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 Thesis summary & chapter abstracts 

 

The work in this thesis is generally concerned with the crystal engineering of azole or 

azolate containing coordination compounds, either in molecular clusters or within 

metal-organic frameworks. The intermolecular interactions that halogenated 

azole/azolate coordination compounds are capable of supporting in the solid state are 

explored. The functionality of molecular materials and metal-organic frameworks 

containing azole/azolates is also examined. 

 

Chapter 1 introduces the concept of crystal engineering, and the intermolecular 

interactions and coordination chemistry which it utilises. Coordination polymers, 

metal-organic frameworks (MOFs) and other supramolecular structures which are 

polymeric are introduced, and the applications of coordination polymers and MOFs 

are outlined. 

 

Chapter 2 introduces a family of ‘stellated’ cluster compounds, of the general formula 

[Mx(halopyrazolate)y]. The roles of hydrogen bonding and halogen bonding on the 

packing of these clusters in the solid state are explored, including in a family of 

dihalomethane solvates. The packing arrangement and intermolecular interactions 

formed by the stellated clusters was shown to be highly solvent dependent. 

 

Chapter 3 describes the desolvation of one of the stellated cluster compounds from 

chapter 2, 2.1·MeCN, [Pd3(4-bromopyrazolate)6]·3MeCN, and demonstrates the 

successful structure solution of the resulting compound 2.1, [Pd3(4-

bromopyrazolate)6] from X-ray powder diffraction data. The effect of CO2 gas pressure 

and N2 pressure on the stellated cluster 2.1 is explored through in situ X-ray powder 

diffraction, and suggests a selective uptake of CO2 over N2 by crystals of cluster 2.1. 

 

Chapter 4 describes the design and synthesis of a chiral/racemic pair of MOFs 

[Zn(benzenedicarboxylate)(cyclohexane-1,2-bis(1’,2’,4’-triazole))], 4.1 and 4.2. The 

desolvation of the MOFs is explored, and the uptake of CO2 within both MOFs is 

followed crystallographically and by gravimetric adsorption measurements. The 

enantioselectivity of the MOFs is explored through adsorption from both the vapour 
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phase and liquid phase. Chiral framework 4.2 is shown to selectively entrap R-

phenylethanol in a 48% enantiomeric excess. 

 

Chapter 5 introduces an attempt to synthesise an isostructural family of zeolitic 

imidazolate frameworks (ZIFs), some with halogen substituents. The brominated ZIF 

[Zn(NO2im)(Brbim)], 5.3 is investigated for its uptake behaviour towards 

dihalomethane guests, and their presence in the pores of 5.3 is demonstrated and 

explored by solid-state NMR spectroscopy. The thermal degradation of 5.3, initially 

suggested to be via loss of NO2 is explored and shown not to occur upon heating of 

5.3. 

 

Chapter 6 introduces two pyrazole/pyrazolate-containing coordination materials. 

One is a new phase of the previously reported flexible MOF [Co(bdp)], 6.1, resulting 

from its synthesis from dimethylformamide, rather than diethylformamide. A 

coordination polymer based on the bipyrazole ligand H2bpz is also reported and the 

hydrogen bonding within the structure is examined. 
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 1.1 Crystal engineering – an overview 

 

Crystal engineering is a rapidly developing field, with the aim of studying, 

understanding and designing crystalline materials. Specific arrangement of discrete 

molecules in the solid-state facilitates the formation of new and functional materials, 

as perhaps first put forward by Pepinski in 1955,1 and elaborated on by von Hippel in 

1962 as “molecular engineering … the building of materials and devices to order”.2 

This prediction has been widely realised and embraced, and at present the CSD 

(Cambridge Structural Database),3 a database for crystal structures (many designed 

and arguably the products of crystal engineering) contains over 800,000 entries.i  

 

