Im 

 

Fig. A2.1: 1H NMR digest for DUT-5Me as synthesised in d6-DMSO with D3PO4 (H3PO4 peak at ~6 ppm), showing successful 

incorporation of bpdc-Me. 

 

Fig. A2.2: 1H NMR digest for DUT-5Im as synthesised in d6-DMSO with D3PO4 (H3PO4 peak at ~6 ppm), showing successful 

incorporation of bpdc-Im. 
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SALE reactions starting from DUT-5Me with five equivalents of bpdc-Im 

 

Fig. A2.3: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 1 in Table 3.2 in Chapter 3. 

 

Fig. A2.4: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 2 in Table 3.2 in Chapter 3. 

 

Fig. A2.5: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 3 in Table 3.2 in Chapter 3. 
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Fig. A2.6: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 4 in Table 3.2 in Chapter 3. 

SALE reactions starting from DUT-5Me with two equivalents of bpdc-Im 
 

 

Fig. A2.7: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 1 in Table 3.3 in Chapter 3. 
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Fig. A2.8: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 2 in Table 3.3 in Chapter 3. 

 

Fig. A2.9: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 3 in Table 3.3 in Chapter 3. 

 

Fig. A2.10: 1H NMR digest in d6-DMSO with D3PO4 for SALE entry 4 in Table 3.3 in Chapter 3. 
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Appendix 3: Supplementary Material for Chapter 4 

Full FTIR Spectra for DUT-5Me, DUT-5Im, DUT-5Me@IL, DUT-5Im@IL, and EMIM-ES 

 

Fig A3.1: Full FTIR spectra for EMIM-ES (black), DUT-5Me (green), and DUT-5Im (blue). Note that EMIM-ES was collected in 

a Nujol mull, seen by the large stretch just below 3000 cm-1. 

 

Fig A3.2: Full FTIR spectra for EMIM-ES (black), DUT-5Me@IL (purple), and DUT-5Im@IL (orange). Note that EMIM-ES was 

collected in a Nujol mull seen by the large stretch just below 3000 cm-1. 
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Application of ideal gas law to convert mmol/g to cm3/g  
 

𝐼𝑑𝑒𝑎𝑙 𝑔𝑎𝑠 𝑙𝑎𝑤: 𝑃𝑉 = 𝑛𝑅𝑇  

where P = pressure (atm), V = volume (L), N = no. of moles (mol) ,R = universal gas constant, 0.08206  

𝐿.𝑎𝑡𝑚

𝑚𝑜𝑙.𝐾
  and T = temperature (K) 

𝑉 =
𝑛𝑅𝑇

𝑃
 

𝐴𝑡 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠: 𝑉 =
𝑛 (0.08206 

𝐿. 𝑎𝑡𝑚
𝑚𝑜𝑙. 𝐾

) (273 𝐾)

1 𝑎𝑡𝑚
 

𝑉 ≈ 22.4 𝑛 

𝐻𝑒𝑛𝑐𝑒, 𝑖𝑓 𝑛 = 8 𝑚𝑚𝑜𝑙 

𝑉 ≈ 180 𝑐𝑚3 

Activated 1H NMR spectra and PXRD patterns for DUT-5Me and DUT-5Im 

 

Fig. A3.3: 1H NMR spectrum for an activated sample of DUT-5Me in d6-DMSO and D3PO4. Residual solvent peaks are 

observed at 2.50 and 8.20 ppm, respectively. All other peaks are due to DUT-5Me, indicating full removal of DMF. 

 

Fig. A3.4: 1H NMR spectrum for an activated sample of DUT-5Im in d6-DMSO and D3PO4. Residual solvent peaks are 

observed at 2.50 and 8.20 ppm, respectively. All other peaks are due to DUT-5Im, indicating full removal of DMF. 
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Figure A3.5: PXRD for DUT-5 simulated (black), DUT-5Im activated (blue), and DUT-5Me activated (green), showing 

retention of crystallinity post activation. 
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