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Abbreviations 

MOF ‒ metal-organic framework 

SBU ‒ secondary building unit 

1D ‒ 1-dimensional 

2D ‒ 2-dimensional 

3D ‒ 3-dimensional 

DMF ‒ N,N’-dimethylformamide 

DEF ‒ N,N’-diethylformamide 

Cu(NO3)2·2.5H2O ‒ copper(II) nitrate trihydrate 

BET ‒ Brunauer-Emmet-Teller 

SCSC ‒ single-crystal-to-single-crystal 

CCDC ‒ Cambridge Crystallographic Data Centre 

CSD ‒ Cambridge Structural Database 

SCXRD ‒ single-crystal X-ray diffraction 

PXRD ‒ powder X-ray diffraction 

VT-PXRD ‒ variable-temperature powder X-ray diffraction 

HSM ‒ hot stage microscopy 

TGA ‒ thermogravimetric analysis 

DSC ‒ differential scanning calorimetry 

H2hfipbb ‒ 4,4’-(hexafluoroisopropylidene)bis(benzoic acid) 

Compound codes. 

The metal-organic compounds synthesized have been given names which has no relation to the 

numbering of MOFs published elsewhere and named accordingly. 

MOFDMF(NIP) ‒ [Cu2(hfipbb)2(DMF)2]n·n(DMF)4 

MOFDEF(NIP) ‒ [Cu(hfipbb)(DEF)]n·n(DEF)2 

MOFH2O(NIP) ‒ [Cu
2
(hfipbb)

2
(H2O)

2
]
n

MOFDMF(IP) ‒ [Cu(hfipbb)(DMF)]n·n(DMF)0.5 

MOFDEF(IP) ‒ [Cu(hfipbb)(DEF)]n 

MOFH2O(NIP) ‒ [Cu(hfipbb)(H2O)]n.n(DMF)0.5 



Abstract 

Metal-organic frameworks (MOFs) have become a fast-growing field of research in the areas 

of synthetic chemistry, crystal engineering, materials science and supramolecular chemistry in 

recent years. The synthesis and characterization of novel MOFs have been of particular interest 

to researchers around the world due to their potential in several applications, such as gas 

sorption and separation, drug delivery and catalysis. The focus and pursuit in the early stages 

of MOF research was to design materials with as large pore volumes as possible, which lead to 

the phenomenon called entanglement. Entanglement in MOFs, of which interpenetration is a 

subtype, refers to when networks within the same crystal structure cannot be hypothetically 

separated from one another without breaking chemical bonds. This has a significant impact on 

the porous nature, structure, and functional applications of MOFs. Thus, initially entanglement 

was viewed as undesirable, however, it has since been recognized that entanglement could be 

advantageous, since these MOFs may be more stable.  

The primary objective of this work was (i) to data mine the Cambridge Structural Database 

(CSD) for entangled MOFs and (ii) to investigate the structural, thermal and sorption properties 

of a set of non-entangled MOFs with their previously published isoreticular and entangled 

counterparts. The first section of this thesis, the computer-based section, presents the MOFs 

(not discriminating between entangled and non-entangled MOFs) belonging to seven different 

families extracted (using the CSD version 5.37 - May 2016 update) according to the search 

criteria used by Moghadam and Fairen-Jimenez et al. In this thesis, these seven families were 

updated using the CSD version 5.43 - April 2021. These families formed the basis sets from 

which entangled MOF structures were searched using search criteria based on intermolecular, 

non-bonded contacts such as hydrogen bonding, π–π and C–H⋯π interactions. The average of 

the two success rate indicators, showed that the percentage of retrieved entangled MOF 

structures from the four MOF families that had entangled structures, ranged from 13.6 – 38.6%, 

11.8 – 38% and 4.4 – 34%, respectively, for the three search criteria. 

The second section of this thesis, the experimental section, describes two novel non-entangled 

two-dimensional (2D), 2-periodic isoreticular fluorinated MOFs of formulae 

[Cu2(hfipbb)2(DMF)2]n·n(DMF)4 (1), [Cu(hfipbb)(DEF)]n·n(DEF)2 (2), where hfipbb =

4,4′-(hexafluoroisopropylidene)bis(benzoate), DMF = N,N′-dimethylformamide and, 

DEF = N,N′-diethylformamide. These structures are compared to their entangled, isoreticular 

counterparts published by Chatterjee et al. in terms of their syntheses, structures, thermal and 

sorption properties.  

The entangled structures had decomposition temperatures of 310 °C and 400 °C for the MOFs 

obtained from DMF and for DEF, respectively whilst the non-entangled MOFs had 

decomposition temperatures of 350 °C and 370°C for 1 and 2, respectively. The non-entangled 

MOFs had contact surface potential void space of 39% and 40.4% for 1 and 2, respectively, 

significantly higher than those of entangled MOFs with contact surface potential void spaces 

of 8.2% and 12.5% for the entangled MOFs obtained from DMF and DEF, respectively. Despite 

the lack of entanglement in 1 and 2, as compared to their entangled counterparts, their 195 K 

CO2 sorption isotherms also display inflection points and significantly increased sorption, as 

well as large extents of hysteresis, of 35% and 39% obtained for 1 and 2, respectively, whilst 

both entangled MOFs displayed extents of hysteresis of 44%. Interestingly, the activated phase 

of a third MOF, [Cu2(hfipbb)2(H2O)2]n (3), synthesized through DMF ligand exchange with 

water in 7 days, does not display an inflection point in its 195 K CO2 isotherm and subsequent 

increased sorption, despite also being non-entangled. This confirms that subtle differences in 



the desolvated phases can lead to marked differences in the sorption behaviour of isoreticular 

MOFs. 
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CHAPTER 1 

INTRODUCTION 

This chapter presents pertinent themes and terms associated with the field of metal-organic 

frameworks (MOFs) research, e.g., supramolecular chemistry, crystal engineering, and the 

important issue of classification. The entanglement of MOFs, the effect of this phenomenon on 

their chemical and physical properties, factors affecting the degrees of entanglement, and their 

presence in the Cambridge Structural Database (CSD) are also discussed. The materials 

utilized, the aims and the objectives of this research project are expressed at the end of 

Chapter-1. 

1.1. Supramolecular Chemistry 

Johannes Diderik van der Waals in 1873 demonstrated for the first time intermolecular 

forces.1-3 It was two decades later in 1894 that Nobel laureate Hermann Emil Fischer proposed 

the philosophical roots of supramolecular chemistry, in his study on enzyme–substrate 

interactions.3-5 Years later, as the research on intermolecular forces continued, in 1948 H.M. 

Powell described hydroquinone clathrates, which caused the interest in supramolecular 

structures to grow exponentially.6 Currently, supramolecular chemistry is one of the major 

topics of research in chemical sciences. 

Supramolecular chemistry is concerned with the non-covalent interaction between molecules 

and or ions. Jean-Marie Lehn in his Nobel prize lecture, coined it as “chemistry beyond the 

molecule”.7,8 The most crucial interactions are intermolecular bonds such as van der Waals 

interactions, electrostatic (coulombic) interactions, hydrophobic forces, halogen bonds, 

hydrogen interactions and π–π interactions (cation−π, anion−π).9,10 An important consideration 

in these interactions is the mutual recognition of molecules that leads to self-assembly. 

1.2. Crystal Engineering 

Crystal engineering was defined by Desiraju as “The understanding and controlling of 

supramolecular interactions in the context of crystal packing and the utilization of such 

understanding is essential for more prominent control of supramolecular synthesis through the 

design of new molecular solids with wanted chemical and physical properties”.11 

R. Pepinsky was the first to present the term crystal engineering in the literature in 1955,12,13

however it is generally associated with G. M. J. Schmidt and A. I. Kitaigorodskii.14,15 Schmidt's
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article brought about an advancement on the concept of crystal engineering, and it became clear 

that crystal engineering, on the basis of organic solids is derived from the ideas of 

supramolecular chemistry. 

The main objective of crystal engineering is to produce crystals, constructed from one or more 

molecules with specific functions. Thus, to form crystals by design one must have an 

understanding of the supramolecular interactions that can be utilized to assemble molecular 

components into a desired design. Supramolecular interactions between molecules such as van 

der Waals forces and hydrogen bonds are important in assembling molecular components into 

a target network. 

The required bonding energies associated with these interactions span a wide range with van 

der Waals forces being of the lowest energy. The conceptual principles of crystal engineering 

are used in the synthesis of crystalline coordination polymers, i.e., zeolites, mesoporous silica, 

and metal-organic frameworks. 

1.3. Porous Material 

Scientific research into porous (permeable) materials has witnessed remarkable development 

over the past few decades with the improvement of nanostructured materials.16 It is vital to 

appreciate that permeable materials have been around for longer than may be apparent.16 Much 

consideration has been given to the utilization of numerous diverse compounds to make 

nanostructured materials. Porous materials can be beneficially applied for gas separation,17-22 

gas sorption and liquid storage,23,24 catalysis,25-30 photocatalysis and photoluminescence,31-41 

and photoenergy conversion in solar cells (Figure 1.1.).42-44 This originates from their ability 

to host-guest molecules or ions due to their large pore sizes. 
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Figure 1.1.  Functional applications of Porous Materials. 

1.3.1. Zeolites 

Mainly two types of porous materials were used up to the mid-1990s, namely activated carbon 

and inorganic based materials. Inorganic materials can be categorized into two classes, namely 

aluminosilicates and aluminophosphates.45,46 Aluminosilicates are a class of microporous 

crystalline materials called zeolites. They are fundamentally made up of silica, alumina, and 

inorganic bases, in order to produce 3-dimensional, crystalline, hydrated alkaline structures 

with a general formula of Mn+
x/n[(AlO2)x(SiO2)y]

x-·wH2O
[24–26] (M = metal).45 The framework 

of these structures is built from tetrahedra of corner-sharing TO4 (T= Al, Si) (Figure 1.2), and 

have interconnected channels in which water and metal atoms are located.45,47 Microporous 

crystalline aluminophosphates were first published in 1982 and many of them have crystal 

structures which are not observed in zeolites.45  

Zeolites are highly stable with uniformity in the pore size even after activation and, as a 

consequence these structures have been deemed as good molecular sieves for sorption 

applications and other applications such as catalysis48 and adsorption and separation.48-50 

Nevertheless, a few disadvantages have been noted. For instance, using zeolite 13X in the 

presence of moisture prevented VOCs from being absorbed.51 Other limitations include, (i) 

they have a high susceptibility to be deactivated by steric obstruction of heavy secondary 
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products or irreversible adsorption, (ii) the impossibility of synthesizing large molecules using 

their microporosity.52 

Figure 1.2. (a) Illustrated the building block of zeolites as tetrahedra corner-sharing TO4 (T= Al, Si), (b) is a 

particular structure of a zeolite. Figure reprinted (adapted) with permission from Verdoliva V, Saviano 

M, De Luca S. Zeolites as Acid/Basic Solid Catalysts: Recent Synthetic Developments. Catalysts. 2019; 

9(3):248. Copyright (2019) Catalyst. 53 

1.3.2. Activated Carbon 

Activated carbon is usually made from crude material such as wood, coal and other material 

by burning these materials with steam, CO2 and acids at high temperatures in a process known 

as carbonisation.54,55 It has strong adsorption cavities and high surface area for gases, unlike 

zeolites which have low affinity for guest molecules that allows for easy release of guests.56,57 

These materials have their own disadvantages. Activated carbons have variable cavity sizes, 

defective hexagonal carbon layers, twisted networks, require very high temperature reaction 

and lastly, their function is limited by moisture and non-homogeneity (Figure 1.3).54,58,59  

Zeolites and activated carbons have strong Si-O and C-C bonds which makes them highly 

thermally stable. However, their synthesis remains challenging for the production of new 

structures with topologies which can surpass the existing ones. 
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Figure 1.3.  SEM and TEM images of activated carbon. Figure reprinted (adapted) with permission from Tan Y, 

Li Y, Wang W, Ran F. High performance electrode of few-layer-carbon@ bulk-carbon synthesized via 

controlling diffusion depth from liquid phase to solid phase for supercapacitors. Journal of Energy 

Storage, 2020, 32, p.101672. Copyright (2020) Elsevier 60 

As a result of these flaws in zeolites and activated carbons, i.e., (i) high susceptibility to be 

deactivated by steric obstruction, (ii) impossibility of synthesizing large molecules using their 

microporosity, (iii) variable cavity sizes and (iv) requirement of very high temperatures of 

reaction, considerable amount of attention has been given to new class of porous material, 

metal-organic frameworks. 

1.3.3. Metal-Organic Frameworks (MOFs) 

1.3.3.1. Historical Background 

One of the most fascinating advancements in porous materials science over the past 20 years 

has been the development of metal-organic frameworks (MOFs).61,62 The versatility in 

synthesis,63 their ability to host guest molecules or ions due to their enormous pore sizes is one 

of their primary, interesting qualities, and it results in one of their distinctive properties that 

offer a wide range of applications. 
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Hoskins and Robson in 1990, presented a new type of porous material comprising of a wide 

extension of infinite 3-dimensional scaffold-like systems that are easily tunable and 

accessible.62,64 Unlike its counter-parts zeolites and activated carbons, the synthesis occurs 

under mild conditions, the framework can be made based on selected molecular units (cavities 

can be increased or decreased based on ligand spacer length), the surface areas are wider and 

accessible and most of all the frameworks are thermally stable and mostly of low density.65-70 

 

Five years later, after Robson’s initial report on this new type of porous material, Yaghi et al. 

demonstrated the synthesis of a 3D crystalline framework under hydrothermal/solvothermal 

synthesis containing a pyridine-based ligand with open cavities.71 Later on, another 3D 

framework with the same method and ligand but a different counterion was constructed to store 

methane gas at room temperature.72 Kitagawa also demonstrated the use of a 3D MOF for gas 

storage. He demonstrated that these frameworks can be constructed by combining different 

connectors such as clusters / metal nodes and organic linkers to produce a wide range of 

structures.74 

Numerous uses are made possible by this characteristic, including gas and liquid 

storage.23,24,74,75 They have also been employed in the sorption studies of solvents as well as 

the separation of gas mixtures.76-80 

MOFs also have potential to be used as heterogeneous catalysts and have relatively recently 

become commercially available.81 The tunable, percolative coordination crystals offer the 

precise nanospace for coordination, high surface areas, diversity in metal and functional groups 

that make them highly appropriate to be used as catalysts.82-86 MOFs also serve as drug delivery 

systems for potential medicinal applications, which is another crucial role.86 Following 

administration, medication concentration levels should guarantee optimal effectiveness 

without producing negative side-effects. MOFs have also demonstrated excellent potential for 

use in biological photoluminescence imaging and sensing.88  

 

1.3.3.2. MOF Definitions, Terminology and Nomenclature 

 

The construction of MOFs' interesting structures involves the self-assembly of organic ligands 

as "linkers" and metal ion or metal-ion clusters as "nodes" (Figure 1.4a). This creates a network 

of systematic structures of infinite coordination in one-, two-, or three- dimensions of very high 

pore volumes and surface areas (Figure 1.4b).67 The distinction between a coordination 

polymer and a metal-organic framework has been hotly debated. In an article released in 2008 

in the journal Dalton Transaction’s, 89 Richard Robson wrote: 

“The MOF terminology is unnecessarily restrictive: why should we set aside as a special 

category called MOFs, those coordination polymers that happen to make use of organic 

bridging ligands (or some even more narrowly defined sub-group thereof) and relegate 

networks formed from perfectly respectable "inorganic" bridging species to some limbo?” 
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The assertion that metal-organic frameworks are simply coordination polymers is evident from 

Robson's reasoning, and that this group of molecules does not require special classification. 

The International Union of Pure and Applied Chemistry (IUPAC) task group on Coordination 

Polymers and MOFs was established in 2009 due to the various terminology that was used to 

define this class of chemicals. In regular communication with experts in the field, this group 

has analysed, documented, and evaluated the strategies that are now in use. The Journal of Pure 

Applied Chemistry published the IUPAC nomenclature recommendations in 2013. 90-91  

Figure 1.4. (a)Schematic illustration of a metal-organic framework consisting of a metal ion or clusters as 

‘‘nodes’’ and organic ligands as bridging “linkers”.95 (b) Schematic representation of MOFs/CPs with 

different dimensionalities (0D, 1D, 2D and 3D) from the same PBUs. Figure reprinted (adapted) with 

permission from Mendes R.F, F. Paz A.A, Transforming metal–organic frameworks into functional 

materials, Inorg. Chem. Front., 2015, 2, 495-509. Copyright (2015) Royal Society of Chemistry. 93 

The term "coordination polymer" (CP) refers to polymers constructed from extended 

connections or periodic architectures of metal and ligand linker coordinated via bonds.93,94 It 

should be mentioned that these substances do not always have to be crystalline. This class of 

compounds has also been referred to as coordination networks which are compounds that 

extend through repeated coordination entities but cross link between two or more different 

chains. It is advised to use a hierarchical language, with coordination polymer serving as the 

most generic term and coordination networks serving as a subset of coordination polymers.94 
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In coordination polymers, the ligands are required to be polytopic, which means that they 

bridge many metal centres to form infinite arrays of coordinated units, as an infinite repeat of 

a specific atom group with a variety of tunable features.96 This supports their inclusion in the 

field of crystal engineering.  

 

Earlier definitions, which required that a MOF should only be applied to ligands with 

carboxylates.90-91 Some earlier definitions of MOF are (i) described them as “a network with 

frames”,97 (ii) structures “which exhibit porosity”,98 this was problematic for those who only 

investigate magnetic or, luminescence properties or, sensing properties. As a result, a proper 

definition by IUPAC task group was made; A coordination network with organic ligands that 

may have voids is referred to as a metal organic framework, or MOF, in accordance with 

IUPAC recommendations.93  

As a result, MOFs are a subclass of coordination polymers due to the additional condition that 

a MOF have a coordination network with possible voids. i.e., a coordination polymer it is not 

necessarily a MOF, but a MOF is always a coordination polymer.93,99 

 

 Unlike discrete inorganic complexes, which have a technical report from the IUPAC,91 MOFs 

lack an IUPAC-endorsed nomenclature system, perhaps as a result of the complexity and rich 

diversity of MOF structures. The Coordination Polymers and Metal Organic Frameworks: 

Terminology and Nomenclature Guidelines task group, however, did concur that IUPAC-

endorsed names in “flowing text will be cumbersome (although essential to include)”93 and 

supported the currently accepted convention of naming MOFs using their country or the town 

of origin followed by a number. For instance, HKUST-1, MIL-101, and NOTT-112 were 

created at the University of Nottingham, the Matériaux de l'Institut Lavoisier, and the Hong 

Kong University of Science & Technology, respectively.93 Probably, due to having the 

forerunners in MOF research, Omar Yaghi's team simply referred to their metal-organic 

frameworks as "MOF" or "IRMOF" followed by a number, for example, MOF-5.100 

 

1.3.3.3. Network Topology 

 

The study of three-dimensional relationships and shapes, or the placement of distinct 

components within a whole, is known as topology.101 The description of MOF crystal structures 

is improved by topology. While analysing and creating MOFs, network topology is a key 

factor. This kind of research sheds light on a structure's underlying network. Crystal lattices 

that are complex can be reduced to equivalent sets of nodes and rods.93,99 A node can take the 

place of a metal centre, a metal cluster centre, or the centroid of a ligand, such as the centre of 

the aromatic ring of the trimesic acid ligand.102 Then, in accordance with the framework 

structure, rods, which are frequently aligned with the axis of a ligand, connect nodes to one 

another to form a motif. The MOF's general structure is then condensed to resemble a 

scaffolding, which more clearly displays the topology of the MOF and can be utilized to 

improve the framework's description.93 
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The main reason for the introduction of network topology or topology in metal-organic 

frameworks is to be able to differentiate between frameworks i.e., a development of the idea of 

stereoisomers like E, Z, or cis, trans and fac, mer.93 For example (Figure 1.5), a 4-connected 

network has a number of topologies thus being the diamond  (dia), quartz (qtz) or any other 

topology, this serves as evidence for the need of topology descriptors.93 

To assist in the system of nomenclature using topology, a database designed to facilitate 

reticular chemistry called the Reticular Chemistry Structure Resource (RCSR) database was 

made.103 This database hosts a number of designed topologies such as square lattice (sql), 

primitive cubic (pcu), twisted boracite (tbo), diamond (dia) and some nets were also 

contributed by the works of V. A. Blatov.104 There is another database, that also focus on 

topologies of underlying nets called TOPOS Topological Databases (TTD).105 In a 2014 survey 

of entangled, two-dimensional coordination networks, Carlucci, Proserpio, and Blatov found 

that the square lattice motif (sql) topology was the most frequent 2D motif among the 75 000 

net topologies in the TOPOS TTD collection, with the honeycomb motif (hcb) topology 

appearing second most frequently.106  

 

 

Figure 1.5. a-c illustrates the need to know the topologies of 4-connected network. (a) The dia-network based on 

the diamond structure; (b) The chiral qtz-network based on the quartz structure; (c) The sql-network 2D. 

Figure reprinted (adapted) with permission from Batten S.R, Champness N.R, Chen X, Garcia-martinez 

J, S. Kitagawa, Ohrstrom L, Keeffe M.O, Suh M.P, and Reedijk J., Pure Appl. Chern., 2013, 85, 1715-

1724. Copyright (2013) Pure and Applied Chemistry 92 

 

1.3.3.4. Dimensionality and Periodicity 

 

It is known that coordination polymers with different structural motifs in 1D, 2D, and 3D 

exist.107 Out of all these simple chains make up one-dimensional (1D) coordination polymers, 

which are simple to self-assemble. This makes it relatively simple to incorporate various 

functional features at the metal centres or in the core of the organic linkers.108,110 Depending 

on the conformations of the ligands and the coordination environment of the metal ions under 

particular circumstances, architectures like linear, ladder, ribbon, zigzag, and helical structures 

are feasible (Figure 1.6).110 

 



 
 

 

10 
 

 

Figure 1.6. The diversity of 1D coordination polymers is demonstrated by a variety of geometrical conformations. 