Crystal engineering is integral to several important and emerging fields involving 

chemicals in their solid state. In pharmaceutical chemistry, the physicochemical 

properties of drugs delivered in solid form (i.e. their solubility) have been shown to 

greatly depend upon their crystalline form. Particularly in this context, the 

importance of understanding co-crystal formation is highlighted.4–6 In the growing 

field of coordination polymers and metal-organic frameworks (see section 1.3), the 

structure-function relationships of these materials for application to catalysis,7–18 gas 

or fuel storage,19–25 the separation of complex mixtures (including mixtures of 

gases)26–31 optical application 32–36 and magnetic37–40 properties is also being 

elucidated. Important to both the field of pharmaceutical chemistry and coordination 

polymers is polymorphism, in which the possibility of multiple accessible crystalline 

forms of the same constituent molecules is shown to have effects on the solid-state 

properties of the resultant materials.41–44 The already substantial range of 

applications shown in this relatively young research field promises many future 

exciting results and potential solution to real-world issues. 

 

1.1.1 Intermolecular interactions in crystal engineering 

Where organic chemists may synthesise small molecules based upon formation of 

new covalent bonds, crystal engineering uses intermolecular forces to arrange 

‘supramolecular’ assemblies. This analogy was first employed by Lehn in 1988,45 and 

highlights the need for firm understanding of the intermolecular interactions within 

                                                           
i Correct as of October 2015. 
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super-molecules, just as for the covalent bonds holding together molecular synthetic 

targets (see Figure 1.1).  

 

 

Figure 1.1. A diagram illustrating the analogy between covalent bonds holding together 

a molecular species (left, benzene) and the intermolecular interactions holding together 

a supramolecular assembly (right, hexamer of substituted isophthalic acid).46 

 

Although perfect prediction of and control over the self-assembly of supramolecular 

structures is not currently achievable (though computational methods for the 

prediction of crystal structures have given promising initial results),47 intermolecular 

interactions are a useful tool in directing self-assembly. To understand and 

manipulate these interactions is therefore a necessity. Directional (anisotropic) forces 

are arguably of most use to the crystal engineer (such as hydrogen bonds, halogen 

bonds, π-π stacking and coordination bonds), though use of isotropic forces has been 

made (van der Waals forces).48,49  

 

As a further analogy to molecular synthesis, where synthons are used in organic 

retrosyntheses to assemble molecular targets, the term ‘supramolecular synthon’ 

(hereafter contracted to ‘synthon’) was coined by Desiraju50 in describing the reliable, 

replicable intermolecular motifs that may be used in such a manner by the crystal 

engineer. 
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1.1.1.1 Hydrogen bonds 

Ubiquitous in the natural world and the basis of many common natural phenomena, 

the non-covalent interaction between an electron-rich heteroatom and a hydrogen 

atom forms many motifs present in nature and biological structures that may be used 

as supramolecular synthons. Though a potentially strong intermolecular interaction 

(the strongest hydrogen bond being the [FHF]- unit, ~ 162 kJ mol-1), the bond is still 

flexible and may be considered a weaker alternative to coordination bonds in self-

assembly. The linearity of the hydrogen bond is one of the characteristics making it so 

applicable to crystal engineering. The θ(D‒H···A) angle is generally close to 180°, as 

observed by Steiner’s review of organic hydrogen bonds in the solid state in 2002,51 

or indeed now by anyone curious enough thanks to free access to the Cambridge 

Structural Database. 

 

 

Figure 1.2. Some simple hydrogen-bonding ‘synthons’ found in the solid state. 

 

The hydrogen bond has also proven useful in the construction of crystalline 

framework materials, and has already led to materials demonstrating potential for 

real-world application. Noteworthy useful hydrogen-bond-assembled materials 

include: porous guanidinium organodisulfonate materials made by Ward and co-

workers, for the selective enclathration of xylene and methylnaphthalene isomers 

(commercially important), facilitating their easy isolation from mixtures;26,52 as well 
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as cucurbit[6]uril, which has also proven capable of  capturing carbon dioxide at 

ambient temperature.53 

 

