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Abstract  

Metal organic frameworks (MOFs) have received significant attention in recent years 

in the areas of biomedical and environmental applications.  Among them, mixed metal 

MOFs and highly porous MOFs, although promising, are relatively few in numbers. 

Therefore, the ultimate goal achieved in this dissertation is to 1) synthesize novel 

highly porous and/or mixed metal MOFs, and 2) investigate their ability to encapsulate 

guest molecules focusing on drugs for biomedical applications or dyes and metals for 

environmental applications. Chapter 1 provides a detailed literature review 

introducing MOFs, their properties, and their use in both biomedical and 

environmental applications. 

The first goal this thesis is concerned with, is the synthesis and structural 

characterization of mixed metal MOFs. Chapter 2 introduces the NUIG Family of 

MOFs where is presented NUIG1, a biocompatible ZnNa2 MOF based on the organic 

linker benzophenone 4,4 dicarboxylic acid. NUIG1 displays a novel topology and is a 

rare example of a mixed metal MOF based on 1D rod secondary building units. Due 

to its biocompatibility, determined using MCF-7 cells and an MTT assay, it was 

investigated as a drug carrier for biomedical applications. UV-vis, HPLC, TGA, 

XRPD, solid state NMR and computational studies indicated that NUIG1 exhibits a 

record amount of Ibuprofen (Ibu) encapsulation and high nitric oxide adsorption 

capacity. NUIG1 can also be used in environmental applications where it exhibits 

good performance in the adsorption of metal ions (CoII, NiII, CuII) from aqueous 

environments, as was demonstrated by UV-vis, EDX, ICP, SEM. Direct and alternate 

current magnetic susceptibility studies revealed that the magnetic properties of NUIG1 

depend on the amount and type of the encapsulated metal ion. This work has been 

published in Material Advances, 2020,1, 2248-2260. 

The employment of benzophenone-4,4ô-dicarboxylic acid (bphdcH2) in MOF 

chemistry was further investigated in Chapter 3, providing access to the 3D mixed 

metal MOFs NUIG2 and NUIG3, and the 2D homometallic MOF 1ÅDMF.  NUIG2 

and NUIG3 are structural analogues of NUIG1. Both NUIG2 and NUIG3 display 

high metal ion (CoII, NiII, CuII) adsorption capacity, comparable to that of NUIG1. 

Monte Carlo simulations were conducted in NUIG1 in order to assess its adsorption 

capacity for other guest molecules and revealed that it possesses an outstanding CO2 
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uptake at ambient pressure, which is larger than that of the previously reported best 

functioning species (104 vs 100 cm3 (stp)/cm3). This work has been published in 

Dalton Transactions, 2021, 50, 6997-7006.  

Chapters 4 and 5 focus on the synthesis of highly porous MOFs and their ability to 

encapsulate larger organic molecules. Specifically, the ability of these materials to 

encapsulate and release the anticancer drug Doxorubicin (Dox) and/or other 

environmentally hazardous species, such as dyes, was thoroughly investigated. The 

employment of multitopic elongated linkers in MOF chemistry provided access to 

highly porous 3D MOFs, NUIG5, NUIG6 and NUIG7. These MOFs are all structural 

analogues which were synthesized by slightly modifying the synthetic process; in 

particular, the replacement of Zn(CH3CO2)2·2H2O (used for NUIG5) with 

Co(CH3CO2)2·2H2O provided access to  NUIG6 and the replacement of L1 (used for 

NUIG5) with L2 provided access to NUIG7. 

Chapter 4 covers the synthesis, characterization, and properties of NUIG5 and 

NUIG6. N2 adsorption measurements revealed that these MOFs are highly porous with 

a surface area of 4841 m2/g. It is noteworthy to mention, there are very limited number 

of MOFs with a surface area of around 5000 m2 g-1. NUIG5 showed a high 

encapsulation for the large anti-cancer drug -Dox (1100mg Dox/g NUIG5). The HDF 

cell line was used to assess the toxicity of NUIG5 and its organic linker, they are not 

toxic and can be used as potential drug carriers. The cytotoxic effect of Dox@NUIG5 

was also investigated, revealing similar LC50 values to that of unloaded NUIG5 and 

less toxicity towards healthy cells in comparison to free Dox. NUIG5 showed to also 

encapsulate large amounts of Rhodamine B (RhB) and Brilliant green (BG) dyes 

determined by UV Vis studies. NUIG7 and its Dox encapsulation is presented in 

Chapter 5. UV-vis, FTIR and TGA, studies indicated that NUIG7 also exhibits an 

exceptionally high Dox adsorption capacity (1850 mg Dox/g NUIG7), larger than that 

of NUIG5. Cytotoxicity studies revealed an LC50 value of 70µM.  

Finally, Chapter 6 discusses the synthesis and characterization of other members of 

the NUIG family of MOFs, using novel, polytopic, Schiff based carboxylate linkers 

(L1-L5). The employment of multitopic elongated linkers in MOF chemistry provided 

access to series of highly porous 3D MOFs. Due to their highly porous nature, they 

can potentially be used to encapsulate large organic molecules link Doxorubicin (Dox) 
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or organic dyes. Cytotoxicity studies of these ligands and MOFs revealed that they are 

non-toxic at concentrations typical needed for the administered dosage anticancer 

drugs like of Dox and as a result can be potentially used in biomedical applications.  
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 Porous Materials 

Porous materials are a family of substances that contain voids or pores within their 

structures to form complex networks of channels and they are broadly classified into 

two major categories: (i) amorphous and (ii) crystalline.1 Porous amorphous solids do 

not display any ordered repeated units within their structures.2 On the other hand, 

porous crystalline solids comprise of ordered structures with reproducible 

pores/channels and topologies. 3This gives them high thermal and mechanical stability 

making them more advantageous. 4 These structures can be classified into three sub 

families depending on pore diameter: microporous, mesoporous and microporous.5 

Microporous materials typically have pores of less than 5ï20 nm in diameter, 

macroporous have pore sizes over 500 nm and mesoporous between 20ï500 nm. 6 The 

pore size can be determined using gas-solid BET adsorption isotherms. 7 The modern 

version of IUPAC classification shows six different types of isotherms depending on 

the type of the material (Figure 1.1). Type 1 is a typical isotherm provided by a 

microporous material, whereas, depending on the strength of the gas-solid interactions, 

mesoporous materials exhibit a Type II or Type III isotherm.8  

 

Figure 1.1: The different type of isotherms for porous materials. Type I shows microporous where 

mesoporous exhibits a type II or III isotherm.9 

The size of the pores and in turn, the sub class the material belongs to, as well as the 

presence of functional groups that favour suitable intermolecular interactions, 

determine the type of guest molecule they can encapsulate.10 The ability of porous 

materials to encapsulate guest molecules has expanded the research in numerous fields 

and been applied to a wide range of applications such as catalysis11, ion exchange,12 
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energy13, environmental applications14 drug delivery15 etc. Well known members of 

this family of materials include pure organic materials like liposomes16 and micelles 

17 or pure inorganic materials such as silicas18 or zeolites19. In more recent years, the 

porous materials have expanded into an amalgamation of both inorganic or organic 

units such as metal organic frameworks. 

 Metal Organic Frameworks (MOFs)  

Metal Organic Frameworks (MOFs) are a class of crystalline 2D or 3D coordination 

polymers and a key member of the porous materials family. 20 This family of polymers 

are built from the self-assembling of metal ions or clusters, linked through multidentate 

organic linkers creating porous networks.21 Although MOFs are considered 

coordination polymers, for a coordination polymer to be classified as a metal organic 

framework there are three main factors to consider: 1) the material must be two or 

three dimensional, 2) they must be crystalline in nature, and 3) they must display 

considerable porosity. 22 The general structure of MOFs can be seen in the Figure 

below. 

 

Figure 1.2: Generic scheme showing the building units and how they arrange to form a Metal 

Organic Framework. 

This type of coordination polymer was first recorded in the 1960s by Tomic,23 but the 

actual term óMetal Organic Frameworkô was only introduced in 1995 by a pioneering 

material chemist Omar Yaghi,24 when he and his co-workers synthesised, a complex 

consisting of 1,3,5- benzentricarboxylate (btc) -based cobalt layers bridged by pyridine 

creating a 3D MOF with the formula, Co3(BTC)2.H2O. It was after Yaghiôs discovery 

of MOF-5, that research in this field of materials began to soar rapidly. MOF-5 made 
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history with a record level of porosity and a surface area of over 6,000 m2/g, much 

higher than that of current porous materials.25 These porous solids exhibit unique and 

outstanding properties such as unprecedented pore volumes and surface areas, placing 

them far ahead of zeolites and other porous materials. Due to this, many groups 

internationally, are inspired by Yaghiôs work and as a result, MOF research is now a 

leading area in materials chemistry with 99,075 structures reported within the CSD 

MOF subset found in the Cambridge Crystallographic Data Centre (CCDC) as of 

January 2021. 26 

With the increase in the number of MOFs synthesised each year, the naming system 

for these materials has altered. Originally, MOFs were initially grouped based on 

unique features and then numbered in chronological order of discovery.27 This is the 

case for ZIF (zeolitic imidazolate framework) based frameworks, like ZIF-8, bioMOF 

or MBioF (metal biomolecule framework) based MOFs and IRMOFs (isoreticular 

framework) such as IRMOF-8. Recently, MOFs are more commonly named after the 

place where they were first synthesised.27 For example, MIL (Materials Institute 

Lavoisier), UiO (University of Oslo), HKUST (Hong Kong University of Science and 

Technology) are all entitled after the university where they were discovered.  

 The Building Blocks of MOFs 

As mentioned previously, metal-organic frameworks consist of inorganic clusters 

bridged by multitopic organic linkers, forming 2 or 3 dimensional networks.21 With 

these two units forming the MOF skeleton, this constitutes them as a type of hybrid 

material. The generic structure of a 3D MOF can be seen in Figure 1.2. Typically, rods 

are used to represent the organic component. These rods bridge the inorganic cluster, 

which is represented by a sphere, portraying the hybrid nature of the material. The 

MOF structure shown is extended in all directs creating a porous network. 

MOFs, similarly to zeolites and other families of porous materials, are able to 

encapsulate guest molecules into their pores,28 however they display substantial 

differences when compared to the former, which can be advantageous.  A boundless 

variety of structures with different surface features and pore structures are easily 

synthesised as a result of the plethora of supply or combination potential of building 

units that can be used in their synthesis.29  By carefully choosing specific building 
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blocks, it is possible to tailor the structures, pore sizes, and the MOF topologies.30 This 

can in essence affect the size and amount of guest molecule as well as effect what 

application the MOF may be suited for. 31A topology is used to describe the 

connectivity between the inorganic SBUs and the organic rods. The suggested 

procedure for naming the network topologies is to use the three letter codes based on 

that topology such as hcb = honeycomb, sql = s etc.32 Different topologies can affect 

the physical properties of the framework. Where more flexible nets can induce 

flexibility  to the overall framework. More complex topologies can also provide 

stability to the networks.   

 

Figure 1.3: Different examples of MOF topologies.33 

Due to the vast range of ligands and metals used in MOF synthesis an infinite number 

of networks can exist.  Luckily though, only a handful of these occur with any 

regularity, making the MOF topology easier to determine. 34 Data for many of the nets 

most seen in MOF chemistry are collected in a searchable database known as the 

Reticular Chemistry Structure Resource (RCSR). 35 

In crystallography, simple structures were shown as ñball-and-stickò models. For this 

the balls were the atoms with the corresponded bonds existing between nearest-

neighbour atoms represented as sticks. Similarity these representations can be used to 

describe MOF frameworks referred to as nets. 33 

 

Figure 1.4: Example of how the coordination between the linker and the metal cluster can be 

represented.30 
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A net is a sort of graph where there is at most one edge that links any pair of vertices. 

A net is also connected, meaning that every vertex is linked to every other by a 

continuous path of edges. Here the vertices of the graph corresponding to the atoms 

and the edges of the graph corresponding to the bonds. The edges and vertices of the 

net could be respectively polyatomic linkers and clusters. The local topology of a 

vertex in a net can be characterized by several symbols, with the most common being; 

Schläfli symbols, point symbols (PS), vertex symbols (VS), and the already mentioned 

three-letter codes of the RCSR database point symbol or a vertex symbol. The Schläfli 

symbol is a symbol of the form {p,q,r}. While p stands for a regular polygon with p 

edges, q expresses how many polygons meet at each corner. Examples of Schläfli 

symbols are as follows: tetrahedron {3,3}, octahedron {3,4}, cube {4,3}, icosahedron 

{3,5}, and finally, the dodecahedron {5,3}33. In contrast to Schläfli symbols, VS 

designate topological descriptions of vertices. The general recipe in order to achieve 

the symbol for a given vertex is to look at all possible angles ï this means pairs of two 

edges that meet at a corner and inspect in which shortest the vertex is involved and 

specify the the number of vertices in the ring. This is done for all angles, and separate 

each ring-size specification with a point ñ.ò So, the general VS has the form a.b.c.d, 

etc. The point symbol takes the form of  Aa .Bb ,  and signifies that there are a angles 

at which the shortest cycle is an A-cycle, b angles at which the shortest cycle is a B-

cycle, etc The basic principle of deriving PS is very similar to that of VS, namely, that 

we again inspect all angles of a given vertex. 36 Point symbols for nets are conveniently 

obtained from TOPOS.37 These RCSR symbols work as identifiers for nets, and their 

underlying structural and topological attributes are listed for each entry in the RCSR 

database.35 

1.3.1 Inorganic Secondary Building Blocks (SBU) 

The SBUs often display well-defined metal topologies such as linear, trigonal, 

tetrahedral, octahedral, etc34. One representative example of a tetrahedral SBU in MOF 

chemistry is the [Zn4O(CH3CO2)2], 
38 where four zinc atoms are linked together 

through CH3CO2
- groups and  ɛ4-O

2- ions. Examples of the inorganic unit comprising 

of a 1D polymer which are then bridged by the organic linkers have recently been 

reported in literature, eg Wei Meng published an unprecedented Co(II) ribbon-shaped 

secondary building unit in a novel 3D MOF; [Co2.5(dcpp) (ɛ3-OH) (ɛ-H2O)]·H2O}n 

(H4dcpp = 4,5-bis(4ǋ-carboxylphenyl)-phthalic acid). The main original feature of the 
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structure is the infinite inorganic ribbon-shaped SBU which is built of infinite 

quadrangles of Co8O14 units further linked to neighbouring ribbons, through the 

organic linker forming a complicated 3D framework with 1D microchannels. 39 

Although OôKeefe in 2011 noted that porous MOFs with rod SBUs and rod nets often 

exhibit pronounced ñbreathingò, in which the rods can act as hinges providing 

additional flexibility, limited MOFs have been published with this type of SBU. 40 

.  

 

Figure 1.5: Examples of common inorganic SBU's and how the coordination number of the metal 

impacts the shape.41 

The inorganic SBU plays a major role in the geometry and overall topology of the 

MOF. 34 The SBU may provide vacant coordination sites or favour the formation of 

intermolecular interactions, impacting the overall topology of the MOF. For example, 

a MOF consisting of a tetranuclear Zn cluster can coordinate to 6 organic linkers, 42 

whereas MOFs with Ln based SBUôs can coordinate to more linkers due to the change 

in oxidation state, providing a different geometry.43 The chemical and physical 

properties of the overall structure can be altered simply by changing these building 

blocks. By choosing specific components, the MOF can gain certain properties such 

as flexibility, luminescent44 or magnetic45 etc. Recent work by García-Valdivia et al 

has shown the significant effect of the SBU in the properties and applications of MOFs. 

In particular, the synthesis of three isostructural frameworks has been reported with 

each MOF differing by the nature of the metal present in the inorganic SBU ({[M(ɛ-

2ain)2]·DMF} n [M
II= Co, Ni, Zn]) Both the Co and Ni frameworks exhibit 

antiferromagnetic interactions between the metal centres and were investigated as 

magnetic sensors. The Zn analogue, though diamagnetic, was also investigated as a 
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sensor through its photoluminescent characteristics. All three MOFs, with identical 

topologies, encapsulated Cu2+, Fe2+, and Fe3+ ions from aqueous solutions but the way 

they sense the encapsulation is altered by the inorganic SBU.46 

A wide range of different metal sources can be found in literature when discussing th 

inorganic SBU, where typically transition metal ions such as Zn2+, Cu2+, Ni2+
, etc47, 

are used, but lanthanides48, alkali and alkaline earth49 metals have also been employed. 

These metals can remain stable in a range of oxidation states, this results in a range 

coordination numbers. Using the similar multitopic linkers but changing the inorganic 

SBU often affects the overall structure and/or the properties of the MOF. This can be 

seen when comparing MOF-20050 and MOF-39951: both MOFs are based on the 

4,4ǋ,4ǋǋ-(benzene-1,3,5- triyl -tris(benzene-4,1-diyl))tribenzoate (bbc) tritopic ligand 

but contain different SBUs. In the case of MOF-200, a tetranuclear Zn cluster is used 

whereas the commonly observed Cu paddlewheel is present in MOF-399. Due to the 

different coordination number of these two clusters, MOF-200 has a qom-net topology 

and MOF-399 has a tbo-net topology, demonstrating the crucial role that the inorganic 

SBU plays on the overall MOF framework. 

 

Figure 1.6: The impact the inorganic SBU has on the overall topology of the MOF where the organic 

linker is the same. 

1.3.2 Organic Ligands 

The organic linkers are used to bridge the inorganic clusters, forming the 3D network. 

They can be anionic, cationic or neutral. A wide range of ligands with different sizes 

and shapes have been reported and briefly discussed below; some provide rigidity to 

the framework using a series of aromatic rings, whereas the more flexible ligands can 

help the framework encapsulate larger amounts of guest molecule due to the breathing 

phenomenon.52 While many forms of ligands can be employed, they must contain at 

/ǳнό/hнύп½ƴпhό/hнύс
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least two functional groups that can co-ordinate to the metal cluster at two different 

directions favouring the formation of a polymeric network. Consequently, multitopic 

carboxylate or nitrogen donor ligands are mostly used, with the first being the most 

popular. For example, the negatively charged carboxylate groups provide a charge 

balance with the positively charged inorganic SBU. Carboxylic acids have shown to 

offer high thermal stability and due to the basic environment, these ligands are more 

readily deprotonated improving the rate of MOF formation. 53 

 

 

Figure 1.7: Common organic linkers found in MOFs. 

Carboxylate based organic linkers are able to coordinate to metals with a variety of 

different ligation modes. Hence, they can provide a range of topologies and therefore 

producing MOFs of different structures which can as a result impact the uptake of 

guest molecules. Different coordination modes can affect the thermal and chemical 

stability of the network as well as its rigidity and flexibility.54 

The type of the organic linker chosen for the MOF construction can have a major 

impact on its porosity as this can change in both size and shape based on the length or 

nature of the ligand. Isoreticular synthesis of MOFs is a key research area that 

demonstrates this. Isoreticular growth refers to an increase in the distances between 

the inorganic clusters, while keeping the same connectivity between the metal and the 

ligands.55  



26 

 

 

Figure 1.8: IRMOF family showing the impact the use of elongated likers provides to pore size.56 

Yaghi et al synthesised a series of isoreticular MOFs in 2002, namely IRMOF-n. (n=1-

16, where n is the chronological order of discovery). It is reported that all  the IRMOFs 

have the CaB6 topology adapted by the prototype IRMOF-1, in which an oxide-centred 

Zn4O tetrahedron is bridged by six carboxylates to give the octahedron-shaped 

secondary building unit (SBU) creating a 3D cubic porous network. The organic 

linkers present in IRMOF-1, 10 and 16 differ by the addition of one extra aromatic 

ring each time (Figure 1.8).  As a result, the free space volume increases from 55.8% 

to 91.1% when comparing IRMOF-1 and IRMOF-16; similarly, the free pore diameter 

increases with the extension of the linker and addition of the aromatic rings, where the 

diameter is 8.1, 15.4 and 19.1 Å for IRMOF-1,10 and 16 respectively.56  

1.3.3 Mixed Metal MOFs (MMôMOFs) 

Mixed metal MOFs (MMôMOFs) are a relatively less investigated family of MOFs, in 

which the inorganic unit comprises of two or more different metals. With the inorganic 

SBUôs having a major impact on the geometry and topology of the overall network, 

the presence of additional metals can result in the formation of a more complex 

framework.57 MM-MOFs frequently show superior advantages over homometallic 

MOFs with respect to their properties and applications, possessing enhanced chemical 

and thermal stability and increase in overall flexibility of the MOF.58 This could be 

due to that presence of additional metals and complexity of the SBU providing further 

coordination bonds to the organic linker.  The addition of a second metal offers new 

opportunities in terms of multifunctionality and tuning of the properties of the material 

to a given application. For example, extra metals in the SBU have shown to influence 

the flexibility of the framework. Serre et al. reported the influence of inorganic SBU 

in the breathing behaviour of MIL -53 where a mixture of Cr: 60%/Fe: 40% exhibits a 

breathing behaviour that is totally different from that of the parent MIL -53(Cr) and 
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MIL -53(Fe) MOFs. This breathing profile, seen in the XRPD is different from both 

the monometallic compounds. MIL-53(Cr) shows a direct narrow pour (np) to large 

pour (lp) transformation and MIL -53(Fe) presents a two-step np to closed pore (cp) 

transformation. The bimetallic compound shows the hydrated np form at 293 K 

changes to a cp form at 343 K and it shows a lp form upon further heating above 463 

K.59 

Kozachuk et al showed how this increase in flexibility can influence and improve the 

sorption properties of the MOF by synthesised a mixed metal MOF consisting of CuII 

and ZnII. The parent MOF, containing only ZnII, was previously assessed for H2 gas 

adsorption. While these outcomes proved promising, the uptake measurements of the 

mixed metal MOF, with only 5% of Zn being replaced by Cu, surpassed in 

performance.60 In another study, different % of Zr ions were exchanged with Ti ions 

in UiO-66. These MM-MOFs were examined for their ability to improve the CO2 

uptake. This showed that the CO2 adsorption capacity of UiO-66 increased from 2.3 

mmol g1 to 4 mmol g1 after partial replacement of Zr4+ by Ti4+. UiO-66(Ti/Zr) exhibits 

smaller pore sizes in comparison to the original UiO-66, resulting in a stronger reaction 

between CO2 with Ti4+ nodes. 61 This could be due to the presence of unoccupied metal 

sites. 

 MOF Synthesis 

The most common synthetic routes involve a homogeneous liquid phase reaction 

between the metal salt and organic linkers.62 The reaction can be mixed to ensure 

complete dissolution of both components and then heated where after a period of time, 

crystals are produced. This general synthetic approach can be seen in Figure 1.9 

While the synthetic approach is straightforward with limited number of steps, 

achieving single crystals of a MOF can be demanding. The synthesis of these materials 

involves the crystallization process where nucleation and growth of crystals occur. 

Both the nucleation and crystal growth of MOF involve the self-assembly between 

metal clusters (SBUs) and organic linkers.63 Due to the complexity of the frameworks, 

the only true way to characterise these materials is through XRD and as a result, single 

crystals are required. 64To grow crystals from clear solutions, the concentration of the 

reactants must be adjusted in a way that the critical nucleation concentration is 
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exceeded. This is commonly achieved by changing the temperature or by evaporating 

the solvent. Understanding the influencing factors on the nucleation and growth of 

MOF crystals during their synthesis will enable accurate controlling of crystal 

morphology and size.65 To achieve this, many different reaction conditions are 

investigated such as compositional (molar ratios of starting materials, concentration, 

pH, solvent, etc.) and process parameters (reaction time, temperature, and pressure). 

Changing these conditions have shown to affect the nature of the product, producing 

crystalline or amorphous samples, polycrystalline or single crystals or even affecting 

the size of single crystals. Throughout the years many different methods have been 

explored aiming at synthesising high purity, high yield, crystalline MOF, and these are 

briefly described below.  

 

Figure 1.9: Scheme showing the general steps involved in MOF synthesis. a) metal salts and organic 

linker placed in closed vial and dissolved in solvent, b) reaction is stirred c) sealed reaction placed in 

high temperatures for a time, d) formation of crystals 

1.4.1 Solvothermal Synthesis 

Solvo/Hydrothermal is the most common type of synthesis for MOFs reported in 

literature. It is a form of conventional synthesis where a form of electrical heating is 

applied to reactions taking place in closed vials, under pressure where the solvent has 

reached its boiling point.66 The difference between hydrothermal and solvothermal is 

the type of solvent used. Water is used in hydrothermal whereas other organic solvents 

are used in solvothermal. These can include, DMF, DEF, EtOH and MeOH.29The long 

reaction times and high-pressure conditions provided by solvothermal reactions allow 

for the formation of well-shaped single crystals of the MOF.  As already discussed, 

many different reaction conditions are investigated during this type of synthesis in 

order to achieve single crystals. This includes metal: ligand ratio, solvent, 

concentration and temperature. 
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1.4.2 Synthesis of Mixed Meal MOFs 

MMôMOFs can be synthesised using the techniques commonly seen in MOF synthesis 

such as solvothermal, conventional heating and slow evaporation.57 One synthetic 

approach commonly used is the simple one pot synthesis where different ratios of 

metal precursors and ligands are added to the same reaction vial at the start of the 

experiment.67 This approach is attractive due to its simplicity and the reduced number 

of steps, however, depending on the synthetic conditions and the nature of the diverse 

metal precursors, the thermodynamic or kinetic control may influence the distribution 

and location of the metals. The use of metalloligands is another approach reported in 

literature that allows for the addition of another metal into the network.68 In this case, 

there is a metal already incorporated in the linker such as porphyrin- based linkers. 

While this tactic is easily the most convenient method, with equal distribution of the 

second metal it however results in the presence of two different metal sites, either at 

the lattice nodes or at the linker in satellite positions, which can limit some of the 

attractive properties (such as flexibility) typically seen with these MMôMOFs. 

Reactions involving this method can be a one or two step reaction, where all the 

precursors can be placed in the one reaction or in two steps where preparation of a 

single metal bifunctional ligand that subsequently forms the complex with a second 

metal ion resulting in the MM-MOF.  58 

 

Figure 1.10: Three ways of synthesising MM'MOFs. a)one pot synthesis with all metals and linkers b) 

using metalloligands and c) metal exchange in post synthetic modifications. 
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The most common synthetic approach for this class of MOFs is the addition of a 

second metal through post-synthetic approaches. This has huge impact when 

synthetising heterometallic MM-MOFs which cannot be achieved through normal 

synthesis because of the different reactivity of the metal ions. The post-synthetic 

modification (PSM) approach allows for different percentages of metals to be included 

in the new MM-MOF.68 This control can tune the MOF properties for specific 

applications. In PSM, metal exchange is often carried out by stirring the homometallic 

parent MOF with the second metal ion solution. The partial replacement of metal can 

be tuned by controlling reaction conditions, such as concentration and reaction time.69 

1.4.3 Microwave Assisted Synthesis 

Microwave synthesis of MOFs is an example of non-conventional synthesis that has 

received increasing attention in recent years. 70 Microwave-assisted synthesis relies on 

the interaction of electromagnetic waves with mobile electric charges.71 The 

effectiveness of microwave heating depends on the dipole moment of the solvent 

molecule, and hence solvents with large dipole moments, such as DMF or NMP are 

good candidates for microwave assisted synthesis. In solution, polar molecules try to 

align themselves in an electromagnetic field so that the molecules change their 

orientations permanently. Thus, applying the appropriate frequency, collision between 

the molecules will take place, which leads to an increase in kinetic energy of the 

system. 72 

Microwave assisted synthesis has several advantages over typical conventional 

synthesis. The rapid temperature rise and homogeneous heating throughout the sample 

is possible, minimizing reaction times in comparison to conventional heating. 73 

Nucleation is favoured over crystal growth, decreasing the reaction time.74 For 

example, high quality crystals of the famous UiO MOFs have been synthesised in 

120min under microwave irradiation whereas crystals of similar quality were 

synthesised in 24 hours by solvothermal conditions. 75 

This type of synthesis is also advantageous in controlling crystal size and morphology, 

being suitable for the formation of high quality, nano sized crystals have been reported. 

As already mentioned, these conditions favour nucleation over crystal growth; thus, it 

is not surprising that they favour the reduction of crystal size. The use of smaller 
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particle sizes (<500nm - <10um) prompts many advantages in potential application of 

MOFs such as biomedical or gas encapsulation. 76 

 

Figure 1.11: Change of particle size in ZIF-5 MOFs with the change of synthetic conditions. a) 

solvothermal, b) microwave assisted.76 

 

1.4.4 Ligand In-Situ Synthesis 

Traditionally, MOFs are created using pre synthesised or commercially available 

organic linkers. However, an alternate path would be in situ ligand synthesis. In this 

case the ligand precursors are added instead of the ligand itself to the reaction. In situ 

linker synthesis has many advantages over conventional synthetic routes. This eco-

friendly tactic avoids the necessity of ligand synthesis prior to building MOFs, cutting 

reducing significantly the number of steps in the synthetic route, particularly 

complicated ones with arduous preparation. The metal ion may plays a role in the 

ligand formation i.e. similar reactions but in the absence of the metal ions do not lead 

to the production of the ligand. These linkers may be difficult or even impossible to 

obtain following common organic synthetic approaches and producing these in situ 

often favours the synthesis of new MOFs. 77 

Hydrothermal in situ ligand synthesis has become a powerful approach in the crystal 

engineering. The slow formation of the in situ generated linkers in presence of metal 

ions can lead to the growth of better crystalline products or even larger single crystals 

that allow X-ray single-crystal structural determination. By slowing down the product 

formation rate, crystal growth is favoured over nucleation and as a result high quality 

single crystal are formed instead of polycrystalline powders.78 
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1.4.5 Modulated Assisted Synthesis. 