Figure reprinted (adapted) with permission from Leong W. L., Vittal J. J., Chem. Rev. 2011, 111, 688– 

764. Copyright (2011) American Chemical Society. 110 

 

It is clear that a 2D framework's topology is influenced by a variety of variables, including the 

ligand to metal ion ratio, the preferred metal coordination geometries, and the chemical 

composition of the coordination ligands.109 For instance, the 1:2 ratio of transition metal ions 

to linear bifunctional ligands has produced a large number of square grid 2D frameworks.109 

There have also been reports of rhombic, rectangular, herringbone, brick wall, honeycomb, and 

bilayer topologies (Figure 1.7a). 

 

3D polymers are produced when ligand connectors are extended in all three dimensions 

(Figure 1.7b). A wide range of 3D MOFs are now possible thanks to various connector and 

linker configurations.107 3D polymers have a wide range of practical uses in gas sorption and 

separation because of their excellent stability and porosity. Anionic ligands are typically used 

in the syntheses of these polymers to account for the charge of the metal ions. The creation of 

more rigid 3D frameworks through the use of multidentate linkers, such as carboxylates, which 

are capable of gathering metal ions into M-O-C clusters, also known as secondary building 

units (SBUs).65 
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Figure 1.7. The diversity (a) 2D and (b) 3D coordination polymer. Figure reprinted (adapted) with permission 

from Adeline Y. Robin,Katharina M. Fromm. Coordination Chemistry Reviews. 2006, 250, 2127-2157. 

Copyright (2006) Elsevier. 109 

 

Delgado-Friedrichs et al., 2005 observed that there is a difference in periodicity and 

dimensionality in metal-organic frameworks.111 When the edges in the repetition unit (basic 

cell) are specified, the topology of a periodic net is fully known.112 Carlucci, Proserpio, and 

Blatov distinguished between dimensionality and periodicity in metal-organic frameworks in 

a review from 2014. 106 In this overview, two- and three-dimensional (2D and 3D) nets are 

distinguished from 2- and 3-periodic nets. While 2D nets are categorized as nets with no finite 

coordination in the third dimension and 3D nets are nets with a finite coordination in the third 

dimension that offer the layer a measure of "thickness," (Figure 1.8) Carlucci, Proserpio, and 

Blatov refer to 2- and 3-periodic nets as having infinite coordination in 2 and 3 dimensions, 

respectively. 
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Figure 1.8. (a) Three illustrations of two-periodic, two-dimensional (2D) nets that represent unlimited extension 

in two dimensions and (b) two-periodic, three-dimensional (3D) nets that represent infinite extension in 

two dimensions and finite coordination in the third dimension, or "thickness of the layer," are shown. 

Figure reprinted (adapted) with permission from Carlucci L, Ciani G, Proserpio D.M, Mitina T.G, 

Blatov V.A. Chem. Rev. 2014, 114(15), 7557–7580. Copyright (2014) American Chemical Society. 106 

1.3.3.4. Synthesis of MOFs 

Each year, new frameworks are produced as a result of the optimization of variables such the 

molar ratios of the reactants (starting materials), pH, solvent amounts/ratios, and types, as well 

as reaction duration, temperature, and pressure.113 Evidently, varied circumstances and 

synthetic techniques can produce a range of intriguing structures utilizing the same ligands and 

metal ions.114,115 The traditional solvothermal techniques of MOF synthesis, involve mixing 

the components at room temperature, heating for 12 to 48 hours, and then cooling to room 

temperature. Although the aforementioned methods often produce high-quality crystalline 

materials, they have lengthy reaction durations and can be challenging to scale up above 1 g, 

particularly when using costly high boiling point solvents like diethylformamide (DEF).116 
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Figure 1.9. Overview of MOF synthesis procedures, potential reaction temperatures, and reaction outcomes. 

Figure reprinted (adapted) with permission from Stock N, Biswas S. Chem. Rev. 2012, 112, 2, 933–969. 

Copyright (2012) American Chemical Society. 115 

 

 

Alternative synthesis pathways, which require less solvent and have quick reaction times, have 

recently been reported (Figure 1.9). These include microwave, sonochemical, and 

mechanochemical approaches.115,117 Solvents like N, N-dimethylformamide or water are used 

in solvothermal or hydrothermal synthesis, respectively. At high temperatures, these solvents 

can also function as reagents to deprotonate carboxylic acid groups of ligands. When the 

reactions occur in closed vessels under autogenous pressure the reaction temperatures of the 

solution may exceed the boiling point of the solutions at standard pressure.118 

 

1.3.3.5. Secondary Building Units 

 

The "secondary-building-unit" (SBU) concept was developed by Yaghi et al.120 It allows MOF 

design to be justified by isolating directed metal-oxygen-carbon clusters and treating them as 

SBUs from which the structure is built. Given that the carbon and oxygen atoms are both 

defined as organic components and as a part of the SBU (Figure 1.10), the flexibility of the 

remaining organic ligand was the rational design feature of this approach. This results in 
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structures with the same network architecture but different SBU distances (which affect pore 

size). With MOF-2 and MOF-5 among the first examples, Yaghi et al. showed that this method 

works for a variety of structures.119,120 

Figure 1.10. The polygon or polyhedron defined by carboxylate carbon atoms (SBUs) is red in inorganic units, 

while metal-oxygen polyhedra are blue. The polygons or polyhedrons in orgaic SBUs that linkers (all of 

the -C6H4- units in these cases) are linked to are depicted in green. Figure reprinted (adapted) with 

permission from Yaghi M.O, O'Keeffe M, Ockwig N.W, Chae H.K, Eddaoudi M, and Kim J. Nature. 

2003, 423, 705–714. Copyright (2003) Macmillan Magazines Ltd.120 
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1.3.3.6. Reticular Synthesis 

Developing methods to create MOFs with particular features is quite interesting. Reticular 

synthesis is a successful synthetic approach that entails the creation of materials with a certain 

geometry.120,121 In order to create materials with specific architectures and properties, this 

approach leads to the synthesis of a desired network depending on the selection of secondary 

building units. Structures are isoreticular if they share the same topological net.122 These MOFs 

are known as isoreticular MOFs or IRMOFs. IRMOFs allow systematic investigations to be 

done into structure property relationships of MOFs with respect to pore size and chemical 

functionality (Figure 1.11).121 

Figure 1.11. IRMOFs in an isoreticular series with different spacers. Each time, a sizable yellow sphere serves as 

a visual cue to the relative cavity size of MOF. Figure reprinted (adapted) with permission from 

Eddaoudi M, Kim J, Rosi N, Vodak D, Wachter J, O'Keeffe M, Yaghi O.M, Science 2002, 295, 469-472. 

Copyright (2002) Science.121 
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1.4. Entanglement of MOFs 

Entanglement in MOFs refers to when numerous networks within the same crystal structure 

cannot be removed one from the other without breaking chemical bonds. This has a significant 

impact on the porous nature, structure, and functional applications of MOFs.123 As it happens, 

the foremost regularly encountered sorts of entanglement ought to be interpenetration and 

polycatenation. 

 

 

 

Figure 1.12. In terms of how distinct motifs are oriented and the direction in which entanglement extends, INT, 

P-CAT, and I-CAT differ from one other: Interpenetration (INT), Parallel Polycatenation (P-CAT), and 

Inclinated Polycatenation (I-CAT) are the three processes. Figure reprinted (adapted) with permission 

from Mei L., Shi W.Q-, and Chai Z.F-, Bull. Chem. Soc. Jpn. 2018, 91, 554–562. Copyright (2018) The 

Chemical Society of Japan.124 

 

The focus within the early stages was to acquire materials with as large surface areas as 

possible. So, interpenetration was deemed as disadvantageous due to decreased pore volume 

and increase in surface areas per unit volume. But presently its significance has been 

appreciated.99,125,126 In spite of the fact that they were thought to be disadvantageous, they more 

often than not have a few advantages, such as the stability of the framework due to 

supramolecular interactions, hydrogen bonding, π–π stacking interactions, van der Waals 

forces and the degree of flexibility of the overall systems.123,127 
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Interpenetration occurs between identical networks or of different networks; each network is 

completely entangled by all the other frameworks and the dimensionality of the resultant 

structure is the same as that of the individual network. The extent of interpenetration is 

measured by the number of nets that are linked to each other (Figure 1.12.1). In contrast, 

polycatenation does not require identical networks, each network is only entangled by the 

surrounding ones (i.e., not by all in the structure) and the dimensionality of the resulting 

structure is higher than that of the individual networks.123 

Figure 1.12.1: Examples of MOFs described in terms of dimensionality, periodicity and fold (extent of 

interpenetration). 

There are several interpenetrated structures dimensions detailed so far, 0D- Polycatenanes, 1D- 

Parallel or inclined, 2D- Parallel or inclined and 3D- Different topologies are possible.123,127 

The conditions of interpenetration between 1D chains are that the discrete chains must contain 

rings. Also, different weak supramolecular forces (H-bonding, π–π aromatic stacking 

interactions, and van der Waals forces) are suspected to play imperative parts within the 

arrangement of interpenetrated structures. Interpenetration between 1D chains containing rings 

and rods for the most part very similar to that of catenanes or rotaxanes.123,127  

Comparable to that of 1D chains, interpenetration between 2D layers also exhibits two types: 

parallel and inclined. The larger part of interpenetrated 2D systems is fundamentally based on 

either sql or hcb topological nets.125 Compared to 1D and 2D MOFs with lower dimensionality, 

interpenetration in 3D MOFs is more prevalent. For the most part, MOFs built with longer 

ligands ordinarily have bigger voids, which make them unstable. Hence, interpenetration 

sensibly happens to minimize pore space to meet the efficient stability prerequisite in MOFs.125 

1.5. Experimental Factors That Influence The Formation Of Interpenetration 

1.5.1. Reaction Temperature and Concentration 

Higher temperature generally appeared to favour increased degrees of interpenetration. This 

can be attributed to the increase in kinetics- when faster crystal development occurs, this 
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increases the possibility of interpenetrated MOFs.128 For this reason, high concentration of 

reagent is additionally related with increased interpenetration. In Figure 1.13 these two effects 

of temperature and concentration are shown clearly by Zhang et al. with the reaction of 4,4′-

bipyridine (bipy), 1,4-benzenedicarboxylic acid (bdc), and Cd(NO3)2·4H2O.128  

Figure 1.13. Control of degrees of interpenetration using [Cd(bipy)(bdc)], by examining the impact of 

temperature and concentration on the interpenetrated and non-interpenetrated form. Figure reprinted 

(adapted) with permission from Zhang, J, Wojtas, L, Larsen, R. W, Eddaoudi, M.; Zaworotko, M. J. 

Temperature and Concentration Control over Interpenetration in a Metal–Organic Material. J. Am. 

Chem. Soc. 2009, 131, 17040– 17041. Copyright (2009) American Chemical Society.128

A study that makes a contribution to this is by Aggarwal et al. (Figure 1.14) where a doubly 

interpenetrated framework and a triply interpenetrated isomeric form were formed by 

increasing the reaction temperature of crystallization when reacting 4,4′-bpy = 4,4′-bipyridine, 

ndc = 2,6-naphthalenedicarboxylate and Cd (salt).129 

By adjusting the temperature and concentration, the authors were able to systematically adjust 

the level of interpenetration. They verified that high temperature and concentration influenced 

the formation of interpenetrated crystal, whereas low temperature and concentration favoured 

its non-interpenetrated form. The idea behind this was that higher temperatures would have a 

thermodynamic effect that would result in denser, more stable products. 
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Figure 1.14. Diagram illustrating the [Co2(ndc)2(bpy)] system's interpenetration bending and switching through 

increased the reaction temperature of crystallization. Figure reprinted (adapted) with permission from 

Aggarwal H, Das RK, Bhatt PM, Barbour LJ. Isolation of a structural intermediate during switching of 

degree of interpenetration in a metal–organic framework. Chem Sci., 2015, 6:4986–4992. Copyright 

(2015) The Royal Society of Chemistry.129 

1.5.2. Solvent System 

The size of the solvent molecules plays an imperative role in determining the degree of 

interpenetration. 131 While the smaller guests produce higher degree of interpenetration, the 

large template molecules typically result in a lesser degree of interpenetration or non-

interpenetrated MOFs (Figure 1.15).130  

The utilization of bulkier solvents such as tert-butylformamide causes channels to be wider and 

a lowers degree of interpenetration in the synthesized MOFs, this can be observed in the work 

of Elsaidi et al.131 This is often likely due to intermolecular forces and steric hindrances 

between bulky solvents constituents and forming crystal lattices.130 This impact is less apparent 

with less bulky solvents such as ethyl alcohol, which have shown smaller channels and higher 

degrees of interpenetration.131 
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Figure 1.15. Solvent templating provides a picture of the control over the interpenetration level in dia nets. Figure 

reprinted (adapted) with permission from S.K. Elsaidi, M.H. Mohamed, L. Wojtas, A. Chanthapally, T. 

Pham, B. Space, J.J. Vittal, M.J. Zaworotko, J Am Chem Soc, 2014, 136,5072–5077. Copyright (2014) 

American Chemical Society.131 

Additionally, Ferguson et al. thoroughly investigated how solvents affected the occurrence of 

partial interpenetration. They postulated that in order to construct a partially interpenetrated 

framework, the growth rate of the host-sublattice must be greater than that of the 
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interpenetrating sub-lattice.132 The interpenetrating sub-lattice forms significantly more slowly 

in bulkier solvents, allowing for the accumulation of partially interpenetrated crystals.132  

MUF-9 and MUF-10 partially interpenetrated forms were extracted from a solvent system 

consisting of N,N’-dibutylformamide (DBF) and N,N-dimethylformamide (DMF) during 

synthesis. These authors were able to systematically tweak and regulate the level of partial 

interpenetration by increasing the growth of the sub-lattice by mixing DMF to DBF.132 

 

1.5.3. Time 

 

Interpenetration can be significantly impacted by the reaction time of the MOF synthesis.130 

Decreased interpenetration results in larger pores, which are linked to shorter synthesis reaction 

times.132 The likelihood of an interpenetrated net forming is directly constrained by decreased 

reaction time. Interpenetration is favourable thermodynamically since it reduces the energy of 

the system by reducing the number of open bonding sites in the nets. Therefore, given enough 

time, a framework will converge on the configuration that is most energetically stable.130 

Using MUF-9 and MUF-10, Ferguson et al. confirmed this notion (Figure 1.16). They 

discovered a 52% largely interpenetrated isomer of MUF-9 after an 8-hour synthesis in DMF. 

The complete twofold interpenetrated isomer, -MUF-9, produced once the reaction time was 

prolonged. These scientists found that MUF-10, an enantiopure counterpart of MUF-9, 

displayed the same effect.132 
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Figure 1.16. The level of partial interpenetration in MUF-9 is controlled by the reaction solvent's composition. 

From left to right, the structures of -MUF-9, PIP-MUF-9, and -MUF-9 were identified, showing the 

degree of interpenetration. The orange diamonds show the average interpenetration level as determined 

by a separate SCXRD. Figure reprinted (adapted) with permission from Ferguson A, Liu L, Tapperwijn 

SJ, Perl D, Coudert F-X, Van Cleuvenbergen S, Verbiest T, van der Veen MA, Telfer SG. Controlled 

partial interpenetration in metal–organic frameworks. Nat Chem., 2016, 8:250. Copyright (2016) 

Springer Nature.132 

1.5.4. Ligand Design 

Long organic linkers may easily lead to huge voids however are prone to and eventually give 

rise to interpenetrated frameworks.134 Bulkier and longer organic linkers expected to have a 

greater tendency to create higher degrees of entanglement. The design of the ligand may also 

contribute to the degree of interpenetration based on the sterically bulky groups on ligand and 

elongated linkers.133,134 

For instance, Prasad et al.'s syntheses of SNU-70 (non-interpenetrated) and SNU-71 (two-fold 

interpenetrated) differ in the starting material. The SNU-70's ligand has a double bond, because 

of this slight variation in the organic linker, the structure generates interpenetration and 

significant variation in pore size and gas uptake (Figure 1.17).135 

Figure 1.17. X-ray crystal structures and organic ligands for a) non-interpenetrated SNU-70 and b) doubly 

interpenetrated SNU-71. Red and blue are used to depict the two distinct frameworks that were 

interconnected. Figure reprinted (adapted) with permission from Prasad TK, Suh MP. Control of 

interpenetration and gas-sorption properties of metal–organic frameworks by a simple change in ligand 

design. Chem A Eur J. 2012, 18,8673–8680. Copyright (2012) WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim.135 

Sterically bulky groups on the organic ligand may prevent framework interpenetration, similar 

to the template effect. If the groups on the ligands begin to interact with one another, it may 



 
 

 

23 
 

increase the likelihood of interpenetration if the engaging groups move in closer proximity to 

one another. Therefore, the objective could be accomplished by carefully adding 

protecting groups to a ligand.130 

 

Another tactic for preventing framework interpenetration is the deployment of large protective 

groups, followed by deprotection once the framework is formed.130 Bulky thermolabile tert-

butoxycarbonyl (Boc), used by Lun et al.  (Figure 1.18) as a proline moiety, was removed 

post-synthesis to create open MOF with larger pores. Therefore, using the bulky protection 

group to create open frameworks is a good way to prevent framework interpenetration.136 

 

 

Figure 1.18. (a) Thermolytic expulsion of the Boc moiety creates IRMOF-Pro ([Zn4O(2)3]), which is produced 

as a product after the conversion of the ligand H21 to a cubic metal-organic framework, IRMOF-Pro-Boc 

([Zn4O(1)3]). It also illustrates that the direct production of [Zn4O(2)3]) was not observed. (b) How the 

framework looks after the removal of Boc. Figure reprinted (adapted) with permission from Lun DJ, 

Waterhouse GIN, Telfer SG, A general thermolabile protecting group strategy for organocatalytic 

metal–organic frameworks. J Am Chem Soc.,2011, 133, 5806–5809. Copyright (2011) American 

Chemical Society.136 

 

1.6. Porosity in MOFs 

 

MOFs are appealing because they feature pores in their network architecture that can be 

functionalized and inhabited by guest molecules. Yet, permeability of the host phase should be 

established in order to show that a MOF is actually porous.133 By measuring the surface areas 

of the material using BET (Brunauer-Emmet-Teller) analysis of a nitrogen sorption experiment 

at 77 K, porosity is often verifiable experimentally.137 It is important to keep in mind that the 

aforementioned experimental technique has its own limitations because the MOF might only 

be permeable to nitrogen and not to other guests or vice versa. Therefore, MOF materials can 

contain voids without becoming inherently porous.133,138 
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Typically, a MOF's porosity is classified according to the dimension of the voids (Figure 

1.19).73 Zero-, one-, two-, or three-dimensional pores could make up these voids. Within the 

host framework, zero-dimensional pores are segregated. One-dimensional porosity is used to 

define non-intersecting channels, while two-dimensional porosity refers to assembly of distinct 

layers of free space. A series of crossing channels makes up three-dimensional porosity.73 

Figure 1.19. 0D, 1D, 2D, and 3D porosity are the four categories for the dimensionality of porosity in MOFs. 

Figure reprinted (adapted) with permission S. Kitagawa, R. Kitaura, S. Noro, S. Angew. Chem. Int. Ed. 

2004, 43, 2334-2375. Copyright (2004) WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.73 

1.7. Solid State Transformations 

It is critical to understand the mechanisms underlying solid state transformations in the field of 

crystal engineering. Designing reactive substances and carrying out reactions in the solid state 

are made simple with such expertise.71 The systematic study of solid-state transformations is 

made possible by the use of single crystal X-ray diffraction to monitor single crystal to single 

crystal transformations. This makes it possible to see how the structure changes throughout the 

transformation process.71 Unfortunately, monitoring such reactions is challenging since 

crystallinity is not always preserved due to atom mobility.140,141 

Typically, external stimuli like heat, pressure, and guest molecules cause structural changes in 

MOFs. Flexible MOFs can go through a variety of dynamic structural rearrangements that can 

result in behaviours including guest-opening absorption, stepwise sorption, and excellent 

selectivity for inclusion of guests. Pore expansion is a dynamic phenomenon that is triggered 

by one of the three mechanical variables listed below: (i) movement of interpenetrated 

motifs,142 (ii) coordination bond reorientation or cleavage,143,144 (iii) the bridging ligand's 

capability to freely rotate,145,146 The latter entails rotating a restricted part of the bridging 
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ligand, which could cause slight changes in the ligand's structure as well as significant changes 

in the volume and geometry of the pores, improving guest inclusion. 

1.8. Single-Crystal-To-Single-Crystal Transformations 

When exposed to external stimuli like heat, light or when molecules enter or leave the host 

structure, single crystals of MOFs can survive and remain monocrystalline, a phenomenon 

known as single-crystal-to-single-crystal (SCSC) transitions of MOFs.147,148 In order to analyze 

whether any structural changes have taken place that would assist in explaining features of the 

activated MOF, the structure of the MOF can be determined both before and after the external 

stimulus was applied. Yet, crystals that don't stay monocrystalline may still be polycrystalline 

rather than changing into an amorphous state. 