1.1.1.2 π···π interactions 

As ubiquitous with chemistry in biological systems as hydrogen bonding, yet much 

less well understood until recently, are π···π interactions. The combination of several 

energetically favourable effects (electrostatic interaction, charge induction and 

transfer, and the hydrophobic effect in the solution phase),54 produces interaction 

energies around 65 kJ mol-1 (as reported for interaction between porphyrins).54 The 

electronic effects of heteroatoms or substituents on aromatic rings may cause changes 

in the stacking behaviour, and this has been studied using computational chemistry, 

giving information on the angle and displacement distances of contact between 

rings.55,56  

Though not as strong as coordination bonds, π···π interaction as secondary 

intermolecular interactions in self-assembly have been widely observed, both in 

organic (e.g. DNA) and in hybrid organic/inorganic materials.57 For example DNA 

helices consist of supermolecules assembled through covalent bonds and hydrogen 

bonding (between chains), and then the base pairs π···π stack onto each other, 

producing an added structural dimension, complementary to the hydrogen bonds. 

The sextuple phenyl embrace (see Figure 1.3) is an example of a solely π···π 

interaction not directed also by hydrogen bonding or other intermolecular 

interactions. 

 

Figure 1.3. A schematic of a sextuple phenyl embrace between [PPh3R]+ cations. Empty 

spheres represent an R-group, dot-filled spheres are phosphorus atoms and skeletal 

structures are phenyl rings. Figure reproduced from reference 57. 
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1.1.1.3 Halogen interactions 

As well as participating in hydrogen bonds as acceptors,58 halogens may also interact 

attractively with each other, and with heteroatoms or lone-pairs in the solid state. 

These ‘halogen bonds’ are also present in nature,59,60 though not as commonly as 

hydrogen bonds. The anisotropic electron density distribution about larger halogens 

(when covalently bonded to carbon atoms and/or electron withdrawing groups) 

creates an uneven distribution of electrostatic potential (see Figure 1.4). With 

increasingly larger halogens (I > Br > Cl), the polarisability is greater, creating a 

larger, stronger region of positive electrostatic potential (often called the ‘σ-hole’) 

available for interaction, as shown in Figure 1.4. As such, halogen-halogen 

interactions are found to be more prevalent for larger halogens.61  

 

 

 

Figure 1.4. (Top) Halogen bonding and attractive halogen-halogen interactions. 

(Bottom) Increasing regions of positive electrostatic potential (the ‘σ-hole’) on halogen 

substituents on trifluorohalomethane. Figure reproduced in part from reference 65. 

 

where θ1 ≌  θ2 
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Type II halogen-halogen interactions have been noted for their relative strength (even 

affecting the mechanical properties of some solid materials),62 and are considered to 

also fall under the term ‘halogen bonds’, though all the interactions in Figure 1.4 could 

be described as attractive. Halogen bonds have been found to have a range of 

energies, some comparable to hydrogen bonds. Halogen bonds between neutral 

organic species in solution have been found to have interaction energies ranging 

between 0 and 40 kJ mol-1.63 Due to their relative strength and greater directionality 

compared to hydrogen bonds (due to the uneven distribution of electrostatic potential 

about halogens, as opposed to hydrogen), halogen bonds and halogen-halogen 

interactions have seen increasing attention in the field of crystal engineering,63–66 as 

well as in the solution phase.67,68 Chapter 2 (section 2.1) introduces some of the 

applications of halogen bonding to the field of crystal engineering in further detail. 

 

1.1.2 Coordination bonds in crystal engineering 

Coordination of electron-rich atoms or functional groups (or even electron-rich 

chemical bonds) to metal ions provide perhaps the most important foundation for 

crystal engineering. These interactions may be considered strong and rigid, with set 

geometries and bond lengths determined by the properties of the metal ion. The 

coordination geometries of metals/metal ions strongly affect the arrangement of their 

ligands around them, and so strongly affect the packing of the resultant material in 

the solid state. This is particularly important in the case of coordination polymers 

(introduced further in section 1.2).  Some typical coordination geometries for d-block 

metals are illustrated in Figure 1.5. 