Different crystallization methods are currently being investigated aiming at developing 

efficient techniques for controlling the crystal size. An example of this is the use of 

modulators during the MOF reaction. A modulator is usually a monotopic ligand that 

can mimic the functionality of the multitopic MOF linkers by terminally coordinating 

to the metal SBU during the solvothermal syntheses. Typically, modulators are acids 

that can bind to metals through carboxylate groups. They can range in size from 

smaller molecules such as acetic acid and benzoic acid to the much larger 4-

decylbenzoic acid has been used. The modulator competes with the linker, acting as 

the kinetically stable product. This slows down the formation of the desired, 

thermodynamically favoured MOF, preventing the occurrence polycrystalline 

powders because of fast precipitation. 79 

 

Figure 1.12: Examples of modulators used in MOF synthesis. 

In one example, dodecanoic acid was used in particle size and morphological control 

over HKUST-1. Addition of increasing quantities of modulator to microwave 

syntheses adjusted the particle size from the nanometre to the micron scale.80 Behrens 

et al. reported in 2008, structures of the UiO-66 isoreticular series solved from powder 

X-ray diffraction data. This work demonstrated that modulation could dramatically 

enhance the crystallinity and the particle size of Zr MOFs. Modulation with benzoic 

or acetic acid enhanced both particle size and porosity in UiO-66 and UiO-67; in 

particular, following this approach single crystals of 100 mm of UiO-68-NH were 

produced and as a result, XRD was used to determine its crystal structure. 81 
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 Activation of MOF s 

After MOF synthesis, an important step is their post-synthetic treatment in order to 

empty their pores and improve their encapsulation capacity. Since as-synthesized 

MOFs usually contain guest molecules (such as solvents, modulators, or unreacted 

linkers), it is essential to remove these species through an activation process, allowing 

encapsulated guests access the pore space. 82 This can often be challenging as 

removing these molecules from a porous structure by heating can cause the framework 

to collapse, especially if the guest molecules and the framework form strong 

interactions. There are different methods for simplifying the activation of MOFs. The 

most common among them is replacement of the solvent by a more volatile one, which 

makes it possible to decrease the treatment temperature.83 Since the majority of MOFs 

are synthesized in high boiling point solvents like DMF and DEF, vacuum evacuation 

at high temperatures after exchanging with low boiling point solvents, such as acetone, 

is a routine way to activate MOFs. In some cases, if ligand is present in the pores, the 

framework is stirred in a solvent that can dissolve the ligand, capable of removing it 

from the pores before vacuum evacuation. By removing these molecules, more vacant 

space is available in the pores improving the uptake of guests and performance of 

MOFs in various applications.84 

 Properties 

MOFs have a wide range of new unique properties, making the use of these porous 

materials an attractive option in a numerous application. By choosing particular metals 

or ligands you can provide the framework with a certain set of properties. The chemical 

and physical properties of the overall structure can be altered simply by changing these 

building blocks. By choosing specific components, the MOF can gain certain 

properties such as flexibility85, luminescent44 or magnetic46 etc, as well as effecting 

properties like porosity and surface area.  

1.6.1  Highly Porous MOFs and Large Surface Areas  

One of the most notable characteristics of MOFs is their high porosity and large surface 

areas. They are known to exceed in these areas when compared to other members of 

the porous materials. For example, Zeolites, a commonly used porous material, 

typically have surface areas under 1000 m2g-1 86and pore diameters of about 2nm,87 
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belonging to the microporous family of porous materials. MOFs have surpassed these 

values and continue to do so with increasing surface areas or pore sizes reported each 

year. Currently the record for the largest surface area reported is held by the NUMOF 

family.  This family of MOFs is an excellent example of highly porous frameworks, 

where most members have surface areas over 4000 m2g-1, with the largest reaching the 

value of 9140 m2 g-1. 88 

 

Figure 1.13: structure of NU1500 and NU1501. a) overall MOF connectivity, b) the organic linkers 

PET and PET-2, c) crystal structure for both MOFs88 

NU1501 and NU1500 were reported by Northwestern University and were both 

synthesised using rigid trigonal prismatic triptycene-based organic ligands that were 

then coordinated to M3O (aluminum m3-oxo-centered trinuclear cluster) metal trimers 

forming an acs net.88 Similarly, high surface areas are achieved by other members of 

this MOF family. NU110 that was reported in 2012 with a BET surface area of 7140 

m2g -1 after activation and a total pore volume of 4.40 cm3g -1.  Most members of NU 

MOF family consist of elongated polytopic carboxylates ligands that allow for 

numerous coordination groups and with aromatic rings to add stability. This work 

indicated the importance of linker design when aiming to produce MOFs of these 

characteristics.89 

It is worth mentioning that the activation process is also essential in enabling the access 

high levels of porosity. Failure to completely remove present guest molecules can 
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result in lower and inaccurate BET surface areas and pore volume. For example, Dinca 

et al. reported that a more thorough removal of residual DMF molecules in (Mo3(btc)2) 

(btc = 1,3,5- benzentricarboxylate) can generate a higher BET area than previously 

reported (1689 vs. 1280 m2 g-1). This was achieved by soaking the MOF in anhydrous 

methanol for prolonged time allowing for complete exchange to a more volatile 

solvent. 90 

 

Figure 1.14: Two different models used to determine surface area. a) Langmuir model, b) Brunauer 

Emmett Teller (BET) model. 

The pore size and surface area can be determined experimentally using a number of 

different techniques, such as thermal stability and gas adsorption measurements. Pore 

size can be indicated looking at the crystal data and by TGA (thermal gravitational 

analysis.91 To distinguish the permanent porosity of the material reversible gas 

sorption isotherms must be taken.9 This shows how stable the framework is once the 

gas has been removed. For the latter, Langmuir or BET (Brunauer, Emmett and Teller) 

calculations can be used to determine to total surface are of the MOF framework. Due 

to the large void space in their frameworks, more than one adsorbance layer is achieved 

and therefore BET calculations often gives a more accurate result. The difference 

between the Langmuir and BET model can be seen in Figure X.92 

1.6.2 Flexibility  

Although most crystalline materials are associated with being rigid in structure, MOFs 

can be designed to have a degree of flexibility to their framework. This characteristic 

allows MOFs to adjust their poresô shape and size as a consequence of the removal or 

incorporation of a guest but this alteration can also be a result of an external stimuli 

such as change in pressure or photo induced. This unique property is referred to as the 
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óbreathing phenomenonô in MOF chemistry. 93 While there are many examples of 

flexible MOFs (FMOFs) they can be divided into three main classes (Figure 1.15): 

1. Pillared Layers 

This can be seen when a MOF is made of layers and pillars. If the pillars consist 

of non-rigid linkers, they can cause elongation or shortening. This can be a 

reversible phenomenon due to the channels being so flexible that the initial 

channels may reform even after they collapse upon removal of the guests. 94 

2. Expanding and Shrinking Grids 

This group consists of MOFs with flexible ligands with additional functional 

groups that show sponge-like dynamic behaviours. In response to guest 

removal, these MOFs can reduce and shrink their interior spacing dramatically. 

The pores can once again elongate it with the inclusion of guest molecules. 

Here the topology remains the same but due to interactions between the 

framework and guest molecules the pore volume is altered.95 

3. Interpenetrated Grids 

This class is only relevant to MOFs that have an interpenetrated framework. 

These MOFs densely packed in the absence of guests, however guest molecules 

can initiate framework sliding and therefore the pore volume expands.96 

 

 

Figure 1.15: Types of flexibility commonly seen in MOFs. a) pillared layers, b) expanding and 

shrinking grids, c) interpenetrated grids.97 
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Results provided by Millange et al show the true impact the inorganic SBU has on the 

flexibility of the framework. In particular, two analogues of MIL-53 were compared 

regarding their expansion of pore size upon hydration. Both MOFs consist of the BDC 

organic linker but the nature of the metal differs, with the first MOF containing Cr3+ 

and the second one Fe3+. The different metals cause different degrees of flexibility 

between the two analogues. The dehydrated MIL 53(Cr) has open pores which contract 

upon hydration with a large change in the pore volume of 483Å3. The behaviour and 

volume changes with the hydration of MIL 53(Fe). The pores expand once hydrated 

in contrast to the Cr analogue. The change in pore volume is also much smaller with a 

change of 87Å3. 98 This work was continued by Schneemann and co-workers, where 

they investigated other analogues of MIL -53 (formula [M(OH)(bdc)2]n (M = Cr, Al, 

Fe, Sc, In, Ga)) again showing different flexibility behaviour based on the nature of 

the metal centre. The Al - and Ga- analogues of MIL-53 displayed the same behaviour 

as Cr upon activation at 300°C. However, the Sc-analogue behaved similarly with the 

Fe MOF. As addressed previously, adding another type of metal cluster, creating a 

MMôMOF, has shown to also add extra flexibility to the framework.99 

Several reviews have also addressed the role of the ligand in MOF flexibility revealing 

that the degree of breathing decreases when the coordination mode increases from di- 

to tri- or tetratopic linkers. Aromatic rings are typically added to linkers to increase 

stability but as a result can make the frameworks very rigid. Reducing the amount of 

these groups and replacing them with large sections of alkane bonds or ether bonds or 

introducing imine, azo or alkene can lead to framework flexibility. 100 

1.6.3 Interpretation 

Interpenetration, sometimes also referred to as catenation101, is an interesting 

phenomenon seen throughout crystal engineering and is currently becoming more 

common with significant increases in the number of reported MOF each year.102 Here, 

two or more identical frameworks are intertwined. These networks are held together 

by a series of supramolecular interactions such as van der waals, and hydrogen bonds.    

While there are no chemical bonds between the interpenetrated networks, they cannot 

be separated. 103 Generally, MOFs constructed with elongated ligands usually have 

larger pores resulting in instability. As a result, interpenetration 3D MOFs (IMOFs) 

are more common, due to the need to reduce pore space in order to meet the systematic 
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stability needed. There are different degrees of interpenetration ranging from 2-fold to 

beyond 10-fold, depending on the number of networks involved.104  

 

Figure 1.16: Examples of interpenetrated networks. 

Interpretation can sometimes be seen as a disadvantage and to be avoided. Due to the 

fact that its formation is a consequence of void space, the presence of the additional 

intertwined network can decrease the MOFôs pore size. When applying interpenetrated 

MOFs to certain applications that require large pores, this can be seen as a hinderance. 

IMOFs however, have also displayed some great advantages. These MOFs can be 

more thermally and chemically stable, preventing collapsing of the framework by 

favouring the MOF stability after the removal of the guest molecule.105 This can be 

important when using them in different applications where the removal of a guest 

molecule or the addition of the MOF to a specific environment may result in 

degradation. This strong stability can therefore aid in the characterisation of some 

MOFs where they can break down during gas adsorption measurements or loose 

crystallinity once removed from solvent preventing structural elucidation by XRD. 

Other than stability, the presence of the additional networks can also provide further 

adsorption sites for guest molecules to interact, improving the uptake and storage of 

the guest molecule. This can in some cases lead to the increase in surface area of the 

MOF. 106 

In most cases, it seems that the formation of structurally interpenetrated systems is not 

targeted and is often a result of a. self-assembly process.107 Saying that, research in the 

controlled synthesis of these MOFs is expanding. The most commonly observed 

interpenetrated structures reported in literature consist of a diamond-type structural 

topology. The 4-connected network comprising of tetrahedral cluster and linear linkers 

have shown to have a very high probability of producing this characteristic. 108 
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Figure 1.17: Left; dia-net topology. Right; example of interpenetration with dia-net topology109. 

The large database of characterized MOFs provide valuable information on the 

chemical features that are likely to yield interpenetrated species. Reaction parameters, 

such as temperature, concentration and time have been found to play a role in the 

determination of the degree of interpenetration of MOFs. Due to the elongated linkers 

of the IRMOFs, it is common to encounter high folds of interpenetration in this family. 

However, the employment of dilute reaction conditions produced non-interpenetrating 

MOFs with considerably larger pores. Pairs of interpenetration isomers, where each 

MOF exists in a non-interpenetrated and the 2-fold interpenetrated form, for IRMOF-

10, -12, -14 and -16 have been obtained. 110 

 

 Applications 

With MOFs having attractive properties, such as high porosity and large surface areas, 

tuneable geometries, etc, they have been applied to many different fields such as 

biomedical111 and environmental112. For example, MOFs can be used as 

photoluminescent materials, where light emitting components with tuneable emission 

can be chosen in the synthesis.113 The tunable porous sizes and large surface areas 

make these materials ideal candidates for molecular sorption and separation 

applications, especially energy-related gases such as hydrogen114, carbon dioxide115 

and methane116. In addition, MOFs can be used in catalysis117, renewable energy 

systems118 and in more recent times, medicine 119, and environmental applications as 

sensors120. This PhD thesis will cover the areas of biomedical and environmental 

where MOFs will be used as either drug carriers or in the removal of environmental 

hazardous waste.  
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 Biomedical Applications 

The use of MOFs in biomedical applications is still an area that remains unexplored in 

comparison to their other fields. So far literature has demonstrated that the use of these 

materials in medicine have advantages such as biocompatibility121, high drug; 

loading122 and a controlled release123, over conventual materials already on the market. 

The biomedical MOFs can be divided into two main categories. 

 

 

Figure 1.18: Biomedical MOFs can be divided into two groups. a) the bioactive agent is encapsulated 

into the pores, b) the bioactive agent is present within the framework as the linker or metal node. 

1. MOFs for the delivery of active agents. 

The building units chosen when designing the first group of biomedical MOFs must 

be biocompatible but do not have to be bio active. In this case, an active agent, is 

encapsulated into the pores of the MOF with the framework acting as a drug carrier, 

transferring the drug to the target cells. This research will focus on this first group of 

biomedical MOFs and will be further discussed in more detail. 

2. MOFs that can act as active agents.124 

In some instances, the MOF itself is bioactive where the drug acts as one of the 

building units of the framework. This can be either an organic drug acting as bridging 

ligand or using biologically active cations as the SBU, or even a combination of both.  

Representative such examples are the BioMIL-1125 and BioMIL-2126; both MOFs are 

constructed from endogenous metals (Fe and Ca) coordinated to the therapeutically 

active nicotinic acid or glutaric acid linker respectively. MOFs that can be employed 

for magnetic resonance imaging (MRI) applications also fall into this category.  MOFs 

consisting of nontoxic ligands such as 1,4-benzenedicarboxylate (bdc) are coordinated 
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to metals with magnetic properties that also contain terminally ligated H2O molecules. 

Example of this is a family of MOFs by Taylor et al. Here, Mn2+was used to replace 

the toxic Gd3+, leading to the formation of [Mn(bdc)(H2O)2] and [Mn3(btc)2(H2O)6], 

which display great performance as MRI agents.127 One of the main factors that 

influence the efficiency of MRI contrast agent is the number of water molecules 

coordinated to the paramagnetic metal ion of the contrast agent and their exchange 

rate. The Mn-based MOF nanoparticles principally displayed their T1-relaxing 

behaviour as MRI contrast agents where they exhibit relaxivities at high magnetic 

fields (11.7 T) were r1 = 7.3 mMī1sī1 and r2 = 204 mMī1sī1 and when probed at a low 

magnetic field (7.0 T), the relaxivities were recorded as r1 = 6.07 mMī1sī1 and r2 = 

117 mMī1sī1 showing an efficient shortening of the longitudinal relaxation time (T1) 

of the water protons.128 

1.8.1 Drug delivery 

The scientific community have worked together discovering cures to a wide range of 

sickness worldwide but designing a treatment for some of these diseases have proved 

challenging. Many resources, such as time and money, has gone into designing the 

active pharmaceutical ingredient (API) in the hope to positively impact human life. 

While these API have shown promising results, they are presented with many 

challenges that prevent them from becoming commercially available. Some of the 

challenges faced are discussed below: 

Burst effect ï this refers to the cases in which the API is released, activated, 

or broken down before it reaches the site of action; this can be a result of 

mechanical or chemical degradation during digestion. At minimum, the burst 

effect leads to a loss in treatment efficacy, as the API is released in an 

uncontrolled and unpredictable manner. If, however, a large volume of a toxic 

drug is quickly released into the body the result can be fatal. Besides being 

unfavourable in a biological point of view, the burst effect is economically 

inefficient, as much of the costly drug does not reach the target.129 

Side effects ï while being transported through the circulatory system, APIs can 

form different types of interactions or chemical bonds with biomolecules 

present, which can cause undesirable side effects such as nausea, weight 
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loss/gain and hair loss. A toxic API can also cause the death of healthy cells 

within the body. This is commonly seeing with toxic anticancer drugs which 

are associated with many side effects.130 

Bioavailability  ï the bioavailability of a substance refers to the percentage of 

an administered drug that has entered the circulatory system. If the 

bioavailability of the drug is poor, it can prevent the API from entering the 

circulatory system and therefore does not reach the site of action. For the drug 

to have good bioavailability, all or majority of its components and physical 

properties must be biocompatible.   Therefore, due to the human body 

consisting of over 70% water, hydrophobic or less soluble drugs have poor 

biocompatibility131 

Poor targeting- For most drugs, only a portion of the API actually reaches the 

site of action. These drugs are not target specific, interacting with healthy 

noncancerous cells, producing side effects. By creating a targeted system, the 

dosage frequency taken by the patient is reduced, there is a reduction of side 

effects, and a more uniform delivery is achieved. 132 

Large, frequent doses ï As previously discussed, the burst effect and poor 

bioavailability affects the total amount of API that reaches the targeted site. As 

a result, larger and more frequent doses of drug must be administered to 

achieve the required therapeutic effect. This affects patient quality of life as it 

costs in terms of both time and money. Smaller, less frequent doses would also 

economically benefit pharmaceutical companies. 

In order to address the above-described drawbacks, the development of targeted and 

controlled delivery systems is highly important and has attracted much attention in the 

recent years. A drug carrier is a compound or material that is used to deliver an API to 

improving its selectivity, safety, and effectiveness by providing a controlled release.133 

The use of drug carriers can improve API properties, specifically the bioavailability 

without making chemical alterations or reducing the therapeutic effectiveness of the 

API. Currently, pure organic systems (liposomes134 and micelles17) and pure inorganic 

systems (silica135uantum dots and quantum dot136) are being used.  While both types 

of carriers can be used for the efficient delivery of the drug to the target cells, they also 

https://en.wikipedia.org/wiki/Medication
https://en.wikipedia.org/wiki/Bioavailability
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exhibit significant disadvantages: organic systems are biocompatible, providing high 

bioavailability. However, they lack a controlled drug release mechanism137. This is the 

opposite regarding inorganic drug carriers, in which a controlled release is possible 

due to the porous network of inorganic systems. However, their drug loading capacity 

is low and they possess poor bioavailability. 138 

1.8.2 MOFs as drug carriers 

For the past decade, MOFs have been investigated as potential drug delivery vehicles. 

Due to the hybrid nature of these materials, MOFs combine the advantages of both 

pure inorganic and organic systems, addressing any challenges faced individually.139 

Carboxylates, imidazolates and phosphonates present in the organic linkers provide 

biocompatibility140 while the inorganic SBUs grant a controlled delivery of the drug 

to the target cell. 141 The long list of attractive properties found in MOF chemistry has 

resulted in them being considered optimal systems for drug delivery. Some of these 

properties, for instance, porosity and  

 

Figure 1.19: A generic scheme showing the drug delivery pathway using a MOF as drug carrier. 

flexibility was previously addressed. The addition of functional groups to the linker 

can favour suitable interactions with the drug. Carbonyl groups can form hydrogen 

bonds with the alcohols present in some drugs as seen in Figure 1.20 regarding 

Ibuprofen. If aromatic rings are present, ˊ-ˊ interaction can form between the drug and 

the framework itself. These interactions can be tactically used to prolong API release, 

delivering a drug release in a controlled manner, in some cases decreasing the release 
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kinetics from a few hours to days. This allows for the administration of smaller and 

less frequent doses.142 

 

 

Figure 1.20: The types of interactions commonly seen between the drug and the MOF framework. a) 

-́  ́interactions between aromatic rings, b) hydrogen bonding. 

The design of highly porous materials is crucial for drug delivery. The high porosity 

of MOFs allows large quantities of drug to be encapsulated. Once the drug is 

encapsulated in the pores it is protected until released, preventing degradation of the 

API. As a result, more quantity of the drug enters the blood stream and in turn the 

active site. This resolves any challenges seen in drug design like bioavailability and 

the óburst effectô previously explained.143 The pore of the MOF can be designed to 

encapsulate molecules of different chemistry and poor bioavailability. MOFs with 

hydrophobic pores can absorb drugs that have poor aqueous stability. Poor stability is 

a common challenge in drug design. Cationic MOFs can also be used for the 

encapsulation of negatively charged drugs. 144 

Ferey et al were the first to provide the scientific community with proof of the real 

potential that MOFs have in the field of biomedical applications. In 2006, the MIL 

(Materials of Institut Lavoisier) family of MOFs were used to encapsulate Ibuprofen. 

These trivalent metal centred MOFs consist of high porosity (25-34Å) and large 

surface areas (3100 ï 5900 m2 /g) making MIL 100 and MIL 101 ideal candidates for 
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drug delivery. A clear difference in drug uptake can be seen, consistent with an 

increase in pore size. MIL 100 achieved a drug loading of 0.347g ibuprofen/g MOF. 

However, MIL 101 has a larger pore volume of 29-34 Å and exhibits a high drug 

loading of 1.37g ibuprofen/g MOF. Both MOFs have a prolonged drug release. The 

controlled release is a result of ˊ-ˊ interactions between the aromatic rings of the 

ibuprofen and the rings of the organic ligands. Again, the difference in pore volume 

has a drastic impact on the release. MIL 100 showed a complete release after 3 days 

whereas it took 6 days to totally release ibuprofen in the highly porous MIL101.145 

This release was due to the degradation of the framework. 

Flexibility is a key advantage in the use of MOFs as drug carriers. The ability of the 

materials óto breatheô permits the encapsulation of large drug payloads, higher than 

previously cited in literature by other materials. MIL- 53 is famous for its flexibility 

and óbreathing effectô. The framework expands its framework allowing for high 

ibuprofen absorbance. It was Horcajada et al.  who studied the drug uptake of the 

famous flexible MIL-53. This MOF adsorbed 20 wt% - 0.22 g ibuprofen/g MOF, 

releasing the drug over three weeks in simulated body fluid (SBF) at 37° C. This 

prolonged release is a result of the flexibility of the MIL 53 framework where there is 

a strong interaction between the ibuprofen and the MOF146 

 

Figure 1.21: Chemical structure of the famous, flexible MIL-53 with Ibu encapsulated in the pores.146 

1.8.3 MOFs as targeted delivery systems for anti-cancer drugs  

Doxorubicin (Dox) is a very commonly used anticancer drug and an ideal example of 

an API that requires a developed delivery system. It is isolated from Streptomyces 
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peucetius being one of the most effective drugs for eradicating tumour cells147. Dox 

forms interactions between the sugar and the phosphate backbone of DNA as well as 

its planar aromatic rings intercalating DNA. Intercalation of the double helix by 

Doxorubicin prevents topoisomerase II from aiding in the replication of DNA resulting 

in the strands of DNA breaking thus cancer cell death148. The use of Dox in the 

treatment of many forms of cancer including Kaposi sarcoma, bladder cancer and 

breast cancer has had a major positive impact 

Dox, like many anticancer drugs have adverse side effects hindering their therapeutic 

potential.  Doxorubicin exhibits low bioavailability of approximately 0.5%-1% due to 

cytochrome P450 enzymatic attack, chemical degradation by stomach acids and poor 

membrane permeation.149 It has also been associated with high cardiotoxicity leading 

to congestive heart failure. This toxicity is a result of multiple mechanisms including 

mitochondrial dysfunction, upregulation and alteration of genes resulting in cell death, 

and the generation of reactive oxygen species.150 

With the above in mind, research in the improvement and development of new delivery 

systems for Dox has become a hot topic. Many groups are using drug carriers, 

specifically liposomes to achieve this. Several pegylated/non-pegylated liposomal 

anticancer nanomedicines have already been approved and are currently available on 

the market. The biodegradable, biocompatible and non-toxic carriers can be used to 

deliver chemotherapeutic agent with reduced cytotoxicity. An example of such is a 

liposomal drug carrier- Doxil, by Johnson & Johnson.151 In comparison with 

conventional Dox, Liposomal Dox showed a prolonged circulation half-life Efficient 

loading of the API was achieved with a successful release at tumour site. However, 

because of its high lipophilicity, these carriers can display high affinity for skin, long 

exposure and circulation time.  

For most therapeutic agents, only a small portion of the medication reaches the 

required location. This is especially common for chemotherapy-based drugs like Dox 

where roughly 1% of the drugs administered reaches the tumour. 152As a result, the 

large, frequent doses administered can be quite harmful to patientôs health as the 

toxicity required to kill cancer cells is often too toxic for healthy cells.153 Targeting 

drug delivery improves the therapeutic efficacy while also reducing the systemic 
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toxicity of many anti-cancer agents. Thus, the need for developing specifically targeted 

drug carriers encouraged research in this area.  

One approach is the addition of targeting molecules on the drug carrier itself. MOFs 

with folic acid attached to is currently the most commonly type targeted therapy cited 

in this field.154 Folate receptors are overexpressed in cancer cells 155 resulting in an 

increase in uptake of MOF and therefore anti-cancer drug. Of course, there other 

examples of overexpressed receptors in cancer cells, which researchers can exploit for 

active targeted therapy. For example, the addition of glucose on the framework can 

exploit the over expression of GLUT receptors commonly associated with tumours. 156 

Another approach that has seen an increase in attention in recent years is a pH targeted 

release. 157 Tumour cells tend to have hypoxic environments due to an increase in 

lactate secretion and a decrease in pH.157 Due to the cancer tissue consisting of a lower 

pH than normal, healthy cells, pH-responsive drug carriers have become one of the 

most widely investigated environmentally responsive carriers in recent years.158 A 

plethora of metal organic frameworks have also been reported to display pH responsive 

drug release, where in acidic conditions the frameworks break down. 159 

ZIF-8 is commonly used in this application because it releases the drugs in an acidic 

tumour environment yet remains stable under normal physiological conditions where 

no drug release is seen. Zheng et al. has shown this by encapsulating Dox within the 

ZIF-8 crystals. ZIF-8 crystals loaded with Dox provided efficient drug delivery 

systems using pH-responsive release, ideal for breast cancer therapy. The drug is 

released slowly at low pH (5.0ï6.5) and not responded under physiological conditions. 

The release kinetics can be seen in Figure 1.22, where more drug is released in lower 

pH 

 

Figure 1.22: The pH-responsive release of DOX from DOX@ZIF-8 particles. (a) The typical release 

system. (b) The stepped release system.160  
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1.8.4 Considerations for MOF design 

When introducing a foreign body, in this case a MOF, into the human body many 

aspects must be considered. This can include the following: 

1. Toxicity 

2. Stability  

3. Particle size 

The toxicity  of the MOF is the most important consideration regarding their biological 

applications. Since the main mechanism of drug release is degradation of the 

framework there is a potential of the leaching of metals and ligands.161 Because of this, 

all the components must have low to no toxicity in order to have no detrimental effects 

on patient health. Recently the use of biomolecules has shown to be the ideal linker 

for MOFs in this application due to their biocompatibility.162 Biomolecules such as 

amino acids163, peptides164, nucleotides165, and carbohydrates166 have been 

investigated. Transition metals as the inorganic SBU are highly toxic in larger 

amounts.167 However, some of these metals are already present in the body and have 

no harmful effects. For example, iron which is toxic in large amounts is a key 

component in haemoglobin with 22µm found in the blood. Copper, manganese, and 

zinc are also found in tissue at 86µm, 180µm and 180µm, respectively. Therefore, 

these metals are chosen as the metal cluster component. 139 

The LD50 value is used to determine the toxicity of the compound where it corresponds 

to the about of compound needed to kill 50% of the viable cells. The LD50 values may 

differ depending on certain ligands they are coordinated to. Like any biomedical 

device or medicine, in vitro and in vivo toxicology study to determine LD50 values 

must be performed for the MOF and its individual components for the drug carriers to 

become commercially available.140 The use of MOFs in biological applications is a 

newer field and because of this there is a lack of these studies found in literature. LD50 

values can be determined by tissue culturing different cell line, dosing the cells with 

different compound concentrations, and then using biological assays to determine the 

number of viable cells. Depending on the cancer treatment, different cancerous cells 

can be used for example MCF-7 is used for breast cancer treatments. Commonly, HDF 

cells (human dermal fibroblasts) are used to determine toxicity towards healthy cells. 
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Many assays can be used to reveal cells viability. A common assay is the MTT assay. 

The MTT assay involves the reduction of a yellow tetrazolium salt, [3-(4,5-

dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide] tetrazolium, to an insoluble 

formazan crystal by the metabolic activity of living cells. 168 The steps involved are 

shown in Figure 1.23. 