1.9. Crystal Structure Stabilities of MOFs 

The crystallinity, or periodicity, of MOFs' structures may be useful for their study in terms of 

revealing their structures, as well as for the reproducibility of their structure-related features. 

As an example, MOFs with uniform pore sizes can be more efficient in storage and separation 

applications due to the physical dimensions and chemical characteristics of their pores as 

opposed to other porous materials (such as activated carbons), where variations in these pore 

properties are common throughout the material and cause variation in storage capacities and 

separation efficiencies.146,149 

The great majority of MOFs are synthesized with solvent molecules already present, which 

must be removed (referred to as "activation"), frequently by heating, before the MOF may be 

utilized in various applications that take advantage of the internal space. The discovery made 

by Yaghi et al., that's what sparked an increase in MOF research because these scientists were 

able to create stable, activated phases that could be utilized for molecule sorption.61 

Unfortunately, many MOFs lose their crystallinity when attempts are made to remove the 

solvent molecules, resulting in the absence of internal space, despite having originally 

promising crystal structures, due to the collapse of their frameworks. Even though pore 

diameters are smaller in this case, entanglement in MOFs may be advantageous in generating 

stable phases via network-to-network interactions.150 

1.10. Flexibility and Breathing Phenomena in MOFs. 

Porous coordination compounds were first categorised according on how they responded to the 

removal of guests, and were initially divided into the first, second, and third generation 
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classifications in 1998, 150 and recently, Kitagawa suggested that fourth-generation MOFs 

should also comprise MOFs with material anisotropy and any other kind of defect, such as 

solid solutions and multivariate (MTV) MOFs.151 

As guests are removed, or even after solubilization, the first-generation collapses and loses its 

structural integrity and porosity. Second-generation MOFs after guests are removed, the 

framework stays intact unlike its predecessor and sorption occurs however they are often 

rigid.150 Third-generation MOFs are soft, flexible, and dynamic frameworks which collapse 

when a guest is removed and regenerate when a guest is taken in. Characteristically, third-

generation MOFs exhibit structural flexibility with often reversible reactions to external 

stimuli, such as variation in temperature or gas pressure, even in the absence of a guest.152,153  

Fourth-generation materials that mix a stiff framework with self-switching pores that can adjust 

to a specific guest through extra framework counterions that are free to move within the pore 

space or flexible ligand substituents would be another type.154 Thus, these fourth-generation 

"hard-soft" materials could, at least in theory, combine the benefits of second- and third-

generation MOFs while removing the following disadvantages: (a) retention of topology and 

structural integrity during gas or vapor adsorption; (b) soft pore surfaces that respond to 

external stimuli, leading to diverse sorption profiles; and (c) most importantly, the capability 

of self-adapt pore size and pore chemistry to accommodate different guests.154 

Figure 1.20. First, second, and third generation microporous coordination polymers shown schematically. Three 

classifications of Third Generation compounds (=flexible microporous coordination polymers) are used 

to describe them: "recoverable collapsing," "guest-induced transformation," and "guest-induced 

reformation." These three classifications are all achieved using flexible mechanisms in coordination 

networks. Figure reprinted (adapted) with permission Zhang, S.-Y.; Jensen, S.; Tan, K.; Wojtas, L.; 

Roveto, M.; Cure, J.; Thonhauser, T.; Chabal, Y. J.; Zaworotko, M. J. Modulation of water vapor 

sorption by a 4th generation metal-organic material with a rigid framework and self-switching pores. J. 

Am. Chem. Soc. 2018, 140, 12545– 12552. Copyright (2004) American Chemical Society.154 
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Figure 1.21. Fourth-Generation Porous Materials Can Be Modified Using (a) Postsynthetic Methods That 

Chemically Change Their Pore Structure, (b) Complex Systems That (c) Contain Defects, (d) Are 

Nonstoichiometric (Solid Solution), or (e) They Are Complex Systems; Rigid Frameworks with Self-

Switching Pores that Adapt to a Specific Guest via (d) Rearrangement of Extraframework Counterions 

or (e) Reorientation of Flexible Ligand Substituents are two examples of a different type of fourth-

generation porous materials. Figure reprinted (adapted) with permission from Zhang, S.-Y.; Jensen, S.; 

Tan, K.; Wojtas, L.; Roveto, M.; Cure, J.; Thonhauser, T.; Chabal, Y. J.; Zaworotko, M. J. Modulation 

of water vapor sorption by a 4th generation metal-organic material with a rigid framework and self-

switching pores. J. Am. Chem. Soc. 2018, 140, 12545– 12552. Copyright (2004) American Chemical 

Society.154 

 

Flexible MOFs are MOFs that can respond to the environment and change structure making 

them the focus of contemporary research. When they undergo these structural phase changes, 

they demonstrate a sharp increase or "step" in sorption.153,155-157 This significant shift in 

sorption behaviour can be seen as a step in the sorption isotherm, which may also show 

hysteresis. Hysteresis improves selectivity, produces high working capacities, and lowers the 

need for heat control. A number of mechanisms, such as breathing (ligand stretching or 

flexing), swelling, linker rotation, subnetwork displacement, and sliding of interdigitated and 

stacked layers, can cause the structural phase shift behaviour of these materials.158,159 

 

 

1.11. The Cambridge Structural Database (CSD) 

 

1.11.1. The Cambridge Structural Database's History 

 

Following the Braggs' work, X-ray crystal structure analysis was quickly acknowledged as a 

very unique analytical technique. In 1929, only 16 years after the structure solution of the first 

crystal structure, Strukturberichte (Structure Reports) was already compiling the practitioners' 

output from their varied original sources in order to offer easily accessible descriptions of 

recently discovered crystal structures on a regular publication schedule.160 Up until the 1990s, 



28 

the Structure Reports, formerly known as the Strukturberichte, served as the International 

Union of Crystallography's (IUCr) official magazine.161 

When it came to collecting crystal structure data, 1929 was a very significant year.161 Since 

Linus Pauling released his five principles for figuring out the structures of complicated 

inorganic ionic crystals in 1929,162 it was also unique in announcing the huge scientific 

significance of that curated information. Philosophically speaking, 1929 marks the beginning 

of the contemporary era of computerized databases for crystal structure, which started 

operating over four decades later: The Cambridge Structural Database (CSD: Cambridge, UK) 

was established in 1965,161,165 it was then followed by The Inorganic Crystal Structure 

Database (ICSD: Karlsruhe, Germany), created in the early 1970s.163 

The amount of scientific literature increased throughout this time, which made scientists 

concerned about keeping up with the publication of new crystal structures. These factors led to 

the establishment of the first "Crystallographic Data Centre," which Olga Kennard led in 

1964.161 The Cambridge Crystallographic Data Centre (CCDC), Cambridge Structural 

Database (CSD) a computer-based database, was founded in 1965 at the University of 

Cambridge's Department of Organic Chemistry.164 The CSD currently has more than one 

million curated crystal structures as a result of the tremendous expansion in information and 

technological advancements.164 

The demonstrated porosity of MOFs' by the research group of Professor Omar Yaghi in the late 

1990s expedited the study of MOFs. Millions of distinct metal-organic frameworks can 

theoretically be created by mixing various metal nodes and organic linkers because of their 

modular structure. As of 2024, more than 100,000 MOF (actual number is 125 383) structures 

are currently listed in the most recent version of the CSD (in version 5.45 November 2023 + 

March update), as a result of exponential growth in the number of MOFs over the last 20 

years.165,166 

1.11.2. The Cambridge Structural Database Search Methods 

In this project, the CCDC programs were used to visually inspect and extract interpenetrated 

structures. A number of different weak supramolecular forces (hydrogen bonding, π–π 

aromatic stacking interactions, and van der Waals forces), M···M (metallophilic) interactions 

were used to identify unique network···network interactions which may occur to differentiate 

entangled structures from their non-entangled counterparts. 

The online, interactive CSD MOF subset explorer can be used to filter identified MOFs based 

on pore geometric parameters such as pore volume, void fraction, large cavity diameter, pore-

limiting dimension, and accessible surface area. ConQuest is an interface that may be used to 

look up and retrieve structures from the CSD using specific search parameters.161 Searching 

can be done using a variety of criteria, such as compound name, elemental composition, 
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formula, literature reference, unit cell characteristics, space groups, experimental data, and a 

few additional structural information specifics (Figure 1.22). Using a chemical substructure 

motif with or without chemical restrictions is one of the most popular search strategies. It also 

enables searches for nonbonded contacts, which may be intramolecular or intermolecular, as 

well as 3D geometric searching (e.g., bond distances or angles).161,164  

Figure 1.22. The ConQuest draw window is used for sketching chemical substructures and defining each query 

to be searched. Figure reprinted (adapted) with permission from I. J. Bruno, J. C. Cole, P. R. Edgington, 

M. Kessler, C. F. Macrae, P. McCabe, J. Pearson and R. Taylor. Acta Cryst. B, 2002. B58, 389-397.

Copyright (2002) the International Union of Crystallography.161

The CCDC suite of programs also includes Mercury, a program that offers a wide array of 

features for the investigation of a single structure, such as powder diffraction patterns, 

visualization of void space, measure of distances and angles. The functions are not limited to 

these only, Mercury has the ability to allow the user to build and visualize a network of 

intermolecular contacts, invert crystal structures, reduce the symmetry of a structure from the 

current space group to one of the available subgroups (Figure 1.23).164 
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Figure 1.23. The ConQuest draw window is used for sketching chemical substructures and defining. Figure 

reprinted (adapted) with I. J. Bruno, J. C. Cole, P. R. Edgington, M. Kessler, C. F. Macrae, P. McCabe, 

J. Pearson and R. Taylor. Acta Cryst. B, 2002. B58, 389-397. Copyright (2002) the International Union

of Crystallography.161 

Another program that is offered by CSD is the CSD Python API which is presently part of the 

CSD-Enterprise, and it comes as a package when downloading CSD via the CCDC. This 

permits one to run pre-written or user-written Python search scripts to a set of structures or 

loaded structures. The CCDC Python-Built-In scripts include: (i) Analysis-generation, of 

conformers and calculation of their RMSD or of all torsion points for the stacked structures. 

External -one can upload the most recent or current structures into the sketch window provided 

for ConQuest. (ii) Reports- One can make reports in the form of *.html format. This will 

contain crystallographic details, the geometry, Mogul geometry analysis, and intermolecular 

bonding for halogen and hydrogen. It also provides chemical and crystallographic and 

publication information about the structures. Other functions include void calculation in a 

crystal, find covalently bonded clusters within a structure.164 

Due to the large number of MOFs, it is challenging to identify particular types of MOFs from 

the database and analyse trends in their attributes. In fact, it was not possible to just extract 

MOF structures exclusively without including discrete, coordination molecules in the results 

lists until quite recently. Searches on distinct families of MOFs were not practical since these 

"mixed" lists would unavoidably be selective only to the local coordination environment of the 

structures and would not filter MOFs based on their extended structures. This issue is made 

worse by the fact that, as was already indicated, MOFs lack systematic names that may be used 

to search for only MOFs or a particular family of MOFs. 120,121,167 Researchers began using 

computer algorithms to develop a “language” for analysing similarities and evaluating 

differences between these structures in order to overcome this problem. 

1.11.3. Successful MOF Databases and CSD MOF Subset 

Attempts of creating MOF databases, such as the zeolitic imidazolate framework (ZIF) or 

porous polymer networks (PPN) databases, has been attempted and successfully completed by 
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a number of research teams.170 With the help of available crystallographic data from known 

MOFs, Wilmer et al.168 produced a theoretical MOF database with 137,953 structures at the 

time made from the recombination of a library of 102 building blocks containing SBUs and 

organic linkers.168 Based on pre-existing experimental structures directly derived from the 

CSD, other research teams developed databases. As an illustrative example, Watanabe et al.169 

produced a database in 2012 that explicitly extracted 30 000 extended metal–organic 

compounds from the CSD, narrowing this list to 1167 3D MOF structures for the assessments 

of their CO2/N2 separation capabilities.169 

Goldsmith et al. extracted 38 800 metal-organic frameworks from the CSD at the time 550 000 

structures and created 22,700 "computation-ready" 3D MOFs in 2013.170 These MOF 

structures have been changed by removing obstructive solvent molecules or do not contain any 

disorder. The "Computation-Ready, Experimental MOFs" (CoRE MOF) database, which 

Chung et al. created in 2014, is the first database that is accessible to the general public. A 

pore-limiting diameter (PLD) of 2.4 Å was present in 4,700 3D MOFs.171  

 

 

Figure 1.24. (a) Utilizing a multiscale computational method for CO2/N2 separations.169 (b) Diagram showing the 

processing and analysis of the CSD's crystal structure database.170 (c) Design of the CoRE MOF database 

is shown schematically. Utilizing the CCDC Conquest program, 3D framework detection, and pore 

characterization, chemical bond analysis was carried out. Figure reprinted (adapted) with Chung Y.G, 

Camp J, Haranczyk M, Sikora B.J, Bury W, Krungleviciute V, Yildirim T, Farha O.K, Sholl D.S and 

Snurr R.Q, Chem. Mater., 2014, 26, 6185 —6192. Copyright (2014) American Chemical Society.171 
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These many databases, however, deal with a number of issues. The system created by Wilmer 

et al.168 has to deal with the challenge of creating an experimental synthesis pathway for the 

top structure chosen by the database, which is typically either challenging or impractical. Since 

the structures contained in the databases developed by Watanabe et al.169, Goldsmith et al.170, 

and Chung et al.171 were hand-selected for adsorption applications, they need to be manually 

updated every time the CSD is updated (four times per year). As a result, MOFs with threshold 

pore dimensions based on gas adsorbate kinetic diameters were chosen and also restricted to 

3D MOFs.

The databases above that were derived from CSD have shown to be highly helpful.166 However, 

because they are not integrated into the CSD, they need to be updated manually whenever the 

CSD is updated, so later additions of MOF structures are not taken into consideration. 

Additionally, because the aforementioned databases contained designs that were intended for 

adsorption applications, only 3D structures with the proper pore and window sizes were 

included according to the desired adsorbate's kinetic diameter. Additionally, there are problems 

with using too broad or too narrow search criteria for MOFs. Since there are known examples 

of alkali-based MOFs, excluding MOFs with alkali metal ions from the Goldsmith et al. paper 

would be excessively restrictive.170 

In an article that was published in 2017 by Moghadam, Fairen-Jimenez, et al.140 in association 

with the CCDC, they demonstrated how search techniques in the CSD that are accessible to 

end users were utilized to produce the CSD MOF subset. For instance, the search term "catena," 

which the CSD employs to identify polymeric structures, was paired with one of the common 

search techniques involving a chemical diagram motif (i.e., a substructure search). The CSD 

MOF subset was created using seven search criteria. 

The CSD 5.37 version served as the foundation for this (May 2016 update). It has been 

established that these criteria are not mutually exclusive, therefore other criteria may produce 

the same structures. This version of the CSD had 69 666 MOF structures that were discovered 

using the union of these seven criteria and the inclusion of the word "catena" in the compound 

name. 
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Figure 1.25. A list of the seven requirements used to create the CSD MOF subset. Figure reprinted (adapted) 

with P. Z. Moghadam, A. Li, S. B. Wiggin, A. Tao, A. G. P. Maloney, P. A. Wood, S. C. Ward and D. 

Fairen-Jimenez, Chem. Mater., 2017, 29, 2618 —2625. Copyright (2017) American Chemical Society.172 

 

 

 

Figure 1.26. The CSD MOF subgroup of MOFs was identified using criteria based on certain secondary building 

components and their relationship to the organic linkers. Figure reprinted (adapted) with P. Z. 

Moghadam, A. Li, X-W. Liu, R. Bueno-Perez, S.-D Wang, S.B. Wiggin, P.A. Wood, D. Fairen-Jimenez, 

Chem. Sci., 2020,11, 8373-8387. Copyright (2020) Royal Society of Chemistry.166  
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The field has been growing exponentially, with MOFs having their own MOF subset in the 

CSD, setting them apart from other coordination polymers. MOFs have another property that 

can be exploited such as either the structure is entangled or non-entangled. This is imperative 

to distinguish one from the other as they have different properties to each other. 

1.12. MOTIVATION AND OBJECTIVES 

1.12.1. Rationale 

This project is divided into two parts a computer-based component and laboratory experiment 

component. 

1.12.2. Computer-based Section: 

Currently, the CSD does not have search methods that can automatically extract entangled 

MOFs from the database. The development of such search method to mine and identify 

entangled MOF structures can be beneficial for (i) improved MOF type search, (ii) data 

management and (iii) discovery of structure–property relationships. The goal is to offer the 

broadest subset feasible to enable study in a wide range of applications, allowing users of this 

resource to further fine-tune criteria to specifically target their desired specifications. 

1.12.3. Experimental Section: 

Entanglement is a phenomenon that was thought to occur serendipitously in MOF structures. 

The effect of entanglement in 2D or 3D MOFs on polycrystalline or monocrystalline stability, 

involving the synthesis of a subset of entangled MOFs and their non-entangled counterparts. 

There will be characterized using single crystal X-ray diffraction (SCXRD) and powder X-ray 

diffraction (PXRD). 

A series of other experiments such as hot stage microscopy (HSM), thermogravimetric analysis 

(TGA) and, differential scanning calorimetry (DSC) as thermal analyses for testing the stability 

of the crystals. Further stabilities of the crystal structures will involve in situ desolvation 

followed by PXRD analysis. Gas sorption properties of the synthesized MOFs will also be 

studied, and also perform solvent exchange. 

1.13. Aims 

The two main aims of this project are: 
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1.13.1. Computer-based Section: 

(a) To establish search methods using the CSD end-user tools to extract entangled 

structures in the database belonging to several well-known MOF families. 

(b) To create a subset of entangled MOFs from well-known families of MOFs and their 

non-entangled counter parts. 

1.13.2. Experimental Section: 

     (a) To synthesize a subset of non-entangled MOFs for comparison with their entangled 

counterparts.  

     (b) To establish the effect of entanglement on the thermal stabilities, as well as liquid and 

gas sorption properties of the synthesized MOFs.   

 

1.14. Objectives 

1.14.1. Computer-based Section: 

(a) Search for families of MOFs using the CSD search methods within the MOF subset. 

(b) Identify intermolecular and non-bonded contacts in the respective families of MOF 

which occur only between networks of the MOFs and thus could be used to specifically 

extract entangled MOFs. 

(c) Identify various physical properties in the respective families of MOF which could be 

used to specifically extract entangled MOFs. 

 

1.14.2. Experimental Section: 

(a) Follow published methods (e.g., the solvothermal method) for producing MOFs and 

change experimental conditions to produce entangled and non-entangled pairs. 

(b) Use X-ray diffraction to elucidate MOF crystal structures and thermal analysis (hot 

stage microscopy, thermogravimetric analysis and differential scanning calorimetry) 

to assess their thermal properties. 

(c) Use hot stage microscopy and powder X-ray diffraction as qualitative measures of 

determining retention of mono- and polycrystallinities of the MOFs. 

(d) Evaluate the ability of synthesized MOFs for liquid and gas sorption. 
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CHAPTER 2 

Experimental and Computational Methods 

 

This chapter lists the metal salt, organic ligand and solvents that were utilized in the synthesis 

of metal-organic frameworks in this project. Synthetic protocol and analytical methods used to 

characterize MOFs, included X-ray diffraction, hot stage microscopy, differential scanning 

calorimetry, thermogravimetric analysis, and gas sorption The programs used to solve, refine 

and analyze the crystal structures, as well as those used to mine the Cambridge Structural 

Database and analyze the mined structures, are also described. 

 

2.1. MATERIALS 

 

The organic ligand (Figure 2.1) 4,4’-(hexaflouroisopropylidene)bis(benzoic acid) (purity 

98%.), Copper(II) nitrate hemi(pentahydrate) (Cu(NO₃)₂·2.5 H2O) (purity 98%), N,N’-

dimethylformamide (purity 99.8%), N,N’-diethylformamide (purity 99.8%), N,N’-

dimethylacetamide (purity 99.8%), N,N’-diethylacetamide (purity 99.8%), were all purchased 

from Sigma Aldrich. These starting materials were used without any further purification. 

Deionised water was obtained from a Milli-Q water purification system.1 

 

 

 

Figure 2.1. The structure of 4,4′-(hexafluoroisopropylidene)bis(benzoic acid). 

 

 

 

 

 

 

 



51 

2.2. GENERAL SYNTHESIS 

General Synthetic Methodology: Solvothermal synthesis 

Metal-organic frameworks were synthesized using one method: 

solvothermal synthesis using vials. Copper(II) nitrate hemi(pentahydrate) (Cu(NO₃)₂·2.5 H2O) 

amounts were carefully weighed out and dissolved in water separately. 4,4′-

(hexafluoroisopropylidene)bis(benzoic acid) was dissolved in N,N’-dimethylformamide for 

vial 1 and N,N’-diethylformamide for vail 2, respectively. Each solution of (Cu(NO₃)₂·2.5 H2O) 

was added to each vail of ligand dissolved in specific solvent. 

The solvent containing reagents were sealed under high pressure (above 1 atm) and temperature 

90 °C in a glass vail and heated for different hours/days in an oven before being slowly cooled 

to promote crystallization. 

2.3. STRUCTURAL ANALYSIS 

2.3.1. Single Crystal X-ray Diffraction (SCXRD) 

The analysis method of single crystal X-ray diffraction (SCD) is effective for revealing the 

crystalline material's structure. A crystal's molecular packing and arrangement can be seen, 

allowing for the evaluation of atomic coordination, bond lengths, bond distances, and 

intermolecular interactions. 