 

 

Figure 1.5. Some typical coordination complex geometries, where ‘M’ is a transition 

metal ion: (i) Linear (e.g. Ag(I), Au(I)), (ii) Trigonal planar (e.g. Ag(I), Cu(I)), (iii) 

Square planar (e.g. Pd(II), Pt(II)), (iv) Tetrahedral (e.g. Zn(II), Ti(IV)), (v) Octahedral 

(e.g. Fe(II)). 
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The coordination chemistry of transition metals is of particular use in crystal 

engineering (though examples of s-block metals in crystal engineering also exist)69–71 

as opposed to that of the f-block metals, where geometric coordination preference is 

reduced by the valence f-orbitals’ contraction to the nuclei of those metals.  

 

Although the rigidly-defined geometries of transition metals are very useful in 

directing the self-assembly of coordination materials in the solid state (see section 

1.2), d10 metals have been shown to be useful in a different way. Substitution of 

hydrogen atoms with Cu(I), Ag(I) or Au(I) in hydrogen-bonded ‘supramolecular 

synthons’ has produced both novel and functional materials. Silver carboxylate 

coordination materials have featured extensively in the Brammer group’s research on 

structurally dynamic materials,72–76 and the substitution of the above metals into 

pyrazole trimers have given complexes with novel luminescence properties. 

 

 

Figure 1.6. Substitution of Ag(I) into carboxylate dimers,72 or of Cu(I) into pyrazolate 

trimers.77 
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1.2 Coordination polymers, metal-organic frameworks 

and other supramolecular polymers 

 

1.2.1 Coordination polymers 

The usefulness of metal ions in crystal engineering has led to their utilisation in many 

supramolecular systems. Perhaps the most diverse and promising such 

supramolecular structure type is the coordination polymer. Coordination polymers 

are infinitely extended in at least one dimension, and this is propagated by the 

coordination of multitopic ligands (‘spacers’) to metal ions or clusters (‘nodes’). 

 

 

Figure 1.7. A schematic of a one-dimensional coordination polymer consisting of simple 

metal ion ‘nodes’ (M) and linear, ditopic ‘spacer’ ligands (shown in blue). 

 

This ‘node and spacer’ approach allows the rational design of a great many polymer 

architectures. The ligand spacer may be varied by choosing the number of 

coordinating sites, changing the functional group used to coordinate, or by choosing 

either linear or angular ‘spacers’. The metal ion (or cluster) used can be varied to 

create different ‘node’ geometries (as shown in Figure 1.5). The versatility of 

coordination polymers, and so their importance to the field of crystal engineering has 

been reviewed several times.78–81 

 

One-dimensional or two-dimensional coordination polymers are most generally non-

porous, however some have shown interesting potential for applications similar to 

porous materials. Gas sorption in inherently non-porous coordination polymers is 

introduced in greater detail in section 1.4.2. Three-dimensional coordination 

polymers, due to their inherently porous nature, have been studied much more 

extensively in this context. 
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1.2.2 Metal-organic frameworks (MOFs) 

Metal-organic frameworks (or MOFs) may be considered as a subset of coordination 

polymers, which are generally of three-dimensional connectivity (though some two-

dimensional coordination polymers have been considered MOFs), and they are 

generally (though not necessarily) porous (also called PCPs – porous coordination 

polymers). The exact hierarchy of terms for coordination network solids (including 

coordination polymers and MOFs) remains a topic of ongoing discussion.82  

 

The porosity of MOFs is what dominates their interesting nature, and their main 

functionalities. The customisability of MOFs though changing the nodes and spacers 

enables the rational design of different pore environments. Perhaps the most well-

known example of a metal-organic framework is MOF-5, [Zn4(μ4-O)(bdc)3].19 MOF-5 is 

a simple cubic porous material constructed from zinc-oxide tetrahedra (nodes) 

connected by linear benzene dicarboxylate ligands (spacers). Its hydrogen storage 

capacity (due to its high surface area and pore space)19 and deliberate design (crystal 

engineering approach) led to it being the starting point for many other carboxylate-

based MOFs in the literature. 