 

Figure 1.23: schematic showing how cytotoxicity studies are performed to determine LD50 values of 

MOFs. Cells are cultured in media and incubated. They are then plated in 96 well, incubated for 24 

hrs then dosed with the compound in question. An MTT assay Is used to determine metabolic activity 

of cells. 

Stability is a constant issue concerning MOFs for biological applications. While 

MOFs are known to exhibit strong thermal stability due to the presence of strong bonds 

present in the framework, chemical stability is challenging. Solvent can displace 

ligands causing the framework to break down. Because of the range in metal and ligand 

combinations the chemical stability varies greatly. The use of hard acids with high-

valent metals with high charge density, such as Zr4+ Fe3+, etc, and coordinating them 

with O donor ligands (hard bases) MOFs with strong coordination bonding, and 

therefore good chemical stability are produced. This is due to the fact that these high-

valent metal ions require more linkers to balance the charges, leading to a high 

connection number of metal clusters.106 Mixed-metal MOFs have also been used in the 

synthesis of chemically stable MOFs. The formation of stronger coordination bonds 

and the presence of metal cluster with enhanced of the inertness has shown these types 
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of MOFs have stronger stability then the parent, single metal MOFs. 169The stability 

of MOFs can also be improved by introducing interpenetration into the framework.102 

 

Figure 1.24: MOFs can release drugs by two different mechanisms. 1) release through diffusion and 

2) release by degradation of the framework. 

In theory, MOFs require extent of chemical stability where they should be resilient to 

hydrolysis in biological environments e.g. stomach acidity, and the peristalsis in the 

oesophagus and intestines, where they commonly go through pH change in the 

composition of the body fluids. If stability is weak, the framework could degrade, 

releasing the cargo too early. However, for drug delivery a certain amount of instability 

is favoured degradability of the framework becomes necessary to release the cargo. 

170The degradation of the framework is one of two main mechanisms for drug release 

in biomedical MOFs. This is when the metal-ligands bonds break down in situ due to 

physiological conditions such as pH159, temperature171 and ions present172. The drug 

can also be released by diffusing across the framework. If this is the release mechanism 

involved, the framework must still breakdown to endogenous accumulation of the 

components.141 Release studies on members of the MIL family have shown that it can 

take days, or in some cases weeks, to release the drug. The degradation of these MOFs 

demonstrated faster results when placed under physiological conditions. This slow 

release of the API can be explained by the stability of the framework and can be 

deemed a solution of the burst effect.145 As already mentioned, the instability of some 

MOFs in acidic conditions has been exploited, where groups have successfully 
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released anticancer drugs by pH targeting. The different release mechanisms can be 

seen in Figure 1.24. 

Lastly, particle size of the MOF can be investigated. The use of smaller particle sizes 

(10nm - 10um) prompts many advantages in potential applications of MOFs. 

Conversely, small particle sizes are often desirable for biomedical applications where 

molecular drug delivery and imaging systems must traverse a complex physiological 

impacting the biodistribution, circulatory lifetime in vivo and targeting abilities 

roadmap.173 Controlling the particle size of the MOFs where various methods such as 

hydro/solvothermal and microwave assisted synthesis has been investigated. Even 

though the correlation between the MOF size and their biological impact is still 

uncertain, it could be concluded that a smaller or nanosized has unique physiological 

properties. Literature has shown that the size of the particles can determine velocity, 

diffusion, and bioavailability of the MOF in the body as well as influencing cellular 

uptake, internalized in tumour cells or excretion from the body174 A size study of the 

Zr-MOFs (30 and 190 nm) was investigated by Liu and co-workers. Here, the size 

effect of Dox-loaded MOFs (ZIF-8) was studied, looking at vivo biodistribution, 

cellular uptake and therapeutic effect of tumour cells. They found that the 60 nm size 

of Dox@AZIF-8 showed the best therapeutic response. of Dox@AZIF-8 exhibited 

prolonged blood circulation and higher tumour uptake compared to the larger sized 

particles160 

 Environmental applications 

With population rates increasing rapidly each year there has been a surge in demand 

for material which in turn has led to a growth in environmental pollution. This is 

caused by synthetic substances introduced into the environment or the use of natural 

materials at very high levels. Addressing environmental pollution has become one of 

the greatest challengeôs scientists have faced in the 21st century. Two forms of 

environmental pollution resulting from industrial processes will be addressed in this 

work. These are water and air pollution, with focus on the first.175 

1.9.1 Water Purification using MOFs 

Human activity has influenced the increase in water pollution through industrial, 

agricultural, domestic waste. Ineffective wastewater treatment in industries or 
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domestic dwellings have resulted in widespread pollution leading to an insufficient 

and scarce clean water supply.176 Contaminated water supplies pose real health risks 

where it can cause diseases such as typhoid, hormonal disorder or cancer177. 

Water pollution can be defined as the accumulation of one or more substances in the 

water until the concentrations becomes harmful to life. These pollutants can be divided 

into  

1. Inorganic species 

2. Organic species 

Inorganic species leaching into the environment has become a major issue. The 

emission of heavy metals poses a threat to the human health, ecosystems and thus 

cannot be ignored. Living organisms are being exposed to toxic metals leading to lethal 

consequences. Consumption of heavy metals can generate reactive oxygen species 

within the body that can lead to neurotoxicity, cardiovascular issues, and renal 

impairment. 178Heavy metals are defined as any metal with a density more than 

5 g cmī3, including metals such as such as lead, mercury, and cobalt.179 While 

elements such as Zn, Cu, and Ni can already be found naturally in water and are 

necessary dietary components in small amounts, they also become toxic to living 

organisms at higher concentrations. Unlike organic pollutants, heavy metals are 

abundant in the environment and difficult to degrade, therefore, removing heavy 

metals becomes a requirement. 

Many different techniques to remove metals from industrial waste have been 

employed. These involve chemical precipitation180, ion exchange181, membrane 

filtration182 and adsorption techniques183. The use of adsorption materials is preferred 

as it does not require the high operating temperatures seen with the other techniques 

mentioned. Currently, many absorbents are being investigated. An example of such is 

nano metal oxides (NMOs). These materials have relatively high surface areas and 

high stability.184 However, due to their nanoscale size they tend to aggregate resulting 

in a decrease in adsorption efficiency. Zeolites have also been commonly used to 

remove metals from water however they exhibit low adsorption capacity, leaching, and 

bed clogging. The adsorbent capacity of these materials can be effect by several factors 
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such as pH range, physicochemical instability, inability to regenerate, or low surface 

areas. 185 

Organic pollutants have been noted as the main toxic waste category listed on the 

Environmental Protection Agencyôs (EPA) priority pollutant list. This category covers 

waste from a wide rage of different industries.112 Antibiotics, PPCPs pesticides, 

plasticizers, and organic dyes are examples of these compounds and deserve to be of 

concern to environmental agencies.186 Most organic pollutants share similar 

unfavourable characteristics in regard to biological impact. They are hard to 

metabolize, highly toxic to healthy cells, and accumulation in biological bodies 

resulting in harmful illness.187 These compounds not only effect human life but can 

also be detrimental towards aquatic life. High concentrations of PPCPs in lake water 

have shown to affect fish health where antibiotics have caused hormone imbalance. 

Industry waste from printing and dyeing compounds hove shown to have large impact 

on water quality, changing the pH needed for aquatic life to thrive. 188 

Currently, sewage plants are used to remove organic pollutants plants. This involves a 

multi-step, time consuming process where wastes undergo chlorination, ozonation, 

photocatalytic oxidation, adsorption, electrochemical oxidation, and coagulationï

anaerobic digestion, disinfection often using ultraviolet light. This process, in some 

cases does not efficiently remove all pollutants, generating toxic sludge using high 

energy technologies.189 As a result, new more efficient and economical methods are 

an attractive area of research for these companies.  Like with the removal of inorganic 

species developing new materials has become a hot topic with porous materials leading 

the way. This method has shown to be environmentally sound, and cost-effective. 

Activated carbons 190 and zeolites,191 have already shown to outperform traditional 

methods however have their own set of limitations such as low selectivity pore 

recyclability and due to the microporous nature only organic material of a certain size 

can be absorbed. 

The high surface area, high porosity and tunable pore size of MOFs make them more 

attractive in comparison to the traditional adsorbents used in environmental 

applications. The diversity of pore size allows MOFs to accept a broader range of 

compounds, form large organic molecules to smaller metal ions. The ability of MOFs 

to retain their structure through harsh environments, selectively encapsulate guest 
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molecules and the recyclability makes them ideal for industrial use. The crystalline 

MOF can be used as a filtering membrane in industrial waste systems as shown in 

Figure 1.25. The MOF can encapsulate the toxic materials produced in the synthesis 

of the commercial compounds, producing clean waste that can either be collected in 

the case of organic solvents or into the environment in the case of water. This can be 

seen in Figure 1.25. The hazardous materials can them be removed from the pores 

allowing the MOF to be recycled for further use 

 

 

Figure 1.25: An example of how MOFs can be used as purification systems for industry waste. The 

MOF acts as an absorbance membrane where it encapsulates hazardous species. 

1.9.2 Inorganic wastewater adsorption in MOFs 

MOFsô application in inorganic wastewater treatment has been heavily studies in 

recent years, showing ground-breaking results. MOFs have desirable features for 

adsorptive removal of heavy metals. Using short organic linkers, the pores can be 

designs to encapsulate these ions. They can also be post-synthetically modified to 

further target specific contaminants, by adding functional groups that can coordinate 

to these metals.192 In addition, the MOF adsorbents can function within a wide range 

of pH values, acidic, neutral or basic conditions.193 Wang et al successfully removed 

nickel ions using a chitosan-based MOF. The nickel adsorption reliant on Lewis acidï

base interactions, between nickel ions  and the NH2 sites on the organic linker of the 

MOF. 60 mg gī1 of nickel was absorbed within 8 hours.194 Similar results were 

achieved by Tahmasebi et al in 2014. TMU- 5 showed effective cobalt(II) absorbance. 

Again Lewis acidïbase interactions between the functionalized azine- 

https://www.sciencedirect.com/topics/chemistry/nickel-ion
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and imine groups and the metal ions. The maximum uptake capacity of this MOF was 

found to be 63 mg gī1, reached in 15 min, showing fast absorbance kinetics. 195 

The presence of uncoordinated metal sites in the inorganic SBU or the coordination of 

heavy metal traps to the SBU of the MOF can positively impact the metal absorbance 

of MOFs.  They can allow for chemisorption of the metal ions.  Ground-breaking result 

addressing this modification was published in Nature Communications by Peng et al 

in 2018. This group proposed the concept of a broad-spectrum heavy metal ion trap 

(BS-HMT) by coordinating ethylenediaminetetraacetic acid (EDTA) into the pores of 

MOF-808. EDTA is a strong non-specific chelating group with six binding sites: four 

hard carboxyl and two relatively softer tertiary amine groups. It provides strong 

binding affinity for both hard and soft metals. A total of 22 kinds of metal ions covering 

soft acids, hard acids, and borderline acids were used for the investigation where all 

the metal ions with removal efficiencies of >99%.  For industry use, recycle 

performance of porous material is also crucial. To test the regeneration of the metal 

ions-loaded MOF-808-EDTA, EDTA-2Na solution was used. After several washed 

the MOF was completely regenerated and subjected to the next round metal ion 

removal. The adsorption capacity can be retained over 90% for all the metal ions even 

after 4 cycles. 196 

 

Figure 1.26:Top: a) Crystal structure of MOF-808. b) Crystal structure of MOF-808 functionalised 

with EDTA. Bottom: graph showing all the metals removed by the MOF from aqueous solutions196. 

https://www.sciencedirect.com/topics/chemistry/imine
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1.9.3 Organic wastewater adsorption in MOFs 

MOFs have been widely used in organic wastewater adsorption mainly due to large 

pore volume with channels and interactions with guest molecules. Using organic 

linkers with additional functional groups pointing into the pores, MOF can form a 

series of interactions with the guest molecules such as -́ˊ interaction, electrostatic 

adsorption, hydrogen bond interaction and covalent bond play great roles.197 An 

example of an organic product commonly found in industry waste is organic dyes. 

These compounds are chemically stable and not considered biodegradable in water.  

They have shown to have a harmful effect on aquatic life when inhaled, with results 

being fatal. While normal wastewater treatment can remove a large portion of these 

chemicals, not all are separated from waste and even extremely low concentration of 

organic dyes can be hazardous to the environment. These dyes are usually large in size 

and as a result the adsorbent materials would need to be mesoporous. MOF have shown 

excellent result in this area where they have removed large quantities of dyes from 

waste. A Zn-MOF showing high selective adsorption for cationic dyes such as 

methylene blue (MB), rhodamine B(RhB) was synthesises by Jie et al.198 The MOF 

consisted of a carbonyl group based on fluorenone-2,7-dicarboxylate ligand providing 

a high surface area and open channels. Remarkably large amount of MB was achieved 

(326 mg g1) due to the mesoporous MOF having the appropriate pore size needed for 

this large organic molecule. 

. 

 

Figure 1.27: Chemical structure of common organic dyes found in industry waste. 
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Other than pore size, electrostatic interactions between MOFs and adsorbed dyes plays 

a role in a MOFs high adsorption performance. High functionality of MOFs allows 

scientists to engineer the interactions between MOFs and organic pollutants and as a 

result the choice of functional groups present is important. Typically, these molecules 

consist of conjugated ˊ-bond chromophores with auxochromes (ïCOOH, ïOH, ïNH2, 

etc.), and other functional groups (such as īSO3ī group to improve water 

solubility).199 Adding functional groups to the organic linker can exploit these 

interactions for selective encapsulation. Jia et al used MIL-100(Fe) to MB (cationic), 

methyl blue (MyB, anionic), and isatin (neutral) from aqueous solutions. The MOF 

showed selective adsorption toward MB and MyB due to the electrostatic interactions. 

No uptake of isatin was achieved. 200 

1.9.4 MOFs as magnetic sensors in Environmental Applications 

MOFs have shown a great potential for adsorbance and separation of pollutants from 

contaminated waters and with their unique luminescent, fluorescent and magnetic 

properties they are now being investigated as possible sensors. The concept of a sensor 

is based on its transduction mechanism typically consisting of a sensing unit and a 

transduction. This mechanism involves changes in the optical, photophysical, 

magnetic or mechanical properties of the sensing element when it interacts with the 

analytes.201 They are many factors to consider when designing a sensor, such 

sensitivity, selectivity, response time, reusability, and cost.202 MOF-based sensors 

have been used relying luminescent203 and electrochemical signals204. These unique 

properties can be introducing into the framework by choosing the appropriate metals 

and ligands. For example, lanthanide based SBU and highly ˊ conjugated ligands offer 

unique luminescent properties. As a result, this type of sensor has been heavily 

researched.  205 

The magnetic properties of MOFs and their use as magnetic sensors is an area that has 

seen little attention. One of the most desirable properties of magnetic MOFs is the 

incorporation of two or more properties into the same material, a challenge to the 

magnetic materials field. The high porosity of MOFs introduces the ability to adsorb 

guest molecule into magnetic materials leading to stimuli responsive materials. 206 

Depending on the way in which the two components are integrated into the 

coordination material, one can differentiate these MOFs into two groups. The first 
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being óóone-network materialsôô, in which the two properties are strongly coupled or 

present within the same material. In simpler terms, the MOFs framework is the 

magnetic material, providing both magnetism and porosity to the one material. These 

porous materials offer the possibility of inserting additional molecules into the pores. 

These guest molecules can act as external chemical stimuli tuning the magnetism of 

the framework. The second type of MMOF is the two-network material, where these 

of two properties (porosity and magnetism) are independent features each of them 

providing one physical property. In this case the framework itself is magnetically 

inactive, only providing porosity. The magnetic property is introduced by the 

adsorbance of a magnetically active molecule into the pores.207 

Magnetic MOFs have potential for chemical detection, such as heavy metals, in an 

aqueous solution. Magnetic susceptibility studies on MMOFs will provide each 

framework with its unique ɢmT value. Owing to their unique porosity they can provide 

selective capture of heavy metals. Once these metals are encapsulated the ɢmT value 

of the MOF with the guest molecule will change and therefore one would be able to 

sense the encapsulation. By building a library of guest molecule encapsulated by the 

MMOF, listing all the unique ɢmT values associated, the heavy metal in question can 

be identified.   

 

Figure 1.28: Scheme showing how MMOFs can be used as environmental sensors. a) Magnetic 

susceptibility studies give ɢmT value unique to framework. b) on addition of the guest molecule ɢmT 

value changes. 
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1.9.5 Air purification  

Another form of environmental pollution is air pollution.208 This is when toxic gases 

are released into the atmosphere at high concentrations, resulting in lethal effects. Our 

energy footprint associated with these gases is immense with carbon dioxide, methane, 

ozone and nitrous oxide as the main contributors. The named gases adsorb and releases 

infrared radiation in the atmosphere resulting in the depletion of the ozone layer and 

increase in temperature. The increase of these greenhouse gas will lead many serious 

environmental dilemmas such as global warming, rise of sea levels and 

desertification.209 

Although the effect of carbon dioxide in global warming is less compared to the other 

greenhouse gases, carbon dioxide is the most abundant resulting in a 60% overall 

impact of all greenhouse gases. With this, the capture and storage of carbon dioxide 

has attracted much attention by the scientific community. Liquid amine 

adsorption or amine scrubbing is currently the protocol used within industries 

capturing CO2. They can exhibit high separation/purification performance due to 

chemisorption of the CO2. However, the use of liquid amines results in a high energy 

footprint output due to the large cost for amine regeneration and the inherent corrosive 

nature of amine adsorbents due to the generations of bicarbonate. New approaches for 

a more cost-effective and energy-efficient carbon capture are urgently needed. amines 

suffer from cost and corrosion challenges.  

Like with water purification, the use if adsorbent materials as provided better 

performances, then traditional methods used in industries. Zeolites, along with 

activated carbons, are considered to be the best commercial options for both CO2 

capture and conversion. Faujasite zeolites have reported high affinity towards carbon 

dioxide with high performance CO2 capture.210 Unfortunately, these materials have 

limitations. MOFôs primary application is their utilization as sorbents to achieve 

CO2 separation and storage.  

Interaction between gas molecules and MOF frameworks can selectively target certain 

cases during adsorption. The addition of functional groups in the framework can 

strengthen these interactions. Large amounts of research regarding to which 

functionalizing compound performs the best at CO2 capture has shown that groups 
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such as polyethyleneimine (PEI) works well with MOFs. Chen et al. functionalised the 

already famous MIL-101with PEI where it showed high carbon capture of 2 mmol/g 

even with a smaller surface area due to the PEI (480 m2 /g). Pure MIL-101 achieved 

a carbon capture of 1.5 mmol/g (for a surface area of 2400 m2 /g). 211 

 

Figure 1.29: Crystal structure of Mg-MOF-74 with terminal DMF molecules attached to inorganic 

SBU and the MOF structure after activation, resulting in UMCôs. 

The presence ñopen metal sitesò (UMCôs) in the inorganic SBU has shown huge 

positive impact in gas adsorption and are one of the most commonly employed design 

in MOF chemistry. UMCs in MOFs are typically created by the removal of any 

terminal solvent molecules present in the metal cluster.212  Once the solvent molecules 

are stripped, the UMCs serve as binding sites for CO2 molecules. This binding is 

driven by the high quadruple moment of CO2 forming strong dipoleïquadrupole 

interactions. Mg-MOF-74 is an excelled example of this as it can an adsorbance of 

8.1 mmol gī1, the highest reported. Mg-MOF-74 is composed of [Mg2O2(O2CR)2]  

rod-shaped polymer as its secondary building units which is coordinated to 2,5-

dioxido-1,4-benzenedicarboxylate (dobdc) linkers forming a 3D framework with pores 

of 11Å in diameter. The Lewis acidity of the UMCs dramatically impacts C-capture 

performance as reflected in the respective Qst(CO2) values under conditions relevant 

to C-capture. 213 

 



61 

 

 Project Aims 

The overall aim of the research presented in this thesis is to expand the field of mixed 

metal and highly porous MOFs, where both families have shown admirable advantages 

over single metal or nano porous frameworks in several properties. Due to their unique 

flexibility or exceptionally large pores, these two categories have significant potential 

in applications such as environmental or biomedical.  

To achieve this, a family of novel MOFs- NUIGMOFs  will be synthesised by either 

the addition of multiple metal sources or the use of elongated Schiff based linkers. 

While solvothermal synthesis will be the prime focus, other synthetic routes will be 

investigated for optimal conditions needed for single crystal formation. These 

frameworks will be characterised by several techniques including XRD, XRPD, IR, 

TGA and SEM-EDX. Once characterised and activated, they will be applied to various 

applications depending on the chemical components of the framework. For example, 

if the metal SBU and the organic linker is biocompatible, they will be used in 

biomedical applications.  

One goal of the NUIGMOFs  is to address the main problems associated with cancer 

therapy, which is the high toxicity, side effects and poor targeting of many anti-cancer 

drugs. Biocompatible NUIGMOFs  will provide the large surface area, tuneable pore 

size and relatively low toxicity needed in the delivery of these drugs. The investigation 

into the drug delivery potential of the NUIGMOFs  will be executed by adsorption 

studies using drugs such as Ibuprofen and Doxorubicin. The drug uptake will be 

monitored by UV Vis and HPLC and characterised by IR, TGA etc. Drug release will 

be explored using various pHôs of PBS at 37ÁC, mimicking biological systems. 

Cytotoxicity of the MOFs, the components and MOFs with encapsulated drug will be 

performed using HDF or MCF-7 cells and an MTT assay. 

If an NUIGMOF  is not biocompatible it will still be applied to environmental 

applications as a magnetic sensor. Investigations into this application will be achieved 

similarly to that previously mentioned in biomedical applications, using the same 

analytical techniques. In this study, however, before the adsorption of the guest 

molecule, in this case an organic dye or a metal ion, magnetic susceptibility studies 

will be performed on the framework where the ɢmT value will be unique to the MOF. 
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After adsorption, these studies will be performed again, where the presence of the 

guest molecule will cause a shift in ɢmT value. By building a library including the 

ɢmT values associated with each guest molecule, one can sense and identify what is 

being adsorbed. 

 

Figure 1.30: A schematic diagram showing the project aims and how they will be 

achieved. 
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 Abstract 

Metal organic frameworks (MOFs) have received significant attention in recent years 

in the areas of biomedical and environmental applications.  Among them, mixed metal 

MOFs, although promising, are relatively few in number in comparison with their 

homometallic analogues. The employment of benzophenone-4,4ô-dicarboxylic acid 

(bphdcH2) in mixed metal MOF chemistry provided access to a 3D MOF, 

[Na2Zn(bphdc)2(DMF)2]n  (NUIG1). NUIG1 displays a new topology and is a rare 

example of a mixed metal MOF based on 1D rod secondary building units. UV-vis, 

HPLC, TGA, XRPD, solid state NMR and computational studies indicated that 

NUIG1 exhibits an exceptionally high Ibuprofen (Ibu) and nitric oxide adsorption 

capacity. The MCF-7 cell line was used to assess the toxicity of NUIG1 and 

Ibu@NUIG1, revealing that both species are non-toxic (cell viability>70%). NUIG1 

exhibits good performance in the adsorption of metal ions (CoII, NiII, CuII) from 

aqueous environments, as was demonstrated by UV-vis, EDX, ICP, SEM and direct 

and alternate current magnetic susceptibility studies. The colour and the magnetic 

properties of the M@NUIG1 species depend strongly on the kind and the amount of 

the encapsulated metal ion into the MOF pores. 

 Introduction  

Metal-organic frameworks (MOFs) are a family of hybrid porous materials that have 

attracted an immense research interest in recent decades due to their appealing 

structural features.1,2 They often possess large surface area, high porosity, flexible 

structure, an amphiphilic internal microenvironment, and the possibility of introducing 

functional groups in the pores and frameworks in a spatially controlled way, which 

make these materials especially suitable for encapsulating a large variety of guest 

molecules. As such, MOFs can be used in a wide range of applications, e.g. gas storage 

and/or separation,3 magnetism, catalysis, sensing, drug delivery and imaging related 

applications. 4,5 

In relation to the use of MOFs in drug delivery applications, they were introduced into 

this field nearly ten years ago, with one of the first reports being by Horcajada et al, 

who showed that the mesoporous MOFs MIL-100 and MIL-101 display remarkable 

ibuprofen adsorption and release performance.6 Since then, many MOFs with high 
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drug uptake have been reported, representative examples being other members of the 

MIL family, Bio-MOFs, CD-MOFs, UiO-MOFs, ZIF-MOFs, Zr MOFs, etc.7-9  MOFs 

offer significant advantages over the currently used drug delivery systems that are 

based on liposomes, micelles, dendrimers, gold/iron/silica nanoparticles, carbon 

nanotubes, and quantum dots.10-12 MOFs often exhibit high drug upload capacity, 

biocompatibility, thermal stability, inexpensive and rapid scale-up synthesis, and thus 

can address major challenges related to the poor active pharmaceutical ingredient 

(API) stability and/or solubility, burst effect and toxicity.13,14 The use of MOFs in drug 

delivery has recently been expanded to anticancer drugs and the targeted, and 

controlled delivery has been achieved by a variety of different techniques, such as pH-

controlled, photodynamic and magnetically triggered drug release.15-17  

In a similar vein, MOFs can capture and sense toxic compounds in the environment.18-

20 The adsorption process may occur via a variety of mechanisms, such as interactions 

between acid and base, electrostatic interactions between adsorbates and adsorbent, H-

bonding and ˊ-ˊ stacking, and hydrophobic interactions.20c The removal of toxic 

metals from water is important and contemporary techniques involve chemical 

precipitation, ion exchange, membrane filtration and adsorption, with the latter which 

can employ MOFs being the most preferred as it does not require a high operating 

temperature. The adsorbents that are currently used either possess high porosity but 

are prone to aggregation, which decreases their efficiency (e.g. magnetic 

nanoparticles), or have high stability and efficiency, but low surface area (e.g. 

zeolites).21 MOFs display all the desirable features to provide an efficient solution to 

the removal of toxic metals from water, and as such many MOF families (MIL, UiO-

66, HKUST, etc.) have now been reported for their ability to adsorb toxic metals.22 

MOFs often have sensing properties, which is based on the effect of the toxic/guest 

metal ion to the physical properties (colour, electrochemical, luminescence, etc) of the 

MOF.23,24 One recent such example is the FJI-C8 MOF,24 which exhibits a high 

sensitivity for Fe3+ with the detection limit being 0.0233 mM; it  contains a ˊ-

conjugated aromatic ligand with free/uncoordinated N- and O- atoms, which interact 

strongly with the encapsulated Fe3+ ions affecting the emission spectrum of the anionic 

FJI-C8 MOF.  
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The advantages that MOFs offer in important biomedical and environmental 

applications, constitute an increasing need for the isolation of new such species with 

high stability, porosity and fine-tuning properties. One recent approach towards this 

direction involves the presence of a second metal ion in the MOF structure;25 this often 

increases the robustness of the framework, which results to high thermal and water 

stability. Furthermore, the synergism between the different metal ions has been proven 

to enhance MOF features and functionalities, including, among others, the breathing 

effect, catalytic activity, etc.26 It is noteworthy that although ca. 6000 new MOFs are 

reported per year, relatively few of them are mixed-metal, with the mixed metal MOF 

field being still in its infancy.25 

 

 

 

 

With the above mentioned in mind, we decided to expand the family of mixed metal 

MOFs by using benzophenone-4,4ô- dicarboxylic acid (bphdcH2, Figure 2.1) as the 

organic linker; this ligand has been extensively used for the synthesis of homometallic 

MOFs, yet its employment towards new mixed metal MOFs is limited.27 In particular, 

the combination of bphdcH2 with other bridging ligands, including 4,4ô-bipyridine 

(bpy), 4-diazabicyclo[2.2.2]octane (dadco), and others, in ZnII and CuII coordination 

chemistry has yielded new 3D MOFs with interesting properties; among them, 

[Cu2(bphdc)2(bpy)]n and [Zn2(bphdc)2(dadco)]n display very high H2 and CO2 

adsorption.27a Herein, we report the synthesis and characterization of 

[Na2Zn(bphdc)2(DMF)2]n  (NUIG1), which is a rare example of a mixed-metal MOF 

based on an 1D rod SBU. Herein, the drug uptake performance of NUIG1 have been 

Figure 2.1: A schematic representation of benzophenone-4,4ô-dicarboxylic acid(bphdcH2) and the two 

different coordination modes that it adopts in NUIG1: ɖ2:ɖ1:ɖ1:ɖ1:µ5 (Type A, left) and ɖ1:ɖ1:ɖ1:ɖ1:µ4 

(Type B, right) 
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studied and discussed in detail for Ibuprofen and Nitric Oxide. The metal adsorption 

capacity of NUIG1 was also examined using a variety of techniques, including UV-

vis, EDX, ICP, SEM and magnetism.  

 Experimental  

All manipulations were performed under aerobic conditions using materials as 

received.   