Single crystals of suitable quality were selected and mounted using a cryoloop and Paratone N 

oil. Data collections were carried out on Bruker D8 Venture diffractometer using Mo-Kα (λ = 

0.71073 Å) radiation, produced at 50 kV and 1.4 mA, with the crystal temperature controlled 

using an Oxford Cryostream- 800. Data reduction and unit cell parameter refinement were 

performed using SAINT-Plus.2 All intensity data were scaled and corrected for Lorentz-

polarisation and absorption effects using the programme SADABS.3 Structure solution and 

refinement were implemented using the crystallographic suite OLEX2.4 The crystal structures 

were solved by SHELXT,5 with subsequent refinement using the full-matrix least square 

method, based on F2 values against all reflections, including anisotropic displacement 

parameters for all non-H atoms, as employed in SHELXL-2018/9.6 X-Seed and MERCURY 

were used for generating high- quality crystal structure images.7,9 Both programs use the POV-

RAY program to generate the images.9

2.3.2. Powder X-Ray Diffraction (PXRD) 

Powder X-ray diffraction (PXRD) involves the X-ray irradiation of a polycrystalline sample. 

PXRD produces ‘fingerprint’ patterns which are unique to the analysed materials. The Bruker 

D2 Phaser 2nd Gen X-ray diffractometer with a CuKα radiation (λ= 1.5406) and X-ray generator 

fixed with X-rays generated at a current flow of 10 mA and a voltage of 30kV, was used to 

collect the PXRD data. The PXRD patterns were collected over a range of 4 − 40ο using a step 

size rate of 0.016οs-1 resulting in a run time of 15 minutes. 
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Variable-Temperature Powder X-ray diffraction (VT-PXRD) measurements were performed 

on a Bruker D8 Advance X-ray diffractometer in the 4 − 40◦ 2θ range using a step size rate 

0.015 ◦.s-1 and X-rays generated at 30 kV and 40 mA. Experimentally obtained PXRD patterns 

were compared to the simulated PXRD patterns calculated from the single crystal data by using 

MERCURY. A Bruker wide-temperature Bruker MTC stage which was used to heat the 

samples in situ under vacuum and thus record changes in the PXRD patterns upon activation 

of the MOFs. 

 

2.4. THERMAL ANALYSIS 

The physical properties of the crystals were evaluated using three thermal analysis techniques, 

namely, hot stage microscopy (HSM), thermogravimetric analysis (TGA), and differential 

scanning calorimetry (DSC). 

 

2.4.1 Hot Stage Microscopy (HSM) 

 

This technique permits for the visualization of thermal events such as desolvation or 

decomposition. It was moreover utilized to observe visual changes (such as colour changes) 

which may not be observable using TGA or DSC. This type of examination is qualitative and 

may exhibit temperature differences with respect to the onset of thermal events when compared 

to DSC and TGA due to differences in experimental setups.  

The samples were placed on a coverslip under silicon oil (bubble formation in the oil indicate 

release of solvent or decomposition) and viewed with a Nikon SMZ-10 stereoscopic 

microscope fitted with a Linkam THMS600 hot stage and a Linkam TP92 temperature control 

unit. A real-time Sony Digital Hyper HAD colour video camera was used to capture thermal 

events and images were viewed with the Soft Imaging System program called analySIS. A 

heating rate of 10 °C min-1 was used to study the thermal behaviour of the sample. Samples 

were heated over a temperature range of room temperature to 450 °C. 

 

2.4.2. Thermogravimetric Analysis (TGA)  

TGA measures the percentage mass loss of a sample as a function of temperature. This was 

used to determine MOF:solvent ratios and the thermal stabilities of the desolvated frameworks 

in terms of their coordination bonds, i.e., when the MOFs start to decompose. Surface-dried 

samples of 2-3 mg were placed in open aluminium pans. A heating rate of 10 °C min-1 was 

used, whilst temperatures ranges varied according to the initial results obtained by HSM. TGA 

was performed on a TA-Q500 analyser (Figure 2.2) from TA instruments with the Universal 

Analysis 2000 software to analyse the results obtained from TGA experiments. Dry nitrogen 

gas flowed over the samples at 60 cm3 min-1. 
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Figure 2.2. TGA Q500 used for TGA analyses. 

2.4.3. Differential Scanning Calorimetry 

DSC was used to measure the difference in the heat flow between the sample and reference 

pans, with this difference plotted as a function of temperature (Figure 2.3). The temperature 

range over which the endo- or exotherms occur of different thermal events, such as desolvation 

and decomposition, were measured. Surface-dried samples of 1-2 mg were used for all runs. 

Samples were placed in aluminium pans with holes in the lid to allow for ventilation and heated 

at 10 °C min-1. Exothermic and endothermic reactions are presented on the DSC thermograms 

by peaks and troughs, respectively. The temperature range used was determined by prior HSM 

and TG analysis as samples were not taken to decomposition in order to avoid spillage and 

instrument damage. 
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Figure 2.3. DSC25 used for DSC analyses. 

2.5. ADDITIONAL STRUCTURE ANALYSIS PROGRAMS 

2.5.1. Cambridge Structural Database (CSD) 

The Cambridge Crystallographic Data Centre (CCDC) manages and provides the Cambridge 

Structural Database (CSD).10 Given that it has comprehensive records, including the chemical 

formula, structure, unit cell, defined geometry, intermolecular interactions, authors, etc., it is 

an effective tool for searching published single-crystal structures. More than 50 years have 

passed since the database was created.10 

2.5.2. Mercury 

Exploring and visualizing structures is possible with Mercury,11-13 a component of the CSD 

software suite. In addition to morphology calculations, the program includes capabilities such 

as simulations of powder diffractograms, multiple structure overlay, computation and 

visualization of volume accessible to probes, and probe-accessible volume.14 
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2.5.3. PoreBlazer 

PoreBlazer, developed as simulation package for computational characterization of crystalline 

and amorphous materials. It is mainly used to calculate the pore volume, accessible surface 

area, largest pore diameter, pore limiting diameter, pore size distribution, and other 

properties.15,16 

2.5.4. ToposPro 

An extensive investigation of the geometrical and topological characteristics of periodic 

structures (crystals, networks, and tilings) can be performed using the software package known 

as ToposPro. ToposPro was developed with the specific purpose of processing huge 

crystallographic data sets and identifying correlations between structural parameters. ToposPro 

is capable of completing crystallochemical tasks such as (i) topological classification and 

identification of periodic and molecular structures, (ii) search for occurrence of topological 

motifs in crystal structures, (iii) analysis of molecular packings, these are a few.17-22 

2.6. GAS AND WATER VAPOUR SORPTION 

Studies on gas sorption were conducted to find out whether the MOFs could take up gases like 

nitrogen and carbon dioxide. In addition, studies on the sorption of water vapor was also carried 

out on the substances. Using a Micromeritics 3Flex Surface Area Analyzer, these tests were 

conducted. The samples were heated up to 200 °C under vacuum before beginning the 

examination. This made sure that any solvent that was still in the sample was evacuated because 

the analysis needed an empty framework.  

A Micromeritics Flowprep was used to process 150–200 mg of the sample, which was heated 

to 60 °C and exposed to a continuous flow of nitrogen gas for at least 24 hours in order to 

completely remove any solvent from the sample's structure. During tests carried out at 273 - 

298 K a Micromeritics water bath was utilized, whereas liquid nitrogen was used for 

experiments carried out at 77 K. Acetone and dry ice were combined to provide a low 

temperature slurry at 195 K, which was employed for gas sorption tests. Surface areas were 

determined using the Brunauer-Emmett-Teller (BET) model. 
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2.7. Appendices 

Supplementary data obtained from single crystal X-ray studies are provided as electronic 

supplementary information. 

Table 1.1. Crystallographic data files that can be found in the Appendices. 

File Extensions Contents 

.hkl Reflection data 

.res SHELX coordinate data 

.lis PLATON output file 

.cif Crystallographic information data 

.pdf CheckCif Report 

.fcf Observed and calculated intensities 
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CHAPTER 3 

The search for entangled (this is the ‘umbrella’ term which includes interpenetration and 

polycatenation) metal-organic frameworks structures is covered in this section. The searches 

are conducted using the Cambridge Structural Database (CSD) program Conquest on the CSD 

MOF subset (Figure 3.1). 

Figure 3.1. Diagram displaying how the CSD's MOF subset database was processed and analyzed. 
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In this chapter the first section is based on the work published in 2020 by Moghadam and 

Fairen-Jimenez et al. in which they utilized the CSD to construct search criteria for specific 

MOF families based on the characteristic SBUs found in these MOF families.1 These criteria 

are discussed below with examples given for each type of MOF family. 

Moghadam and Fairen-Jimenez et al. based their searches on the 2016 (May update) 5.37 

version of the CSD, whereas these families are updated in this thesis according to the 2021 

5.43 version of the CSD (01 April 2021), using the MOF subset. 

3.1. Queries: Search Motifs and Update For The Seven Families Of MOF 

Conquest is an interface which can be used to search and retrieve structures according to certain 

search methods. These include searching according to compound name, elemental 

composition, formula, literature reference, unit cell parameters, space group, experimental 

details, and other structure information details. 

One of the most popular search methods is to use a chemical substructure motif with or without 

chemical constraints. It also allows one to perform 2D and 3D geometric searching. as well as 

searches for non-bonded contacts, which may be intramolecular or intermolecular. There are 

over 121 093 structures in the MOF subset which includes 1D, 2D and 3D MOF structures 

which are 1-periodic, 2-periodic and 3-periodic according to definition adopted in this thesis.1 

In order to reduce the number of MOFs investigated to a manageable size for manual 

inspection, seven MOF families, as identified by Moghadam and Fairen-Jimenez et al., but 

updated according to 2021 5.43 version of CSD (01 April 2021), were chosen. This reduced 

the number of structures to 11 395 (herein after referred to as the MOF subset subgroup in this 

thesis). 

The rationale for the selection of search motifs will be explained using the zirconium-oxide 

(Zr-oxide) based MOF family. Zr-oxide based MOFs have the metal ion linked to the oxygen 

atoms of carboxylate functional groups in a bridging, bidentate fashion (Figures 3.1a and 

3.1d). The first hitlist is created by combining the first “must have” criterion and the “must not 

have” criterion (Figures 3.1a and 3.1c), which produces 655 structures. The second hitlist is 

created by combining the second “must have” criterion and the “must not have” criterion 

(Figures 3.1b and 3.1c), which produces 3 structures. When combining the two hitlists, the 

unique number of hits, using the “in either List A or List B” option in Conquest, is 656. 



 
 

 

61 
 

 

Figure 3.1. The criteria utilized for searching Zr-oxide based MOFs. The first ‘‘must have’’ criterion is (a) a 

bridging, bidentate carboxylate and (b) the second ‘‘must have’’ criterion is a square motif. (c) This 

motif, where vicinal oxygen atoms bond to the same Zr ion, eliminates structures not considered as part 

of the Zr-oxide based MOFs. (d) Illustration of the first ‘‘must have’’ criterion in UiO-66 (CSD refcode 

RUBTAK02). Figure reprinted (adapted) with P. Z. Moghadam, A. Li, X-W. Liu, R. Bueno-Perez, S.-D 

Wang, S.B. Wiggin, P.A. Wood, D. Fairen-Jimenez, Chem. Sci., 2020,11, 8373-8387. Copyright (2020) 

Royal Society of Chemistry.1 
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Figure 3.2. The CSD MOF subset subgroup was identified using criteria based on certain secondary building 

components and their relationship to the organic linkers. The seven families are the Zr-oxide, MOF-

74/CPO-27-like, ZIF-like (including with coordination > 4), zinc oxide, IRMOF-1-like MOF, and Cu-

Cu paddle-wheeled MOFs. Each green and red motif represents “must have” and ‘must not have” criteria, 

respectively. Each green motif must be present in a separate search, combined with all the red motifs. 

[Green motifs in dotted boxes are treated as a single query]. The hitlists are then combined, producing a 

list comprising only of unique hits (or reference codes). Figure reprinted (adapted) with P. Z. 

Moghadam, A. Li, X-W. Liu, R. Bueno-Perez, S.-D Wang, S.B. Wiggin, P.A. Wood, D. Fairen-Jimenez, 

Chem. Sci., 2020,11, 8373-8387. Copyright (2020) Royal Society of Chemistry. 1  

The criteria for searching all seven families are illustrated Figure 3.2, with MOFs belonging 

to the other six families identified using the same methodology as outlined for the zirconium 

family, stated above as an example. A few families having search criteria that require certain 

search queries with structures inside the dotted boxes should be treated as a single search query, 

e.g., Coordination Polymer of Oslo-27(CPO-27) and Copper-Copper paddlewheel type c and

d “must have” criteria.

The numbers of structures for the seven families, i.e., Zr-oxide, Cu–Cu paddlewheel, Zeolitic 

imidazolate frameworks (ZIF-like), Zinc-oxide (Zn-oxide), Isoreticular MOF-1-like (IRMOF-

1-like), Coordination Polymer of Oslo-27/(CPO-27-like/MOF-74) and ZIF-like with

coordination number > 4 MOF families,  were updated using the 2021(01 April) version 5.43

of the CSD (Table 3.1). The total number that was found when updating the families is 11 395

structures. Implied that “must not have” criteria structures have been removed.

The total of 656 structures for the Zr-oxide family resulted from the two “must have” and one 

“must not have” criterion. The “must have” criteria yielded a total of 670 structures and the 

“must not have” eliminated 14 structures. In the case of the Zn-oxide family, a total of 6115 

structures resulted from “must have” criterion, whilst the “must not have” criterion eliminated 

a total of 319 structures leaving the number at 5796 unique structures.  
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Isoreticular MOF-1-like structures is the third family listed in Table 3.1 with a total number of 

574 structures, whilst MOF-74/CPO-27-like structures total 2114 structures with the “must 

have” criterion. The three “must not have” criterion remove 298, 69, 581 structures, 

respectively, resulting in a family with 2087 MOF structures. It should be noted that all of the 

“must not have” results are not unique thus the number when subtracted from the total does not 

give a total of 2087 when considered individually.  

The Cu–Cu paddlewheel family has four “must have” criteria, (the most of any family) each 

contributing a certain number to the total. The first criterion returns 1523 structures, the second 

returns 1099 structures but only adds 447 unique structures to the list, the third returns 1285 

structures adding 463 unique structures to the list, whilst the last “must have” criterion finds 

1071 structures, adding 21 unique structures. This totals to 2454 structures, with the four “must 

not have” criteria removing a total of 541 undesired structures, leaving a total of 1913 MOF 

structures for the family. 

The last two families are related in that they are zeolitic imidazolate frameworks (ZIF-like). 

The first family has a metal center that is tetrahedrally coordinated with four imidazolates 

ligated to it and the second includes ZIFs with a metal coordination number of 6 or 8. The 

“must have” criterion for the first family returned a total of 512 structures. When applying the 

six “must not have” criteria, the first criterion eliminated 188 structures, the second criterion 

eliminated 67 structures, the third eliminated 1 structure, the fourth criterion removed 25 

structures, the fifth 4 structures and the last one 8 structures. This resulted in 359 unique 

structures, the second family does not have any “must not have” criteria except “must have” 

that results in 10 unique structures. 

The total number of structures across all the families increased by 6 374 structures, as compared 

to the number reported in the initial paper by Moghadam and Fairen-Jimenez et al.1,2 This is 

not surprising considering the unique properties of MOFs and the resulting extensive research 

on these materials, causing an exponential growth in their number. The highest increase in 

terms of absolute numbers was seen in the Zn-oxide and CPO-27 MOF groups. This 

demonstrates how the variety of MOFs has exponentially increased thanks to the modularity 

of their synthesis. Graphical comparison of the numbers for each of the seven MOF families 

found in the 2016 and 2021 versions of the CSD is illustrated in Figure 3.3 whilst Figure 3.4 

illustrates an increase in these numbers. The 2023 version of the CSD will likely show an 

increase in these numbers due to the extensive research into MOFs, however study presented 

in this thesis is limited to the 2021 version due to the time taken to manually search the subset 

groups for entangled MOFs. 
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Table 3.1. Comparison of the number of structures in the selected MOF families found in the 

2016 (May update) 5.37 and 2021 (01 April 2021) 5.43 versions of the CSD. The last column 

reports the difference in numbers found between the two CSD versions. 

 

Family 2016 2021 Difference Grownth 

(%) 

Zr-Oxide 77 656 579 852 

Zn-Oxide 3187 5796 2609 182 

IRMOF 1-like 354 574 220 162 

Coord. Number >4 6 10 4 167 

CPO-27-like/MOF-74-

like 

108 2087 1979 1932 

ZIF-Type 274 359 85 191 

Cu–Cu paddlewheel 1015 1913 898 188 

TOTAL 5021 11395 6374 227 

 

 

Figure 3.3. Comparison of the number of structures found for the seven selected MOF families in the 2016 (May) 

5.37 and 2021 (April) 5.43 versions of the CSD. 
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Figure 3.4. The increase in MOF structures for the seven selected MOF families in the 2021 (April) version 5.43 

version of the CSD. 

 

 

3.2. Search for Entangled MOFs In The Seven MOF Families. 

 

3.2.1. Manual Search 

 

Currently, there is no MOF subset database that specifically lists entangled MOF structures. 

The seven families of MOFs were manually searched for entangled structures, by inspection in 

Mercury. This was to establish a reference list of entangled structures for each MOF family in 

order to evaluate the degree of success of the search criteria. Hitlists produced from the search 

criteria developed to find entangled MOFs can then be compared to the reference list (Table 

3.2.). 
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The manual search indicated that the Zn-Oxide family, which has the largest number of MOF 

structures (5796), has a total of 238 structures (4.1%) that are entangled, as revealed by manual 

inspection. This is followed by the third largest family, the Cu–Cu paddle-wheeled family with 

a total number of 1913 MOF structures, that has a total of 77 structures (3.7%) that are 

entangled.  

 

The fourth largest family is the Zr-Oxide family, that has a total of 34 structures (5.2%) that 

are entangled. Isoreticular Metal Organic Framework (IRMOF 1-like) family which is the fifth 

largest family, has a total of 41 crystal structures (7.1%) that are entangled. The remaining 

families, namely the Coord. Number > 4, CPO-27 and ZIF-Type families had entangled MOFs, 

despite the CPO-27-like/MOF-74 being the second largest MOF family. 

 

 

 

Table 3.2. The number and percentage of entangled structures found by manual inspection for 

the seven selected MOF families (CSD version 5.43 01 April).  

 

MOF Family Total number 

of structures 

in family 

Total number 

of entangled 

Entangled 

structures 

Percentage entangled 

structures (%) 

Zr-Oxide 656 34 5.2 

Zn-Oxide 5796 238 4.1 

IRMOF-1-like 574 41 7.1 

Coord. Number >4 10 0 0 

CPO-27-like/MOF-74-

like 

2087 0 0 

ZIF-Type 359 0 0 

Cu–Cu paddle-wheeled 1913 71 3.7 

 

 

Two reasons can be offered as to why certain families in the database showed no presence of 

interpenetrated MOFs. These are based on the (i) linker length, and (ii) the secondary building 

units (SBUs) and topology of the framework. 
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(i) Linker length 

 

The zeolitic imidazolate framework-like (ZIF-like) family structures, including those with a 

metal coordination number > 4, yielded no entangled structures. There are two likely reasons 

based on linker length, i.e., (i) steric hindrance around the metal site together with the relative 

short imidazole linkers employed in these structures, form structures with small pore apertures 

that do not allow a second framework to ‘thread’ through the first and (ii) introducing bulky 

functional groups in the organic units to create steric hindrance (Figure 3.5).2 These two 

reasons prevent this family from forming entangled MOF structures. Some of the structures in 

the circled structure contain coordinated carboxylate groups which results in limited specific 

orientations, thus there is little rotation of the ligands for flexibility thus less chance of 

producing interpenetrated MOFs. 

 

 

Figure 3.5 The Coord. Number >4 ZIF-like structures, illustrating the) steric hindrance around the metal site, 

contributing to small pockets and blue indicating hindrance for rotation and bridging. Figure reprinted 

(adapted) with P. Z. Moghadam, A. Li, X-W. Liu, R. Bueno-Perez, S.-D Wang, S.B. Wiggin, P.A. Wood, 

D. Fairen-Jimenez, Chem. Sci., 2020,11, 8373-8387. Copyright (2020) Royal Society of Chemistry.  1 
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(ii) the secondary building units (SBUs) and topology of the framework. 

 

When searching through some of the families the CPO-27 family sticks out from the rest as 

having honeycomb-like structures, with hexagonal channels. Most of the structures in the CPO-

27 family are adopting the same topology and SBUs, whilst there are a few structures that are 

not following this topology and SBU (Figure 3.6). There is a link between these rod-like 

geometries, and its associated nets in terms of the lack of interpenetrated structures and this 

due to their short periodicity of the SBU thus it is said to be “forbidden catenation”.3,4 Other 

reasons include (i) robust and rigid in nature (based on supramolecular interactions preventing 

the framework from collapsing even if the void space is large), (ii) some topologies are innately 

non-interpenetrating, (iii) the application of various reaction conditions, i.e., different solvents, 

conditions, and template effects affect the product and (iv) adding bulky functional groups to 

produce steric hindrance in organic units.2-4 It so happens that sometimes neither the above 

mentioned play a role, i.e., a non-interpenetrated framework can be created out of an 

interpenetrated one. This entails the rearrangement that produces a new SBU and proceeds in 

a single crystal to single crystal (SCSC) manner. 

 

 

Figure 3.6. Illustration of the MOF-74/CPO-27-like structures. (a) and (b) are examples that can be found in this 

family that does not have a single example of an entangled MOF. 