 

 

Figure 1.8. Left: the ‘node’ of MOF-5 or [Zn4(μ4-O)(bdc)3], showing the μ4-oxo zinc 

cluster (with carboxylates coordinated). Right: the cubic pore environment within MOF-

5. 
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Despite the greater thermal and hydrolytic stability of zeolites (perhaps the most 

closely related class of porous materials to MOFs), the crystal engineering approach to 

MOF materials has led to their diverse, successful application in many ways.  MOFs for 

gas and vapour capture, heterogeneous catalysis, proton conduction, chiral resolution 

and trapping of hazardous materials (among many other applications) have been 

identified so far. Examples of such applications are introduced and referenced in 

section 1.3. 

 

1.2.3 Zeolitic imidazolate frameworks (ZIFs) 

ZIFs may be considered a subset of metal-organic frameworks, which have enjoyed 

particular attention due to their enhanced thermal stability relative to MOFs based on 

carboxylate ligands. They are three-dimensional, generally porous coordination 

polymers, based on tetrahedral metal ions (not clusters), connected by imidazolate 

ligands. An example of a ZIF (which is introduced further in chapter 5) is shown in 

Figure 1.9. 

 

 

Figure 1.9. The coordination environment in the mixed-ligand ZIF-69 [Zn(2-

nitroimidazolate)2(benzimidazolate)2].83 

 

Whereas MOFs based on carboxylates offer generally much lower thermal and 

hydrolytic stability than zeolites, ZIFs possess much more favourable thermal and 

chemical stabilities (relative to MOFs). The variety of structures observed of ZIF 
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materials, as well as their potential for structural flexibility has also been of recent 

interest, including the structural transformations, amorphisation and glass-like 

properties of some ZIF phases.84–88 

 

1.2.4 Other supramolecular polymers 

The prominence of MOFs and coordination polymers has led to the study of other 

network materials for similar applications. Covalent organic frameworks (COFs) have 

become the subject of a research field in their own right in recent years.89–93 COFs are 

organic polymers, propagated by covalent bonds rather than coordination bonds. The 

use of rigid polyaromatic building blocks to engineer 2D or 3D polymers has led to a 

range of highly porous structures. 

 

The high degree of porosity in COFs has been exploited for gas sorption as in MOF 

materials.90–92 COFs also demonstrate a high degree of customisability (see sections 

1.3.2 and 1.3.1 respectively).89 However, due to their high porosity, poor crystallinity 

and lack of strong X-ray scattering elements, COFs have been difficult to characterise 

crystallographically, hindering the understanding of their structure-function 

relationships. To date only one example of ‘complete’, single-crystal diffraction 

characterisation of a COF exists.93 

 

Porous supramolecular materials propagated by hydrogen bonds have also been 

described as polymeric. The acronym HOF (hydrogen-bonded organic framework) 

has been used to describe a related series of compounds which also display similar 

properties to MOFs and COFs despite being comprised of discrete molecules in the 

solid state. The porosity of these materials has been explored for gas sorption 

purposes.94 
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1.3 Synthesis and applications of metal-organic 

frameworks 

 

As noted above, metal-organic frameworks are attractive materials to study, in 

particular due to their varied and potentially powerful applications arising from their 

porosity. Such applications which have received recent attention include the 

entrapment of gas (in some cases selectively),95–97 the catalysis of reactions within 

their pores,98 novel optical properties99–101 and flexibility or dynamic structural 

behaviour in response to guests.102–104 Specific noteworthy examples of MOF 

applications are introduced in section 1.3.2. The synthesis of MOFs and developments 

in solvent-free or multi-step synthesis are also introduced in section 1.3.1. 

 

1.3.1 Synthesis of MOFs  

 

1.3.1.1 The effect of solvent and self-assembly 

The role of solvent in the self-assembly of coordination polymers (and MOFs) is 

highlighted in the review by Li and Du.105 Slight variations in synthetic conditions 

(where perhaps solvent mixtures or heating regimes for syntheses are not identical) 

for MOFs could give potentially large numbers of polymorphs or alternative 

formulations in simple systems (for example combinations of ZnII and terephthalate, 

the constituent components in MOF-5).  

 

Mechanochemical (solvent-free or with very small quantities of solvent) synthesis of 

MOFs has been pursued in recent years, in particular by James and co-workers. 