2.3.1 Synthesis of [Na2Zn(bphdc)2(DMF)2]n  (NUIG1) 

1M NaOH (0.5 ml) and Zn(CH3CO2)2Å2H2O (0.03 g, 0.1 mmol) were added  to a 

solution of bphdcH2 (0.07g, 0.3 mmol) in DMF/EtOH (10/8 ml) and left under 

magnetic stirring for 5 min at room temperature. Then, the vial was placed in the oven 

at 100°C for 24 hours, after which time white polyhedral crystals of NUIG1 were 

observed. The crystals were kept in mother liquor for X-ray analysis or collected by 

filtration for other solid-state studies. Yield: ~70%. Anal. Calcd (Found) for NUIG1: 

C, 54.46 (54.71); H, 3.81 (3.66); N, 3.53 (3.64) %. Selected IR data (KBr, cm-1): 

3437(b), 2928(b), 1655(s), 1614(m), 1558(w), 1498(w), 1438(w), 1361(m), 1298(w), 

1256(m), 1127(w), 1094(s), 1063(w), 1016(w), 933(m), 880(m), 833(s), 811(w), 

786(w), 734(s), 705(w), 661(m). 

2.3.2 Physical Studies  

Elemental analyses (C, H, N) were performed by the in-house facilities of the National 

University of Ireland Galway, School of Chemistry. IR spectra (4000ï400 cmī1) were 

recorded using a Perkin Elmer 16PC FT-IR spectrometer with samples prepared as 

KBr pellets. Powder X-ray diffraction data (XRPD) were collected using an Inex 

Equinox 6000 diffractometer. Solid-state, variable-temperature and variable-field 

magnetic data were collected on powdered samples using an MPMS5 Quantum Design 

magnetometer operating at 0.03 T in the 300 to 2.0 K range for the magnetic 

susceptibility and at 2.0 K in the 0 to 5 T range for the magnetization measurements. 

Diamagnetic corrections were applied to the observed susceptibilities using Pascalôs 

constants. TGA experiments were performed on a STA625 thermal analyser from 

Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept constant 

at 10 °C/min, and all runs were carried out between 20 and 600 °C. The measurements 
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were made in open aluminium crucibles, nitrogen was purged in ambient mode, and 

calibration was performed using an indium standard.  

2.3.3 X-ray Crystallography  

Crystallographic data for NUIG1 were collected in an Oxford Diffraction Xcalibur 

CCD diffractometer using graphite-monochromatic Mo Ka radiation (ɚ = 0.71073 ¡) 

at room temperature. The structures were solved using SHELXT,28 embedded in the 

OSCAIL software.29 The non-H atoms were treated anisotropically, whereas the 

hydrogen atoms were placed in calculated, ideal positions and refined as riding on their 

respective carbon atoms. The program SQUEEZE,30 a part of the PLATON package 

of crystallographic software, was used to remove contribution of highly disordered 

solvent molecules. 

Unit cell data and structure refinement details are listed in the appendix (Table 2.2). 

The CIF file can be obtained free of charge at www.ccdc.camac.uk/retrieving.html or 

from the Cambridge Crystallographic Data Centre, Cambridge, UK with the REF code 

2008513.  

2.3.4 Drug adsorption and release experiments  

The Ibu adsorption capacity of NUIG1 was investigated as described below: drug 

(0.23 g, 0.70 mmol) was added to a glass vial containing EtOH (10 mL) and stirred 

until all solid is dissolved. Solid NUIG1 (0.05 g, 0.07 mmol) was then added and the 

mixture was left stirring at room temperature. For the kinetic study, small volumes of 

aliquots were taken at designated time intervals, centrifuged, and the drug content in 

the supernatant solution was determined by spectroscopic (UV-vis) and 

chromatographic (HPLC) techniques. For the thermodynamic study, the same 

procedure was repeated with varying NUIG1: drug ratios; the mixture was stirred for 

120 hours, filtered, and the filtrate was analysed for its drug content. The drug release 

properties of NUIG1 were studied in H2O and phosphate buffer solution (PBS): 

Ibu@NUIG1 (0.05 g) was added to a glass vial containing solvent (10 mL) and left 

stirring at 37 C. Batch studies were performed at designated time intervals, and the 

amount of the released drug was determined by UV-vis and HPLC techniques. 
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2.3.5 Metal adsorption kinetic and thermodynamic studies  

The metal adsorption capacity of NUIG1 was investigated using the same method to 

the drug adsorption: the hydrated acetate salt of a metal ion (0.10 g, 0.40 mmol for 

Co2+ and Ni2+; 0.05 g, 0.22 mmol for Cu2+) was added to a glass vial containing 

distilled H2O (10 mL, for Co2+ and Ni2+; 20 ml, for Cu2+) and stirred until all solid is 

dissolved. Solid NUIG1 (0.10 g, 0.14 mmol, Co2+ and Ni2+; 0.05g, 0.07 mmol, Cu2+) 

was then added and the mixture was left stirring at room temperature. For the kinetic 

study, the sample was centrifuged at designated time intervals, and the metal content 

in the supernatant was determined by spectroscopic (UV-vis) techniques and by using 

an Elan DRC-e Inductively Coupled PlasmaïMass Spectrometry, ICP-MS, [Perkin-

Elmer, USA] in standard mode in a class 1000 clean room (ISO 6). For the 

thermodynamic study, the same procedure was repeated with varying NUIG1: metal 

ratios; the mixture was stirred for 30 minutes, filtered, and the filtrate was analysed for 

its metal content. 

2.3.6 Solid state NMR  

All solid-state NMR spectra were collected on a Bruker Avance III spectrometer with 

magnetic field strength of 9.4T operating at frequencies of 400 MHz for 1H, 100.6 

MHz for 13C, and 105.842 MHz for 23Na, respectively. For the acquisition of the data 

a 2.5 mm HX probe was used, employing magic-angle spinning (MAS) frequencies of 

up to 30 kHz.  

The 23Na spectra were collected at 30 kHz MAS.  The one-pulse spectra were acquired 

using a RF pulse with a 136kHz nutation frequency and small flip angles (0.44 ɛs) and 

a recycle delay of 16s.  Two-dimensional one-pulse double-quantum-filtered satellite 

transition MAS (TOP-DQF-STMAS) spectra31a,31b were acquired with a sampling 

interval of 33.33 ɛs and 128 increments in the indirect dimension, with 192 scans per 

increment for the MOF and 96 scans for the Ibuprofen loaded MOF with a recycle 

delay of 4 s.  Pulses with a nutation frequency of 136 kHz and lengths of 1.1 s and 1.2 

s were used for satellite-transition coherence excitation, and central-transition 

reconversion respectively. The central-transition-selective pulse had a nutation 

frequency of 12 kHz and a length of 10.4 ɛs.  Solid NaCl was used for RF pulse 

calibration and for referencing the chemical shifts at 7.21 ppm. For the one-

dimensional 13C spectra, cross polarization (CP) 1HŸ13C experiments were performed 
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at 10 kHz MAS. Acquisitions employed a 1H excitation pulse of 71kHz nutation 

frequency and 3.5 ɛs length followed by matched spin-lock fields of 81 kHz for 1H 

and 71 kHz for 13C, and a contact time of 1250 ms.  SPINAL6431c decoupling of 71 

kHz was used during acquisition.  Between 8192 and 16384 transients were collected, 

depending on the sample, with a 4s recycle delay.  The two-dimensional heteronuclear 

correlation (HETCOR) experiment31d was acquired using the same experimental 

conditions as CP, but with 80 increments in the indirect (1H) dimension and 256 scans 

per increment.  Adamantane was used for rf pulse calibrations and chemical shifts 

referencing for both 1H and 13C. 

2.3.7 Computational studies 

In order to explore the ability of NUIG1 to adsorb NO and Ibu, Grand Canonical 

ensemble Monte Carlo simulations were conducted. According to these simulations, 

the chemical potential (ɛ), the volume of the system (V), and the temperature (T) are 

kept constant, whereas the number of particles of the system, N could fluctuate. During 

the simulations trial moves are attempted: particle insertion or deletion, particle 

translation and particle rotation with each trial move having the same probability of 

selection.32 

The chemical potential was determined for NO by using the Peng-Robinson equation 

of state33a with the appropriate physical constants i.e. critical pressure, Pc, critical 

temperature, Tc, and acentric factor. Temperature was set to 121 K. The Lennard Jones 

potential was used to describe the Van der Waals interactions between framework 

atoms and guest molecules. Parameters set for the various atoms were taken from the 

Dreiding force field,33b whereas the Lorentz-Berthelot mixing rules were used for cross 

parameters. The minimum image convention was used, placing the atom under 

examination at a centre of a sphere having radius equal to the potential cut off distance, 

i.e. 12.8 Å. Interactions of the atom under examination with atoms lying outside this 

sphere were not taken into consideration. The potential beyond this distance was 

truncated and no tail corrections were used. A super cell of 2x2x2 unit cells was used 

for the simulations to ensure that each direction, x, y and z is at least twice the cut off 

distance.  
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Together with Lennard Jones for the Van der Waals interactions, the Coulomb 

potential was considered for describing the electrostatic interactions between the 

framework and fluid atoms. Point charges for the atoms of the framework were 

calculated using the Gaussian 03 software package and applying the cluster method 

applied: An appropriate part of the framework was cut and this part was first 

geometrically optimized applying Density Functional Theory at the B3LYP level.34 

The charges of the atoms for the optimized part were then calculated using the 

CHELPG method.35  

N2: The TraPPE force field36a was used for describing the interactions of Nitrogen 

molecules according to which the molecule is described as a three-site model, one for 

each atom and one for the centre of mass. A charge of q=-0.482 was assigned to each 

atom with Lennard Jones parameters Ů=36 K and ů=3.31 ¡. A q=-+0.964 was placed 

to the centre of mass without any LJ interactions.  

NO: For Nitric Oxide a two centre model was used, both centres having LJ parameters 

and Coulomb interactions.36b The N-O bond length was kept fixed at 1.15 Å; for 

oxygen, Ů=96.986 Ⱦ and ů=2.875 ¡ and for nitrogen, Ů=79.538 Ⱦ and ů=3.014 ¡. 

These parameters were able to reproduce the heat of vaporization during NVT 

simulations. In addition, prior to proceeding with simulations, these parameters 

successfully reproduced the NO bulk density at all thermodynamic states used for the 

GCMC simulations.  

Ibuprofen : Ibuprofen molecule was modelled following the methodology reported by 

Bernini et al.36cThe parameters for the atoms or beads of the drug were taken from the 

corresponding references of the TraPPe Force. The molecule was treated as flexible. 

2.3.8 Cytotoxicity Measurements Using the MTT Assay 

The MTT assay involves the reduction of a yellow tetrazolium salt, [3-(4,5-

dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide] tetrazolium, to an insoluble 

formazan crystal by the metabolic activity of living cells. For this analysis, MTT assay 

was used to investigate the cytotoxicity of NUIG1, and Ibu@NUIG1. MCF-7 cells 

were seeded at a density of 1000 cells/mL in a 96-well micro assay culture plate and 

allowed to grow over a period of 24 h at 37 ęC in a 5% CO2 incubator. NUIG1 in fresh 

culture medium was added into each well with different concentrations from 0.01- 
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30µM and incubated for 72 hours. Culture medium only was employed as the control 

group, and wells containing culture media without cells were used as blanks. 20µL of 

a solution containing 43.2mg MTT dissolved in 8.6mL RPMI was added to each well, 

and the cells were incubated for another 3 hours. The excess MTT solution was then 

carefully removed from each well, and the formed formazan was dissolved in 100 µL 

of DMSO. The optical density of each well was then measured at a wavelength of 550 

nm using a microplate reader (Bio-Rad, xMark). The results from the three individual 

experiments were averaged. The following formula was used to calculate the viability:  

Viability (%) = (mean of absorbance value of treatment groupïblank)/(mean 

absorbance value of control  blank)  x 100. 

 Results and Discussion 

2.4.1 Synthesis 

Various reactions with differing reagent ratios, metal sources, solvents and other 

reaction conditions have been systematically explored towards the isolation of new 

non-toxic, mixed metal MOFs. The reaction of Zn(CH CO ) Ŀ2H O, bphdcH2 and 

NaOH in a 1 : 2 :1 .5 molar ratio in EtOH/DMF (1:1.25) at 100 C for 24 hours provided 

access to colourless cubic crystals of [ZnNa2(bphdc)2(DMF)2]n (NUIG1). The 

stoichiometric equation of the reaction that led to the formation of NUIG1 is presented 

in Eq. (1).   

    

                                                                          

 

It is noteworthy that the nature of the solvent affects the crystallinity of the product; 

for example, reactions in DMF yielded white microcrystalline powder of NUIG1 (IR 

evidence). Similarly, the source of Na+ ions does not play a crucial role in the identity 

of the product, but it affects its crystallinity and the yield of the reaction. In particular, 

when Na(CH3CO2)Ā3H2O was used instead of NaOH, NUIG1 was produced in 

polycrystalline form in lower yield. The employment of significantly different molar 
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ratios resulted in amorphous precipitates that could not be further characterized. 

Several bands appear in the 1655ï1360 cm-1 region in the IR spectrum of NUIG1. 

Contributions from carboxylate vas(CO2) and vs(CO2) modes would be expected in this 

region, but overlap with the stretching vibrations of the aromatic ring and the carbonyl 

group renders assignment difficult. IR spectra of NUIG1 can be found in the appendix 

(Figure 2.29) 

2.4.2 Description of Structure 

Representations of the ZnNa2 repeating unit, the rod SBU and the 3D network of 

NUIG1 are shown in Figures 2.2 and 2.4. NUIG1 crystallizes in the monoclinic space 

group C2/c and its structure contains three crystallographically inequivalent metal ions 

(Zn1, Na1 and Na2) and bphdc2- ligands that adopt two different coordination modes, 

ɖ2:ɖ1:ɖ1:ɖ1:ɛ5  (type A, Figure 2.1), and ɖ1:ɖ1:ɖ1:ɖ1:ɛ4  (type B, Figure 2.1). The metal 

ions within the ZnNa2 repeating unit are held together through two type B and two 

type A ligands with one of the latter being coordinated through its ɛ2 end, whereas the 

other through its ɛ3 end. Furthermore, three type A and two type B bphdc2- ligands are 

linked to Na1 and Na2 and bridge the ZnNa2 with five neighboring units. This results 

in the formation of a Zn/Na 1D chain, which is the secondary building unit (SBU) of 

NUIG1 (Figure. 2.2, bottom); all the Na atoms are aligned in a collinear fashion, with 

the Zn atoms lying in a zig-zag configuration. Each 1D chain is cross-linked to four 

adjacent rod SBUs through the organic bphdc2- ligands, leading to the formation of the 

3D microporous network (Figure 2.4).  

 

Figure 2.2: Representation of the ZnNa2 repeating unit (top) and a part of the 1D zig-zag Zn/Na 

SBU (bottom) in NUIG1. Color code: N (dark blue), Zn (light blue), Na (green), O (red) 
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Zn1 adopts a tetrahedral coordination geometry being linked to four carboxylic O 

atoms, that come from four different bphdc2- ligands. Both Na atoms are 

hexacoordinate with a distorted octahedral coordination geometry. Na1 is coordinated 

to four oxygen atoms (equatorial plane), which come from four different organic 

ligands, as well as to two terminal DMF molecules in the axial positions. The 

coordination sphere of Na2 consists of six carboxylic O atoms from six different 

bphdc2- ligands. 

Employing a standard representation of the crystal structure of NUIG1 and taking into 

account the Na atoms, both types of ligands and all metal ions can be considered as 

connection points;37 this gives rise to the formation of a novel three dimensional 

4,4,4,5,6-c network, with point symbol 

{42.83.10}{42.84}2{4 4.62}2{4 4.63.83}2{4 8.66.8} (Figure 2.3); the latter has never been 

reported in the past, thus NUIG1 exhibits a network with a unique architecture. 

Alternatively, the determination of the NUIG1 topology can be performed without 

taking into account the Na atoms as they are weakly bonded to the organic ligands. In 

this case, the structure consists of polycatenated 2-periodic four-coordinated networks 

of undulated shape with an sql topology. The latter is common with ca. 100,000 such 

structures in different representations (complete, standard or cluster) been currently 

known.  

Figure 2.3: Simplified 5-nodal net of the NUIG1 crystal structure in the standard representation of 

valence-bonded MOFs with new topology; nodes ZA1 and ZA2 correspond to benzophenone-4,4'-

dicarboxylate ligands, ZC1 and ZC2 correspond to Na1 and Na2 atoms, and ZD1 correspond to Zn 

atoms, respectively. 
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The solvent-accessible volume of NUIG1, calculated by PLATON (excluding all 

solvents from the pores), is 4001.9 Å3 and corresponds to the 46.5% of the unit-cell 

volume (8610.8 Å3). A representation of the voids using the structure visualization 

program MERCURY reveals a complex 3D pore network, where the large, 

compartmentalized cavities communicate through relatively wide channels with a 

diameter Ó4 ¡. 

NUIG1 is a new MOF with an aesthetically pleasing crystal structure and interesting 

structural features. It is a new addition to the growing family of mixed-metal MOFs, 

being the first Zn/Na MOF that contains the ligand bphdc2-. It is a rare example of a 

mixed metal MOF based on a rod SBU, being the first such Zn/Na species.38 It is worth 

Figure 2.4: Representation of the 3d structure of NUIG1 along the a axis (top) and its pore network 

shown in yellow (bottom).  Colour code: N (dark blue), Zn (light blue), Na (green), O (red), C (grey) 
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to mention that the vast majority of the rod-based MOFs are homometallic and exhibit 

special properties, such as breathing and forbidden catenation; their SBU can be either 

a simple rode, i.e. equally spaced points on a straight line, or it can be more 

complicated, e.g. displaying a zig-zag topology or being based on edge sharing 

tetrahedra, etc.38  Furthermore, NUIG1 displays a novel three dimensional 4,4,4,5,6-c 

network, whose topology has not appeared in the past in a MOF. 

 

The breathing effect of NUIG1 can be seen by XRPD. Figure 2.5 shows the powder 

diffraction for this MOF. The bottom (E), shows the calculated powder diffraction 

based on the crystal structure obtained whereas the top (A) shows the actual powder 

diffraction obtained. The MOF was placed in 130°C to evacuate the DMF from the 

pores. After 4 hours at this temperature the powder diffraction was taken. Due to the 

removal of the solvent, the pores of the MOF contract and the structure partially loses 

its crystallinity; this can be seen in (B). The peaks have lost their intensity and become 

broad getting lost in the halo. While there is still a lot of noise present the sample is 

not completely amorphous as the peaks are still present. Once removed from heat, 

DMF was slowly added. After 5 minutes of adding the solvent, the XRPD was 

observed. (C) shows how the MOF starts to regain its crystallinity. The peaks start to 

become more intense. The addition of the solvent was continued for an additional 55 

minutes. After this time, the diffraction pattern was observed again; this is shown in 

(D). The MOF has regained nearly all its crystallinity. The peaks are sharper and match 

Figure 2.5: XRPD pattern of MOF2 showing the breathing effect of the MOF. 
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that of the calculated pattern. The ability of the MOF to withstand this change of 

environment and then regain its shape shows how stable the framework. The MOF is 

able to contract its pores upon removal of the solvent and then once solvent is added 

regains its crystallinity, showing how the MOF can change the 54 shape or size of the 

pores to adapt to the new environment. This provides evidence of the óbreathing effectô 

of the MOF. 

2.4.3 Drug adsorption and release studies  

The inherent porosity in NUIG1, and the existence of open channels in its structure, 

prompted us to assess its potential for drug delivery applications. Ibuprofen (Ibu) was 

chosen as a proof-of-concept model drug due to the availability of literature reports 

that would allow the evaluation of NUIG1 as drug carrier. The MOF crystals were 

activated prior to the drug encapsulation in order to reduce the amount of solvent 

present in the pores, and thus facilitate the drug adsorption; this was performed by 

stirring the MOF in DMF for several hours and then exchanging this solvent with more 

volatile acetone, which is easily removed at 80°C. The adsorption of Ibu by NUIG1 

was initially confirmed by IR spectroscopy with the appearance of peaks at 2800 and 

2900 cm-1, which correspond to the ɜ(C-H) vibrations of the methyl groups from the 

Ibu. There is an increased intensity at the broad peak at 3100-3500 cm-1 due to the 

additional aromatic rings coming from the Ibu (v(Ar-H) at ~3100 cm-1) and the 

increased amount of hydrogen bonding interactions. Furthermore, there is a typical 

increase in the intensity of the peaks at 1500, 1430 and 1040 cm-1, characteristic of the 

COO- groups. (see Appendix, Figure 2.30) 

 

 

 

 

 

Figure 2.6: Equilibrium data for the Ibu adsorption by NUIG1 (contact time: 144 hours). The solid 

line is a guide to the eye. 
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The impact of the Ibu: MOF molar ratio on the NUIG1 drug loading performance was 

studied; it was found that the Ibu uptake (mg Ibu/g NUIG1) increases as this ratio 

increases from 1:1 to 1:6, where it reaches its maximum capacity (Figure 2.6). The 

latter was determined by HPLC (Figure 2.7) and UV-vis (Appendix Figure 2.31) which 

revealed that the maximum Ibu upload is 70% by weight, corresponding to 2.8g Ibu/g 

NUIG1.  

NUIG1: Ibu 
mg Ibu / L 

solution 

mg Ibu / g 

NUIG1 

1:2 9200 1640 

1:3 13000 2280 

1:4 18000 2650 

1:5 23000 2700 

1:6 27000 2800 

 

 

 

 

NUIG1 possesses an exceptionally high Ibu uptake capacity, which is higher than 

previously reported for Ibu or any other drug.6 This unusual behaviour is attributed to 

an enhanced breathing effect in NUIG1, i.e enlargement of its pore diameter upon the 

encapsulation of a guest molecule.39,40 In order to further investigate the breathing 

property of NUIG1, XRPD studies were carried out; Figure 2.8 shows the comparison 

of the XRPD pattern of a physical mixture of NUIG1 and Ibu with that of 

Ibu@NUIG1, as well as that of the activated NUIG1. Ibu@NUIG1 shows a similar 

pattern to NUIG1 with additional characteristic peaks attributed to Ibu. 

Figure 2.7: HPLC data showing the uptake and amount of Ibu after 144 hours (left) Table showing 

the peak area for each NUIG1: Ibu ratio (right). 
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 The peaks that correspond to NUIG1 have been shifted in the PXRD pattern of Ibu 

@NUIG1, indicating a change in the cell volume and/or symmetry of the MOF after 

the drug encapsulation.7a The latter is a strong indication of the breathing property of 

NUIG1, which is further supported by the slow kinetics of Ibu encapsulation (Figure 

2.9); in fact only the 15% wt of the drug is adsorbed in the Ibu@MOF complex in the 

first 24 hours. There is a gradual increase in the adsorption in the first 40 hours, after 

which a sharp increase is observed in the next 24 hours, reaching the amount of 

2600mg Ibu/g NUIG1. 

 

 

 

 

Figure 2.8: XRPD patterns of NUIG1, Ibu, Ibu@NUIG1, and a physical mixture of NUIG1 and Ibu. The 

encapsulation rate then slows down slightly before it reaches a plateau after 144 hours. The initial low 

drug uptake rate, followed by a sharp increase, is related to the breathing effect in NUIG1, indicating 

that the pore expansion is initiated after the encapsulation of a small amount of Ibu over the first 40 

hours. 
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To confirm the unprecedently high drug adsorption capacity of NUIG1 and gain 

insight into the interactions between NUIG1 framework and Ibu, thermal stability 

(Figure 2.10) and solid-state NMR studies were pursued.  The TGA plot of 

Ibu@NUIG1 reveals an additional two-step mass loss between ca. 300 and 400 C, 

attributed to the decomposition of the drug. The drug uptake based on the TGA is 

approximately 1300 mg Ibu/gMOF, which is in close agreement with the value of 

1600mg Ibu/g NUIG1 expected for a 1:2 MOF:Ibu ratio 

 

 

 

 

 

 

 

 

Solid-state NMR has proven to be able to provide significant information on the local 

environments of host systems such as MOFs, zeolites and covalent organic 

frameworks, and subsequently probe the host-guest interaction of those systems, 

ranging from adsorbed CO2 to encapsulated drug molecules.41,42 The 1HŸ13C CP 

spectra are shown in Figure 2.11.  There is a distinct difference in the chemical shifts 

due to the carboxyl functional groups of the samples, with deprotonated COO- (173 

ppm) being observed in the unloaded MOF, whilst the protonated ïCOOH is seen in 

crystalline ibuprofen (183 ppm)43.   

Figure 2.9: The uptake kinetics of NUIG1 and Ibu where the drug was adsorbed withing 144 hours. 

Figure 2.10:  TGA showing the encapsulation of Ibu (in green), Ibu@NUIG1 (in blue) and NUIG1 

(in red) 
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Both resonances are seen in the spectrum of the loaded MOF, with a very low intensity 

COOH resonance being slightly shifted to 181.5 ppm.  Additionally, peaks at 21.8 ppm 

and 16.3 ppm, corresponding to the aliphatic region of Ibuprofen, are also visible in 

the spectrum of the loaded NU1G1 (but not for the unloaded MOF), whose correlation 

with the respective proton shift at 0.9 ppm is further manifested in the HETCOR 

experiment (Figure 2.12).  The presence of both sets of resonances in the spectrum of 

ibu@NUIG1 indicate that ibuprofen is indeed taken up into the MOF. The 

comparatively small change in chemical shift of the carboxyl resonance of ibuprofen 

on adsorption suggests that there is no deprotonation of the ibuprofen, and no covalent 

bonding to the MOF network, suggesting that the adsorption mechanism is 

predominantly physisorption42b.  

To obtain a better understanding of the mechanism, 23Na MAS NMR experiments were 

carried out. 23Na is a quadrupolar nucleus (spin 3/2), whose quadrupolar charge 

moment interacts with the electric field gradient of the local electronic environment. 

The one- dimensional 23Na MAS NMR spectrum of the unloaded MOF (Figure 2.13,  

Figure 2.11: The 1-D 1HŸ13C cross polarization spectra for Ibu (blue), pristine NUIG1 (red), and 

Ibu@NUIG1 (green). Insert: The expanded spectral regions, highlighting the aliphatic and carboxylic 

species that are present in both the Ibuprofen and the Ibu loaded MOF.  Spinning sidebands are 

labelled with asterisks.    
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top) exhibits a resonance broadened by the quadrupolar interaction centered on -

20ppm, with two sharp peaks likely due to sodium salt impurities.  The TOP-DQF-

STMAS spectra (Figure 2.13, bottom left) clearly show that this broad feature is 

actually two distinct resonances, due to the two different sodium sites present in the 

structures of NUIG1. These sodium sites lack the distinctive features of the second 

order quadrupolar line shapes, which indicates a structural disorder that induces a 

distribution of quadrupolar coupling constants.  

 

 

Figure 2.12: The 2-D 1HŸ13C HETCOR spectrum for the Ibuprofen loaded NUIG1 sample, 

correlating carbon shifts in the direct dimension to proton shifts in the indirect dimension. Not 

marked peaks are attributed to the spinning sideband manifold 

Figure 2.13: Top: 23Na solid-state NMR spectrum of unloaded (red) and loaded (green) MOF. 

Bottom left: DQF-TOP-STMAS 23Na spectrum of NUIG1. Two separate resonances (1) and (2) can 

be identified. Horizontal extracted slices of these resonances are also represented. Bottom right: 
DQF-TOP-STMAS 23Na spectra of unloaded MOF. Similarly, to the loaded MOF, two separate 

resonances (1) and (2) can be identified. The arrow indicates the direction of the second order 

quadrupolar induced shift (QIS),  
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The TOP-DQF-STMAS spectrum of Ibu@ NUIG1 (Figure 2.13, bottom right) is 

largely unchanged, and the two sets of resonances yield chemical shifts and 

quadrupolar products that are the same within experimental error (Appendix table 2.3), 

which suggests that the sodium sites are not extensively affected by the presence of 

Ibuprofen. This result corroborates with the full hexacoordination of both Na sites and 

confirms that physisorption is the dominant mechanism of adsorption of Ibu by 

NUIG1. 

The drug release performance NUIG1 was also studied to H2O and PBS at 37°C in 

order to simulate physiological conditions. 50mg of the loaded Ibu@NUIG1 was 

immersed in the corresponding solution and left under stirring; at certain time intervals 

a sample from the suspension was removed and analysed using UV-vis. Figure 2.14 

shows the Ibu release kinetics in both H2O and PBS. In the first case, the maximum 

amount of the released Ibu is 73% with the release being completed within 50 hours; 

40% of the drug is released over the first 35 hours, after which an increase in the release 

rate being observed. The remaining 33% of the drug is released during the next 15 

hours. On the other hand, a faster release is observed in PBS conditions with the 30% 

drug loss being evident in the first 5 hours. A plateau is reached after 24 hours, where 

the 55% of the drug has been released.  

 

 

 

 

 

 

Figure 2.14: Release kinetics of Ibu@NUIG1 in water (black) and phosphate buffer solution 

(red). 
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2.4.4 Cytotoxicity studies 

The MCF-7 (breast cancer) cell line was used to assess the toxicity of NUIG1 and 

Ibu@NUIG1. The cytotoxicity was determined using the MTT assay revealing that 

both NUIG1 and Ibu@NUIG1 are non-toxic (cell viability > 70%, Figure. 2.15). This 

is not surprising as previously reported ZnII MOFs have been proven to be non-toxic, 

whereas ibuprofen does not show anticancer activity against breast cancer cells,44a but 

it has been found to show a chemo preventive effect against the development of breast 

cancer, only under regular use.44b  

 

 

 

 

 

 

 

2.4.5 Metal uptake studies 

The outstanding drug delivery performance of NUIG1 prompted us to study its metal 

adsorption potential. The metal encapsulation studies were carried out by soaking 

activated crystals of NUIG1 into aqueous solutions of Co2+, Cu2+ and Ni2, respectively. 