 

 

3.3. Search For Entangled MOF (using selected ConQuest search criteria). 

 

The next step was to search each MOF family for entangled structures using ConQuest search 

criteria and then comparing the resulting hitlists to these obtained from the manual searches. 

ConQuest provides an option to search for structures based on defined distances between one 

point (atom or centroid) and another (atom or centroid). Furthermore, the distances may be 

defined as intramolecular, intermolecular or both (both may be present in one structure). In 

fact, searches for non-bonded intermolecular interaction between any two types of atoms 
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should also yield entangled MOFs, if ConQuest recognizes a framework, which is a 

coordination polymer, as a single molecular entity. Unfortunately, it was found that the search 

program does not recognize a single framework as a single molecular entity because the 

intermolecular search option identified non-bonded contacts within the same coordination 

polymer, i.e., intramolecular distances, and as a result also yielded non-entangled structures in 

the resulting list. Note that "contacts" has a relaxed definition in that an interaction is not 

necessarly implied; rather, it merely finds atoms/centroids within a certain distance or distance 

range.  

 

Searching by metal···metal distances for entangled structures was not very successful in terms 

of discriminating between entangled and non-entangled structures. This could be due to the 

intraframework distances also being identified. It was then decided to use hydrogen bonding, 

C-H··· and ··· interactions as search criteria since these interactions may occur to a greater 

degree between frameworks as compared to within the same framework. The donor···acceptor, 

donor···centroid and centroid···centroid distance ranges for the hydrogen bonding, C-H··· and 

··· interactions, respectively, were guided by the criteria used by the program PLATON in 

identifying these interactions.  

 

 

3.3.1. Hydrogen Nonbonding “D−H···A” Interactions 

 

Hydrogen bonds are electrostatic in nature, and their strengths range from 1-30 kcal/mol 

depending on the electronegativity of the donor and acceptor atoms and the geometry of the 

hydrogen bond i.e., the donor···acceptor distance and donor−H···acceptor angle. There are a 

number of different hydrogen bond motifs that may be present in crystal structures (Figure 

3.7). Using the simple motif as a search criterion may identify structures containing the other 

or more complex motifs as well. 
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Figure 3.7. Schematic illustration of a range of different hydrogen bond motifs that may be present in crystal 

structures. 

 

PLATON uses the van der Waals radii (also referred to as the contact radii) of the atoms, where 

these are involved in the non-bonded interactions (Table 3.3). For example, one of the criteria 

for identifying a hydrogen bond is that the donor atom (D) to acceptor atom (A) distance is 

within d(D···A) < R(D) + R(A) + 0.50 Å, where R is the van der Waals radius of the atom. In 

this search the donor atoms considered were C, N and O and the acceptor atoms were N, O, S, 

F, Cl and Br (Table 3.4). Based on the van der Waals radii of these donor and acceptor atoms 

the maximum distances for each unique combination of donor and acceptor atoms range from 

3.54 Å (O···O) to 4.05 Å (C···Br). These are maximum distances for the identification of 

hydrogen bonding interactions, the most prevalent distances for each contribution being 

significantly shorter. For example, the most prevalent donor-to-acceptor distances for O-H···O 

hydrogen bonding interactions fall in the range 2.7-2.8 Å when analyzing the CSD full MOF 

subset.8 PLATON does not specify a minimum distance for D···A interactions, but for this 

search it was set to be 2.3 Å (~0.5 Å less than the most prevalent distance range for O···O 

interactions), whilst the maximum distance was relaxed to 5 Å in order to include entangled 

structures which may not have these interactions between frameworks. The second and third 

hydrogen bonding criteria that must also be present for PLATON to identify these interactions, 

relate to the hydrogen atom to acceptor atom distance (d(H···A) < R(H) + R(A) − 0.12 Å) and 

the hydrogen bond angle (D-H···A > 100o). However, these criteria were not included in the 

searches in order for the latter to be less restrictive. 

 

 

 

 

 

 



 
 

 

71 
 

Table 3.3. van der Waals or contact radii used by PLATON.5-8 

 

Elements C H F N O S Cl Br 

Radius (Å) 1.70 1.20 1.47 1.55 1.52 1.80 1.75 1.85 

 

 

Table 3.4. Donor to acceptor distances (in Å) based on d(D···A) < R(D) + R(A) + 0.50 Å. 

Donor   

Acceptor C N O 

F 3.67 3.52 3.49 

N 3.75 3.6 3.57 

O 3.72 3.57 3.54 

S 4 3.85 3.82 

Cl 3.95 3.8 3.77 

Br 4.05 3.9 3.87 

 

 

Each MOF family subset was searched using the D···A distance criterion (2.3 – 5Å), the results 

of which were compared with the reduced lists containing the entangled MOFs established by 

the manual inspection (Table 3.5).The Zn-Oxide family has the largest number of entangled 

MOF structures of the seven families with 174 structures that were found from the search 

criterion followed by the Cu–Cu paddle-wheeled family with 35 structures, the Zr-Oxide 

family with 15 structures and finally the IRMOF-1-like family with a total number of 9 crystal 

structures that are entangled and (column 4 in Table 3.5).  

 

The success of the search criteria was defined in two ways. Firstly, expressing the number of 

entangled structures found in the search results as a percentage of the total number of MOF 

structures in this list, gives the degree of success of the search criteria in terms of discriminating 

between entangled and non-entangled structures (column 5 in Table 3.5). Secondly, the 

number of entangled structures found in the search results expressed a percentage of the 

number of entangled structures found by manual inspection, i.e., the true number of entangled 

structures (column 6 in Table 3.5). 

 

Using the first success rate indicator, the Zr-oxide MOF family had the highest percentage of 

entangled structures (16%) and the Cu–Cu paddle-wheeled MOF the family had the lowest 

(3.0%), showing that the search criterion had the most and least success to discriminate 

behaviour entangled and non-entangled structures for these two families, respectively (column 
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5 in Table 3.5). The second success rate indicator (column 6 in Table 3.5) shows the distance 

criterion was most successful in finding the entangled structures in the Zn-oxide MOF family 

(73%) and least successful in the findings of the IRMOF-1-like family (22%). 

 

 

 

Table 3.5. Comparison of entangled structures found using hydrogen bonding search criteria 

with those found by manual inspection. 

MOF Family Entangled 

structures 

from 

manual 

inspection 

reference 

list. 

Percentage 

of 

entangled 

structures 

found by 

manual 

inspection. 

No. of 

structures 

in list 

generated 

from 

search. 

(2.3 – 5Å) 

No. of 

entangled 

structures 

in search 

list. 

(2.3 – 5Å) 

Percentage 

Entangled 

in search 

list. 

Percentage of 

search list 

entangled 

structures 

with respect 

to those found 

by manual 

inspection. 

Average 

percentage. 

Zr-Oxide 34 5.2 93 15 16 44 30 

Zn-Oxide 238 4.1 4237 174 4.1 73 38.6 

IRMOF-1-

like 

41 7.1 174 9 5.2 22 13.6 

Cu-Cu 

Paddlewhee

l 

71 3.7 1166 35 3.0 49 26 
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3.3.2. Pi−Pi (π–π) Interactions 

 

Aromatic pi–pi interactions are important interactions to consider since many MOFs have 

linkers with aromatic rings. Pi–pi interactions can be classified as sandwich, T-shaped or 

parallel-displaced depending on the relative orientation and displacement of the two aromatic 

rings. PLATON identifies aromatic pi-pi ring interactions when Cg···Cg 6.0 Å, where Cg refers 

to the center of gravity of the aromatic ring.9-11 In this search only “center of gravity···center 

of gravity” (Cg···Cg) distances in the range 0−6 Å were considered and not the relative 

orientations of the aromatic rings (Figure 3.8), even though PLATON has additional criteria 

for the latter in its identification of aromatic pi–pi interactions. 

 

 

Figure 3.8. Schematic illustration of the different types of non-contact π–π interactions that may be found in MOF 

crystal structures. 

 

The MOF family subset subgroups were searched using Cg···Cg distance criterion (0-6Å), the 

findings of which were compared to the reduced lists containing the entangled MOFs 

established by the manual inspection. The Zn-Oxide family has the largest number of entangled 

MOF structures of the seven families with 79 structures that were found from the search 

criterion followed by the Cu–Cu paddle-wheeled family with 32 structures, the Zr-Oxide 

family with 14 structures and finally the IRMOF-1-like family with a total number of 7 crystal 

structures that are entangled and (column 4 in Table 3.6).  

 

The success of the search criteria was defined in two ways. Firstly, expressing the number of 

entangled structures found in the search results as a percentage of the total number of MOF 

structures in this list, gives the degree of success of the search criteria in terms of discriminating 

between entangled and non-entangled structures (column 5 in Table 3.6). Secondly, the 

number of entangled structures found in the search results expressed a percentage of the 

number of entangled structures found by manual inspection, i.e., the true number of entangled 

structures (column 6 in Table 3.6). 
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Using the first success rate indicator, the Zr-oxide MOF family had the highest percentage of 

entangled structures (35%) and the Zn-oxide MOF the family had the lowest (3.8%), showing 

that the search criterion had the most and least success to discriminate behaviour entangled and 

non-entangled structures for these two families, respectively (column 5 in Table 3.5). The 

second success rate indicator (column 6 in Table 3.5) shows the distance criterion was most 

successful in finding the entangled structures in the Cu-Cu Paddlewheel MOF family (45%) 

and least successful in the of the IRMOF-1-like family (17%). 

Table 3.6. Comparison of entangled structures found using π···π interactions search criteria 

with those found by manual inspection. 

MOF Family Entangled 

structures 

from 

manual 

inspection 

reference 

list. 

Percentage 

of 

entangled 

structures 

found by 

manual 

inspection. 

No. of 

structures in 

list generated 

from search. 

(0 - 6 Å) 

No. of 

entangled 

structures in 

search list. 

(0-6Å) 

Percentage 

entangled 

in search 

list. 

Percentage 

of search 

list 

entangled 

structures 

with 

respect to 

those found 

by manual 

inspection. 

Average 

percentage. 

Zr-Oxide 34 5.2 40 14 35 41 38 

Zn-Oxide 238 4.1 2065 79 3.8 33 18.4 

IRMOF-1-

like 

41 7.1 108 7 6.5 17 11.8 

Cu-Cu 

Paddlewheel 

71 3.7 528 32 6.1 45 25.6 
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3.3.3. C–H⋯π Weak Interactions 

 

The third set of criteria for intermolecular interactions was created, C–H⋯π interactions. The 

search was conducted on a range of distances from 1.8 Å -3 Å between hydrogen atom and the 

aromatic ring’s centroid, this distance was adopted from Kumar and Balaji 2014 paper on C-

H…pi interactions.8 

 

 

Table 3.7. Comparison of entangled structures found using C–H⋯π interactions search criteria 

with those found by manual inspection. 

MOF 

Family 

Entangled 

structures 

from 

manual 

inspection 

reference 

list. 

Percentage 

of entangled 

structures 

found by 

manual 

inspection. 

No. of 

structures 

in list 

generated 

from 

search. 

(1.8-3Å) 

No. of 

entangled 

structures 

in search 

list. 

(1.8-3Å) 

Percentage 

entangled in 

search list. 

Percentage 

of search 

list 

entangled 

structures 

with respect 

to those 

found by 

manual 

inspection. 

Average 

percentage. 

Zr-Oxide 34 5.2 12 6 50 18 34 

Zn-Oxide 238 4.1 890 31 3.5 13 8.3 

IRMOF-1-

like 

41 7.1 53 2 3.8 4.9 4.4 

Cu-Cu 

Paddlewhe

el 

71 3.7 204 12 5.9 17 11.5 
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Each MOF family subset subgroups was searched using the C–H⋯π distance criterion (1.8 -3 

Å), these findings were compared with the reduced lists containing the entangled MOFs 

established by the manual inspection (Table 3.5). The Zn-Oxide family has the largest number 

of entangled MOF structures of the seven families with 31 structures that were found from the 

search criterion followed by the Cu–Cu paddle-wheeled family with 12 structures, the Zr-Oxide 

family with 6 structures and finally the IRMOF-1-like family with a total number of 2 crystal 

structures that are entangled and (column 4 in Table 3.7).  

The success of the search criteria was judged based on two ways. Firstly, expressing the number 

of entangled structures found in the search results as a percentage of the total number of MOF 

structures in this list, gives the degree of success of the search criteria in terms of discriminating 

between entangled and non-entangled structures (column 5 in Table 3.7). Secondly, the 

number of entangled structures found in the search results expressed a percentage of the 

number of entangled structures found by manual inspection, i.e., the true number of entangled 

structures (column 6 in Table 3.7). 

Using the first success rate indicator, the Zr-oxide MOF family had the highest percentage of 

entangled structures (50%) and the Zn-oxide MOF the family had the lowest (3.5%), showing 

that the search criterion had the most and least success to discriminate behaviour entangled and 

non-entangled structures for these two families, respectively (column 5 in Table 3.7). The 

second success rate indicator (column 6 in Table 3.7) shows the distance criterion was most 

successful in finding the entangled structures in the Zr-oxide MOF family (18 %) and least 

successful in the of the IRMOF-1-like family (4.9%). 

3.4. Selected examples of structural and property differences between 

entangled MOFs and their isostructural counterparts for each of the four 

MOF families. 

Entanglement in MOFs results in an increase in pore surfaces, potential flexibility of the 

frameworks, and may come with improved properties. The significant differences in properties 

of entangled and non-entangled structures warrants a need to be able to search the CSD for 

entangled MOF structures due their porous nature, thermal stabilities, liquid, and gas sorption 

capacity. Figure 3.9 and Table 3.8 show examples of entangled and their non-entangled 

counterparts belonging to four of the seven families, investigated in this chapter, which showed 

any entanglement. 
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Figure 3.9. Examples of (a) entangled MOFs and their isoreticular (b) non-entangled counterparts, from left to 

right, are examples of Zr-Oxide, Zn-Oxide, IRMOF-1-like and Cu-Cu Paddlewheel family, respectively.  

 

 

 

3.4.1. Thermal Stability (Decomposition, Crystallinity With Temperature) 

 

For many MOF structures, thermogravimetric analysis (TGA) data are available. TGA 

experiments measure mass loss in a sample as it is heated at a constant rate in a specific 

atmosphere. For MOFs, this typically occurs in several distinct steps, beginning with 

desolvation at relatively low temperatures and progressing to extensive mass loss at the 

temperature of decomposition. Assuring the thermal stability of MOFs after desolvation is 

important for guiding their activation protocols for sorption studies, thus without variable-

temperature powder X-ray diffraction (VT-PXRD) one is limited in formulating the activation 

protocols of these MOFs. 

 

For the Zirconium-oxide family isoreticular structures RUDFII (non-entangled) and RUDGIJ 

(entangled) there was no TGA information available. The Zinc oxide family shows that 

SADDOU and SADFAI showed decomposition temperatures of 400 °C and 450 °C 

respectively. The IRMOF family shows 440 °C and 365 °C for non-entangled NACZUP and 

entangled NACXIB01 structures, respectively. And the last family Cu–Cu paddle-wheeled the 

decomposition temperatures for non-entangled NIBHOW is 350 °C and entangled ACUFEK  

250 °C (Table 3.8). Looking also at their nature, the entangled MOFs based on the TGAs 
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provided they are more thermally stable than the other group. It should be highlighted that 

determining a material's thermal stability requires more information than just TGA data. That 

is, structural changes that take place in the absence of mass loss are not picked up by the 

method. Amorphization or framework collapse, phase transitions, or melting are examples of 

these processes thus the need for VT-PXRD. In all of these selected MOF structures in each of 

the four MOF families, such a study was not carried out thus one can not only conclude based 

on TGA alone that the entangled structures are more stable than their counterparts. 

Table 3.8. Summary of TGA data for the selected structurers in each family. 

Family Structure Type Decomposition 

temperatures (°C) 

Zirconium Oxide RUDGIJ Entangled -a

RUDFII non-entangled -a

Zinc Oxide SADFAI Entangled 450b 

SADDOU non-entangled 400b 

IRMOF-1-like NACXIB01 Entangled 365b 

NACZUP non-entangled 440b 

Cu–Cu paddle-

wheeled 

ACUFEK Entangled 250b 

NIBHOW non-entangled 350b 

a data not available b Values were read off from thermograms provided original article authors by the author of this thesis. 

3.4.2. Structural Void Fraction 

When researchers find a novel structure or material, they often initially look for fundamental 

descriptors, which are the traditional characteristics. For MOFs, this would be the void fraction, 

largest cavity diameter (LCD), and pore limiting diameter (PLD), and of each structure. One 

of the first structural characteristics to predict the sorption properties of a MOF is to assess its 

void fraction.  

In the Zircoium-oxide family isoreticular structures RUDFII (non-entangled) and RUDGIJ 

(entangled) showed calculated void fractions of 75.9% and 64.7% respectively. The Zinc oxide 

family shows that SADDOU and SADFAI showed calculated void fractions of 83.8% and 

68.8% respectively. The IRMOF-1-like family shows 83.8% and 19.3% for non-entangled 

NACZUP and entangled NACXIB01 structures, respectively. And the last family Cu–Cu 

paddle-wheeled the calculated void fraction for non-entangled NIBHOW is 87.1% and 

entangled ACUFEK 71.8% (Table 3.9). Looking also at their nature, the entangled MOFs 

based on the TGAs provided they are more thermally stable than the other group. 

Although these this data points out that non-entangled calculated void fractions are greater 

than that of the entangled structures, it is to be expected since the void space decreases with 

entanglement. However, the experimental data for gas and liquid sorption is different due to 
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the entangled structures being flexible to accommodate more gas than the calculated void 

space. 

Table 3.9. Summary of the calculated void fractions for the selected structurers in each family. 

Family Structure Type Void 

Fraction 

Zirconium Oxide RUDGIJ Entangled 64,7 

RUDFII non-entangled 75,9 

Zinc Oxide SADFAI Entangled 68,8 

SADDOU non-entangled 83,8 

IRMOF NACXIB01 Entangled 19,3 

NACZUP non-entangled 46,1 

Cu–Cu paddle-wheeled ACUFEK Entangled 71,8 

NIBHOW non-entangled 87,1 

3.4.3. Difference In Sorption Properties 

The most crucially important role in the use of energy resources is played by gas storage.  Both 

toxic gases (CO and NH3) and the aforementioned energy-related gases (CO2, H2, and CH4) 

are covered. The nature of the MOF itself also plays a role in the efficient storage of such 

materials. Based on Table 3.9, the examples given suggests that entangled MOFs decreases 

gas sorption as due to decreased void space. 

Table 3.10. Summary of liquid and gas sorption. 

Family Structure N2 sorption 

(cm3 g−1) 

BET (Langmuir) 

surface area (m2/g) 

H2 

sorption 

(cm3 g−1) 

CO2 

sorption 

(cm3 g−1) 

CH4 

sorption 

(cm3 g−1) 

Zirconium Oxide RUDGIJ 

Entangled 

490 1973 (2191) − − − 

RUDFII 

Non-Entangled 

590 2256 (2585) − − − 

Zinc Oxide SADFAI 

Entangled 

435 1610 199 45 11 

SADDOU 

Non-Entangled 

1103 3200 (3970) 154 21 12 

IRMOF-1-like NACXIB01 

Entangled 

− − − − − 

NACZUP 

Non-Entangled 

− − − − − 

Cu–Cu paddle-

wheeled 

ACUFEK 

Entangled 

− 2700 394 − − 

NIBHOW 

Non-Entangled 

− 3800 919 − − 

− Not available
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3.5. Discussion and Conclusion 

The purpose of this study was to evaluate the created criteria to effectively locate entangled 

structure and comparing the manual searches conducted on all the families. The results 

demonstrate that only 30% of structures on average for the Zr-oxide family that were identified 

were discovered to be entangled as a measure of success. A total of 38% of these structures for 

the Zn-oxide family were recovered. The IRMOF-1-like family showed an average of 13.6% 

and Cu-Cu paddlewheel family 26% using the developed criteria for hydrogen non-bonding 

interactions “D−H···A” (column 7 in Table 3.5). 

The predominant family in the search for entangled structures for hydrogen non-bonding 

interactions is the Zn-oxide family, followed by Zr-oxide family. The third family is the Cu-Cu 

paddlewheel family, and the last one is IRMOF-1-like family. 

Using the developed criteria for π···π nonbonding interactions, an average of 38% structures 

for the Zr-oxide family was recovered. The other families such as Zn-oxide family showed an 

average of 18.4 %, the IRMOF-1-like family showed an average of 11.8 %. And this search 

criterion Cu-Cu paddlewheel family was the runner up with 25.6 % structures on average were 

found (column 7 in Table 3.6). 

The last search criterion C–H⋯π weak contacts interactions produced 34% of the expected 

structures for Zr-oxide family, and 8.3 % for the Zn-oxide family. The search criterion 

demonstrated a search potential of 4.4 for the IRMOF-1-like family and 11.5 % for the Cu-Cu 

paddlewheel family (column 7 in Table 3.7). Although efficacy of each search criterion form 

can be observed. 

In the case of the π···π nonbonding interactions and C–H⋯π weak contacts interactions the 

predominant family in the search for entangled structures is the Zr-oxide family, followed by 

Cu-Cu paddlewheel family. The third family is the Zn-oxide family, and the last one is IRMOF-

1-like family.
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CHAPTER 4 

The synthesis, characterisation and application of novel Cu-based 2-periodic, isoreticular 

metal-organic frameworks are presented in this chapter. The solvents employed were N,N’-

dimethylformamide, N,N’-diethylformamide, and water. Thermal analysis (HSM, DSC and 

TGA) and X-ray diffraction (SCXRD, PXRD, and VT-PXRD) were used to comprehensively 

characterize the MOFs. The analytical findings for each MOF are discussed in sections of the 

chapter that are split according to each characterisation approach. The porosities of the MOFs 

were investigated by assessing their ability to sorb various gases and water vapour.  