Mechanochemical synthesis bypasses the effect of solvent (where none is used) as 

well as offering a more environmentally friendly approach to MOF synthesis. 

Research in the James group has successfully demonstrated the solvent-free synthesis 

of MOFs,106–108 including several well-known and extensively studied MOFs, and is 

now the subject of one of the first MOF spin-out commercialisations.ii However, the 

absence of a crystallisation solvent can cause complications, leaving unreacted 

starting material (metal salts or ligand) present, giving a product which requires 

further purification before application.109 

                                                           
ii See www.moftechnologies.com/order.html (accessed November 2015). 
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1.3.1.2 Multi-step MOF synthesis and structural transformations of MOFs 

Some one-dimensional and two-dimensional coordination polymers have been shown 

to transform into porous three-dimensional coordination polymers through multi-

step reaction pathways. Work in the Brammer group demonstrated the flexibility of 

the common ‘paddlewheel’ coordination polymer node in a reversible chemical and 

structural transformation from a 2D coordination polymer to a 3D MOF.110  

 

 

Figure 1.10. A mechanistic representation of removal of pyridine from a 2D 

coordination polymer, accommodated by rearrangement of the paddlewheel 

coordination polymer node, and its replacement with pyrazine to form a new 3D 

coordination polymer (MOF). Figure reproduced from reference 110. 

 

The removal of pyridine (a capping ligand in the initial 2D coordination polymer) was 

compensated for by the rearrangement of the paddlewheel unit. Introduction of 

pyrazine enabled the formation of a 3D porous coordination polymer (MOF), due to 

the reformed paddlewheel nodes being connected in the third dimension by the 

pyrazines. 

 

The removal of capping solvent molecules to enable propagation of a coordination 

polymer in an addition dimension was also shown, in work by Du and Vittal.111 This 



 
Introduction: crystal engineering & metal-organic frameworks (MOFs) 
 

 
14 
 

was as part of a two-step transformation of a coordination polymer into a MOF (1D 

coordination polymer to 2D to 3D), although crystallographic evidence was not 

obtainable in this case. 

 

The pores of as-synthesised MOFs are most often filled with the crystallisation 

solvent. To activate the materials for gas sorption (or other applications that depend 

on the pores being empty), this solvent must be removed. In the case of many rigid 

MOFs, this removal of solvent does not result in a collapse of the pores (for example 

‘MOF-5’ introduced in section 1.2.2).19 This type of porosity has been termed ‘second-

generation porosity’ primarily by Kitagawa.102,112,113 However, some MOFs have 

demonstrated a structural dependence on the solvent contained within them.113–117  

Removal of the solvent results in either a reversible structural rearrangement (‘third-

generation porosity’ or ‘soft-porous crystals’) or a complete collapse of the pores (or 

even loss of crystallinity), which may be irreversible or reversible (‘first-generation 

porosity’). This terminology will become increasingly important as MOFs which are 

not necessarily rigid and/or are solvent-structure dependent become more 

prominent. This terminology is also relevant to work in this project described in 

chapter 3 on molecular materials. 

 

 

Figure 1.11. The three ‘types’ of porosity classified by Kitagawa, describing traditionally 

rigid MOF systems (type II) and more flexible systems (types I and III). Figure 

reproduced from reference 113. 
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1.3.1.3 Post-synthetic modification of MOFs 

MOFs have been shown to be customisable not only during the synthesis (through the 

selection of metal and ligand) but after initial synthesis. Functional groups on ligands 

which point into the pore environment may undergo simple organic transformations, 

thereby modifying the pore space. This process has become known as post-synthetic 

modification (PSM).118,119 

 

PSM is particularly useful in cases where a desired functional group cannot be used in 

the initial synthesis. Potentially coordinating functional groups may interfere with the 

initial self-assembly of the MOF (by competing with the intended coordinating 

functional group, and creating an unintended product). Post-synthetic modification 

has been reviewed Cohen.118–120 A diagrammatic representation of the concept of PSM 

is shown in Figure 1.12. 