Immediately, the MOF crystals underwent a color change from white (NUIG1) to 

purple (Co@NUIG1), blue (Cu@NUIG1), or green (Ni@NUIG1), the colour change 

is directly related to the adsorbed metal; this property can be used for the naked-eye 

detection of a range of metal ions. 

Figure 2.15: Biological toxicity of NUIG1 (blue) and Ibu@NUIG1 (orange) using MCF-7 cells and 

MTT assay showing the framework is not toxic. 
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The metal encapsulation was initially investigated by batch studies using UV-vis 

spectroscopy, (Figure 2.16).  The maximum loading capacity obtained for Co2+, Cu2+ 

and Ni2+ were 6% wt (equivalent to 67mg Co2+/g NUIG1), 8.3% wt (equivalent to 

81mg 

Cu2+ /g NUIG1), and 3.8% wt (equivalent to 37mg Ni2+ /g NUIG1), respectively. 

The metal adsorption by NUIG1 exhibits fast kinetics; there is a smooth increase in 

the adsorption capacity over time for the three metals, which after 20min reaches a 

plateau (Figure 2.18, top). There is no metal adsorption after 20min. In order to get a 

better insight into the metal adsorption mechanism, the experimental kinetic data were 

fitted to a theoretical model;45 pseudo-first order and pseudo-second order kinetic 

models were used according to Equations (2) and (3), respectively. 

                                                 ln(qe-qt) = lnqe-k1t      (2) 

Figure 2.16:  Picture showing the colour change of NUIG1 (white) upon metal encapsulation. 

 

Co@NUIG1 

 

 

Cu@NUIG1 

 

 

Ni@NUIG1 

 

 

 

Figure 2.17: UV Vis data for the metal encapsulation by NUIG1. 
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Where k1 and k2 are the rate constants for the pseudo-first, and pseudo-second kinetic 

models, respectively. A good fit was obtained for the pseudo-second kinetic model 

(Figure 2.18, bottom), which is indicative of a chemisorption mechanism, i.e., the 

formation of a strong interaction or coordination bond between the encapsulated metal 

ions and NUIG1. The corresponding fitting parameters are listed in Table 2.4. 

 

 

 

 

 

 

 

 

 

 

The metal adsorption equilibrium data are plotted in Figure 2.19. The best description 

of the data is provided by the Langmuir model (Figure 2.19, right),46 considering a 

monolayer adsorption with a finite number of homogeneous and equivalent active sites 

(Eq. (4)): 
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Figure 2.18: Top: metal adsorption capacity (mg g-1) versus time (h) plot. The solid lines is a guide to 

the eye; bottom: simulation of the experimental data to the pseudo-second order kinetic model. The 

solid lines represent the fitting of the data. 
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where q (mg/g) is the amount of metal ion per gram of NUIG1 at the equilibrium 

concentration Ce (ppm of metal ion remaining in solution), qm is the maximum 

adsorption capacity of the NUIG1, and KL is the Langmuir constant related to the free 

energy of the adsorption; the fitting parameters are listed in Table 2.2.1 

 

 

 

 

Table 2.2.1: Fitting parameters of the metal adsorption data to the Langmuir model 

Metal ion qs (mg g-1) KL (104 L mol-1) R2 

Co2+ 76.92 1.9696 0.9979 

Cu2+ 70.42 20.2860 0.9956 

Ni2+ 42.55 5.0000 0.9985 

 

The metal adsorption capacity of NUIG1 was further investigated by EDX, ICP, TGA 

and SEM studies. Figure 2.20 shows the EDX spectra of NUIG1, Co@NUIG1, 

Cu@NUIG1, and Ni@NUIG1 samples. Zn, Na, C and O are detected in the four 

samples, with the spectra of the M@NUIG1 (M= Co, Cu, Ni) displaying one 

additional peak corresponding to the metal ion that has been adsorbed, hence 

confirming the metal uptake. This was further confirmed by ICP studies, from which 

it was found that the maximum % wt M content in the M@NUIG1 samples is 5.0%Co 

(in Co@NUIG1), 6.8%Cu (in Cu@NUIG1), and 3.8%Ni (in Ni@NUIG1); this is in 

good agreement with the results from the UV-vis studies. 

Figure 2.19: Left: Equilibrium data for the metal adsorption by NUIG1 (contact time: 30 min). The 

solid lines are a guide to the eye. Right: Fitting of the metal adsorption data to the Langmuir model. 
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The M@NUIG1 samples are decomposed in two steps (Figure 2.21), with the step at 

450 C corresponding to the framework breakdown. The additional drop at 250 C is 

evidence of the adsorbed metal, with the mass loss at this temperature being less than 

10%, in accordance with the % wt. M content in the M@NUIG1 species that has been 

determined by the UV-vis and ICP studies.  

   

Figure 2.21: TGA plots of the three M@NUIG1 samples 

The SEM images of the four MOF species are depicted in Figure 2.22. NUIG1 

comprises a significant number of parallel nanosheets. It is noteworthy that, upon 

metal encapsulation, sponge-like nanospheres are formed, with the ratio of the 

coexistent nanosheets: nanospheres depending on the kind of the metal ion that has 

been adsorbed. In particular, the number of nanospheres is high in Co@NUIG1, and 

Figure 2.20: EDX spectra of NUIG1 (a), Co@NUIG1 (b), Cu@NUIG1 (c), and Ni@NUIG1 (d). 
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considerably lower in the case of Cu@NUIG1 and Ni@NUIG1, whose morphology 

is very similar to that of NUIG1. 

 

 

 

 

 

 

 

 

The regeneration of NUIG1 by M@NUIG1 is not feasible possibly due to the strong 

interactions between the metal ions and the framework, as suggested by the kinetic 

studies. Several attempts were performed, that included washing of M@NUIG1 with 

a concentrated aqueous solution of EDTA or 1M HCl. While the guest metal was 

removed in all cases, XRPD showed degradation of the framework.  

2.4.6 Magnetism studies 

The magnetism properties of polycrystalline M@NUIG1 samples were measured as a 

means to confirm the metal uptake capacity of NUIG1, and also perform an initial 

investigation of the potential of this technique to be used for the development of novel 

MOF-based sensors. Note that NUIG1 is diamagnetic, hence any paramagnetic 

component would be due to the presence of paramagnetic metal ions into its pores.  

Figure 2.22: The SEM images of NUIG1, Co@NUIG1, Cu@NUIG1, and Ni@NUIG1. 
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Direct current magnetic susceptibility measurements were carried out for 

Co@NUIG1, Ni@NUIG1 and Cu@NUIG1 in the 2-300 K temperature range. A 

closer inspection in Figure 2.23 reveals that the presence of the metal ions into the 

NUIG1 pores affects the magnetic properties of the MOF with the observed MT value 

depending on the kind and the amount of the encapsulated metal ion; this is a very 

desirable property for the magnetic sensing of environmentally hazardous species. The 

values of the ♬MT products at room temperature indicate that the %M w/w uptake is in 

good agreement with the values derived from the previous characterization techniques: 

0.6 cm-1mol-1K for Ni with a g =2.30; 0.25 cm-1mol-1K for Cu, with a g=2; 2.3 for CoII 

which is slightly higher than the expected value taking into account the anisotropy of 

the CoII ion (g=2.45). The ♬MT value remains essentially stable until low temperature 

indicating weak interactions between the metal ions. There is an increase at the ♬MT at 

lower temperatures which can be attributed to a ferromagnetic coupling between the 

cations. The decay of the curve at very low temperatures for the Cu and Ni cations can 

be attributed to intramolecular interactions, whereas in the case of the Co analogue this 

is due to the presence of axial zero field splitting. The ferromagnetic response of the 

three complexes evidences that the cations are not isolated inside the pores, forming 

polynuclear aggregates that according the low temperature data should be of 

medium/low nuclearity.   Looking at the static magnetic properties of Co@NUIG1 

and Ni@NUIG1, we decided to investigate the dynamic magnetic properties and the 

slow relaxation of the magnetization potential. Both aggregates present clear out-of-

phase peaks (Figure 2.24), which are observed at relatively high temperature for the 

Figure 2.23: ♬MT vs T plot for the three M@NUIG1 species. 
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Ni case. In both cases, there are frequency dependent ♬Môô signals in absence of an 

external dc external field, which indicates an SMM behaviour for the complexes.   

2.4.7 Computational studies 

The BET surface area for NUIG1 was calculated by simulating the N2 adsorption; the 

N2 uptake isotherm was calculated at 77 K (Figure 2.25, top) and the data were 

analysed as previously reported in the literature.47 The pressure limit, where the 

Nitrogen monolayer is formed, was determined by the V.(P0-P) (V = Volumetric 

uptake) vs P graph.  

  

Figure 2.24: Representation of the ♬môô for Co@NUIG1 (left), and Ni@NUIG1 (right) under 0 dc 

applied magnetic field. 

 

 

Figure 2.25: N2 Volumetric uptake isotherm at 77 K for the calculation of the BET surface area of 

NUIG1 (top), and plot of the selected linear region that that satisfies the consistency criterion 

(bottom).48 
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The channel like nature of the pores can be seen by the multi steps in the adsorption 

isotherm. After defining the pressure limit, the BET surface area for NUIG1 was 

calculated from the slope of the diagram in Figure 26, bottom, and was found to be 

1040 m2/g. The void volume for NUIG1 was also determined by using the helium void 

volume method48 and was found to be 44%, resulting to a gravimetric pore volume of 

0.45 cm3/g. This is in perfect agreement with the solvent accessible area as calculated 

by PLATON. 

NUIG1 was also tested for its ability to adsorb nitric oxide. Nitric oxide is known for 

its therapeutic properties, including among others its relaxing effect on smooth muscle 

dilating blood vessels, especially in the lungs, while recent reports show that NO might 

play an important role in the treatment of COVID-19;49 as such, the development of 

materials that can adsorb and deliver NO to the cells in a controlled way is very 

important. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.26: Gravimetric (a) and volumetric (b) uptake isotherms for NO at 121 K. 
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The isotherm (Figure 2.26, bottom) was from GCMC simulations at 121 K and for 

pressures up to P0. To the best of our best knowledge, there are no similar studies at 

121 K In literature. In contrast there are some studies at room temperature. For this 

reason and for the sake of comparison of our results with results from similar studies 

we also performed similar simulations at 298 K. The gravimetric uptake is presented 

in Figure 2.26, top; the gravimetric uptake is 1.3 mmol/gr and 6 mmol/g at 1 and 10 

bar, respectively. These values are significantly higher than the corresponding values 

of ca 0.5 mmol/g and 3.6 mmol/g for the top performing materials,50a which were 

studied at the same temperature. This value for the top performing material50b at 1 bar 

is ca 1 mol/kg but this study was at 313 K. Figure 2.27 shows the isosteric heat of 

adsorption for NO as taken from the simulations at 298 K. At low loading this value 

is ca 20 kJ/mol. This value is also very high showing the strong interaction between 

fluid molecules and MOF framework and is consistent with the high adsorption 

capacity of the material. This is also consistent with the fact that this value is 

considerably higher than the largest values taken from the top performing materials of 

the two studies referred earlier which are 10 and 20 kJ/mol, respectively. 

 

 

 

 

 

 

 

Similar Monte Carlo simulations were conducted for ibuprofen to find the maximum 

uptake by the MOF. The simulations were done at various fugacity values, instead of 

pressure since it is not possible to apply the equation of state for ibuprofen. The 

calculations were performed considering that there is an almost proportional 

dependence of the adsorbed amount of drug on the gravimetric pore volume of the 

Figure 2.27: Isosteric heat of adsorption of NO at the MOF of this study at 298 K 
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material.51 Literature data were used in order to produce this linear dependence of the 

uptake on the pore volume (Figure 2.28).52  

 

 

 

 

 

 

According to this, the maximum calculated gravimetric loading is 230 mg drug / g 

NUIG1, which is significantly lower than the maximum drug uptake that has been 

experimentally determined. There are several possible explanations for this including 

the fact that the breathing property is not considered in the theoretical model, as well 

as to possible structural distortions that the MOF undergoes during activation, e.g. it 

is likely that not only the solvents that occupy the pores of the MOF are removed, but 

also the terminally ligated solvents, which will result in a considerable expansion of 

the MOFôs pores, and hence its drug uptake capacity increases. Another possible 

reason is that a percentage of the amount of the drug is likely adsorbed by the external 

surface of the MOF and does not enter into its pores. 

2.4.8 Conclusions 

The discovery of new materials with improved performance in environmental and 

biomedical applications, including drug delivery, and adsorption and removal of 

hazardous species from aqueous systems is very important. Mixed metal MOFs, 

although display desirable features for these applications, they have not been 

systematically investigated so far. NUIG1 is a new addition to the relatively small 

family of mixed-metal MOFs, being a rare example of such a species whose structure 

is based on rod SBUs. It is non-toxic and displays a new network topology. NUIG1 

exhibits an outstanding performance in Ibu and NO adsorption capacity. The 

Figure 2.28: Maximum loading capacity of ibuprofen at different MOF sites as a function of pore 

volume of the MOF. 
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mechanism of adsorption was studied in detail by solid-state NMR, which revealed 

that the dominant mechanism is physisorption. Furthermore, NUIG1 possesses a 

considerable metal uptake capacity for Co, Ni and Cu. Dc magnetic susceptibility 

studies revealed that the magnetic properties of the M@NUIG1 species change 

significantly according to the kind and the amount of the encapsulated metal ion. 

This work establishes the mixed-metal MOFs as excellent candidates in important 

biomedical and environmental applications. It also reveals that magnetism can be a 

powerful technique for the detection of environmentally hazardous chemicals, and this 

can be useful especially for species that do not affect the photoluminescence properties 

or the colour of a compound, hence they cannot be detected by the commonly used 

sensors. Further work is currently in progress towards this direction and will be 

reported in due course. The isolation of analogues of NUIG1 with paramagnetic metal 

ions instead of Zn is also of special interest in order to investigate the impact on the 

adsorption capacity and the magnetism-based sensing properties. 
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 Appendix 

Table 2. 2: Crystallographic data for NUIG1 

 

 

 

Table 2.3: Extracted experimental shift and quadrupolar interaction parameters (Pq=Cq ρ –ͮςȾσ, 
with Cq being the quadrupolar coupling and ɖ the asymmetry parameter). Cq range was determined 

considering the asymmetry parameter – varies between 0 and 1. 

  iɻso Pq [MHz]   Cq[MHz] 

MOF Na 1   0+/-1 2.4+/-0.2      2.1-2.4 

MOF Na 2  3+/-2 3.6+/-0.2      3.1-3.6 

MOF+ibu Na 1  -1+/-3    2.7+/-0.4      2.4-2.7 

MOF+ibu Na 2  2+/-1 3.6+/-0.1      3.1-3.6 

 

 

 

 NUIG1 
Formula C33H22NNaO11Zn 

Mw 696.87 
Crystal System Monolinic 
Space group C 2/c 

a/ Å 17.1793(16) 
b/ Å 21.2560(13) 
c/ Å 24.5546(16) 

/̡  106.191(8) 
V/ Å 3 8610.8(12) 

Z 8 
T/  K 298(2) 
/˂ Å 0.71073 

Dc/g cm-3 1.075 
(˃Mo Ka)/mm-1 0.627 

Reflections collected 16960 
Independent reflections 7571 

R1
a 0.0882 

wR2
b 0.1093 

Goodness of fit on F2 1.044 
ɲˊƳŀȄκƳƛƴκŜ ) -3 2.707 / -0.901 
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Table 2.4: Fitting parameters of the metal adsorption data to the pseudo-second order kinetic model. 

Metal ion qe (mg g-1) k2 (mg g-1 h-1) R2 

Co2+ 74.07 0.6075 0.9887 

Cu2+ 52.63 0.7220 0.9880 

Ni2+ 20.283 2.2124 0.9796 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.29: The IR spectra for NUIG1 
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Figure 2.30: The IR spectra showing the encapsulation of Ibuprofen. Colour code: NUIG1 (red), 

Ibu@NUIG1(green) and Ibu (blue). 

 

 

Figure 2.31: 

 

Figure 2.31: UV Vis data showing the uptake and amount of Ibu after 144 hours (top) Table showing 

the absorbance for each NUIG1: Ibu ratio (bottom). 
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 Abstract 

Metal organic frameworks (MOFs) have attracted considerable attention in recent 

years due to their use in a wide range of environmental, industrial and biomedical 

applications.  The employment of benzophenone-4,4ô-dicarboxylic acid (bphdcH2) in 

MOF chemistry provided access to the 3D mixed metal MOFs 

[CoNa2(bphdc)2(DMF)2]n  (NUIG2) and [ZnK2(bphdc)2(DMF)2]n (NUIG3), and the 

2D homometallic MOF [Co2(OH)(bphdcH)2(DMF)2(H2O)2]n(OH)ÅDMF  (1ÅDMF). 

1ÅDMF is based on a dinuclear SBU and consists of interpenetrating networks with an 

sql topology. Dc magnetic susceptibility studies were carried out in 1ÅDMF and 

revealed the presence of weak antiferromagnetic exchange interactions between the 

metal centres.  NUIG2 and NUIG3 are structural analogues of 

[ZnNa2(bphdc)2(DMF)2]n  (NUIG1),25 which has shown an exceptionally high 

encapsulation for ibuprofen (Ibu), NO and metal ions. Both NUIG2 and NUIG3 

display high metal ion (CoII, NiII, CuII) adsorption capacity, comparable to that of 

NUIG1, with NUIG2 exhibiting good performance in Ibu uptake (780 mg Ibu/g 

NUIG2). Monte Carlo simulations were conducted in NUIG1 in order to assess its 

adsorption capacity for other guest molecules and revealed that it possesses an 

outstanding CO2 uptake at ambient pressure, which is larger than that of the previously 

reported best functioning species (104 vs 100 cm3 (stp)/cm3). Furthermore, NUIG1 

exhibits high selectivity for CO2 over CH4.   

 Introduction  

Metal organic frameworks (MOFs) are a class of porous materials that have received 

increasing attention in recent years. MOF structures consist of 2D or 3D networks, and 

are based on metal ions or clusters (secondary building units, SBUs) linked through 

organic linkers.1,2 The variety of organic linkers, inorganic SBUs and their infinite 

arrangements, in combination with the fine-tuning potential of their structural features 

and physical properties, provide frameworks with a unique set of key attributes (high 

stability, porosity and flexibility) and have allowed MOF research to expand into a 

wide range of environmental, industrial and biomedical applications3-5. Concerning 

their use in industrial applications, MOFs are suitable for gas adsorption and separation 

applications and, hence, they can address challenges related to the CO2 removal in gas, 

petroleum, chemical and allied industries.6,7 In the same context, MOFs have the 
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potential to provide an efficient solution to the detection and removal of toxic species 

from industrial waste leaching into the aquatic systems, including dyes, heavy metals, 

and pharmaceutical and personal care products.8-11  

In relation to their biomedical and pharmaceutical applications, MOFs have been 

investigated as drug carriers having the ability to encapsulate and stabilize the active 

pharmaceutical ingredients (APIs), and provide a controlled release of the drug by 

either diffusion or hydrolysis of the framework.12,13 They often exhibit high drug 

upload capacity, biocompatibility, thermal stability, inexpensive and rapid scale-up 

synthesis, and thus can address major challenges related to the poor API stability 

and/or solubility, burst effect and toxicity. Many MOFs with suitable drug adsorption 

and release properties have now been reported, with representative examples being 

members of the MIL family, Bio-MOFs, CD-MOFs, UiO-MOFs, ZIF-MOFs, Zr 

MOFs, etc.4b,14-16    

The MOF properties and their selectivity towards specific guest molecules are affected 

by the choice of the organic linkers 17-19 and the features of the SBUs that are present 

in their structure. Restricting further discussion to the latter, it has been shown that the 

increase of the metal nuclearity is possible to enhance the MOFôs pore size and surface 

area,4a,20 while the nature of the metal ion(s) introduces different properties 

(magnetism, photoluminescence, etc) into the framework, which impacts the sensing 

capacity of the MOF. 21 Furthermore, the presence of an heterometal in the MOF 

structure has the potential to increase its robustness introducing desirable thermal and 

water stability into the framework21. The synergistic effect between the different metal 

ions enhances the MOF features and functionalities, including among others, the 

breathing effect, catalytic activity, etc.22 A representative such example is the MOF 

[Zn(bdc)(dabco)0.5] (bdc = 1,4-benzenedicarboxylate, dabco = 1,4-

diazabicyclo[2.2.2]octane), in which the replacement of 5% of the Zn atoms by Cu 

([Zn0.95Cu0.05(bdc)(dabco)0.5]), resulted in the enhancement of the N2 adsorption 

capacity of the parent MOF. 23 Similarly, the catalytic activity of the mixed metal 

MOFs can be higher than that of analogous homometallic MOFs;24 MIL -100(Fe,Ni) 

exhibited enhanced activity as catalyst for the Lewis acid-catalysed condensation of b-

pinene and formaldehyde than MIL-100(Fe) due to the generation of defects in the 

structure24. The addition of a second metal to a framework can be achieved by several 
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synthetic approaches such as, metal insertion, one pot synthesis, where both metal 

precursors are added, or through post synthetic modifications. Mixed metal MOFs, 

although they display desirable features, have not been deeply investigated to date.21 

 

 

 

 

 With the above in mind, we have initiated the investigation of the synthesis of new 

mixed metal MOFs by the employment of benzophenone-4,4ô-dicarboxylic acid as the 

organic ligand (Figure 3.1).25 The preliminary results include the synthesis and 

characterization of the Zn/Na MOF [Na2Zn(bphdc)2(DMF)2]n  (NUIG1); NUIG1 is 

based on a ZnNa2 1D rod SBU and displays a new network topology. It is non-toxic 

and exhibits an outstanding performance in Ibu (2600mg Ibu/g NUIG1) and NO (6 

mmol/g NUIG1 at 10 bar) adsorption.25 Furthermore, NUIG1 displays good 

performance in the adsorption of metal ions such as Co, Ni and Cu, from aqueous 

environments with the magnetic properties of the M@NUIG1 species depending on 

the kind and the amount of the encapsulated metal ion present into the MOF pores; 

hence, it establishes magnetism as a powerful technique for the sensing of 

environmentally toxic species.25  

Herein, we report on the CO2 uptake performance of NUIG1, along with its selective 

CO2 capture from a binary CH4/CO2. mixture. The volumetric CO2 adsorption by 

NUIG1 is higher than that of known top performing species. Furthermore, two 

structural analogues, namely [CoNa2(bphdc)2(DMF)2]n  (NUIG2) and 

[ZnK2(bphdc)2(DMF)2]n (NUIG3), have been synthesized and characterized, and their 

Ibu and metal adsorption properties have been studied. The synthesis, structural 

characterization and magnetism properties of the new 2D MOF 

[Co2(OH)(bphdcH)2(DMF)2(H2O)2]n(OH)ÅDMF  (1ÅDMF) are also discussed. 

1ÅDMF comprises interpenetrating layers and displays a 4-c unimodal net of sql 

topology. 

Figure 3.1: A schematic representation of benzophenone-4,4ô- dicarboxylic acid (bphdcH2). 
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 Experimental  

All manipulations were performed under aerobic conditions using materials as 

received.   

3.3.1 Synthesis of [CoNa2(bphdc)2(DMF)2]n  (NUIG2) 

1M NaOH (0.1 ml) and Co(NO3)2Å6H2O (0.01 g, 0.034 mmol) were added  to a 

solution of bphdcH2 (0.035g, 0.13 mmol) in DMF/EtOH (10/8 ml) and left under 

magnetic stirring for 5 min at room temperature. Then, the vial was placed in the oven 

at 100°C for 24 hours, after which time pink polycrystalline powder of NUIG2 was 

observed. Yield: ~65%. Anal. Calcd (Found) for NUIG2: C, 54.90 (55.17); H, 3.84 

(3.59); N, 3.56 (3.68) %. Selected IR data (KBr, cm-1): 3437(b), 2928(b), 1655(s), 

1614(m), 1558(w), 1498(w), 1438(w), 1361(m), 1298(w), 1256(m), 1127(w), 1094(s), 

1063(w), 1016(w), 933(m), 880(m), 833(s), 811(w), 786(w), 734(s), 705(w), 661(m). 

3.3.2 Synthesis of [ZnK2(bphdc)2(DMF)2]n (NUIG3) 

1M KOH (0.25 ml) and Zn(CH3CO2)2Å2H2O (0.015 g, 0.068 mmol) were added  to a 

solution of bphdcH2 (0.035g, 0.13 mmol) in DMF/EtOH (10/8 ml) and left under 

magnetic stirring for 5 min at room temperature. Then, the vial was placed in the oven 

at 100°C for 24 hours, after which time colourless needles of NUIG3 were observed. 

Yield: ~65%. Anal. Calcd (Found) for NUIG3: C, 52.33 (52.84); H, 3.66 (3.92); N, 

3.39 (3.62) %. Selected IR data (KBr, cm-1): 3437(b), 2928(b), 1655(s), 1614(m), 

1558(w), 1498(w), 1438(w), 1361(m), 1298(w), 1256(m), 1127(w), 1094(s), 1063(w), 

1016(w), 933(m), 880(m), 833(s), 811(w), 786(w), 734(s), 705(w), 661(m). 

3.3.3 Synthesis of [Co2(OH)(bphdcH)2(DMF) 2(H2O)2]n(OH)ÅDMF   

(1ÅDMF) 

Co(CH3CO2)2Å4H2O (0.015 g, 0.06 mmol) were added  to a solution of bphdcH2 

(0.025g, 0.092 mmol) in DMF/EtOH (10/8 ml) and left under magnetic stirring for 5 

min at room temperature. Then, the vial was placed in the oven at 100°C for 24 hours, 

after which time purple polyhedral crystals of 1ÅDMF were observed. The crystals 

were kept in mother liquor for X-ray analysis or collected by filtration for other solid-

state studies. Yield: ~80%. Anal. Calcd (Found) for 1ÅDMF: C, 49.54 (49.93); H, 4.80 
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(5.07); N, 4.44 (4.70) %. Selected IR data (KBr, cm-1): 3341w, 1657s, 1588s, 1555m, 

1385s, 1385b, 1273s, 1100s, 1017s, 731m 

3.3.4 Physical Studies  

Elemental analyses (C, H, N) were performed by the in-house facilities of the National 

University of Ireland Galway, School of Chemistry. IR spectra (4000ï400 cmī1) were 

recorded using a Perkin Elmer 16PC FT-IR spectrometer with samples prepared as 

KBr pellets. Powder X-ray diffraction data (XRPD) were collected using an Inex 

Equinox 6000 diffractometer. Solid-state, variable-temperature and variable-field 

magnetic data were collected on a powdered sample using an MPMS5 Quantum 

Design magnetometer operating at 0.03 T in the 300 to 2.0 K range for the magnetic 

susceptibility and at 2.0 K in the 0 to 5 T range for the magnetization measurements. 

Diamagnetic corrections were applied to the observed susceptibilities using Pascalôs 

constants. TGA experiments were performed on a STA625 thermal analyser from 

Rheometric Scientific (Piscataway, New Jersey). The heating rate was kept constant 

at 10 °C/min, and all runs were carried out between 20 and 600 °C. The measurements 

were made in open aluminium crucibles, nitrogen was purged in ambient mode, and 

calibration was performed using an indium standard.  

3.3.5 X-ray Crystallography  

Crystallographic data for 1ÅDMF were collected in an Oxford-Diffraction SuperNova 

A diffractometer using Cu-Ka radiation (ɚ = 1.54184 ¡). Empirical adsorption 

corrections (multi-scan based on symmetry-related measurements) were applied using 

CrysAlis RED software.26 The structures were solved by direct methods using 

SIR92,27a and refined on F2 using full-matrix least squares using SHELXL-2014/7.27c 

The non-H atoms were treated anisotropically, whereas the hydrogen atoms were 

placed in calculated, ideal positions and refined as riding on their respective carbon 

atoms. Molecular graphics were produced with DIAMOND. The program 

SQUEEZE,28 a part of the PLATON package of crystallographic software, was used 

to remove contribution of the highly disordered DMF molecules in 1ÅDMF. Unit cell 

data and structure refinement details are listed in Table 3.2, Appendix. The CIF file 

can be obtained free of charge at www.ccdc.camac.uk/retrieving.html or from the 

Cambridge Crystallographic Data Centre, Cambridge, UK with the REF code 

2061983. 
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Crystallographic data for NUIG3 were collected in an Oxford Diffraction Xcalibur 

CCD diffractometer using graphite-monochromatic Mo Ka radiation (ɚ = 0.71073 ¡) 

at room temperature. However, no meaningful conclusions could be drawn from the 

single crystal data due to excessive disorder in the lattice and as such a reliable unit 

cell could not be obtained. NUIG2 forms small crystals that diffract poorly; although 

many experiments were performed to grow better quality crystals, this was not 

feasible. The crystal structures of NUIG2 and NUIG3 were characterized by pxrd 

studies. Figures 3.17, appendix, show that the experimental pxrd patterns for both 

MOFs match closely with the theoretical one expected for these structures, confirming 

their structural similarities with NUIG1. 