4.1.  Synthesis 

4.1.1. [Cu2(hfipbb)2(DMF)2]n·n(DMF)4 (1) 

The ligand 4,4’-(hexafluoroisopropylidene)bis(benzoic acid) (H2hfipbb) (38 mg, 0.10 mmol) 

was dissolved in 3 mL N,N’-dimethylformamide (DMF). In a separate vial, copper(II) nitrate 

hemi(pentahydrate) (29 mg, 0.12 mmol) was dissolved in 1.5 mL methanol.  Both solutions 

were warmed with stirring and the resulting clear solutions were mixed together in glass vials, 

capped and sealed with Parafilm. The solution was heated under autogenous pressure to 90 °C 

for 12-14 hours.  These were then allowed to cool slowly to room temperature, producing 

turquoise single crystals of 1 (also referred to as MOFDMF(NIP)). 

4.1.2. [Cu(hfipbb)(DEF)]n·n(DEF)2 (2) 

The ligand 4,4′-(hexafluoroisopropylidene)bis(benzoic acid) (38 mg, 0.10 mmol) was 

dissolved in 3 mL of N,N’-diethylformamide (DEF). In a separate vial, copper(II) nitrate 

hemi(pentahydrate) (29 mg, 0.12 mmol) was dissolved in 1 mL of water and added to the ligand 

solution. The solution was capped and heated to 90 °C for 6-7 hours, after which it was allowed 

to cool slowly to room temperature, yielding block-shaped blue single crystals of 2 (also 

referred to as MOFDEF(NIP)). 

4.1.3. [Cu2(hfipbb)2(H2O)2]n
 (3)

MOFH2O(NIP) was synthesised by submerging newly synthesized crystals of MOFDMF 

(NIP) in water for 7 days at room temperature. However, there was too much crystal fracturing 

for single crystal X-ray data collection. Instead, the PXRD patterns of the material was 

recorded and compared with the PXRD pattern of the original crystals of MOFDMF(NIP). 

The synthetic protocols of the three MOF are summarised in scheme 4.1. 
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Scheme 4.1. Schematic diagram for synthesis of [Cu2(hfipbb)2(DMF)2]n·n(DMF)4 (1),         

[Cu(hfipbb)(DEF)]n· n(DEF)2 (2) and [Cu2(hfipbb)2(H2O)2]n (3). 
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4.2.  Single Crystal X-ray Diffraction 

The synthesized novel 2-periodic, copper-based non-interpenetrated MOF, with the formula 

[Cu2(hfipbb)2(DMF)2]n·n(DMF)4 (1) named in this thesis MOFDMF(NIP), is isoreticular to 

Chatterjee et al.1 copper-based interpenetrated [Cu(hfipbb)(DMF)]n·n(DMF)0.5 MOF named in 

this thesis MOFDMF(IP) 

 

4.2.1 Structure Solution and Refinement 

A single crystal of each MOF compound, crystal MOFDMF(NIP) was selected from the mother 

liquor and mounted using a cryoloop and Paratone N oil. Data collection was carried out on a 

Bruker D8 Venture diffractometer using Mo Kα (λ = 0.71073 Å) radiation (the single crystal 

X-ray data collection procedure is outlined in section 2.3.1 check details given in chapter 2). 

The crystal and refinement data are presented in Table 4.1. 

Table 4.1. Crystal and refinement data for MOFs MOFDMF(NIP). 

 MOFDMF(NIP) 

ASU formula C26H29CuF6N3O7 

Formula weight 673.06 

Temperature / K 100(2) 

Crystal system monoclinic 

Space group P21/c 

a / Å 25.9078(12) 

b /Å 10.5945(4) 

c / Å 24.3823(10) 

α / ° 90 

β / ° 116.3230(10) 

γ / ° 90 

Volume / Å3 5998.5(4) 

Z 8 
ρcalc / g cm-3 1.491 

μ / mm-1 0.813 

F(000) 2760.0 

Crystal size/ mm3 0.40 × 0.16 × 0.02 

Radiation MoKα (λ = 0.71073) 

 2 range for data                        collection / ° 3.342 to 55.174 

Index ranges -33 ≤ h ≤ 33, -13 ≤ k ≤ 13, -31 ≤ l ≤ 31 

Reflections collected 398663 

Independent reflections 
13871 [Rint = 0.0911, Rsigma = 0.0275] 

Data/ restraints/ parameters 13871/210/787 

Goodness-of-fit on F2 1.209 

Final R indexes [I>=2σ (I)] R1 = 0.0845, wR2 = 0.1733 

Final R indexes [all data] R1 = 0.0940, wR2 = 0.1778 

Largest diff. peak/hole / e Å-3 
2.32/-0.90 
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4.2.2. Structure Analysis of: 

[Cu2(hfipbb)2(DMF)2]n·n(DMF)4 (1) 

Single crystal X-ray diffraction analysis reveals that compound MOFDMF(NIP) crystallizes in 

the monoclinic crystal system, in the space group of P21/c (Table 4.1). The asymmetric unit 

(ASU) (Figure 4.1) consists of two crystallographically independent Cu2+ metal ions, two 

coordinated DMF molecules, four uncoordinated DMF molecules and, two fully deprotonated 

4,4'-(hexafluoroisopropylidene)bis(benzoic acid) (hfipbb) ligands.  

Each Cu2+ metal ion center adopts a square pyramidal geometry resulting from four different 

carboxylate oxygen atoms (O1, O2, O3 and O4) from one unique ligand and one oxygen atom 

(O1S) from the ligated solvent DMF molecule occupying the axial position. The metal ions 

form Cu⋯Cu paddlewheels (2.6115(11) Å) secondary building units (SBUs) involving two 

Cu2+ ions and eight oxygen atoms of the hfipbb ligands in a bridging, bidentate fashion. The 

coordination extends into a 2-periodic framework, which is non-interpenetrated, and forms 

diamond-shaped channels down the b-axis. Each 2-periodic framework contains one of the 

Cu2+ ions, hfipbb ligands and coordinated DMF molecules, resulting in adjacent frameworks 

being crystallographically unique. 

A list of the unique C–O and Cu–O bond lengths are given in Table 4.2, which are in the 

expected range.2 The equal length of C1A–O1A, C1A–O2A are 1.266(5) and 1.255(5) Å, 

respectively, whereas a C=O and C–O bond distance would be closer to 1.2 Å and 1.3 Å, 

respectively, in a carboxylic acid group that is not deprotonated.2  The near C–O bond length, 

indicating that the carboxylic acid group are deprotonated, are as a result of the delocalization 

of the negative charge. 
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Figure 4.1. Labelled ASU and full coordination sphere around the Cu2+ ion of MOFDMF(NIP). Hydrogen atoms 

have been omitted for clarity. 
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Table 4.2. List of bond lengths and Cu⋯Cu distances involving Cu2+ metal cations of MOFDMF(NIP). 

Bond Length (Ǻ) 

Cu1⋯Cu1 2.6115(11) 

Cu2⋯Cu2 2.6204(11) 

Cu1–O1A 1.950(3) 

Cu1–O2A 1.970(3) 

Cu1–O3A 1.969(3) 

Cu1–O4A 1.949(3) 

Cu1–O1S1 2.121(4) 

Cu2–O1B 1.965(3) 

Cu2–O2B 1.964(3) 

Cu2–O3B 1.965(3) 

Cu2–O4B 1.962(3) 

Cu2–O1S2 2.130(3) 

C1A–O1A 1.266(5) 

C1A–O2A 1.255(5) 

C1B–O1B 1.268(6) 

C1B–O2B 1.247(6) 

4.2.3. Crystal Packing and Void Space Analysis of MOFDMF(NIP) 

The extended structure of MOFDMF(NIP) reveals that the oxygen atoms of the ligand 

carboxylate groups, join the nearby SBUs to create a 2-periodic layer in the bc plane (Figure 

4.2). When viewed perpendicular to the c-axis, the layer appears as a zigzag chain (Figure 4.3), 

whereas when viewed along the b-axis, it appears as a ladder with 1D channels. Two of the 

unique uncoordinated DMF molecules fill the diamondoid voids created by 1D channels. 

Along the a-axis, these layers are neatly layered one on top of the other. 
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Figure 4.2. Packing diagram of MOFDMF(NIP) along the crystallographic b-axis showing an edge-on view of 

the 2-periodic frameworks. Diamondoid channels contain DMF solvent molecules. 
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Figure 4.3.: Side (c-axis) view of 2D network layer appears as a ladder chain. 

 

The other two unique uncoordinated DMF solvents molecules are found between stacked 2D 

frameworks (Figure 4.4). Deletion of the uncoordinated solvent molecules’ coordinates reveals 

a contact surface potential void space of 39 % of the unit cell and total potential solvent volume. 

This void space also includes the space between adjacent 2-periodic frameworks that was 

occupied by two unique uncoordinated DMF molecules. Thus, it is likely that the 2-periodic 

frameworks will move closer to each other once this solvent is removed (Figure 4.4). This is 

consistent with what was observed by Chatterjee et al. for MOFDMF(IP) where relative 

movements of the 2D frameworks were deduced by using a set of planes as a reference point 

with respect to the location of the trifluoromethyl groups of the 2D layers.1 
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Figure 4.4. View of the contact surface potential void space along the (a) b- and (b) c-axes indicating 1D channels 

down each of these directions.  The blue molecules indicate solvents in between the 2-periodic layers 

and the light blue molecules indicate solvents inside diamond-shaped channels along the (c) b- and (d) 

c-axis.

The 2-periodic frameworks are non-interpenetrated as revealed by colour-coding of individual 

frameworks in Figure 4.5. The independent nets then stack on top of one another via 

supramolecular interactions to create a layered structure. The interlayer stacking distance is 

approximately half of a-axis, 12.954 Å 2D layer lying in the (200) hkl-planes. The intralayer 

metal---metal distance is half of c axis, 12.191 Å, arranged in the (002) hkl-planes (Figure 

4.6). 
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Figure 4.5. Packing diagram of MOFDMF(NIP), colour-coding of individual frameworks show that the structure 

is non-interpenetrated. 

 

 

 

Figure 4.6. Crystal structure of MOFDMF(NIP) stacking layers viewed down b-axis, (a) the blue line shows the 

interlayer stacking distances of approximately12.954 Å and intralayer space metal---metal distance is 

12.191 Å green line. 
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4.3. Hydrogen Bonding 

Intermolecular hydrogen bonding consists of solvent···framework, framework···solvent 

interactions (no interframework hydrogen bonding is present) in hydrogen bonding. The first 

set of hydrogen bonding is C3S1–H3SC···F9 and C3S2–H3SE···F4A which are from ligated 

solvent···framework interactions. The second set of hydrogen bonds C7A–H7A···O1S5 and 

C2S6–H2SR···F7, which are two set of interactions are from framework and solvent between 

layers···framework interactions, respectively. The last interaction is C4B–H4B···O1S4, which 

is a framework···solvents interactions, and all of these are shown in Figure 4.7 and only shows 

intermolecular hydrogen bonding although intramolecular hydrogen bonding are also present 

as shown in Table 3.  

Notably, the majority of intra- and intermolecular interactions are C-H∙∙∙Ac interactions, where 

Ac = F ad O (Table 4.7). Based on the data provided, solvent with the suffix “S3” (solvent 

inside the channel) shows no interaction of hydrogen bonding.  

Figure 4.7. Hydrogen bonding in the structure of MOFDMF(NIP) showing uncoordinated DMF molecules 

interacting with the framework. 
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Table 4.3. Summary of hydrogen bond parameters in the crystal structure of MOFDMF(NIP). The 

intramolecular hydrogen bonds are indicated, and the important intermolecular hydrogen bonds 

are indicated by an asterisk. 

Donor–H···Acceptor H···A(Å) D···A (Å) D – H···A (°) Symmetry  

operators 

C1S1–H1S1···O2A 

(intra) 

2.55 3.144(7) 120 -x, 2-y, 1-z 

C2S1–H2SC···O1S1 

(intra) 

2.40 2.781(10) 103  

C4B–H4B···F8 

(intra) 

2.54 2.960(6) 107  

*C4B–H4B···O1S4 2.53 3.256(9) 134  

C6A–H6A···F1A 

(intra) 

2.39 3.023(7) 124  

C6B–H6B···F11 

(intra) 

2.49 2.920(6) 107  

C6B–H6B···F12 

(intra) 

2.38 3.001(6) 123  

*C3S1–H3SC···F9 2.47 3.369(15) 152 -x,1-y,1-z 

*C7A–H7A···O1S5 2.58 3.294(9) 132 x, 1+y, z 

*C2S2–H2SE···O1B 2.42 3.345(11) 156 1-x, 1-y, 1-z 

*C3S2–H3SE···F4A 2.44 3.258(13) 141 1-x, 1-y, 1-z 

C16A–H16A···F4A 

(intra) 

2.29 2.946(6) 126  

C16B–H16B···F7 

(intra) 

2.40 3.032(6) 124  

C2S3–H2SI···O1S3 

(intra) 

2.40 2.792(16) 104  

C2S4–H2SJ···O1S4 

(intra) 

2.38 2.784(13) 104  

C2S6–H2SP···O1S6 

(intra) 

2.34 2.757(11) 105  

*C2S6–H2SR···F7 2.46 3.292(8) 142 x, 1+y, z 
*These marked interactions are intermolecular interactions, specifically framework···framework or to solvent and 

solvent···solvent. 
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4.4. Powder X-Ray Diffraction 

The crystals of MOFDMF(NIP), prepared under solvothermal conditions, were ground to a fine 

powder then subjected to PXRD analysis. The PXRD pattern of as-synthesized non-

interpenetrated crystals of MOFDMF(NIP) obtained from this sample was then compared to its 

calculated PXRD pattern, Mercury based on the single crystal structure of MOFDMF(NIP). The 

two PXRD patterns were a match to each other, confirming the bulk purity of the material. A 

high degree of crystallinity is indicated by distinct high peaks (relative to the background). 

MOF 1 will be referred to as MOFDMF non-interpenetrated (NIP) from here onward (Figure 

4.8). 

Figure 4.8. Calculated PXRD trace patterns of non-interpenetrated and the experimental PXRD patterns of 

MOFDMF(NIP) confirming bulk purity. 
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4.4.1. Variable-Temperature Powder X-Ray Diffraction Studies 

The crystals of MOFDMF(NIP) were ground, put on a sample holder and the temperature was 

then raised from 25 °C to 350 °C. The experiment was carried out at temperatures ranging from 

25 to 240 °C and results obtained between 100 °C and 275 °C demonstrate that the compound's 

crystallinity is maintained as the temperature rises (Figure 4.9).  

Figure 4.9. The PXRD patterns of as-synthesized crystal MOFDMF(NIP) and, non-interpenetrated DMF in blue 

(calculated) are compared to the variable-temperature PXRDs. VT-PXRD is also plotted (from orange to 

red colour). 

The crystallinity of MOFDMF(NIP) was evaluated using VT-PXRD under high vacuum and 

heating conditions, which are required for its activation in gas sorption studies. The calculated 

pattern was close to the PXRD pattern of MOFDMF(NIP) at 25 °C and ambient pressure. The 

broad peak at 7° 2θ (indicated by the shaded bar) is a sample-stage artifact (background 

scattering) that appears in all PXRD diffractograms (Figure 4.9). When subjected to vacuum 

at 25 °C in the calculated pattern, three peaks at 7.6, 9.24° and 11.04° 2θ peaks at 50 °C, shown 

by red-star symbol disappear suggesting structural changes.  

The appearance of a new peak at 12.2° 2θ peak at 50° to 125°C is shown by a black star, which 

indicates structural changes have occurred. Chatterjee et al. observed the same structural 

changes and concluded that this change was due to the layers shifting after the removal of 

solvent between the layers.1 
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Another change is indicated by the fourth red star, at 15.2° 2θ, at 200°C in the VT-PXRD 

pattern the intensity of this peak at 15.2° 2θ decreased as compared to other VT-PXRD patterns 

at lower temperatures and this suggests further structural changes such as the 2D layers shifting, 

moving closer to each other upon heating. Chatterjee et al. observed the same structural 

changes and concluded that this change was due to the layers shifting after the removal of 

solvent between the layers.1 

 

The 2-periodic layers shift, when the uncoordinated DMF molecules are removed. However, 

the loss of the metal coordinated DMF molecules does not drastically affect the relative 

positions of the 2-periodic layers, thus no major changes occur at higher temperatures in the 

PXRD patterns, and when the desolvated sample is exposed to air at room temperature, which 

will involve the readsorption of water molecules onto the unsaturated metal sites. The VT-

PXRD experiments attest to the thermal stability of the desolvated MOF crystals, with regards 

to crystallinity, at high temperatures and upon exposure to air (no vacuum) at room temperature. 

 

The sample kept its crystallinity even after being desolvated up to 350°C. The single crystal is 

an excellent representation of the bulk material because the calculated PXRD pattern of 

MOFDMF(NIP) and the observed pattern at 25 °C were a good match. MOFDMF(NIP) 

maintained its crystallinity up to 350°C after desolvation. The pattern shift at high temperatures 

suggests a structural alteration when the sample goes through desolvation MOFDMF(NIP). 

 

 

4.5. Thermal Analysis 

 

4.5.1. Hot Stage Microscopy (HSM) 

The thermal events that were observed in HSM experiments occurred at slightly different 

temperatures than those in the TG and DSC analyses due to differences in experimental 

set ups, nonetheless they correspond to those observed in the latter two techniques. 

Crystals of MOFDMF(NIP) were heated from 22 oC – 370 oC under silicone oil. Silicone 

oil was used so that the loss of solvent can be indicated by the formation of bubbles. 

The crystals began to change colour at 56oC to a lighter green colour, which is indicative 

start of desolvation (Figure 4.10.b). At about 159oC another colour change is observed, 

where the colour becomes distinctively opaque as the crystal loses solvent (supported by 

TGA), indicated by bubble (red circle in Figure 4.10.c). 

The crystal experiences another colour change, from a blue crystal to purple crystal, this 

indicates the loss of coordinated solvent (Figure 4.10.d). There after bubbles emerge, 

with the colour change suggesting the beginning of decomposition (Figure 4.10. e). The 

crystals disintegrate at 362oC, to a brown colour in combination with bubbles, indicate 

decomposition of the crystal. 
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Figure 4.10. HSM images of MOFDMF(NIP) at (a) 22oC, (b) 56oC, (c) 159oC, (d) 225oC, (e) 325oC, (f) 362oC.

4.5.2. Thermogravimetric and Differential Scanning Calorimetry Analysis 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to 

investigate the thermal stability of MOFDMF(NIP). The TGA thermogram of MOFDMF 

(NIP) shows a mass loss with distinct three mass losses (Figure 4.11.). The first mass loss is 

20.6% (calc. 21.7%) of uncoordinated solvent, between 100 oC – 150 oC, shortly it was followed 

by second mass loss of 10.4% (calc. 10.8%) ligated solvent, also between 200 oC – 275 oC with 

a total mass loss of up to 31.0%. Structural decomposition is indicated by the remainder of the 

TGA thermogram 350 oC unequivocal proof of the inclusion of the solvent molecules in the 

bulk sample. This findings alongside the crystal structure suggests that all the non-ligated 

solvents evacuate first then followed by the ligated. 

DSC analysis corroborates the mass losses observed in TGA as indicated by the endotherms in 

the range 20 °C – 400 °C. The DSC thermogram for MOFDMF(NIP) shows three different 

endotherms (Figure 4.11.). The first endotherm corresponds to uncoordinated solvent (DMF), 

with an onset temperature of 100oC and a peak temperature at 125oC. The second endotherm 

has an onset temperature of 200oC and a peak temperature of 225oC which corresponds to 

coordinated DMF. The third endotherm has an onset temperature of about 300oC and a peak 

temperature of 350oC, which corresponds with the onset of decomposition, as also indicated in 

the TG analysis. 
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Table 4.4. Summary of calculated and experimental mass losses and their associated temperature ranges 

for 1. 

 

 Calculated Mass loss (%) Experimental mass 

loss (%) 
Temperature range 

(°C) 

MOFDMF 

(NIP) 

Total = 32.6 

 

1st =21.7 

 

2nd =10.8 

Total = 31.0 

 

1st =20.6 

 

2nd =10.4 

 

 

1st = 35 – 87 

 

2nd =87 – 300 

 

 

 

Figure 4.11. Overlay of the TGA (red), TGA derivative (red) and DSC (black) thermograms for MOFDMF(NIP). 
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4.6.  Single Crystal X-ray Diffraction 

The synthesized novel 2-periodic, copper-based non-interpenetrated MOF, of the formula 

[Cu(hfipbb)(DEF)]n·n(DEF)2 (2) named in this thesis MOFDEF(NIP), is isoreticular to 

Chatterjee et al.1 copper-based interpenetrated [Cu(hfipbb)(DEF)]n named in this thesis 

MOFDEF(IP). 

 

4.6.1 Structure Solution and Refinement 

A single crystal of each MOF compound was selected, crystal MOFDEF(NIP) was selected 

from the mother liquor and mounted using a cryoloop and Paratone N oil. Data collections was 

carried out on a Bruker D8 Venture diffractometer using Mo Kα (λ = 0.71073 Å) radiation (the 

single crystal X-ray data collection procedure is outlined in section 2.3.1. check details given 

in chapter 2). The crystal and refinement data are displayed in Table 4.5. 