3.3.6  Drug adsorption and release experiments  

The Ibu adsorption capacity of NUIG2 and NUIG3 was investigated as described 

below: drug (0.23 g, 0.70 mmol) was added to a glass vial containing EtOH (10 mL) 

and stirred until all solid is dissolved. Solid MOF (0.05 g, 0.06 mmol) was then added, 

and the mixture was left stirring at room temperature. For the kinetic study, small 

volumes of aliquots were taken at designated time intervals, centrifuged, and the drug 

content in the supernatant solution was determined by spectroscopic (UV-vis) 

techniques. For the thermodynamic study, the same procedure was repeated with 

varying MOF: Ibu ratios; the mixture was stirred for 48 hours, filtered, and the filtrate 

was analysed for its Ibu content. The drug release properties were studied in H2O, and 

the amount of the released drug was determined by UV-vis. 

3.3.7 Metal adsorption kinetic and thermodynamic studies  

The metal adsorption capacity of NUIG2 and NUIG3 was investigated using the same 

method to the drug adsorption: the hydrated acetate salt of a metal ion (NUIG2: 0.02 

g, 0.08 mmol for Co2+ and Ni2+; 0.02 g, 0.1 mmol for Cu2+. NUIG3: 0.1 g, 0.4 mmol 

for Co2+ and Ni2+, and 0.05 g, 0.2 mmol for Cu2+) was added to a glass vial containing 

solvent (10 mL, for Co2+ and Ni2+; 20 ml, for Cu2+) and stirred until all solid is 

dissolved. Solid MOF was then added, and the mixture was left stirring at room 

temperature. For the kinetic study, the sample was centrifuged at designated time 

intervals, and the metal content in the supernatant was determined by spectroscopic 

(UV-vis) techniques and by using an Elan DRC-e Inductively Coupled PlasmaïMass 

Spectrometry, ICP-MS, [Perkin-Elmer, USA] in standard mode in a class 1000 clean 
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room (ISO 6). For the thermodynamic study, the same procedure was repeated with 

varying MOF: metal ratios; the mixture was stirred for 30 minutes, filtered, and the 

filtrate was analysed for its metal content. 

3.3.8 Computational studies 

In order to explore the ability of NUIG1 to adsorb CH4 and CO2, Grand Canonical 

ensemble Monte Carlo simulations were conducted. According to these simulations, 

the chemical potential (ɛ), the volume of the system (V), and the temperature (T) are 

kept constant, whereas the number of particles of the system, N, could fluctuate. 

During the simulations trial moves are attempted: particle insertion or deletion, particle 

translation and particle rotation with each trial move having the same probability of 

selection.29 

The chemical potential for CH4 and CO2 was determined by using the Peng-Robinson 

equation of state30 with the appropriate physical constants i.e., critical pressure, Pc, 

critical temperature, Tc, and acentric factor. The temperature was set to 298 K. The 

Lennard Jones potential was used to describe the Van der Waals interactions between 

framework atoms and guest molecules. Parameters set for the various atoms were 

taken from the Dreiding force field,31 whereas the Lorentz-Berthelot mixing rules were 

used for cross parameters. The minimum image convention was used, placing the atom 

under examination at a centre of a sphere having radius equal to the potential cut off 

distance, i.e., 12.8 Å. Interactions of the atom under examination with atoms lying 

outside this sphere were not taken into consideration. The potential beyond this 

distance was truncated and no tail corrections were used. A super cell of 2x2x2 unit 

cells was used for the simulations to ensure that each direction, x, y and z is at least 

twice the cut off distance. Together with Lennard Jones for the Van der Waals 

interactions, the Coulomb potential was considered for describing the electrostatic 

interactions between the framework and fluid atoms. Point charges for the atoms of 

the framework were calculated using the Gaussian 03 software package and applying 

the cluster method applied: An appropriate part of the framework was cut, and this part 

was first geometrically optimized applying Density Functional Theory at the B3LYP 

level.32 The charges of the atoms for the optimized part were then calculated using the 

CHELPG method.33  
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CH4: Methane was modelled as a single centre model.34 Lennard Jones parameters 

were set to be Ů=158.5 K and ů=3.72 ¡. Methane has no dipole nor quadrupole 

moment; hence Coulomb interactions were not used for this model.  

 Results and Discussion 

3.4.1 Synthesis 

Various reactions with differing reagent ratios, metal sources, solvents and other 

reaction conditions have been systematically explored towards the isolation of NUIG1 

structural analogues25 and other new MOFs. NUIG2 and NUIG3 were synthesized by 

slightly modifying the synthetic process that led to NUIG1; in particular, the 

replacement of Zn(CH CO ) Ŀ2H O (used for NUIG1) by Co(NO3)2Ŀ6H O provided 

access to [CoNa2(bphdc)2(DMF)2]n  (NUIG2), whereas the use of KOH instead of 

NaOH (in NUIG1) yielded [ZnK2(bphdc)2(DMF)2]n (NUIG3) in good yield. The 

stoichiometric equations of the reactions that led to the formation of NUIG2 and 

NUIG3 are presented in Eqns. (1) and (2). 

 

 

 

 

  

The reaction of Co(CH3CO2)2Å4H2O and bphdcH2 in a 1 : 1.5 molar ratio in 

EtOH/DMF (1:1.25) at 100 C for 24 hours provided purple needle-like crystals of the 

2D MOF, [Co2(OH)(bphdcH)2(DMF)2(H2O)2]n(OH)ÅDMF  (1ÅDMF), Eq. (3).   
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It is noteworthy that the nature of the solvent affects the crystallinity of the product; 

for example, reactions in DMF yielded microcrystalline powder in all cases (IR 

evidence), whereas the solvent mixture DMF/EtOH produced single crystals. 

Similarly, the source of Na+ ions in the synthesis of NUIG2 does not play a crucial 

role in the identity of the product, but it affects its crystallinity and the yield of the 

reaction. The employment of significantly different molar ratios resulted in amorphous 

precipitates that could not be further characterized. 

The IR spectra of NUIG2 and NUIG3 are shown in Figure 3.2, respectively, in 

comparison with the IR spectrum of NUIG1. The NUIG MOFs exhibit identical IR 

spectra with several bands appearing in the 1655ï1360 cm-1 region, which are 

attributed to contributions from the carboxylate vas(CO2) and vs(CO2) modes; 

however, the overlap with the stretching vibrations of the aromatic ring and the 

carbonyl group renders further assignment difficult. 

Figure 3.2: IR spectra of NUIG1, NUIG2 and NUIG3 indicating that the analogues are 

isostructural to NUIG1. 
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3.4.2 Description of Structures 

1ÅDMF crystallizes in the orthorhombic space group Cmca. Its structure consists of a 

two-dimensional network based on a [Co2(OH)(bphdcH)2(DMF)2(H2O)2] repeating 

unit (Figure. 3.3), lattice of DMF molecules and OH- counterions. 

 

The two metal centres are held together through two bridging carboxylate groups, that 

are coming from two different bphdcH- ligands, and one ɛ-OH- ion. The bphdcH- ions 

adopt the ɖ1:ɖ1:ɖ1:ɛ3 coordination mode and link the neighbouring SBUs, resulting in 

the formation of the 2D network. Selected interatomic distances and angles for 1ÅDMF 

are listed in Table 3.3, Appendix. 

The CoII atoms in 1ÅDMF are six-coordinate with an octahedral geometry. The 

coordination sphere of Co1 is completed by two terminal carboxylate groups coming 

from two bphdcH- ligands from two neighbouring SBUs, and one H2O molecule, 

whereas the coordination sphere of Co2 is completed by two DMF and one H2O 

molecule. The metal oxidation state and the protonation level of the ligands were 

established through charge considerations and bond-valence sum calculations, BVS 

(Co1, 2.00; Co2, 2.01; O2, 1.15).35 The lattice (O10) and terminal (O1, O3) H2O 

molecules, and the ɛ-OH- ion (O2) form hydrogen bonds with neighbouring 

carboxylate groups (O4, O6, O7, acceptors); the non-location of the H atoms of the 

H2O molecules precludes a detailed description of the hydrogen bonding interactions. 

Figure 3.3: Representations of the repeating unit (left) and a part of the 2D network (right) in 

1ÅDMF along the b axis. Colour code: N, dark blue; Co, purple; O, red; C, grey. The hydrogen 

atoms and the lattice solvents are omitted for clarity. 
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Employing a standard representation of the crystal structure of 1ÅDMF, the metal 

atoms remain intact, while ligands are represented by their centers of mass, keeping 

the connectivity with the neighboring SBUs;36 this gives rise to the formation of a 

3,3,5-c 3-nodal net of 3,3,5L19 topological type in which the Co ions correspond to 

the 3-c and 5-c nodes, and the bphdc2-ligands correspond to the other 3-c node of the 

net (Figure. 3.4, top). Alternatively, the determination of the topology for 1ÅDMF can 

be performed considering a cluster simplification, which results in a 4-c unimodal net 

of sql topological type (Figure 3.5)37  

 

 

 

 

 

 

 

 

 

 

1ÅDMF comprises interpenetrating layers lying in the (0,1,0) plane (Figure 3.4, 

bottom); interpenetration happens when more than one networks are catenated with 

each other, and often results in the increase of the surface area and decrease of the pore 

diameter of the MOF.38 The interpenetration provides stability to the framework and 

plays a crucial role in its functional improvement. 1ÅDMF belongs to the family of 2D-

>3D IMOFs, where IMOFs = interpenetrated MOFs.38 The solvent-accessible volume 

of 1ÅDMF, calculated by PLATON (excluding all solvents from the pores), is 2600.3 

Å3 and corresponds to the 27.5% of the unit-cell volume (9471.8 Å3). 

Figure 3.4: Underlying net in standard representation (top) and the representation of the two-fold 

parallel interpenetration of the layers (bottom) in 1ÅDMF. 
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NUIG2 and NUlG3 are structural analogues of NUIG125 with their main difference 

being: 1) the replacement of Zn (in NUIG1) by Co (in NUIG2), and 2) the replacement 

of Na (in NUIG1) by K (in NUIG3). A representation of the rod SBU, the mixed metal 

repeating unit, and the 3D framework in NUIG2 and NUlG3 are shown in Figure 3.6. 

 

 

 

 

 

 

 

 

 

Figure 3.5: Representation of the sql topological type in 1ÅDMF 

Figure 3.6: Representation of the 1D zig-zag Co/Na and Zn/K SBUs (top) in NUIG2 and NUIG3, 

respectively, and their 3d structure (bottom) along c axis. Color code: Zn/Co, purple; Na/K, blue; O, 

red; C, grey. 
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NUIG2 and NUIG3 consist of Co/Na and Zn/K rod SBUs, based on CoNa2 and ZnK2 

repeating units, respectively. The metal centres in the repeating units are held together 

through bphdc2-ligands that adopt two different coordination modes, ɖ2:ɖ1:ɖ1:ɖ1:ɛ5  and  

ɖ1:ɖ1:ɖ1:ɖ1:ɛ4. The bphdc2- ligands bridge the neighboring units, resulting in the 

formation of the 3D framework. The framework topology in the NUIG family can be 

described as a 4,4,4,5,6-c network, with point symbol 

{42.83.10}{42.84}2{4 4.62}2{4 4.63.83}2{4 8.66.8}, which is novel to MOF 

chemistry.25,36 NUIG2 was further characterized by EDX studies. Co, Na, C and O are 

detected in the sample (Figure 3.7), providing confirmation of the presence of two 

different metal ions in the structure of the NUIG  MOFs. NUIG2 and NUIG3 are the 

first Co/Na and Zn/K MOFs containing the bphdc2- ligand being also the first Co/Na, 

Zn/K MOFs based on a rod SBU.  

 

 

 

 

 

 

 

 

3.4.3 Magnetism studies 

The CoII2 SBUs in 1ÅDMF are well isolated by the large bphdcH- ligands and thus, 

they can treat as magnetically isolated dimers. Dc magnetic susceptibility 

measurements were carried out on powdered and pressed samples of 1ÅDMF in the 2-

300 K temperature range and under a field of 0.03 T and plotted as ɢMT vs T (Figure 

3.8). The ɢMT at room temperature is 3.82 cm3· K·mol-1, in excellent agreement with 

the spin only value for two isolated CoII ions (3.75 cm3· K·mol-1, S=3/2, g=2); 

however, the g value could vary depending on the studied system.39 The ɢMT decreases 

Figure 3.7: EDX spectrum for NUIG2. 
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slightly until 24 K, where it starts to decrease sharply, reaching the value of 2.37 cm3 

K mol-1 at 2 K.  The decrease of ɢMT curve in the 300-25 K temperature range 

corresponds to the conventional Zero-Field-splitting of the CoII cations whereas the 

fast low temperature decay is indicative of a very weak antiferromagnetic interaction 

between the two CoII cations.  

The antiferromagnetic interaction between the spin carriers is also confirmed in the 

magnetization curve (Figure 3.8, inset), in which the magnetic field overcome the 

super exchange interaction even at low fields. At low temperature, CoII cations can be 

considered to have S=1/2 (effective spin approximation, which implies a huge 

separation between the low lying Kramers doublet (J=1/2) and the excited states), so 

at very low temperatures the curve should arrive to 2 NɛB if Spin Orbit Coupling is 

negligible. The magnetization value at 5 T indicates that the g value for the CoII ions 

is as usual much larger than 2.0, resulting in a qualitative value of gå3.5 

approximately. 

 

 

 

 

 

 

 

3.4.4 Metal encapsulation studies 

The outstanding performance in guest molecule absorbance of NUIG1 prompted us to 

study the metal adsorption potential of both NUIG2 and NUIG3. NUIG2 is not stable 

in H2O, hence would be unsuitable for the removal of metal ions from aqueous 

systems; its metal adsorption properties were studied as a means of comparison with 

Figure 3.8: Representation of the ɢMT as a function of T for complex 1·DMF. Inset: magnetization 

curve measured at 2 K. 
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the metal uptake capacity of NUIG1 and NUIG3.  The metal encapsulation studies 

were carried out by soaking activated MOF in solutions of Co2+, Cu2+ and Ni2, 

respectively. While distilled water was used for NUIG3, this was not feasible in the 

case of NUIG2 due to its lack of stability in aqueous solutions; hence, the metal 

adsorption studies for NUIG2 were carried out in DMF. NUIG2 absorbed Co2+ and 

Cu2+ within 10 minutes. Due to the MOFôs purple character, the absorbance of the 

metal could not be determined by colour change. NUIG3 however, immediately, 

underwent a colour change from white (NUIG3) to purple (Co@NUIG3), blue 

(Cu@NUIG3), or green (Ni@NUIG3), with the colour change being directly related 

to the adsorbed metal; this property can be used for the naked-eye detection of a range 

of metal ions.  

The metal encapsulation was initially investigated for both MOFs by batch studies 

using UV-vis spectroscopy. NUIG2 exhibits a maximum loading capacity of 8% wt 

Co2+ (equivalent to 130mg Co2+/g NUIG2), 18.8% wt Cu2+ (equivalent to 232mg 

Cu2+/g NUIG2).  The maximum encapsulation capacity obtained for NUIG3 was 

12.4% wt Co2+ (equivalent to 142mg Co2+/g NUIG3), 15.4% wt Cu2+ (equivalent to 

182mg Cu2+ /g NUIG3), and 12.0% wt Ni2+ (equivalent to 137mg Ni2+ /g NUIG3). In 

both cases Cu 2+ showed larger adsorption amounts. This could be due to the fact that 

the metal cluster is dinuclear providing more Cu2+ ions. 

 

 

 

The metal adsorption by both NUIG  analogues exhibits fast kinetics; there is a smooth 

increase in the adsorption capacity over time for each metal, which after 10min 

(NUIG2) or 15 min (NUIG3) reaches a plateau (Figure 3.9). There is no metal 

Figure 3.9: Metal adsorption capacity (mg g-1) versus time (min) plot for NUIG2 (left) and NUIG3 

(right). 
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adsorption after this time. In order to get a better insight into the metal adsorption 

mechanism, the experimental kinetic data were fitted to a theoretical model;40 pseudo-

first order and pseudo-second order kinetic models were used according to Equations 

(4) and (5), respectively. 

ln(qe-qt) = lnqe-k1t      (4) 
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where k1 and k2 are the rate constants for the pseudo-first, and pseudo-second kinetic 

models, respectively. A good fit was obtained for the pseudo-second kinetic model 

(Figure 3.10), which is indicative of a chemisorption mechanism, in accordance with 

the metal adsorption mechanism for NUIG1. The corresponding fitting parameters are 

listed in Table 3.1. 

 

 

 

Table 3.1: Fitting parameters of the metal adsorption data to the pseudo-second order kinetic model 

 Metal ion qe (mg g-1) k2 (mg g-1 h-1) R2 

NUIG2 Co2+ 130.2 2.95 0.9658 

 Cu2+ 232.6 3.08 0.9960 

NUIG3 Co2+ 142.1 3.36 0.9900 

 Cu2+ 181.8 4.95 0.9942 

 Ni2+ 137.0 1.78 0.9728 

 

Figure 3.10: Simulation of the experimental data to the pseudo-second order kinetic model for 

NUIG2 (left) and NUIG3 (right); the solid lines represent the fitting of the data. 
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The metal adsorption equilibrium data are plotted in Figure 3.11. The best description 

of the data is provided by the Langmuir model41 (Figure 3.12), Eq. (6): 
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where q (mg/g) is the amount of metal ion per gram of MOF at the equilibrium 

concentration Ce (ppm of metal ion remaining in solution), qm is the maximum 

adsorption capacity of NUIG2 and NUIG3, and KL is the Langmuir constant related 

to the free energy of the adsorption; the fitting parameters are listed in Table 3.4, 

Appendix. 

 

 

 

 

 

The metal adsorption capacity of NUIG2 and NUIG3 was further investigated by ICP 

studies. ICP studies found that the maximum % wt M content in the M@NUIG2/3 

samples is 6.0%Co (in Co@NUIG2), 15.0%Cu (in Cu@NUIG2) and 10.0%Co (in 

Co@NUIG3), 13.2%Cu (in Cu@NUIG3), 9.8%Ni (in Ni@NUIG3), and this is in 

good agreement with the data obtained from UV analysis.  

Figure 3.11: Equilibrium data for the metal adsorption by NUIG2 and NUIG3; contact time: 15 min. 

Figure 3.12: Fitting of the metal adsorption data to the Langmuir model for NUIG2 (left) and 

NUIG3 (right). 
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3.4.5 Drug adsorption and release studies  

NUIG1 exhibits an exceptionally high drug adsorption capacity (Ibu, NO), which 

prompted us to investigate this potential for NUIG2 and NUIG3. Ibuprofen (Ibu) was 

chosen for comparison reasons. While there is no evidence of Ibu adsorption by 

NUIG3, this not the case for NUIG2; the drug uptake for NUIG2 was initially 

assessed by IR spectroscopy with the appearance of the ɜ(C-H) vibrations of the -CH3 

groups of the Ibu at 2800 and 2900 cm-1. Furthermore, it was observed an increase in 

the intensity of the peaks at 1500, 1430 and 1040 cm-1, coming from the COO- groups 

of the drug.  

The Ibu adsorption capacity of NUIG2 increases as the Ibu: NUIG2 ratio increases 

from 1:1 to 1:6 (Figure 3.13), where it reaches its maximum capacity. The maximum 

Ibu upload was determined by UV-vis (Figure 3.18, Appendix) and was found to be 

equal to 780 mg Ibu/g NUIG2.  

 

 

 

 

 

There is a gradual increase in the Ibu uptake in the first 24 hours, during which most 

of the drug (80% wt) is adsorbed; the encapsulation rate then decreases and reaches a 

plateau after 35 hours approximately (Figure 3.14). The drug release performance of 

NUIG2 in aqueous solutions was also investigated. 50mg of the loaded Ibu@NUIG2 

was immersed in the solution and left under stirring. The drug release takes place very 

fast due to the instability of the MOF in H2O. Upon addition to H2O or PBS solution, 

the framework breaks down and the drug is released immediately.  

Figure 3.13: Equilibrium data for the Ibu adsorption by NUIG2 (contact time: 48 hours). The solid 

line is a guide to the eye. 
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3.4.6 Computational studies 

NUIG1 was tested for its ability to capture CO2 and selectively uptake it from a binary 

mixture containing CH4 as well. Figure 3.15 shows the adsorption isotherm of CO2 as 

calculated at 298 K and reveals that the performance of NUIG1 to adsorb CO2 is very 

high. In particular, it exhibits larger volumetric uptake than the best functional group 

at ambient pressure of 1 bar (104 vs 100 cm3 (stp)/cm3), whereas in terms of 

gravimetric uptake its performance is among the three top functional groups. This can 

be explained considering the interaction strength between the CO2 and the framework. 

Indeed, the plot of the isosteric heat of adsorption, Qst, as a function of the uptake 

(Figure. 3.15) indicates that initially there is a strong interaction between the first 

adsorbed CO2 molecules and the framework (Qst=37 KJ/mol).  

 

 

 

 

 

 

 

 

Figure 3.14: The Ibu uptake kinetics of NUIG2 

Figure 3.15: Gravimetric (top,a) and volumetric (bottom,b) uptake isotherms for CO2 at 298 K. 
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As the uptake proceeds, the isosteric heat decreases, implying that the next adsorption 

sites are of less interaction strength than the first occupied ones. Furthermore, the 

interaction strength is larger than the corresponding in previously reported examples, 

which explains the outstanding performance of NUIG1 in CO2 capture.42 

 

CO2 exists in non-negligible quantities in natural gas, hence its selective adsorption is 

very important. To this end, GCMC simulations were conducted for a binary mixture 

containing CO2 and CH4 with mole ratio of CO2/CH4=1:8, which corresponds to an 

average concertation of CO2 in natural gas mixture. The selectivity is calculated using 

the formula ὛὭ/Ὦ = ( ὼὭ /ώὭ ) / ( ὼὮ/ ώὮ ) where xi and yi are the molar fractions of 

component i in the adsorbed and bulk gas phases, respectively. The results of this 

calculations are presented in Fig. 9; NUIG1 is significantly selective for CO2 over CH4, 

with the CO2 selectivity being comparable with that of previously reported 

examples.42-48 NUIG1 possesses atoms of high partial charge making the interaction 

with CO2 more favourable than CH4. Both molecules are non-polar, but CO2 has high 

quadrupole moment, which is not the case for CH4, leading to strong interactions when 

surrounded by atoms with high point charges. 

 Conclusions 

NUIG1 is a mixed metal Zn/Na MOF with exceptionally high Ibu and NO adsorption 

capacity, that has been previously reported by our group.25 Herein, the gas adsorption 

and separation performance of NUIG1 has been reported; NUIG1 displays a high CO2 

uptake, and significant CO2 selectivity from a CO2/CH4 mixture. In particular, its 

gravimetric CO2 uptake is among the three top performing such species.42 

Figure 3.16: Selectivity of CO2 over CH4 at 298 K as calculated for a binary mixture of CO2 and CH4 

with molar ratio CO2:CH4=1:8 (left). Isosteric heat of CO2 adsorption by NUIG1 at 298 K. (right) 
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Furthermore, two structural analogues of NUIG1, [Na2Co(bphdc)2(DMF)2]n  (NUIG2) 

and [K2Zn(bphdc)2(DMF)2]n (NUIG3), have been synthesized and characterized 

a=long with the new MOF [Co2(OH)(bphdcH)2(DMF)2(H2O)2]n(OH)ÅDMF  (1ÅDMF). 

The latter belongs to the family of 2D->3D IMOFs and consists of interpenetrating 

layers lying in the (0,1,0) plane. The exchange interactions between the CoII ions in 

the SBU of 1ÅDMF are weak antiferromagnetic.  

Adsorption studies revealed that both NUIG2 and NUIG3 exhibit metal uptake of 

similar magnitude to that of NUIG1, however their drug adsorption performance 

differs; the Ibu adsorption of NUIG2 is significantly lower from that of NUIG1, 

whereas NUIG3 possesses negligible drug adsorption potential. The ability of the 

NUIG  MOFs to adsorb different species could be partially attributed to the presence 

of the free carbonyl groups in the framework. In particular, the carbonyl groups 

provide available coordination sites for metal ions, while they have a strong affinity 

for CO2 due to its quadrupole moment. Furthermore, the presence of aromatic rings in 

the framework has the potential to stabilise Ibu into the MOFs pores through p-p 

stacking interactions.  It is worth to mention that the exceptional adsorption 

performance of NUIG1 has been attributed to the enhanced breathing effect of its 

framework. The presence of different metals in the MOFs SBU often impact their 

breathing potential, and this can conceivably explain the divergent drug adsorption 

capacity in the NUIG  MOF family. 
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 Appendix 

 

Table 3.2 : Crystallographic data for 1ÅDMF 

 

Table 3.3: Selected interatomic distances (Å) and angles for 1ÅDMF.  

    

Co1-O2 2.119(4) Co2-O1 2.053(5) 

Co1-O3 2.125(4) Co2-O2 2.070(4) 

Co1-O4 2.040(3) Co2-O5 2.062(3) 

Co1-O6 2.141(3) Co2-O9 2.109(4) 

O2-Co1-O3 177.50(15) O1-Co2-O2 177.55(18) 

O2-Co1-O4 93.34(11) O2-Co2-O5 91.13(12) 

O2-Co1-O6 90.53(11) O5-Co2-O9 175.09(16) 

 

 

 

 1ÅDMF 
Formula C36H28Co2N2O16 

Mw                                  862.46 

Crystal System orthorhombic 
Space group                                          Cmca 

a/ Å 26.2183(7) 

b/ Å 23.5289(10) 

c/ Å 15.3542(5) 

V/ Å 3 9471.8(6) 

Z 8 

T/ K 100(2) 

ɚ/ Å 1.54184 

Dc/g cm-3 1.210 

ɛ(Mo Ka)/mm -1 6.019 

Reflections collected 11393 

Independent reflections 4693 [Rint = 0.0245] 
R1

a 0.0675 

wR2
b 0.0832 

Goodness of fit on F2 1.078 

ȹɟmax/min/e ¡ -3 0.822/-0.569 

a R1 = Ɇ(|Fo| -|F c|)/Ɇ| Fo |; b wR2 = [Ɇ[w(Fo2 - Fc2)2]/Ɇ[wFo2)2]]1/2 
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Table 3.4: Fitting parameters of the metal adsorption data to the Langmuir model for NUIG2 and 

NUIG3. 

 Metal ion qs (mg g-1) KL (104 L mol -1) R2 

NUIG2 Co2+ 135.1 10.57 0.9804 

 Cu2+ 173.5 3.03 0.9064 

NUIG3 Co2+ 148.5 1.49 0.9627 

 Cu2+ 189.3 1.76 0.9555 

 Ni2+ 134.6 1.45 0.9713 

 

 

 

 

 

 

 

Figure 3.17: Experimental pxrd pattern for NUIG2 (red) and NUIG3 (blue) in comparison with the 

theoretical pxrd pattern of the isostructural NUIG1 (black). 
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Figure 3.18: UV Vis data for the Ibuprofen uptake by NUIG2 
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 Abstract  

Metal organic frameworks (MOFs) possess a wide array of potential applications and 

have attracted considerable attention in recent years in the fields of environmental, 

industrial, and biomedical. The employment of multitopic elongated linkers in MOF 

chemistry provided access to highly porous 3D MOF, [Zn4O(LH 3)]n (NUIG5), where 

LH 3 = 4,4'4(4-carboxybenzylidene)amino)cyclohexa-1,3-dien1-

yl)methylene)bis(4,1phenylene)) bis (azanylylidene))bis(methanylylidene))dibenzoic 

acid. NUIG5 is a highly porous MOF with a surface area of 4841 m2/g. It is noteworthy 

to mention there are very limited number of MOFs with a surface area of around 5000 

m2 g-1. The HDF cell line was used to assess the toxicity of NUIG7 and its organic 

linker, revealing that both are non-toxic with an LC50 value not reached at 100µM 

concentrations.  UV-vis, FTIR and TGA, studies indicated that NUIG5 also exhibits a 

high Dox adsorption capacity (1100mg Dox/g NUIG5). The cytotoxic effect of 

Dox@NUIG5 was also investigated, revealing similar LC50 values to that of unloaded 

NUIG5 and less toxic towards healthy cells in comparison to free Dox. NUIG5 also 

exhibits good performance in the adsorption of organic dyes (Rhodamine B and 

Brilliant Green) from aqueous environments, as was demonstrated by UV-vis. Both 

dyes showed a fast absorbance kinetics and regeneration experiments allowed for 

recyclability of the framework. 

 Introduction  

The ability of porous materials to encapsulate guest molecules has expanded the 

research in materials chemistry.123,124,124 This is due to the fact that they consists of 

pores into which molecules may be adsorbed 125 and as a result, these materials they 

have been applied to a wide range of applications such as catalyst 11, ion exchange 126, 

energy material 127, environment material 14, drug delivery 15,128 etc. Many novel 

materials with desired structure and properties have been developed because of this. 

These materials include, zeolite 19, silica based molecular  sieves 18,  activated 

carbon129, liposomes16 and micelles17. 

Porous materials have been widley used in the storage and transport of guest 

molecules.  With their well organized and open channels, zeolites seem almost ideal 

materials for hosting guest particles13, Zeolites have found promising applications in 
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the fields of environmental improvement, such as CO2 capture 130 and water 

purification 131. Many groups have shown that the natural zeolite, Clinoptilolite, can 

be used effectively for the removal of metal cations from wastewater where it has 

shown to successfully encapsulate Cd, Cr, Cu, Fe, Mn, Ni, Pb, Zn etc.132  Zeolites have 

also a viable potential for drug delivery systems. Rimoli et al  provded evidence of 

this, where  two different synthetic zeolites  sucesfully  encapsulated and released the 

anti-inþammatory drug, ketoprofen. 133 Similarily, Dyer et al, showed that zeolite Y is 

a suitable vehicle for the slow release of some anthelmintics improving the drugs 

efficacy. 134 The effective encapusltion, storage and transport of guest molecules can 

be seen for other members of the porous material family. Both silica gel 135,136 and 

quantum dots 137 have also be applied in the applications mentioned above. Pure 

organic sysems for example, liposomes have shown to incapsulate large amounts of 

guest molecules and with their strong biocompatibily, they are ideal drug carriers. 138 

While microporous materials are attractive when encapsulating metal ions , the 

encapsulation of large organic molecules is restricted, making these materials 

inadequate in the encapusltion, storage and transport of guest molecules such as dyes 

and large drugs. One such instance is the encapsulation and transport of Doxorubicin 

(Dox). Dox is part of the anthracycline antibiotic family used to treat cancers. 139The 

acute toxicity of this drug is severe where the side effects include bone marrow 

toxicity140 cumulative cardiotoxicity141 as well as gastrointestinal disorders 142. 

Doxorubicin exhibits low bioavailability of approximately 0.5%-1% and has been 

associated with high cardiotoxicity that can lead to congestive heart failure 143. The 

low bioavailability of Doxorubicin is due to cytochrome P450 enzymatic attack, 

chemical degradation by stomach acids and poor membrane permeation 144. With the 

above in mind, it is clear that Dox requires a highly developed drug delivery system. 

Due to the size of the molecule, many known drug carries are insufficient where they 

are either too small the encapsulte the drug or the amount loaded is minimal.  

With this, the development of new, more efficient and stable materials with larger pore 

sizes have become a hot topic. An example of such is metal organic frameworks 

(MOFs). MOFs are perhaps most famous for their extraordinarily high porosity and 

large surface areas.21 The pore size and topology of the framework can be finely tuned 

by selecting appropriate linkers and metal nodes56. The ability of MOFs to achieve this 

high porosity allows them to have larger surface areas then previously reported for 



154 

 

porous carbon material such as zeolites. Depending on the ligands chosen the surface 

area of MOFs can range from 310m2g ï 1 to surface areas of over 4000 m2g-1  

Due to the high porosity of metal organic frameworks (MOFs), they can be used to 

encapsulate many forms of guest molecules, including large organic molecules such 

as dyes 145 or drugs like Dox 146. Being hybrid material, the chemical and physical 

properties of the overall MOF structure can be altered simply by changing the 

inorganic and organic building blocks. 147The organic ligand has shown to play a major 

role in the porosity,determining the size and shape of the pores and by designing large 

elongated ligand one can in theory, synthesis MOFs with large pores. 

 

Figure 4.1: Chemical structure of LH3, the organic linker found in NUIG5 and NUIG6. 

With the above in mind, we decided to expand the family of highly porous MOFs. To 

achieve this, we investigated the synthesis of highly porous MOF using a new tritopic 

elongated ligand (LH 3).  The use of similar elongated ligands has been extensively 

used for the synthesis of highly porous MOFs. Highly porous MOFs are capable of 

encapsulating large organic molecules. As a result, they can be used as a drug carrier 

for the anti-cancer drug Doxorubicin or in the encapsulation and removal of organic 

dyes for environmental applications.  

Herein, we report the synthesis and characterization of [Zn4O(LH 3)2]n (NUIG5), 

which is a rare example of a highly porous MOF with a surface area of ~ 5000 m2g-1. 

Due to the mesoporous nature of the framework, the drug uptake performance of 

NUIG5 have been studied and discussed in detail for Doxorubicin, the large organic 

anti- cancer drug. The dye adsorption capacity of NUIG5 was also examined using a 

variety of techniques, including UV-vis and TGA. 
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 Experimental 

All manipulations were performed under aerobic conditions using materials as 

received.   

4.3.1 Synthesis of 4,4',4''-methanetriyltrianiline   (1) 

Pararosaniline hydrochloride (3.0 g, 0.009mol) was dissolved in ethanol (150 mL) in 

a 250 mL round bottom flask. This was continuously stirred for 30 mins. Sodium 

borohydride (2.0 g, 0.052 mol) was added in excess slowly over a 30 minute period. 

The solution was again stirred at a slow speed for 12 hours. The precipitate was filtered 

and washed with ethanol (20 mL x 3) and distilled water (20 mL x 3). Pink powder 

was obtained. Yield: ~70%. 1H NMR (400 MHz, DMSO-d6) ŭ 6.71-6.59 (m, 1H), 

6.46- 6.36 (m, 1H), 4.93 (s, 0H), 4.79 (s, 1H). IR spectra selected (KBr, cm-1): 3607w, 

3320w, 2933w, 2851w, 1621m, 1578w, 1508m, 1433w, 1311w, 1270s, 1243s, 1177w, 

1125w, 1089m, 1047w, 1012w, 893w, 853w, 823w, 774w, 647w, 659w. 

4.3.2 Synthesis of  (LH3) 

Compound (1) (1.0 g, 0.0034 mol) was dissolved in ethanol (80 ml) and stirred 

continuously for 30 mins in a 250 mL conical flask. Terephthalaldehydic acid (1.68 g, 

0.011 mol) was added stirred at a slow speed for 3 days. The ligand was precipitated 

and washed with ethanol (20 mL x 2) and distilled water (20 mL x 2). Purple powder 

was obtained. Yield: 64%. 1H NMR (400 MHz, DMSO-d6) ŭ 8.67 (s, 1H), 8.06-7.86 

(m, 5H), 7.32-7.13(m, 4H). Selected IR data (KBr, cm-1): 3353b, 2972w, 2502b, 

1673m, 1626w, 1580m, 1534m, 1498m, 1391s, 1268s, 1195w, 1169w, 1085w, 1044m, 

1013m, 948w, 858w, 841w, 770s, 696w.  

4.3.3 Synthesis of [Zn4O(LH3)2]n NUIG5 

A) Solvothermal Synthesis of (NUIG5) 

Zn(CH3CO2)2Å2H2O (0.01 g, 0.045 mmol) was added  to a solution of (LH 3) (0.06g, 

0.087 mmol) in NMP (10 ml) and left under magnetic stirring for 5 min at room 

temperature. Then, the vial was placed in the oven at 100°C for 24 hours, after which 

time pink polyhedral crystals of NUIG5 were observed. The crystals were kept in 

mother liquor for X-ray analysis or collected by filtration for other solid-state studies. 

In situ solvothermal synthesis, Zn(CH3CO2)2Å2H2O (0.01 g, 0.045 mmol) was added  
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to a solution of (1) (0.03 g, 0.1 mmol) and Terephthalaldehydic acid (0.03 g, 0.2 mmol) 

in DMF (10ml) and left under magnetic stirring for 5 min at room temperature. Then, 

the vial was placed in the oven at 100°C for 24 hours. Yield: ~80%, Selected IR data 

(KBr, cm-1): 3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m 

B) Micro wave Synthesis of NUIG5 

A CEM Discover SP microwave system was used to synthesise NUIG5 under 

microwave irradiation, where Zn(CH3CO2)2Å2H2O (0.015 g, 0.06 mmol) was added  to 

a solution of (2) (0.06g, 0.087 mmol) in NMP (20 ml) in a Pyrex vial (100 ml) and 

irradiated under constant power (150 W, 2.5 GHz) at 200°C for 1 hour. After synthesis, 

the resulting materials were washed and activated using the same procedure as that in 

the solvothermal synthesis for further analysis. Yield: ~50%. Selected IR data (KBr, 

cm-1): 3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m  

4.3.4 Synthesis of [Co4O(LH3)2]n NUIG6 

Co(CH3CO2)2Å4H2O (0.015 g, 0.06 mmol) was added  to a solution of (LH 3) (0.08g, 

0.11 mmol) in NMP (10 ml) and left under magnetic stirring for 5 min at room 

temperature. Then, the vial was placed in the oven at 100°C for 48 hours, after which 

time purple polycrystalline powder of NUIG6 was observed. The powder was 

collected by filtration for other solid-state studies. In situ solvothermal synthesis, 

Co(CH3CO2)2Å4H2O (0.015 g, 0.06 mmol) was added  to a solution of (1) (0.04 g, 0.15 

mmol) and Terephthalaldehydic acid (0.045 g, 0.3 mmol) in DMF (10ml) and left 

under magnetic stirring for 5 min at room temperature. Then, the vial was placed in 

the oven at 100°C for 24 hours after which time purple crystals of NUIG6 was 

observed. The crystals were kept in mother liquor for X-ray analysis or collected by 

filtration for other solid-state studies Yield: ~80%.. Selected IR data (KBr, cm-1): 

3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m 

4.3.5 Physical Studies  

IR spectra (4000ï400 cmī1) were recorded using a Perkin Elmer 16PC FT-IR 

spectrometer with samples prepared as KBr pellets. Powder X-ray diffraction data 

(XRPD) were collected using an Inex Equinox 6000 diffractometer. TGA experiments 

were performed on a STA625 thermal analyser from Rheometric Scientific 

(Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min, and all 
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runs were carried out between 20 and 600 °C. The measurements were made in open 

aluminium crucibles, nitrogen was purged in ambient mode, and calibration was 

performed using an indium standard.  

4.3.6 X-ray Crystallography  

Crystallographic data for NUIG5 were collected in an Oxford-Diffraction SuperNova 

A diffractometer using graphite-monochromatic Mo Ka radiation (ɚ = 0.71073 ¡) at 

room temperature. The structures were solved using SHELXT, embedded in the 

OSCAIL software. The non-H atoms were treated anisotropically, whereas the 

hydrogen atoms were placed in calculated, ideal positions and refined as riding on their 

respective carbon atoms. Molecular graphics were produced with DIAMOND. The 

program SQUEEZE, a part of the PLATON package of crystallographic software, was 

used to remove contribution of the highly disordered DMF molecules in NUIG5 

Unit cell data and structure refinement details are listed in Table 4.1 in the Appendix.  

Crystallographic data for NUIG6 were collected in an Oxford Diffraction Xcalibur 

CCD diffractometer using graphite-monochromatic Mo KŬ radiation (ɚ = 0.71073 ¡) 

at room temperature. However, the small cubes of NUIG6 diffracted weakly due to 

instability outside of the mother liquor and could not be indexed satisfactorily, 

resulting in only the unit cell being determined. Many experiments were performed to 

improve stability of the crystals, this was not feasible. The crystal structures of NUIG6 

was characterized by unit cell from the XRD, FTIR and TGA studies.  

4.3.7 Drug adsorption and release experiments  

The Dox adsorption capacity of NUIG5 was investigated as described below: drug 

(0.051 g, 0.087 mmol) was added to a glass vial containing DMSO/MeOH (1/9 mL) 

and stirred until all solid is dissolved. Solid NUIG5, (0.02 g, 0.012 mmol) was then 

added and the mixture was left stirring at room temperature. For the kinetic study, 

small volumes of aliquots were taken at designated time intervals, centrifuged, and the 

drug content in the supernatant solution was determined by spectroscopic (UV-vis) 

techniques. For the thermodynamic study, the same procedure was repeated with 

varying MOF : Dox ratios; the mixture was stirred for 1 week, filtered, and the filtrate 

was analysed for its Dox content. The drug release properties of NUIG1 were studied 

in H2O and phosphate buffer solution (PBS): Dox@NUIG5 (0.05 g) was added to a 
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glass vial containing solvent (10 mL) and left stirring at 37 C. Batch studies were 

performed at designated time intervals, and the amount of the released drug was 

determined by UV-vis spectroscopy. 

4.3.8 Cytotoxicity measurements  

Human dermal fibroblasts (HDF) cells and an MTT assay was used to investigate the 

cytotoxicity of NUIG5, and the organic linker, (LH 3). The MTT assay involves the 

reduction of a yellow tetrazolium salt, [3-(4,5-dimethylthazol-2-yl)-2,5-

diphenyltetrazolium bromide] tetrazolium, to an insoluble formazan crystal by the 

metabolic activity of living cells. HDF cells were seeded at a density of 5000 cells/mL 

in a 96-well micro assay culture plate and allowed to grow over a period of 24 h at 37 

ęC in a 5% CO2 incubator. NUIG5 in fresh culture medium was added into each well 

with different concentrations from 0.01- 100µM and incubated for 72 hours. Culture 

medium only was employed as the control group, and wells containing culture media 

without cells were used as blanks. 20µL of a solution containing 24mg MTT dissolved 

in 4.8mL PBS was added to each well, and the cells were incubated for another 3 hours. 

The excess MTT solution was then carefully removed from each well, and the formed 

formazan was dissolved in 100 µL of DMSO. The optical density of each well was 

then measured at a wavelength of 550 nm using a microplate reader (Bio-Rad, xMark). 

The results from the three individual experiments were averaged. The following 

formula was used to calculate the viability:  

Viability (%) = (mean of absorbance value of treatment groupïblank)/(mean 

absorbance value of control  blank)  x 100. 

4.3.9 Dye adsorption experiments  

The dye adsorption capacity of NUIG5 was investigated using the same method to the 

drug adsorption: the organic dye (0.05g, 0.1 mmol for Rhodamine B; 0.05g, 0.1mmol 

for Brilliant Green) was added to a glass vial containing distilled H2O (10 mL) and 

stirred until all solid is dissolved. Solid NUIG5, (0.05 g, 0.063 mmol) was then added 

and the mixture was left stirring at room temperature. For the kinetic study, the sample 

was centrifuged at designated time intervals, and the dye content in the supernatant 

was determined by spectroscopic (UV-vis) techniques. For the thermodynamic study, 

the same procedure was repeated with varying NUIG5: dye ratios; the mixture was 
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stirred for 30 minutes or 4 hours for Rhodamine B or Brilliant Green respectively, 

filtered, and the filtrate was analysed for its dye content.  

 Results and Discussion 

4.4.1 Synthesis 

The precursor (1) was reacted with Terephthalaldehydic acid by Schiff base 

condensation, forming the iimine bond in the trans position creating the organic linker 

(LH 3). The double bond separating a series of aromatic rings allows for flexibility in 

the organic ligand of the MOF. This in turn, can allow the MOF to breathe and increase 

its loading potential. 

4.4.2 Solvothermal Synthesis of NUIG5 and NUIG6 

NUIG5 and NUIG6 was first prepared using conventional solvothermal methods 

using this tritopic organic linker and systematically exploring various reactions with 

differing reagent ratios, metal sources and solvents.  Two new MOFs with the formula, 

[M4O(LH 3)]n (M = Zn for NUIG5, and M = Co for NUIG6) was isolated. In regards 

to NUIG5, the reaction of Zn(CH3CO2)2.2H2O and (LH 3) in a 1:2 molar ratio in NMP 

at 100°C for 24 hour yielded pink triangular crystals of NUIG5 with a size of 500 µm. 

The stoichiometric equation of the reaction that led to the formation of NUIG5 is 

presented in eqn (1). Similar conditions where Co(CH3CO2)2.4H2O and (LH 3) in a 1:2 

molar ratio in NMP produced purple polycrystalline powder of NUIG6, presented in 

eqn (2).  

 

 

Both, NUIG5 and NUIG6 can also be synthesised by in situ mean, where compound 

(1), terephthalaldehydic acid and metal salt was added to DMF for the solvothermal 

reactions in a 1:3:1 molar ratio (Equation 3 and 4) DMF was used in this synthetic 

method as NMP produced an amorphous product that could not be characterised. 

Using this method produced single crystals of NUIG6. 
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It is noteworthy that the nature of the organic linker affects the crystallinity and 

quantity of the product; for example, reactions where the linker was formed insitu 

yielded larger, more well-defined single crystals of NUIG5 and NUIG6. When the 

linker was produced pre-MOF synthesis, it led to the formation of smaller crystals at 

larger yields in regard to NUIG5 and a polycrystalline powder for NUIG6. Due to the 

accessibility of MOF activation after using DMF, the insitu synthesis is preferred. 

Several bands appear in the 1555ï1360 cm-1 region in the IR spectrum of both MOFs. 

(Figure 4.14) Contributions from carboxylate nas(CO2) and ns(CO2) modes would be 

expected in this region, but overlap with the stretching vibrations of the aromatic ring 

and the carbonyl group renders assignment difficult. In both the imine bond present in 

the organic linker can been identified by the peak at ~1650 cm-1.  

 

4.4.3 Microwave synthesis of NUIG5 

Under microwave heating, the microwave couples directly with solvent molecules to 

produce the rapid temperature rise in reaction media and localized superheating, 

minimizing the wall effect experienced in conventional heating 148. The effectiveness 

of microwave heating depends on the dipole moment of the solvent molecule,149 and 

hence solvents with large dipole moments, such as DMF or NMP are good candidates 

for microwave assisted synthesis150. MW irradiation has shown impressive outcomes 

in various aspects of MOF synthesis and each method has some advantages in the 

synthesis. Microwave heating allows short reaction times151 coupled with increased 

kinetics of crystal nucleation through rapid energy transfer and high instantaneous 

temperature 152. Thus, accelerated synthesis, phase selectivity, and most importantly, 

the desire for crystal size. 
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Figure 4.2: SEM showing the different particle size achieved using different reaction conditions. A) 

solvothermal, B) 10ml NMP, 150°C, C) 10ml NMP, 200°C, D) 20ml NMP, 200°C. 

Several MW conditions were used to synthesis smaller sized particles of NUIG5. 

Materials obtained were investigated by SEM in order to understand the effect of 

microwave synthesis on the size and morphology. The synthetic condition of the 

microwave-assisted method was systematically investigated by varying following 

parameters: time, temperature, and concentration. The same molar ratio of LH 3 and 

Zn(CH3CO2)2.2H2O as the conventional solvothermal synthesis was used. It is 

noteworthy that concentration conditions played a role in crystalline nature of the 

product. 5, 10,15 and 20ml of solvent showed that the more dilute the conditions the 

more crystalline the product. 5ml of NMP produced amorphous powders that could 

not be characterised, however when the amount of NMP was increased to 10ml the 

resulted product transformed to single crystals. On the addition of further solvent 

amounts the crystal morphology changed from hexagonal spheres to diamond shape, 

where the structure became more defiant. Using these dilute conditions, the effect of 

temperature was explored using 160, 180 and 200°C. An increase in temperature led 

to a proportional decrease in particles size. Where 200°C resulted in substantial 

decrease in particle size of 3um compared to the 500um sized crystals achieved from 

typical solvothermal synthesis. Nanometre particles NUIG5 of ~700nm were achieved 

by first sonicating the reaction vial before MW synthesis. These conditions however 

consisted of a mixture of two different crystal sizes. Particles of 15um can be seen 

surrounded by smaller nanoparticles sized versions of NUIG5. (Figure 4.15 in 

Appendix) IR ( Figure 4.16 Appendix) and TGA (Figure 4.3) were used to analysis 

these crystals to unsure NUIG5 were generated.  
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Figure 4.3: TGA of NUIG5 under solvothermal conditions where particle size of 500 µm are achieved 

(orange) and under microwave conditions where 3µm particle size was produced (blue). 

4.4.4 Description of Structures 

NUIG5 crystallizes in a cubic I 21 3 space group with its framework consisting of a 

tetranuclear Zn clusters bridged by (LH 3) ligand to form a 3D network. This SBU 

comprises of four Zn2+ ions held together by one central µ4O and six carboxylate 

groups from (LH 3) creating a tetrahedral geometry. The tritopic linker has been 

deprotonated, existing in its tri anionic from where it coordinates to three individual 

Zn cluster, adopting a ɖ1:ɖ1:ɖ1:µ3 coordination mode.  Representations of the organic 

linker of NUIG5 and its coordination modes are shown in Figure 4.4. 

 

Figure 4.4: Top; 3D framework for both NUIG5 and NUIG6. Bottom left; the interpenetrated 

framework of the MOF. Bottom right; the binding modes of LH3, the organic linker. 
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These building units combine to form the 3D framework NUIG5 shown in Figure 4.4, 

Top  NUIG5 is stabilized by the development of two different interpenetrated 

polymeric networks. Interpenetration happens when more than one networks are 

catenated with each other, and often results in the increase of the surface area and 

decrease of the pore diameter of the MOF. The interpenetration provides stability to 

the framework and plays a crucial role in its functional improvement. This may be the 

reason for the strong thermal and chemical stability of NUIG5. The two interlinked 

networks of NUIG5 are symbolised by two different colours in Figure 4.4, bottom left. 

This MOF has a very large cell volume of 47560 Å 3 with a cell length of 36.2312Å. 

The porous network consists of cubic cavities, which are linked together forming the 

overall MOF3 network. The diameter of the pores is 19 Å, lying in the interface 

between the microporous and mesoporous materials. This was determined using the 

CIF file and diamond software to measure the distance between the atom centres. The 

total potential solvent area was estimated by theoretical calculation that occupies the 

78% of the total cell volume, which is one of the highest values yet reported.  

XRD and IR anaylsis determined that NUIG6 is a structural analogue of NUIG5 using 

unit cell parameters (a=36(12), b=36(12) and c=36(12). The main difference between 

the frameworks being the inorgnic SBU,where Zn atoms were replaces with Co atoms.  

NUIG6 framework consists of the same organic linker LH 3 which is used to bridged 

the tertranuclear metal clusters form a 3D network. As a result, we can use NUIG5 to 

describe the strucutre of NUIG6. 

4.4.5 The N2 sorption measurements 

The N2 sorption measurements were carried out at 77K. The MOF shows a fully 

reversible adsorption of N2, The N2 isotherm is a type I, characteristic of microporous 

materials.  

From the experimental data of the N2 isotherm the internal surface area of the MOF 

was calculated. The linear form of the Langmuir calculation is: 
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Where ╦ and ╦□are the weight of the adsorbed N2 and the weight of one monolayer 

of N2 respectively at relative pressure . 

 

Figure 4.5: N2 gas adsorption and desorption for NUIG5. 

╟
╟▫

 and C is a constant related with the energy of the adsorption. The slope of the 

linear plot of the Langmuir equation allows the calculation of the weight of one 

monolayer 153. The surface area derived from the equation: 

╢
╦□╝═╬▼
╜

          

where N is Avogadroôs number (6,023 x 1023 molecules/mol), Acs is the cross-sectional 

area of the nitrogen (16.2 Å2) and M is the molecular weight of the nitrogen. The 

Langmuir surface area of NUIG5 was calculated 4841 m2/g. It is noteworthy to 

mention, due to the instability of highly porous frameworks (pore diameters > 15Å) 

there are very limited number of MOFs with a surface area of around 5000 m2 g
-1. BET 

surface area has yet to be determined. The large surface area can be credited to the 

double interpenetrated structure of the MOF and the use of the elongated tritopic 

linker. The use of multitopic linkers has shown to impact the surface areas of MOFs 

where the utilization of an elongated hexatopic linker in the NU-1501 MOF achieved 

a surface area over 9000 m2 g-1 42. 
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4.4.6 DOX encapsulation studies 

The inherently high porosity in NUIG5 and the large surface area of its structure 

prompted us to assess its potential for drug delivery applications. Ibuprofen (Ibu) was 

used as a proof-of-concept model. Preliminary studies using a ratio of 1:6 MOF: Ibu, 

accounted for 50%wt encapsulated drug, 1251mg Ibu/g NUIG5.(Figure 4.17) 

Following the successful encapsulation of Ibu by NUIG5, a more detailed 

investigation into the drug delivery capabilities of this MOF was performed using 

Doxorubicin (Dox); due to size of this organic molecule, the high porosity of NUIG5 

deemed suitable for delivery of this drug. 

In these studies, the MOF crystals were activated prior to the drug encapsulation in 

order to reduce the amount of solvent present in the pores, and thus facilitate the drug 

adsorption; this was performed by stirring the MOF in DMF for several hours and then 

exchanging this solvent with more volatile acetone, which is easily removed at 80°C. 

In situ synthesis of the MOF is preferred over the common solvothermal method due 

to feasibility of the activation process through the removal of DMF over NMP. The 

adsorption of Dox by NUIG5 was first indicated by the colour change of the NUIG5  

 

Figure 4.6: Adsorption isotherm for Dox@NUIG5. 

where the pale pink activated MOF changed to a dark maroon powder after drug 

encapsulation.  The drug adsorption was initially confirmed by IR spectroscopy with 

the appearance of the characteristic Dox peak at 984 cm-1, which correspond to the 

stretching C-O-C band. Furthermore, there is a typical increase in the intensity of the 

peaks at 1500, 1430 and 1040 cm-1, characteristic of the alcohol groups provided by 
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the drug. (see figure 4.20, Appendix) The impact of the Dox: MOF molar ratio on the 

NUIG5 drug loading performance was studied; it was found that the Dox uptake (mg 

Dox /g NUIG5) increases as this ratio increases from 1:1 to 1:6, where it reaches its 

maximum capacity. UV-vis with a series of external standards revealed that the 

maximum Dox upload is 52% by weight, corresponding to 1100mg Dox/g NUIG5  It 

is noteworthy to mention that there are limited numbers of MOFs with 50wt% Dox 

loadings cited in literature with the highest being 35% wt reported by NU-1000 154. 

This amount was further confirmed using TGA and HPLC. There is an evident 

decrease in Dox in solution in regard to time, showing that it has been encapsulated by 

the MOF.   

 

Figure 4.7: TGA showing the encapsulation of Dox using NUIG5. 

 

The TGA plot of Dox@NUIG5 reveals an additional large step mass loss between ca. 

100 and 400 C, attributed to the decomposition of the drug. This broad weight loss 

step could be an indication that Dox has been absorbed into the pores and onto the 

surface. The drug uptake based on the TGA is approximately 50% by weight. The 

additional step in Dox@NUIG5 could indicate that the drug is bothe absorbed in the 

pores and on the surface. The uptake kinetics reveal a steady absorbance in the first 48 

hours. Between 48 and 72 hours there is a sharp increase in encapsulated Dox 

accounting for 45% of the total absorbed drug. After the 72 hours mark the kinetics 

returns to a steady incline until the plateau is reached (Figure 4.9). 
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Figure 4.8:  Drug release kinetics for Dox@NUIG5 at pH 7 (grey), pH 5.5 (orange) and pH 3.8 

(blue). 

The drug release performance of NUIG5 was studied in PBS of different pHôs (7.4, 

5.5 and 3.8) at 37°C to simulate physiological conditions. 25mg of the loaded 

Dox@NUIG5 was immersed in the corresponding solution and left under stirring; at 

certain time intervals a sample from the suspension was removed and analysed using 

UV-vis. Figure 4.8 shows the DOX release kinetics in all pHôs investigated. In the case 

of the acidic environment with pH=3.8, the maximum amount of the released Dox is 

51% with the release being completed within 72 hours; 15% of the drug is released 

over the first 12 hours, after which there is a steady increase in the release rate being 

observed. On the other hand, a much slower release is observed in pH 7 and pH 5.5 

conditions. Regarding pH 5.5, there is a small release of 9% in the first 24 hrs, with a 

slight further release after this time. A plateau of 11% is reached after 96 hours. 

Negligible release is observed in a neutral PBS environment. The effect of pH plays a 

major role in the release of the guest molecule and as a result the drug release in 

NUIG5 can be achieved through a pH controlled mechanism targeting the acidic 

environment of the cancer cells. This can be credited to the MOFôs stability. While in 

neutral conditions the MOF does not break down and therefore no drug is released, 

this however changes under the more acid environment where the drug is release due 

to the partial degradation of the framework. This degradation is evident in the HPLC 

peak at a retention time of 12 min (Figure 4.21)  Due to the fact the MOF remains 

stable during neutral physiological conditions however once present in low pH, 

typically found in cancer cells 44, the framework breaks down, releasing Doxorubicin 

it has potential to act as a pH targeted drug delivery system. 
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Figure 4.9: Uptake kinetics of Dox@NUIG5 using different sized particles, 500µm (blue) and 3µm 

(orange). 

The use of smaller particle sizes (500nm - 10 µm) prompts many advantages in 

potential applications of MOFs 155. Conversely, small particle sizes are often desirable 

for biomedical applications where molecular drug delivery and imaging systems must 

traverse a complex physiological roadmap where the size needs to be reduced to allow 

circulation through vessels 156, where these, tissue, and biological membranes all have 

varying levels of permeability.157 In this work, microwave irritation was used in the 

synthesis of smaller particles as previously discussed. These particles were then used 

to encapsulate Dox, investigating the impact particle size has on drug uptake. MOF 

crystals of 3 µm were chosen as this size was consistent throughout the sample. Like 

previous studies these were activated in the same manner to allow for removal of any 

guest molecule. They were then placed in a Dox/methanol solution where UV Vis was 

used to determine the amount of Dox absorbed. It was revealed that the maximum Dox 

upload is 56% by weight, corresponding to 1300mg Dox/g NUIG5(3um). This is an 

increase of 4% wt from the 51w% Dox uptake achieved using 500 µm sized particles 

of NUIG5. This increase of the amount of guest molecule is commonly seen which 

using smaller crystal sizes in the low µm to nm range.  While this work shows the 

minor effect of crystal size in the thermodynamic encapsulation of Dox of NUIG5 it 

also showed to have a major effect on the adsorbance kinetics. The maximum amount 

of Dox was achieved after one week of contact time when using crystals formed by 

solvothermal synthesis. This time was reduced by half when using the smaller particles 

of NUIG5 achieved through microwave synthesis. 1300mg Dox/ g MOF was achieved 
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after only 72hr, again showing the impact the particle size has on the encapsulation of 

a guest molecule.  Increased external surface areas combined with shorter diffusion 

pathways for molecules result in major improvements in the ability and kinetics of 

porous materialôs encapsulation of guest molecules. No change was seen in the release 

rate of Dox.  