Table 4.5. Crystal and refinement data for MOFs MOFDEF(NIP). 

 MOFDEF (NIP) 

ASU formula C32H41CuF6N3O7 

Formula weight 757.22 

Temperature / K 100(2) 

Crystal system monoclinic 

Space group P21/c 

a / Å 13.3756(7) 

b /Å 10.6889(6) 

c / Å 24.1185(12) 

α / ° 90 

β / ° 100.543(2) 

γ / ° 90 

Volume / Å3 3390.0(3) 

Z 4 
ρcalc / g cm-3 1.484 

μ / mm-1 0.728 

F(000) 1572.0 

Crystal size/ mm3 0.46 × 0.25 × 0.04 

Radiation MoKα (λ = 0.71073) 

 2 range for data   collection / ° 4.18 to 54.388 

Index ranges -17 ≤ h ≤ 17, -13 ≤ k ≤ 13, -30 ≤ l ≤ 30 

Reflections collected 190658 

Independent reflections 7513 [Rint = 0.0624, Rsigma = 0.0183] 

Data/ restraints/ parameters 7513/252/446 

Goodness-of-fit on F2 1.034 

Final R indexes [I>=2σ (I)] R1 = 0.0824, wR2 = 0.2332 

Final R indexes [all data] R1 = 0.0958, wR2 = 0.2490 

Largest diff. peak/hole / e Å-3 1.18/-1.13 
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4.6.2. Structure Analysis of: 

 

[Cu(hfipbb)(DEF)]n·2(DEF)n (2) 

 

Single crystal X-ray diffraction analysis of MOF MOFDEF (NIP) revealed that the 

coordination polymer crystalized in the monoclinic crystal system, in the space group P21/c 

(Table 4.5.). The asymmetric unit (ASU) (Figure 4.12.) consists of one crystallographically 

independent Cu2+ metal ion, two uncoordinated DEF molecules and two coordinated DEF 

molecules, one completely deprotonated 4,4'-(hexafluoroisopropylidene)bis(benzoic acid) 

(hfipbb) ligand.  

 

The geometry of the Cu2+ metal ion is distorted square pyramidal, resulting from four different 

carboxylate oxygen atoms (O1, O2, O3 and O4) from the ligand and one oxygen atom (O1B) 

from the ligated solvent DEF molecule occupying the axial position. The Cu–Cu (Cu⋯Cu 

distance of 2.6115(11) Å) paddlewheel secondary building unit (SBU) involving two Cu2+ ions 

and eight oxygen atoms of the hfipbb ligands in a bridging, bidentate fashion. The coordination 

polymer extends into a 2-periodic framework, which is non-interpenetrated, and forms 

diamond-shaped channels down the b-axis. The 2-periodic framework contains one Cu2+ metal 

ion, hfipbb ligand and coordinated DMF molecules. 

 

A list of the unique C–O and Cu–O bond lengths are given in Table 4.6, which are in the 

expected range.2-4 The near equal C–O bond lengths, indicating that the carboxylic acid groups 

are deprotonated, are as a result of the delocalization of the negative charge. For example, the 

bond distance of C1L–O1L and C1L–O2L are (1.261(5) Å) and (1.259(5) Å), respectively, 

whereas a C=O and C–O bond distance would be closer to 1.2 Å and 1.3 Å, respectively, in a 

carboxylic acid group that is not deprotonated.2 

 

The unique Cu – O bonds have bond lengths ranging from 1.962(3) Ǻ to 2.121(3) Ǻ. The 

paddlewheel motif secondary building block (SBU), with a Cu1⋯Cu11 interatomic distance of 

2.6335(10) Ǻ and is made up of the neighboring tetragonal pyramids. Bond lengths and the 

spacing between Cu atoms in the complex are similar to those in the published literature.2,3  
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Figure 4.12. Labelled ASU and full coordination sphere around the Cu2+ ion of MOFDEF (NIP). Hydrogen 

atoms have been omitted for clarity. 

 

 

 

Table 4.6. List of bond lengths and Cu⋯Cu distances involving Cu2+ metal cations of MOFDEF (NIP). 

Bond Length (Ǻ) 

Cu1⋯Cu1 2.6335(10) 

Cu1–O1L 1.969(3) 

Cu1–O2L 1.964(3) 

Cu1–O3L 1.970(3) 

Cu1–O4L 1.962(3) 

Cu1–O1S1 2.121(3) 

C1L–O1L 1.261(5) 

C1L–O2L 1.259(5) 

C17L–O3L 1.257(6) 

C17L–O4L 1.255(6) 

C1S3–O1S3 1.290(15) 
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4.6.3. Crystal Packing and Void Space Comparison: 

 

The extended structure of MOFDEF(NIP) reveals that the oxygen atoms of the ligand 

carboxylate group join the nearby SBUs to create a 2-periodic layer in the bc plane (Figure 

4.13.). When viewed perpendicular to the c-axis, the layer appears as zigzag (Figure 4.14.), 

whereas when viewed along the c-axis, it appears as diamodoid with 1D channels, with two 

symmetrically equivalent uncoordinated DEF molecules fill the diamondoid voids and, two 

symmetrically equivalent uncoordinated DEF molecules in between the layers. 

 

 

Figure 4.13. Packing diagram of MOFDEF(NIP) along the crystallographic b-axis showing an edge-on view of 

2-periodic frameworks with diagonally aligned, diamondoid channels containing DEF solvent 

molecules. 
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Figure 4.14. Crystal packing diagram of MOFDEF (NIP) side c-axis view of 2D network layer appears as a 

zigzag chain. 

 

 

 

The other unique uncoordinated DEF solvents molecules are found between stacked 2D 

frameworks (Figure 4.13). Deletion of the uncoordinated solvent molecules’ coordinates reveal 

a contact surface potential void space of 40.4 % of the unit cell, this void space also includes 

the space between adjacent 2-periodic frameworks that was occupied by two unique DEF 

molecules. Thus, it is likely that the 2-periodic frameworks will move closer to each other once 

this solvent is removed (Figure 4.14), this has been made evident by the work of Chatterjee et 

al.1 

 

Unlike MOFDMF(NIP) when viewing down c-axis, where there is solvent in between the 

layers and forming additional 1D channels there are no such channels in MOFDEF (NIP) 

(Figure 4.15) either in the a-axis or c-axis (these axes are at 100° to each other). However, 

when viewing the structure at 45°, relative to the ac-axis point of origin the contact space 

potential void space it is forming 2D channels. 
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Figure 4.15. View of the contact surface potential void space down the (a) b- and (b) 45°, relative to the ac-axis 

indicating 1D channels down each of these directions.  The blue molecules indicate solvents in between 

the 2-periodic layers and the light blue molecules indicate solvents inside diamond-shaped channels. 

Mercury using a probe radius of 1.2 Å and grid spacing of 0.7 Å. 

 

 

The 2 periodic frameworks are non-interpenetrated as revealed by colour-coding of individual 

frameworks (Figure 4.16). The independent nets then stack on top of one another via 

supramolecular interactions to create a layered structure. The interlayer stacking distance is 

equal to a-axis, 13.376 Å 2D layer lying in the (200) hkl-planes. The intralayer metal---metal 

distance is half of c axis, 12.059 Å, arranged in the (002) hkl-planes (Figure 4.17). 
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Figure 4.16. Packing diagram of MOFDEF(NIP), colour-coding of individual frameworks show that the 

structure is non-interpenetrated. 

Figure 4.17. Crystal structure of MOFDEF(NIP) viewed down b-axis, (a) the blue line shows the interlayer 

stacking distances of 13.376 Å and an intralayer space metal---metal distance of 12.059 Å green line. 
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4.7. Hydrogen Bonding 

 

Intermolecular hydrogen bonding consists of solvent···framework and framework···solvent 

interactions (there is no interframework hydrogen bonding present). The hydrogen bonds are 

C2S1–H2SA···O1S2 and C1S2–H1S2···O1S1 are ligated solvent–channel solvent 

interactions. Another intermolecular hydrogen bond is the C2S3–H2SF···O1S3 

framework···solvent interactions. The last pair of interactions is C2S3– H3SE··· O1S1 and 

C4S3– H4SH··· O1S3 between ligated solvent and channel solvent. All of these interactions 

are shown in Figure 4.18 which shows intermolecular hydrogen bonding although 

intramolecular hydrogen bonding is also present as shown in Table 4.7. 

 

Notably, the majority of intra- and intermolecular interactions are C-H∙∙∙Ac interactions, where 

Ac = F and O (Table 4.7). Contrary to 1, all solvents are involved and, as in the case if 1 there 

seems to be no framework···framework interactions. 

 

Figure 4.18. Hydrogen bonding in the structure of MOFDEF(NIP) showing uncoordinated DEF molecules 

interacting with each other and with the framework. 
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Table 4.7. Summary of hydrogen bond parameters in the crystal structure of MOFDEF (NIP). The 

intramolecular hydrogen bonds are indicated, and the important intermolecular hydrogen bonds 

are indicated by an asterisk. 

Donor–H···Acceptor H···A 

(Å) 

D···A (Å) D – H···A (°) Symmetry 

operators 

*C2S1–H2SA···O1S2 2.50 3.421(18) 154 1-x,1-y,1-z

C2S1–H2SB···O1S1 

(intra) 

2.50 2.842(13) 100 

C4L–H4L···F2 (intra) 2.37 3.021(6) 126 

C3S1–H3SB···O3L 

(intra) 

2.59 3.444(11) 144 1-x,  
1

2
+y,  

1

2
-z

*C1S2–H1S2···O1S1 2.47 3.332(8) 151 

C12L–H12L···F1 (intra) 2.50 2.960(6) 110 

C2S2–H2SC···O1S2 

(intra) 

2.40 2.761(11) 101 

C16L–H16L···F5 (intra) 2.35 2.971(6) 123 

C16L–H16L···F6 (intra) 2.42 2.857(6) 108 

C2S3–H2SF···O1S3 

(intra) 

2.44 2.87(3) 106 -x,1-y, -z

*C2S3–H2SF···O1S3 2.18 2.62(4) 105 1-x, 
1

2
+y,  

1

2
-z

*C2S3– H3SE··· O1S1 2.47 3.311(17) 142 1-x, 
1

2
+y,  

1

2
-z

*C4S3– H4SH··· O1S3 1.91 2.54(4) 120 -x,1-y, -z
*These marked interactions are intermolecular interactions, specifically framework···framework or to solvent and

solvent···solvent.
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4.8. Powder X-Ray Diffraction 

 

The crystals of MOFDEF (NIP), prepared under solvothermal conditions, were ground to a fine 

powder then subjected to PXRD analysis. The PXRD pattern of the as-synthesized non-

interpenetrated crystals of MOFDEF (NIP) obtained from this sample was then compared to its 

calculated PXRD pattern, as determined by Mercury based on the single crystal structure of 

MOFDEF (NIP). The two PXRD patterns match each other, confirming the bulk purity of the 

material. A high degree of crystallinity is indicated by distinct high peaks (relative to the 

background (Figure 4.19). 

 

 

Figure 4.19. PXRD trace of calculated non-interpenetrated DEF (blue), and PXRD pattern of MOFDEF(NIP) 

(red) confirming bulk purity. 
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4.8.1. Variable-Temperature Powder X-Ray Diffraction Studies 

The crystals of MOFDEF (NIP) were ground, put on a sample holder and the temperature was 

then raised from 25 °C to 300 °C. The experiment was carried out at temperatures ranging from 

25 to 240 °C and results obtained between 100 °C and 275 °C demonstrate that the compound's 

crystallinity is maintained as the temperature is increased (Figure 4.20).  

 

 

Figure 4.20. The PXRD patterns of as-synthesized MOFDEF(NIP) and, MOFDEF(NIP) in blue (calculated) 

are compared to the variable-temperature PXRDs. VT-PXRD is also plotted (from red to green colour). 

 

 

The crystallinity of MOFDEF(NIP) was evaluated using VT-PXRD under high vacuum and 

heating conditions, which are required for their activation in gas sorption studies. The 

calculated pattern matched the PXRD pattern of MOFDEF (NIP) at 25 °C and ambient 

pressure. When subjected to vacuum at 25 °C in the calculated pattern, three peaks at 6.7o, 9.1o, 

10.9o 2θ peaks at 50 °C, shown by red-star symbol in Figure 4.20. 

The most intense peak at 10.9 are decreasing in the VT-PXRD diffractograms, in particular the 

intensity of this peak at 10.9° 2θ has decreased shift of 2D layers nearby upon heating, this 

suggests that the loss of solvent occurs with some structural change in their individual PXRD 
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traces, Chatterjee et al. observed the similar structural changes and concluded that this change 

was due to the layers shifting after the removal of solvent between the layers.1 

 

The appearance of a new peaks (indicated by black star) at 12.62°, 21.70 2θ peaks at 50°C to 

75°C and is shown by a black star, which indicates structural changes have occurred. The 

second appearance of new peaks at 14.68°, 19.59° 2θ peaks at 100°C to 275°C. The 2-periodic 

layers shift, this occurs once the uncoordinated DEF molecules are removed. However, the loss 

of the metal coordinated DEF molecules does not drastically affect the relative positions of the 

2-periodic layers, thus no major changes occur at higher temperatures in the PXRD, and when 

the desolvated sample is exposed to air at room temperature, which will involve the 

readsorption of water molecules to the unsaturated metal sites. The VT PXRD experiments 

attest to the stability of the desolvated lattice, with regards to crystallinity, at high temperatures 

and upon exposure to air (open chamber or no vacuum) at room temperature. 

 

The sample kept its crystallinity even after being desolved up to 350°C. The single crystal is 

an excellent representation of the bulk material because the calculated PXRD pattern of 

MOFDEF(NIP) and the observed pattern at 25°C were a good match. MOFDEF(NIP) 

maintained its crystallinity up to 350°C of desolvation. The pattern shift at high temperatures 

suggests a structural alteration when the sample goes through desolvation MOFDEF(NIP). 

 

 

4.9. Thermal Analysis 

4.9.1. Hot Stage Microscopy (HSM) 

 

Selected crystals of MOFDMF (NIP) were heated from 23oC – 324oC under silicone oil. 

Silicone oil was used so that the loss of solvent can be indicated by the formation of 

bubbles. 

The crystals began to show bubble formation at 103oC, which is indicative of the start of 

desolvation and can be supported by TGA (Figure 4.21.b). The bubbling at continues 

and at 255oC the crystal experiences another colour change, from a blue crystal to purple 

crystal, this indicates the loss of coordinated solvent as supported by TGA. The 

disintergration of crystals can be limited to the loss of uncoordinated solvent between the 

layers, resulting in the layers moving closer together (Figure 4.24.d). The crystals 

disintegrate at 324oC, to a brown colour in combination with bubbles, indicating 

decomposition of the crystal. 
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Figure 4.21. HSM images of MOFDMF (NIP) at (a) 23.9oC, (b) 103oC, (c) 125oC, (d) 255oC, (e) 293oC and 

(f) 324oC. Red circles same for 2 indicate points of bubble formation. 

 

 

 

 

 

 

 

4.9.2. Thermogravimetric and Differential Scanning Calorimetry Analysis 

 

The thermal stability of MOFDEF(NIP) was investigated using thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC). MOFDEF(NIP) TGA thermogram shows 

a mass loss with three distinct mass losses (Figure 4.22.). The first mass loss is 11.5% (calc. 

13.3%) of uncoordinated solvent between 100 oC and 175 oC, followed by a second mass loss 

of 13.0% (calc. 13.3%) of ligated solvent between 200 oC and 275 oC, for a total mass loss of 

24.5% (calc. 26.6%). The remainder of the TGA thermogram at 350 oC indicates structural 

decomposition. 

 

DSC analysis confirms the mass losses observed in TGA, as indicated by endotherms ranging 

from 20°C – 400°C. MOFDEF(NIP) DSC thermogram shows four different endotherms 

(Figure 4.22.). The first endotherm corresponds to an uncoordinated solvent (DEF) for which 

an onset temperature of 100 oC and a peak temperature of 125 oC were observed using the 

TRIOS software. The second endotherm has a 125 oC onset temperature and a 275 oC peak 

temperature, both of which correspond to uncoordinated DEF.  
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The third endotherm has an onset temperature of about 275°C and a peak temperature of 300°C, 

which corresponds to the start of ligated solvent evacuation, as shown by the TG analysis. The 

final endotherm has an onset temperature of around 300°C and a peak temperature of 325°C, 

which corresponds to the start of decomposition, as indicated by the TG analysis. 

 

 

Table 4.8. Summary of TGA values indicating total mass loss for MOFDEF(NIP). 

 

 Calculated Mass loss (%) Experimental mass 

loss (%) 
Temperature range 

(°C) 

MOFDEF 

(NIP) 

Total = 26.6 

 

1st = 13.3 

 

2nd = 13.3 

Total = 24.5 

 

1st =11.5 

 

2nd =13.0 

 

 

1st = 30 – 125 

 

2nd =175 – 300 

 

 

Figure 4.22. Overlay of the TGA (black), TGA derivative (black) and DSC (blue) thermograms for 

crystal MOFDEF(NIP). 
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[Cu2(hfipbb)2(H2O)2]n (3) 

Crystals of the synthesized novel 2-periodic, copper-based non-interpenetrated MOF, of the 

formula [Cu2(hfipbb)2(DMF)2]n·n(DMF)4 (1) named in this thesis MOFH2O(NIP), was 

submerged in water for 7 days at room temperature to create of [Cu
2
(hfipbb)

2
(H2O)

2
]
n
 (3) or 

MOFH2O(NIP). However, there was significant crystal fracturing, precluding single crystal 

data collection instead, PXRD and VT PXRD patterns of the material were compared to those 

of the original MOFDMF(NIP) to confirm that the material was different. The formula was 

established using TGA and DSC. 

 

4.10. Powder X-Ray Diffraction 

The water exchanged crystals of MOFH2O (NIP), were ground to a fine powder then subjected 

to PXRD analysis. The PXRD pattern of as-synthesized solvent exchanged non-interpenetrated 

crystals of MOFH2O(NIP) obtained from this sample was then compared to the calculated 

PXRD pattern of the original MOFDMF (NIP) crystals. The two PXRD patterns did not match 

each other, confirming the bulk sample was different from the original material. A high degree 

of crystallinity is indicated by distinct high peaks (relative to the background) (Figure 4.23.).  

 

Figure 4.23. PXRD traces of calculated MOFDMF(NIP), and the 7-day water exchanged crystals of 

MOFDMF(NIP) or MOFH2O(NIP). 
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4.10.1. Variable-Temperature Powder X-Ray Diffraction Studies 

 

 

 

Figure 4.24. The Variable-temperature PXRDs diffractograms of MOFH2O(NIP). 

 

The crystallinity of MOFH2O(NIP) upon desolvation was evaluated using VT-PXRD under 

high vacuum and heating conditions, which are required for their activation in gas sorption 

studies. The calculated pattern was close to the PXRD pattern of the water exchanged 

MOFDMF(NIP) at 25 °C and ambient pressure (Figure 4.24). When subjected to vacuum at 

25 °C the five peaks observed in the calculated pattern still appear at 8.3°, 8.9°,14.5°, 15.4°, 

and 16.26° 2θ peaks at 50°C (Figure 4.24). 
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The peak at 14.5° 2θ in the 25°C -under vacuum PXRD pattern begins to split into two in the 

PXRD patterns continuing up to 300°C (shown by a black star in Figure 4.24). Another similar 

change is observed at 75°C, when the peak at 8.8° 2θ splits (blue star) but this is not evidence 

in the PXRD patterns higher temperatures. (The last change occurs, when a new peak emerges 

at 75°C and present up to 300°C). During the experiment the sample retained its crystallinity 

even after desolvation and throughout the temperatures range up to 300°C. 

 

Unlike the other crystals, one cannot mention layers moving inwards as by assumption based 

on the Chatterjee et al., they made water interpenetrated version of the sample and there were 

no signs of 2-periodic layers shifting. 

 

 

 

4.11. Thermal Analysis 

 

4.11.1. Thermogravimetric and Differential Scanning Calorimetry Analysis 

 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were used to 

investigate the thermal stability of MOFH2O (NIP). The TGA thermogram of MOFH2O (NIP) 

shows a mass loss with distinct two mass losses (Figure 4.25.). The first mass loss is 3.6% 

(calc. 3.8%) of coordinated solvent, between 125 oC – 250 oC, corresponding to one water 

molecule per Cu2+ ion, effectively replacing the coordinated DMF molecules of 

MOFDMF(NIP). The second is structural decomposition is indicated by the remainder of the 

TGA thermogram at 350 oC. There is no ndication of another solvent either than water in the 

channels of the MOF. 

DSC analysis corroborates the mass losses observed in TGA as indicated by the endotherms in 

the range 20 °C – 400 °C. The DSC thermogram for MOFH2O(NIP) shows three different 

endotherms (Figure 4.25.). The endotherm, corresponding to uncoordinated H2O, has an onset 

temperature of 100oC and a peak temperature at 125oC, which corresponds to the loss of ligated 

solvent, as also indicated in the TG analysis. 

 

 

Table 4.8. Summary of TGA values indicating total mass loss for MOFH2O(NIP). 