4.4.7 Cytotoxicity studies 

The HDF (human dermal fibroblasts) cell line was used to assess the toxicity of 

NUIG5. Due to the release of Dox upon degradation of the framework, cytotoxicity 

studies were also performed on the organic linker (LH 3). The cytotoxicity was 

determined using the MTT assay revealing that the organic linker is not toxic toward 

these healthy cells up to a concentration of 100µM (cell viability > 75%, Figure 4.22 

Appendix).  

 

Figure 4.10: Confocal images of HDF cells after treatment of LH3 and NUIG5. There is an evident 
decrease in cells present in comparison to the control and at high concentrations of the test 

compound. 

An LC50 value was reached for NUIG5, in which there is a decrease in cell viability 

below the 50% mark for concentrations higher than 70 µM). The decrease in cell 

viability is evident in microscope images where the number of cells decreases with 

increase in concentration in comparison with the control experiment. While the MOF 

has shown to be toxic above 70µM, these concentrations are very high; typically, 

concentrations of 0.5µM to 1µM concentrations of Dox are administered and at this 

concentration NUIG5 has a cell viability > 80%.  
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The main objective of NUIG5 is to protect healthy cells by preventing interactions 

between these and Dox. To investigate this, the toxicity of NUIG5, Dox@NUIG5 and 

free Dox towards HDF cells were compared. This was conducted as previously 

described. The data shown in Figure 4.11 reveals that the cytotoxic effect of 

Dox@NUIG5 was similar to that of unloaded NUIG5 and less toxic towards healthy 

cells in comparison to free Dox. Free Dox has an LC50 value of 3µM. However, upon 

encapsulation, this toxicity is significantly reduced where the LC50 value has 

increased from 3µM to 76µM.  This reduction in toxicity and the above MTT assay 

results confirm that NUIG5 is nearly nontoxic and can be applied in the biomedical 

field with good biocompatibility while also protecting HDF cells from the highly toxic 

anti-cancer drug, Dox. 

 

Figure 4.11: Cytotoxicity studies comparing the toxicity of NUIG5, Dox@NUIG5 and free Dox. 

4.4.8 Dye Adsorption studies 

The pollution of hazardous dyes in wastewater is an ever-growing problem faced by 

communities worldwide. The large surface area and pore size of NUIG5 prompted us 

to study its dye adsorption potential. The dye encapsulation studies were carried out 

by soaking activated crystals of NUIG5 into aqueous solutions of either Rhodamine B 

or Brilliant Green The dye encapsulation was initially investigated by batch studies 

using UV-vis spectroscopy. The maximum loading capacity obtained for Rhodamine 

B and Brilliant Green, were 44% wt (equivalent to 800 mg Rhodamine B / g NUIG5) 

and 37.5% wt (equivalent to 600 mg Brilliant Green / g NUIG5), respectively.  
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Figure 4.12: Adsorption isotherm graph showing the encapsulation of organic dyes, RhB@NUIG5 

(blue) BG@NUIG5 (orange). 

The dye adsorption equilibrium data are plotted in Figure 4.12. The best description of 

the data is provided by the Langmuir model (Figure 4.24, Appendix), 41 considering a 

monolayer adsorption with a finite number of homogeneous and equivalent active sites 

(eqn (7)): 

ὧ

ή

ὧ

ή

ρ

ήὑ
                   χȟ 

where q (mg g) is the amount of dye per gram of NUIG5 at the equilibrium 

concentration Ce (ppm of metal ion remaining in solution), qm is the maximum 

adsorption capacity of the NUIG5, and KL is the Langmuir constant related to the free 

energy of the adsorption. Fitting parameters are as listed; RhB= qe:833, kL 0.068, R2: 

0.999, BG= qe:666, kL 0.0058, R2: 0.997. 

 

Figure 4.13: Fitting of the experimental data for the organic dyes. Top; RhB@NUIG5 data fitted to 

the pseudo first order kinetic model. Bottom: BG@NUIG5 data fitted to the pseudo first order kinetic 

model. 
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The dye adsorption by NUIG5 exhibits different kinetics depending on the dye. For 

Rhodamine B there is a smooth fast kinetics where increase in the adsorption capacity 

is reached after only 20 minutes. This is slightly slower for Brilliant Green where it 

takes 4 hours of contact time to reach an adsorption max. In order to get a better insight 

into the dye adsorption mechanism, the experimental kinetic data were fitted to a 

theoretical model; pseudo-first order  and pseudo-second order kinetic models were 

used according to eqn (8) and (9), 48 

                                                ln(qe-qt) = lnqe-k1t      (8) 

ὸ

ή

ρ

Ὧή

ρ

ή
ὸ          ωȟ 

where k1 and k2 are the rate constants for the pseudo-first, and pseudo-second kinetic 

models, respectively. Again, the uptake for each dye difference in order. A good fit 

was obtained for the pseudo-first kinetic model (qe: 277, k1: 0.046 and R2: 0.997) for 

RhB whereas a good fit for pseudo-second order (qe: 354.24, k2: -0.39 and R2: 0.986) 

in regard to BG. (Figure 4.13).  The different fits are indicative of either chemisorption 

or physisorption mechanism, where the different mechanisms can be due the formation 

of a strong interaction or coordination bond between the encapsulated dyes and 

NUIG5. Each dye has different functional groups present resulting in different type or 

strength of interactions. 

Regenerations experiments were investigated in order to recycle the framework after 

dye adsorption. This was achieved by washing the Dye@NUIG5 with ethanol until 

solution became clear. While NUIG5 can then be reused to further encapsulate dye 

about 20% of the MOF is lost each time, resulting in less dye being encapsulated. This 

was repeated for four cycles.  

 Conclusion 

The need for the discovery of new materials with excellent performance in 

environmental and biomedical applications, including drug delivery, and adsorption 

and removal of hazardous species from aqueous systems is greatly increasing each 

year. Due to their pore size, highly porous MOFs are excellent candidate for the 

delivery and encapsulation of these large organic molecules. NUIG5 and NUIG6 are 

new addition to this relatively small family of MOF. The synthesis of NUIG5 was 
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achieved through both solvothermal and microwave assisted methods where the 

change in synthetic route resulting in difference in particle size.   NUIG5 and its novel 

organic linker are nontoxic and exhibits outstanding performance in Dox adsorption 

while also providing a controlled pH targeted release. The presence of aromatic rings 

in the framework has the potential to stabilise Dox into the MOFs pores through ˊ-ˊ 

stacking interactions. The cytotoxic effect of Dox@NUIG5 was also investigated, 

revealing similar LC50 values to that of unloaded NUIG5 and less toxic towards 

healthy cells in comparison to free Dox. This reduction in toxicity confirms that 

NUIG5 is nontoxic and can be applied in the biomedical field with good 

biocompatibility while also protecting HDF cells from the highly toxic anti-cancer 

drug, Dox. 

Furthermore, NUIG5 possesses a considerable dye uptake capacity for Rhodamine B 

and Brilliant Green with fast adsorption kinetics. The different adsorption mechanisms 

can be due the formation of a strong interaction or coordination bond between the 

encapsulated dyes and NUIG5. Each dye has different functional groups present 

resulting in different type or strength of interactions. Regeneration experiments 

allowed for recyclability of the framework. 
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 Appendix 

Table 4.1: Crystallographic data for NUIG5. 

 

 

 

Figure 4.14: IR spectra showing the similarities between NUIG5 and NUIG6. 

 NUIG5 
Formula C86H56N6O13Zn4 

Mw                                  1642.85 

Crystal System cubic 

Space group                                          I 21 3 
a/ Å 36.2312(12) 

b/ Å 36.2312(12) 

c/ Å 36.2312(12) 

V/ Å 3 47561(3) 

Z 8 

T/ K 100(2) 

ɚ/ Å 1.54184 

Dc/g cm-3 0.459 

ɛ(Mo Ka)/mm -1 0.638 

Reflections collected 16495 

Independent reflections 11151 [Rint = 0.0437] 

R1
a 0.0675 

wR2
b 0.0832 

Goodness of fit on F2 1.086 

a R1 = Ɇ(|Fo| -|F c|)/Ɇ| Fo |; b wR2 = [Ɇ[w(Fo2 - Fc2)2]/Ɇ[wFo2)2]]1/2 
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Figure 4.15: SEM of NUIG5 by first sonicating the reaction vial before MW synthesis. Particles of 

15um can be seen surrounded by smaller nanoparticles sized versions of NUIG5. 

 

 

 

Figure 4.16: IR spectra providing proof of the same product synthesised using 
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Figure 4.17: HPLC data for Ibu@NUIG5, showing the decrease of Ibu regarding time. 

 

 

 

Figure 4.18: UV Vis data for Dox@NUIG5. 
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Figure 4.19: HPLC data for Dox@NUIG5. 

 

Figure 4.20: IR spectra showing the encapsulation of Dox. 

 

Figure 4.21: HPLC of Dox release showing Dox at RT of ~10 min and the ligand at ~13 min. 
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Figure 4.22: Cytotoxicity studies of LH3 and NUIG5 using HDF cells and an MTT assay. 

 

 

Figure 4.24: Fitting of the equilibrium adsorption data for RhB@NUIG5 (left) and BG@NUIG5 

(right) to the Langmuir model 

 

Figure 4.23: UV vis showing the encapsulation of RhB (left) and GB (right) using NUIG5. 
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 Abstract 

Metal organic frameworks (MOFs) have attracted considerable attention in recent 

years due to their use in a wide range of environmental, industrial and biomedical 

applications.  The employment of multitopic elongated linkers in MOF chemistry 

provided access to highly porous 3D MOFs, [Zn4O(LôH3)]n (NUIG7), where LôH3 = 

4,4'4(4-carboxybenzylidene)amino)cyclohexa-1,3-dien1 yl) azanediyl) bis (4,1pheny 

lene))bis(azanylylidene))bis(methanylylidene))dibenzoic acid,  a prime example. 

NUIG7 displays the same topology with [Zn4O(L)]n (NUIG5), where LH3 = 4,4'4(4-

carboxybenzylidene)amino)cyclohexa-1,3-dien1-yl)methylene)bis(4,1phenylene)) bis 

(azanylylidene))bis(methanylylidene))dibenzoic acid, a highly porous MOF with a 

surface area of 4841 m2/g. It is noteworthy to mention, due to the instability of highly 

porous frameworks (pore diameters > 15Å) there are very limited number of MOFs 

with a surface area of around 5000 m2 g-1. UV-vis, FTIR and TGA, studies indicated 

that NUIG7 also exhibits an exceptionally high Dox adsorption capacity (1850 mg 

Dox/g NUIG7), larger than that of NUIG5 (1100mg Dox/g NUIG5). The HDF cell 

line was used to assess the toxicity of NUIG7 and its organic linker, revealing an LC50 

value of 70µM and 30µM respectively. Both species are non-toxic at concentrations 

of 0.5µM to 1µM Dox, the typical administered dosage of Dox. The cytotoxic effect 

of Dox@NUIG7 was also investigated, revealing similar LC50 values to that of 

unloaded NUIG7 and less toxic towards healthy cells in comparison to free Dox.  

 Introduction  

Porous materials have been widely used in the storage and transport of guest 

molecules. 158 Zeolites are one member of this family that has been heavily explored 

in such applications159 With their well organized and open channels, zeolites are 

excellent candidates for hosting guest particles. 13,160. Rimoli et al provided evidence 

of this, where two different synthetic zeolites successfully encapsulated and released 

the anti-inþammatory drug, ketoprofen.133 Similarly, the effective encapsulation, 

storage and transport of guest molecules can be seen for other members of the porous 

material family: pure organic systems for example, such as liposomes have shown to 

encapsulate large amounts of guest molecules and with their strong biocompatibility, 

they can be used as drug carriers.138 Even though these materials have great benefits, 

there is a limitation to their adsorption ability. In most cases, especially in regard to 
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zeolites, due to their chemical makeup, they belong to the microporous family161. 

While this is an attractive size when encapsulating metal ions12, the encapsulation of 

large organic molecules is restricted, making these materials inadequate in the 

encapsulation, storage, and transport of guest molecules such large drugs.  

One such instance is their use as drug carriers for the encapsulation and transport of 

large organic drugs such as Doxorubicin (Dox). Dox is part of the anthracycline 

antibiotic family used to treat cancers162. The acute toxicity of this drug is severe where 

the side effects include bone marrow toxicity, cumulative cardiotoxicity as well as 

gastrointestinal disorders163,139. Doxorubicin exhibits low bioavailability of 

approximately 0.5%-1% and has been associated with high cardiotoxicity that can lead 

to congestive heart failure. The low bioavailability of Doxorubicin is due to 

cytochrome P450 enzymatic attack, chemical degradation by stomach acids and poor 

membrane permeation.143 Hence, a highly developed and efficient Dox drug delivery 

system is required to address the above mentioned drawbacks. Due to the size of the 

molecule, many known drug carriers are insufficient, being either too small to 

encapsulate the drug or the amount loaded is minimal.  

With this, the development of new, more efficient, and stable materials with larger 

pore sizes have become a hot topic. An example of such is metal organic frameworks 

(MOFs)164. MOFs possess extraordinarily high porosity and large surface areas.165 

Their pores can range from the microscale166 to the highly porous MOFs falling under 

the mesoporous region. The pore size and topology of the framework can be finely 

tuned by selecting appropriate linkers and metal nodes.56 Due to the high porosity of 

metal organic frameworks (MOFs), they can be used to encapsulate many forms of 

guest molecules, including large organic molecules such drugs like Dox167. Being 

hybrid material, the chemical and physical properties of the overall MOF structure can 

be altered simply by changing the inorganic and organic building blocks.21 For 

biomedical applications this is a huge advantage over current drug carriers. The 

organic linker can provide the biocompatibility needed while the inorganic component 

provides a controlled drug release, commonly associated with pure inorganic 

systems147. The organic ligand also controls porosity, and by designing large, 

elongated ligand, the synthesis of highly porous MOFs can be targeted.168 
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With the above in mind, we decided to expand the family of highly porous MOFs. To 

achieve this, we investigated the synthesis of highly porous MOF using a new Schiff 

based tritopic elongated ligand (LôH3). The preliminary results using similar linkers 

include the synthesis and characterization of the Zn MOF (NUIG5) and Co MOF 

(NUIG6); NUIG5 is non-toxic and exhibits an outstanding performance in pH targeted 

Dox encapsulation and release (1100mg Dox/g NUIG5). 169 The use of similar 

elongated ligands has been extensively used for the synthesis of highly porous MOFs. 

Organic ligand molecules with a certain degree of  ́conjugation can also absorb light, 

be emissive, and as a result photoluminescence property can be expected. Therefore, 

-́ conjugated organic compounds with coordinating groups are commonly employed 

as linkers in fabricating photoluminescent MOFs.170 These MOFs can provide 

additional properties for biomedical applications such as bio sensing171,172 or optical 

imaging during drug delivery. 173 

 

Figure 5.1: Chemical structure of LôH3, the organic linker found in NUIG7. 

Herein, we report the synthesis and characterization of [Zn4O(LôH3)]n (NUIG7), 

which is an isostructural analogue of NUIG5 and NUIG6 which  are  rare examples 

of a highly porous MOF with a surface area of ~ 5000 m2 g-1 . Due to the 

biocompatibility of NUIG5, it was applied as a drug carrier where the encapsulation 

of Dox was studied. NUIG5 shows a high Dox payload of 52% wt. With these results 

and the isostructural nature of the ligand, NUIG7 was synthesized and characterized 

and its Dox adsorption properties investigated. This was achieved using UV Vis, TGA 

and XRPD. 
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  Experimental 

All manipulations were performed under aerobic conditions using materials as 

received.   

5.3.1 Synthesis of LôH3  

Tris(4-aminophenyl)amine (2.0 g, 0.0068 mol) was dissolved in ethanol (80 ml) and 

stirred continuously for 30 mins in a 250 mL conical flask. Terephthalaldehydic acid 

(3.01 g, 0.021 mol) was added stirred at a slow speed for 3 days. Orange powder of 

the ligand was precipitated and washed with ethanol (20 mL x 2) and distilled water 

(20 mL x 2). Yield: 86%. 1H NMR (400 MHz, DMSO-d6) ŭ 8.97 (s, 3H), 8.06 (m, 

6H), 7.9 (m, 6H) 7.32-7.13(m, 12H). Selected IR data (KBr, cm-1): 2873b, 2542w, 

2502b, 1684s, 1620w, 1582m, 1495m, 1423m, 1313s, 1269s, 1195w, 1166w, 1109w, 

1014m, 939w, 886w, 857w, 769s, 693w.  

5.3.2 Synthesis of [Zn4O(LôH3)2]n NUIG7 

Method A: Zn(CH3CO2)2Å2H2O (0.015 g, 0.068 mmol) was added  to a solution of 

(LôH3) (0.06g, 0.087 mmol) in DMF (5 ml) and left under magnetic stirring for 5 min 

at room temperature. Then, the vial was placed in the oven at 100°C for 24 hours, after 

which time orange polyhedral crystals of NUIG7 were observed. The crystals were 

kept in mother liquor for X-ray analysis or collected by filtration for other solid-state 

studies. Method B: Zn(CH3CO2)2Å2H2O (0.015 g, 0.068 mmol) was added  to a 

solution of Tris(4-aminophenyl)amine (0.03 g, 0.1 mmol) and Terephthalaldehydic 

acid (0.046 g, 0.3 mmol) in DEF (5ml) and left under magnetic stirring for 5 min at 

room temperature. Then, the vial was placed in the oven at 100°C for 24 hours, after 

which time orange single crystals are formed. Yield: ~80%. Selected IR data (KBr, 

cm-1): 3341w, 1657s, 1588s, 1555m, 1385s, 1385b, 1273s, 1100s, 1017s, 731m 

5.3.3 Physical Studies  

IR spectra (4000ï400 cmī1) were recorded using a Perkin Elmer 16PC FT-IR 

spectrometer with samples prepared as KBr pellets. Powder X-ray diffraction data 

(XRPD) were collected using an Inex Equinox 6000 diffractometer. TGA experiments 

were performed on a STA625 thermal analyser from Rheometric Scientific 

(Piscataway, New Jersey). The heating rate was kept constant at 10 °C/min, and all 
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runs were carried out between 20 and 600 °C. The measurements were made in open 

aluminium crucibles, nitrogen was purged in ambient mode, and calibration was 

performed using an indium standard.  

5.3.4  X-ray Crystallography  

Crystallographic data for NUIG7 were collected in an Oxford Diffraction Xcalibur 

CCD diffractometer using graphite-monochromatic Mo KŬ radiation (ɚ = 0.71073 ¡) 

at room temperature. However, the single crystals of NUIG7 diffracted weakly and 

could not be indexed satisfactorily, resulting in only the unit cell being determined. 

(a=36(12), b=36(12) and c=36(12) ) Many experiments were performed to improve 

stability of the crystals, this was not feasible. The crystal structure of NUIG7 was 

characterized by unit cell from the XRD, FTIR and TGA studies. Fig. S1 shows that 

the data obtained resemble to the theoretical one expected for these structures, 

indicating their structural similarities with NUIG5 and NUIG6. 

5.3.5 Drug adsorption and release experiments  

Dox (0.051 g, 0.087 mmol) was added to a glass vial containing DMSO/MeOH (1/9 

mL) and stirred until all solid is dissolved. Solid NUIG7, (0.02 g, 0.012 mmol) was 

then added and the mixture was left stirring at room temperature. For the 

thermodynamic study, the same procedure was repeated with varying MOF: Dox 

ratios; the mixture was stirred for 1 week, filtered, and the filtrate was analysed for its 

Dox content. For the kinetic study, small volumes of aliquots were taken at designated 

time intervals, centrifuged, and the drug content in the supernatant solution was 

determined by spectroscopic (UV-vis) techniques. The drug release properties of 

NUIG7 were studied in phosphate buffer solution (PBS) of different pHôs (7.4, 5.5 

and 3.8) at 37°C. For the release studies, Dox@NUIG7 (0.05 g) was added to a glass 

vial containing solvent (10 mL) and left stirring at 37 C. Batch studies were performed 

at designated time intervals, and the amount of the released drug was determined by 

UV-vis spectroscopy.  

5.3.6 Cytotoxicity measurements  

For this analysis, Human dermal fibroblasts (HDF) cells and an MTT assay was used 

to investigate the cytotoxicity of NUIG7, the organic linker (LôH3) and Dox@NUIG7. 

The MTT assay involves the reduction of a yellow tetrazolium salt, [3-(4,5-
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dimethylthazol-2-yl)-2,5-diphenyltetrazolium bromide] tetrazolium, to an insoluble 

formazan crystal by the metabolic activity of living cells. HDF cells were seeded at a 

density of 5000 cells/mL in a 96-well micro assay culture plate and allowed to grow 

over a period of 24 h at 37 ęC in a 5% CO2 incubator. 20Õl of test sample (NUIG7, 

(LôH3) and Dox@NUIG7) in fresh culture medium was added into each well with 

different concentrations from 0.01- 100µM and incubated for 72 hours. Culture 

medium only was employed as the control group, and wells containing culture media 

without cells were used as blanks. 20µL of a solution containing 33mg MTT dissolved 

in 6.8mL RPMI was added to each well, and the cells were incubated for another 3 

hours. The excess MTT solution was then carefully removed from each well, and the 

formed formazan was dissolved in 100 µL of DMSO. The optical density of each well 

was then measured at a wavelength of 590 nm using a microplate reader (Bio-Rad, 

xMark). The results from the three individual experiments were averaged. The 

following formula was used to calculate the viability:  

Viability (%) = (mean of absorbance value of treatment groupïblank)/(mean 

absorbance value of control blank)  x 100. 

 Results and Discussion 

5.4.1  Synthesis 

Tris(4-aminophenyl)amine was reacted with  three equivalents of Terephthalaldehydic 

acid by Schiff base condensation, forming the imine bond in the trans position creating 

the organic linker (LôH3). The double bond separating a series of aromatic rings allows 

for flexibility in the organic ligand of the MOF. This in turn, can allow the MOF to 

breathe and increase its loading potential.  

NUIG7 was prepared using conventional solvothermal methods using LôH3 and 

systematically exploring various reactions with differing reagent ratios, metal sources 

and solvents.  A novel MOF with the formula, [Zn4(LôH3)]n NUIG7 was isolated. The 

reaction of Zn(CH3CO2)22H2O and (LôH3) in a 1:2.5 molar ratio in DMF at 100°C for 

24 hour yielded orange polycrystalline powder of NUIG7. The stoichiometric equation 

of the reaction that led to the formation of NUIG7 is presented in eqn (1). NUIG7 can 

also be synthesised by in situ means, where Tris(4-aminophenyl)amine, 

terephthalaldehydic acid and metal salt were added to DMF for the solvothermal 
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reactions in a 1:3:1.5 molar ratio (eqn 2) DMF or DEF can used in this synthetic 

method produced large single crystals of NUIG7. 

 

 

 

It is noteworthy that the nature of the organic linker and choice in solvent affects the 

crystallinity of the product and the reaction yield; for example, reactions where the 

linker was formed in situ yielded larger, well-defined single crystals of NUIG7. When 

preformed linker was used for the MOF synthesis, it led to the formation of a 

polycrystalline product at larger yields. While in situ synthesis effects the crystalline 

nature of NUIG7 where single crystals are achieved, the choice of solvent has shown 

to affect the crystal size. Larger crystals are produced using DEF rather than DMF. 

This may be due to DEF being a slightly larger molecule in comparison to DMF, 

providing additional stability.  

The IR spectra of NUIG7 is shown in Figure 5.2 in comparison with the IR spectrum 

of NUIG5. The NUIG MOFs exhibit identical IR spectra with several bands appearing 

in the 1555ï1360 cm-1 region, which are attributed to contributions from the 

Figure 5.2: IR spectra of comparing NUIG7 to NUIG5, showing the isostructural nature of the 

framework. 
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carboxylate vas(CO2) and vs(CO2) modes; however, the overlap with the stretching 

vibrations of the aromatic ring and the carbonyl group renders further assignment 

difficult . The formation of the imine bond of the organic linker can also be identified 

with an IR band appearing at 1684 cm-1. 

5.4.2 Description of structure 

NUIG7 is a structural analogue of NUIG5 with the main difference being the organic 

linker where the central C atom of the tritopic linker has been replaced with N. NUIG7 

framework consists of a tetranuclear Zn clusters with the formula Zn4O bridged by 

(LôH3) ligand to form a 3D network. This SBU comprises of four Zn2+ ions held 

together by one central µ4-O
2- and six carboxylate groups creating a tetrahedral 

geometry. The tritopic linker has been deprotonated, existing in its tri anionic from 

where it coordinates to three individual Zn cluster, adopting a ɖ1:ɖ1:ɖ1:µ3 coordination 

mode.  Representations of the inorganic SBU and organic linker of NUIG7 are shown 

in Figure 5.3.  

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Top left: Structure showing the binding modes of L'Hs. Top left: Structure of inorganic 

SBU. Bottom: 3D framework of NUIG7. 
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These building units combine to form the 3D framework NUIG7 shown in Figure 5.3.  

The high chemical stability, provided by TGA, of NUIG7 in combination with its 

structural similarity with NUIG5 provide evidence of interpenetrated polymeric 

network. Interpenetration happens when more than one networks are catenated with 

each other, and often results in the increase of the surface area and decrease of the pore 

diameter of the MOF. The interpenetration provides stability to the framework and 

plays a crucial role in its functional improvement. This may be the reason for the strong 

thermal and chemical stability of NUIG7.  

5.4.3 Dox encapsulation and release studies 

NUIG5, previously reported by the Papatriantafyllopoulou group showed to have high 

loading capacities for Dox while also provided a pH targeted release.  With this, the 

inherently high porosity, and the biocompatibility, we were prompted to assess the 

potential for drug delivery applications of NUIG7. Doxorubicin (Dox) is a large 

organic molecule so the high porosity of NUIG7 deemed suitable for delivery of this 

drug. Firstly, MOF crystals were activated prior to the drug encapsulation in order to 

reduce the amount of solvent present in the pores, and thus facilitate the drug 

adsorption; this was performed by methods previously used for NUIG5. 

The adsorption of Dox by NUIG7 was initially confirmed by IR spectroscopy with the 

appearance of the characteristic Dox peak at 984 cm-1, which correspond to the 

stretching C-O-C band. Furthermore, there is a typical increase in the intensity of the 

peaks at 1500, 1430 and 1040 cm-1, characteristic of the alcohol groups provided by 

the drug. (see Figure 5.12, Appendix) The impact of the Dox: MOF molar ratio on the 

NUIG7 drug loading performance found that the Dox uptake (mg Dox /g NUIG7) 

increases with increase of drug ratio as this ratio. Using a series of external standards, 

UV-vis revealed that the maximum Dox upload is 63% by weight, corresponding to 

1735mg Dox/g NUIG7. It is noteworthy to mention that there are limited numbers of 

MOFs with 50wt% Dox loadings cited in literature with the highest being 35% wt 

reported by NU-1000.26 NUIG7 exhibits relatively higher Dox loadings in comparison 

with its isostructural analogue NUIG5, where 52%wt was achieved.21 This amount 

was further confirmed using TGA and HPLC. The TGA plot of Dox@NUIG7 reveals 

an additional large step mass loss between ca. 100 and 400 C, attributed to the 

decomposition of the drug. This broad weight loss step could be an indication that Dox 
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has been absorbed into the pores and onto the surface. The drug uptake based on the 

TGA is approximately 58% by weight, which is in close agreement with the value of 

63% weight (1735mg Dox/g NUIG7) calculated by UV studies.  

The Dox adsorption equilibrium data are plotted in Figure 5.5. The best description of 

the data is provided by the Langmuir model,27 considering a monolayer adsorption 

with a finite number of homogeneous and equivalent active sites (eqn (3)): 

ὧ
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where q (mg/g) is the amount of drug per gram of NUIG7 at the equilibrium 

concentration Ce (ppm of metal ion remaining in solution), qm is the maximum 

adsorption capacity of the NUIG7, and KL is the Langmuir constant related to the free 

energy of the adsorption; the fitting parameters are qs= 0.351 and  KL= 28490. 

 

Figure 5.4: Left: UV vis plot showing the uptake of Dox by NUIG7. Right: TGA of NUIG7, Dox and Dox@NUIG7, 

proving the encapsulation. 

Figure 5.5: Left: Adsorption isotherm plot for Dox@NUIG7. Right: The adsorption data fit to the 

Langmuir model 
























































