 

 Calculated Mass loss (%) Experimental mass 

loss (%) 
Temperature range 

(°C) 

MOFH2O 

(NIP) 

 3.8 3.6 125 – 250 
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Figure 4.25. Overlay of the TGA (blue), TGA derivative (dashed blue) and DSC (red) thermograms for MOFH2O 

(NIP). 
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4.12. Gas Sorption Studies 

To ascertain the capacity of MOFDMF(NIP), MOFDEF(NIP) and MOFH2O(NIP) to adsorb 

various gases and water vapour, sorption experiments were performed. For each MOF, the BET 

surface area and isosteric heats of adsorption were calculated using nitrogen sorption at 77 K 

and carbon dioxide sorption between 273 – 298K, respectively. MOFs MOFDMF (NIP), 

MOFDEF (NIP) and MOFH2O (NIP) were heated to 200 K to activate the MOFs for 

subsequent sorption of water vapor (298 K), carbon dioxide (195, 273, 283 and 298 K), 

hydrogen and nitrogen gases at (77 K). 

 

4.12.1. Carbon Dioxide Sorption 

At 298 K, MOFDMF (NIP), had a sorption maximum value of 19.6 cm3 (STP) g−1 (0.39 

molecules of CO2 per Cu-L unit) at an absolute pressure of 801 mmHg. As expected, the CO2 

sorption is higher at lower temperatures (sorption is an exothermic process). At 283K the 

carbon dioxide sorption of 22.3 cm3 (STP) g−1 (0.90 molecules of CO2 per Cu-L unit) at an 

absolute pressure of 810 mmHg, whilst at 273 K being 23.9 cm3 (STP) g−1 (0.97 molecules of 

CO2 per Cu-L unit) at an absolute pressure of 783 mmHg (Figure 4.26.a). 

 

MOFDEF(NIP) adsorbed a maximum value of 17.9 cm3 (STP) g−1 (0.36 molecules of CO2 

per Cu-L unit) at an absolute pressure of 801 mmHg, at 298K. This increased at 283 K and 273 

K with maximum values of 21.1 cm3 (STP) g−1 (0.43 molecules of CO2 per Cu-L unit) at an 

absolute pressure of 810 mmHg, and 23.4 cm3 (STP) g−1 (0.47 molecules of CO2 per Cu-L) at 

an absolute pressure of 783 mmHg.  

 

The CO2 sorption for MOFDMF(NIP) is marginally higher than for MOFDEF(NIP) at these 

temperatures. Given that the potential void space of MOFDEF(NIP) is only slightly higher than 

that of MOFDMF(NIP) (40 % vs 39 %) and that the layers move closer together upon 

desolvation, as established from VT-PXRD experiments, it is not surprising that their sorption 

values are closer to each other with those for MOFDMF(NIP) being slightly higher. (Figure 

4.26.b). 
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Figure 4.26. The adsorption and desorption isotherms for CO2 sorption for (a) MOFDMF(NIP) and (b) 

MOFDEF(NIP) at 273 K, 283 K and 298 K. 
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On the contrary at 195 K, CO2 the sorption order follows the potential void space order, with 

MOFDEF(NIP) showing higher CO2 sorption than MOFDMF(NIP) (Figure 4.27.). An initial type-

I isotherm for carbon dioxide sorption for MOFDMF(NIP) is observed up to an absolute pressure 

of 622 mmHg, sorption of 40.8 cm3 (STP) g−1 corresponding to 0.82 molecules of CO2 per Cu-

L unit) and for MOFDEF(NIP) up to absolute pressure of 583 mmHg (sorption of 44.2 cm3 (STP) 

g− 1 corresponding to 0.90 molecules of CO2 per Cu-L unit) is observed. Both isotherms show 

inflection points after these respective pressures that are characterised by a second steep 

increase in sorption to 770 mmHg for MOFDMF(NIP) and MOFDEF(NIP). The maximum 

sorption values are 71.6 cm3 (STP) g−1 (1.45 molecules of CO2 per Cu-L unit) for 

MOFDMF(NIP) and with maximum values of 78.7 cm3 (STP) g−1 (1.59 molecules of CO2 per 

Cu-L unit) for MOFDEF(NIP). 

 

Both isotherms show a 3-step decrease upon desorption. The first desorption inflection points 

are at 275 mmHg, and 62.5 cm3 (STP) g−1 and 276 mmHg, and 67.7 cm3 (STP) g−1 for MOFDMF 

(NIP) and MOFDEF (NIP), respectively. The lower inflection points are at 64.6 mmHg, and 41.2 

cm3 (STP) g−1 and 82.3 mmHg, and 44.2 cm3 (STP) g−1, for MOFDMF (NIP) and MOFDEF (NIP), 

respectively. 

 

Figure 4.27. Carbon dioxide sorption isotherms at 195 K for MOFDMF(NIP) and MOFDEF(NIP). 
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The order of extent of hysteresis is MOFDMF(NIP) > MOFDEF(NIP), with values of 39% for 

MOFDMF(NIP) and 35%, respectively when using the Barbour et al. hysteresis formula.6 Both

MOFDMF(NIP) and MOFDEF(NIP) isotherms indicate significant extents of hysteresis, i.e. when 

at low pressures upon desorption, MOFDMF(NIP) and MOFDEF(NIP) "hold on" to the CO2 

molecules or have higher sorption than at the same pressure upon adsortion. 

Looking at other gases that were also absorbed they show small hysteretic behaviour which is 

relatively low. The degree of hysteresis in the hydrogen sorption isotherms was lower but still 

significant, in the order MOFDEF(NIP) > MOFDMF(NIP), 12% for MOFDEF(NIP) and 7.9% 

for MOFDMF (NIP). It was also relatively low for water vapor sorption hysteresis also 8,2a and 

7.5a for MOFDEF(NIP) and MOFDEF(NIP), respectively (Table 4.9). The water sorption 

isotherms show that the channels of the framework are relatively hydrophobic as most of water 

sorption is accounted for by water coordinated to the metal ions. 

Table 4.9. Extent of Hysteresis (%) for CO2, H2, and Water Vapour Sorption Isotherms in 

MOFDMF(NIP), MOFDEF(NIP). 

Extent of hysteresis 

gas/vapour 
MOFDMF(NIP) (%) MOFDEF(NIP) (%) 

CO2 sorption at 195 K 39a 35 
H2 sorption at 77 K 7.9 12 
water vapor sorption at 298 

K 
7.5 8.2 

aHysteresis extent calculated using the Barbour et al. formula. 

The values for the isosteric heat of adsorption, Qst, sorption isotherms were calculated based 

on the 283-298 K sorption isotherms. In their respective loading ranges, the isosteric heats of 

adsorption, Qst, for MOFDMF(NIP) and MOFDEF(NIP) are comparable, with average values of 

31.7 (0.2) and 32.7 (0.1) kJ mol−1, respectively (Table 4.10.). Despite exhibiting reduced CO2 

sorption, the Qst values of MOFDEF(NIP) are predominantly higher than those of MOFDMF(NIP) 

the respective loading ranges. 

Table 4.10. Summary Qst Values Determined from CO2 Isotherms in the Temperature Range 273 – 298 K 

MOFDMF (NIP) MOFDEF (NIP) 

Load range (cm3 (STP) g–1) 0.9 – 18.0 0.9 – 18.0 

Qst range (kJ mol–1) 30.9 – 32.0 31.5 – 34.3 

average Qst (kJ mol–1) 31.7 (0.2) * 32.7 (0.1) *

*Number in brackets refer to the average of the uncertainties determined for each Qst value in the loading range 

as determined by the Micromeritics software. That is, it is not the standard deviation calculated from the Qst values 

that contribute to the average Qst value. 
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In contrast at 195 K MOFH2O(NIP) exhibits less CO2 sorption than MOFDMF(NIP) and 

MOFDEF(NIP) (Figure 4.28). Interestingly, there is no inflection point that signify a second 

steep to increase in sorption, however a subtle change in slope occurs at 583 mmHg (Figure 

4.28). Due to the inability to obtain a structure, the CO2 molecules per Cu-L unit for a type-I 

isothermal carbon dioxide sorption for MOFH2O(NIP) at an absolute pressure of 771 mmHg, at 

a value of 42.8 cm3 (STP) g−1 (molecules of CO2 per Cu-L unit). 

 

 

 

Figure 4.28. Carbon dioxide adsorption and desorption isotherm for MOFH2O(NIP) at 195 K. 
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4.12.2. Hydrogen Sorption 

The order of hydrogen sorption maxima at 77 K and P ∼ 800 mmHg is MOFDMF(NIP) > 

MOFDEF(NIP) with values of 60.7 and 50.6 cm3 (STP) g–1 which correspond to 1.23 and 1.02 

H2 atoms per Cu-L unit, respectively (Figure 4.29). 

Figure 4.29. Adsorption and desorption isotherms for Hydrogen sorption for MOFDMF(NIP) and is 

MOFDEF(NIP) at 77 K. 
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4.5.3. Water Vapour Sorption 

Water sorption studies were performed at 298K for MOFDMF(NIP) and is MOFDEF(NIP). Both 

MOFs show high affinity for water vapour as both isotherms display steep uptakes (Figure 

4.30). With maximum water sorption of 55.3 cm3 (STP) g−1 at P/Po = 0.76 (1.12 water 

molecules per Cu-L) and 55.3 cm3 (STP) g-1 at P/Po = 0.76 (1.12 water molecules per Cu-L) 

for MOFDMF(NIP) and MOFDEF(NIP), respectively. The steep curve for both suggests that 

unsaturated metal sites are filled first i.e. the water molecules are coordinated. For MOFDMF 

(NIP) these would correspond to 1 water molecule per Cu2+ ion, as well as for MOFDEF(NIP), 

which effectively replaces the original ligated DMF or DEF molecule. This means that 

essentially no water molecules are taken up in the MOF cavities, establishing them as 

hydrophobic. 

 

 

Figure 4.30. Adsorption and desorption isotherms for water vapour sorption for MOFDMF(NIP) and 

MOFDEF(NIP) at 298 K. 
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4.13. Conclusions 

 

4.13.1. Introduction to previous work 

 

In 2022 Chatterjee et al.1 published the synthesis and characterization of two 2-periodic metal-

organic frameworks and one water exchange MOF, with the formulae 

[Cu(hfipbb)(DMF)]n·0.5(DMF)n, [Cu(hfipbb)(DEF)]n, [Cu(hfipbb)(H2O)]n.0.5(DMF)n. These 

are all isoreticular (having the same network of connections) with the MOFs presented in this 

thesis. However, the Chatterjee et al. structures are all doubly interpenetrated, whilst the ones 

presented in this thesis are non-interpenetrated. The Chatterjee et al structures are renamed as 

MOFDMF (IP), MOFDMF (IP) and MOFH2O (IP) for [Cu(hfipbb)(DMF)]n·0.5(DMF)n, 

[Cu(hfipbb)(DEF)]n, and [Cu(hfipbb)(H2O)]n.0.5(DMF)n, respectively. 

The three pairs will be named based on their degrees of interpenetration and type of solvent 

included. The structures will be given names for convenience in this thesis: 

 

 

4.13.2. Thermal stability 

 

VT-PXRD experiments revealed that the bulk samples of all the structures were crystalline as 

those of the previously published structures. They further show that all the structures exhibited 

structural changes, these were also quoted by Chatterjee et al. (i) layers moving close to each 

other after solvent removal, this is supported by the disappearance of peaks for both 

interpenetrated and non-interpenetrated MOF structures. (ii) the interpenetrated MOF 

structures were significantly more stable. Although the interpenetrated structures showed 

higher stability than their counter parts.  The entangled MOFDMF(IP) (125°C) and 

MOFDEF(IP) (125°C) show higher temperatures for removal of uncoordinated solvent and 

layers shifting whereas non-entangled structures show MOFDMF(NIP) (87°C) and 

MOFDEF(NIP) (125°C), for the doubly interpenetrated structures the layers only moved once 

the ligated solvent molecules were removed, whereas the non-interpenetrated structures 

showed movement after the solvent in between the layers was removed. The TGA data is 

provided in Table 4.12 and Figure 4.31. correlates the VT-PXRD experimental findings. 
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Figure 4.31. TGA graphs of weight % vs temperature and the first derivative of weight % with 

respect to temperature for interpenetrated and non-interpenetrated. 
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Table 4.12. Summary of selected isoreticular copper paddlewheel-based 2-periodic MOF 

structures TGA values. 

Experimental mass 

loss (%) 
Temperature range 

(°C) 

MOFDMF (IP) Total = 24.5 

1st =6.7 

2nd =13.5

1st = 50 – 125 

2nd =125 – 270

MOFDMF (NIP) Total = 31.0 

1st =20.6 

2nd =10.4 

1st = 30 – 87 

2nd =87 – 300 

MOFDEF (IP) Total = 24.5 

1st =0.58 

2nd =8.29 

1st = 25 – 125 

2nd =125 – 250 

MOFDEF (NIP) Total = 24.5 

1st =11.5 

2nd =13.0 

1st = 30 – 125 

2nd =175 – 300 

MOFH2O (IP) 

- - 

MOFH2O (NIP) 1st =3.6 1st = 125 – 250 

4.13.3. Void Space Analyses and Gas sorption 

Comparing the void space of each pair, MOFDMF(NIP) > MOFDMF(IP), with values 39% 

and 10.7% respectively. Looking at the second set of MOFs also follows the same order, where 

MOFDEF(NIP) > MOFDEF(IP) with values 40.4% > 8.2% respectively. Although these 

calculated values are different, one thing that can be taken into consideration is the fact that 

layers will move closer together. Although the third set of structures one was not able to get a 

crystal structure based on the observed thread, all of the interpenetrated structures have lower 

void spaces than the non-interpenetrated. The potential void space of MOFDMF(NIP) and 

MOFDEF(IP) includes the detection of solvent molecules between the layers, which 

ultimately will move closer together. The difference in void spaces of activated MOFs is not 

what is expected. 
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Table 4.11. Percentage (%) of void space of all the isoreticular copper paddlewheel-based 2-

periodic MOF structures. 

MOF Degree of 

Entanglement 

Percent void space per 

unit cell volume without 

solvent present 

(%) 

‘Channel-Only’ 

void space 

MOFDMF 

(IP)1

Interpenetrated 

2-fold

10.7 10.7 

MOFDMF 

(NIP)

Non-Interpenetrated 39 22.6 

MOFDEF 

(IP)1

Interpenetrated 

2-fold

8.2 8.2 

MOFDEF 

(NIP)

Non-Interpenetrated 40.4 19.4 

MOFH2O 

(IP)1 

Interpenetrated 

2-fold

12.5 12.5 

MOFH2O 

(NIP) 

Non-Interpenetrated - - 

1.As published by Chatterjee et al.1

- This material was powder, there is no crystal structure to determine void space.

All sorption studies of N2 at 77 K were negligible for Chatterjee et al. and the structures in this 

thesis, thus one could not determine the BET surface areas of all the forementioned structures. 
whilst H2 sorption revealed sorption isotherms which displayed some hysteresis observed upon 

desorption, MOFDMF(NIP) > MOFDMF(IP) and MOFDMF(IP) >MOFDEF(NIP). The 

195 K CO2 and H2O sorption isotherms also showed hysteresis upon desorption which 

indicated the retention of gas/vapour at lower pressures. For CO2 195K, the hysteresis in the 

carbon dioxide sorption for MOFDMF(IP) and MOFDEF(IP) showed greater sorption with 

values 176.7 cm3 (STP) g–1 and 98.8 cm3 (STP) g–1, respectively and when compared to the 

non-interpenetrated versions they are superior in this case because their values are 71.6 and 

78.7 cm3 (STP) g–1, for MOFDMF(NIP) and MOFDEF(NIP) respectively. The water 

structures are different, the non-interpenetrated version have 42.8 cm3 (STP) g–1 

MOFH2O(NIP) > whereas MOFH2O(IP) is 31.0 cm3 (STP) g–1, this suggest that in the case 

of the water solvent these structures hold more gas than their counter parts. Nevertheless, the 

degrees of hysteresis are small despite one structure is either interpenetrated (IP) or the other 

non-interpenetrated (NIP). A summary is given in Table 4.12. 
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Table 4.12. Gas sorption of all the isoreticular copper paddlewheel-based 2-periodic MOF 

structures. 

MOFs H2 CO2 at 195 K CO2 at 298 K Water vapor 

sorption 

MOFDMF (IP)1 51.9 176.7 34.8 45.3 

MOFDMF 

(NIP) 

60.7 71.6 19.6 55.3 

MOFDEF (IP)1 55.9 98.8 20.4 37.8 

MOFDEF (NIP) 50.6 78.7 22.3 55.3 

MOFH2O (IP)1 - 31.0 - - 

MOFH2O (NIP) - 42.8 - 42.8 

- Sorption studies were not performed.



129 

4.14. Reference 

1. N. Chatterjee, C.L. Oliver, Inorganic Chemistry, 2022, 61, 3516-3526.

2. C.R. Groom, I.J. Bruno, M.P. Lightfoot, S.C. Ward, Acta Crystallogr. Sect. B, 2016, 72, 171-

179

3. L. Pan, D.H. Olson, L.R. Ciemnolonski, R. Heddy, J. Li, Angew. Chem. Int. Ed., 2006, 45, 616.

4. R. Kitaura, F. Iwahori, R. Matsuda, S. Kitagawa, Y. Kubota, M. Takata, T.C. Kobayashi, Inorg.

Chem., 2004, 43, 6522-6524.

5. A. W. Addison, T. N. Rao, J. Reedijk, J. V. Rijn, G. C. Verschoor, J. Chem. Soc., Dalton

Trans. 1984, 7, 1349 -1356.

6. P. Lama, H. Aggarwal, C.X. Bezuidenhout, L.J. Barbour, Angewandte Chemie-International

Edition 2016, 55, 13271-13275.

7. S.A. Sapchenko, M.O. Barsukova, R.V. Belosludov, K.A. Kovalenko, D.G. Samsonenko, A.S.

Poryvaev, A.M. Sheveleva, M.V. Fedin, A.S. Bogomyakov, D.N. Dybtsev, M. Schröder, V.

Fedin, Inorg. Chem. 2019, 58, 6811-6820.



130 

CHAPTER 5 

5.1. Summary 

5.1.1. Computer-based section: 

Evaluating the created criteria to effectively locate entangled structures and comparing the 

manual searches conducted on all the families included in this study. The success of the search 

criteria was defined in two ways. Firstly, expressing the number of entangled structures found 

in the search results as a percentage of the total number of MOF structures in this list, gives the 

degree of success of the search criteria in terms of discriminating between entangled and non-

entangled structures. Secondly, the number of entangled structures found in the search results 

expressed a percentage of the number of entangled structures found by manual inspection, i.e., 

the true number of entangled structures.  

The results of the two ways of demonstrated success of the search criteria defined for the 

hydrogen non-bonding interactions “D−H···A” illustrates that the success rate of finding these 

structures on average percentage of the two Zn-oxide > Zr-oxide > Cu-Cu paddlewheel > 

IRMOF-1-like. Whereas for π···π nonbonding success rate is Zr-oxide > Cu-Cu paddlewheel 

> Zn-oxide > IRMOF-1-like. And the last search criterion shows that the average success rate

is Zr-oxide > Cu-Cu paddlewheel > Zn-oxide > IRMOF-1-like.

5.1.2. Experimental section: 

Three Cu-based 2D, 2-periodic novel isoreticular MOFs have been synthesized solvothermally 

using the flourinated, 4,4'-(Hexaflouroisopropylidene)bis(benzoic acid)  based ligand, with 3 

synthesised via water exchange. VT-PXRD experiments showed that the bulk samples of 

MOFDMF(NIP), MOFDEF(NIP) and MOFH2O(NIP) retained good crystallinity up to high 

temperatures of 300 °C, even though the degree of crystallinity of MOFDEF(NIP) and 

MOFH2O(NIP) appeared to be higher than that of MOFDMF(NIP). The VT-PXRD studies 

further showed that the 2D, 2-periodic frameworks of MOFDMF(NIP) and MOFDEF(NIP) 

shift upon desolvation, whereas those of MOFDMF(NIP). 

The BET surface areas of all the MOF structures could not be found due to the structures not 

performing well in the sorption studies of N2. Other sorption studies revealed the H2, CO2 and 

water vapour sorption values of MOFDMF(NIP) were higher than those of MOFDEF(NIP) 

at 298 K to 273 K for CO2, but lower 195 K and both structures demonstrated large hysteresis 
upon desorption which indicated the retention of gas/vapour at lower pressures. The sorption 

isotherms for H2 were also higher for MOFDMF(NIP) than those of MOFDEF(NIP). For 

water vapour sorption studies, the two MOF structures’ sorption isotherms were the same in 

terms of maximum value. These differences in sorption can largely be attributed to the poorer 

crystallinity of MOFDEF(NIP). 

The conducted CO2 sorption for MOFH2O(NIP) did not show any hysteresis upon desorption, 

the sorption isotherm. Furthermore, MOFDMF(NIP) and MOFDEF(NIP) compared well 

with their isoreticular counterparts in terms of their sorption properties. 
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5.2. Future work 

5.2.1. Computer-based section: 

This experiment still leaves some questions unanswered, such as what would happen if the 

ligand did not contain a π-stacking group but was still interpenetrated? Is it possible to create 

a computer algorithm that analyzes the structure, topology, and interpenetration in these 

families? Would it be possible to search for non-contact interactions, in Conquest to recognize 

that a framework is a coordination polymer. 

5.2.2. Experimental section 

Future work could include the crystal structure of MOFH2O(NIP) and of the activated phases 

of MOFDMF(NIP), MOFDEF(NIP) and MOFH2O(NIP) would be very informative in 

terms of determining the actual void spaces before sorption experiments commence. This is 

because heating the crystals destroyed the monocrystallinity of the crystals. The need for 

additional research to obtain crystal structures of the activated phases of these isoreticular 

structures may provide additional insight into the subtle features of these MOFs in their 

sorption properties. 