 

 

Figure 1.12. Synthetic routes to functionalised MOFs, either through modifying the 

ligand and then mixing with metal salt (methods complex, unknown) (follow diagram 

from top left clockwise), or solvothermal synthesis and post-synthetic modification 

(follow diagram from top left anticlockwise). Figure reproduced from reference 120. 

 

The PSM strategy has been used by Rosseinsky and co-workers to introduce a 

coordinating 1,3-ketoimine functionality to a pore surface.121 This allowed the 

complexation of a transition metal, which would not have been possible during the 

initial self-assembly. 
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Interestingly, the outcome of simple organic transformations has also been affected by 

conducting them within the pores of a MOF. The confined space and limited rotational 

freedom available to the ligands was shown to direct distereoselectivity of alkene 

bromination within a MOF (see Figure 1.13).122  

 

 

Figure 1.13. Diastereoisomerism in the bromination of stilbene. The product formation 

is dependent upon the rotation of the C‒C alkene bond during reaction (shown in red). 

Both the meso- and rac- products are accessible where rotation is possible (products in 

boxes with blue titles), but only the meso- product results where C‒C bond rotation is not 

possible. 

 

The bromination of the stilbenedicarboxylate ligands of a MOF was shown to be 

affected by the lack of freedom of rotation. In a solution-phase reaction on molecular 

stilbene (or its derivatives), the stilbene unit would be free to rotate during the 

bromination, and so the bromination could proceed by either reaction route A or B 

shown in Figure 1.13, enabling formation of both diastereomers. The lack of rotational 

freedom when stilbenedicarboxylate is used as a ligand in a MOF, however, prevented 

reaction route B from taking place, and therefore gave a diastereoselective 

bromination reaction. 

 

1.3.2 Gas storage/entrapment 

The high internal surface area and high porosity of metal-organic frameworks has led 

to a considerable amount of study into their potential for storing or separating gases. 

This has been applied to the capture and storage of undesirable gases such as CO2, or 

the storage of fuel gases (or feed gases) such as H2 or volatile organics for later use. 
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Further work on MOFs for gas storage by the Yaghi group has taken a crystal 

engineering approach to designing MOFs with massive internal pore space, by using 

extremely long ligand spacers between nodes. MOFs with internal void spaces of up to 

90% were successfully synthesised by this approach (just 10% of the material volume 

is occupied) (See Figure 1.14).22 

 

 

Figure 1.14. Ultra-high porosity in [Zn4(μ4-O)(L)2] (where L is 4,4',4''-(benzene-1,3,5-

triyl-tris(ethyne-2,1-diyl))tribenzoate) presented by Yaghi and co-workers.22 Atoms are 

shown as spheres representing their van der Waals radii. 

 

However, targeting such great porosity does not necessarily lead to better 

functionality. Materials for the entrapment of undesirable gases need to demonstrate 

some retention or selectivity for the target. Materials for the storage of fuel gases need 

to demonstrate good working capacity. Working capacity refers to the storage 

capability of the material above the ‘working’ pressure (a minimum of c. 5bar, at 

which most storage tanks are maintained even when ‘empty’) – see Figure 1.15. 
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Figure 1.15. A simple schematic of gas sorption isotherms for two different porous 

materials. Top: a material with poor working capacity, as most of the gas remains 

adsorbed below 5 bar. Bottom: a material with good working capacity, as most of the 

gas stored is removed from the material above 5 bar. Figure reproduced from reference 

24. 

 

Selective entrapment of gases from a mixture is a more recently explored application 

of MOFs. Entrapment of CO2 from a mixture (often from air/N2) is particularly 

desirable, for its removal from flue gas streams in power plants. Several MOF systems 

have been used for the selective entrapment of CO2,25,123–132 many of them utilising 

amino groups decorating the pore surface.125,126,132–134 This idea comes from the arrest 

of CO2 in the liquid phase by carbamate formation (“scrubbing”), currently used in 

industry.21 

However this is not the only method of inducing selectivity. Fluorinated MOF hosts 

have also been shown to be efficient at accommodating CO2 (in some cases selectively 

over N2 or CH4), and MOFs with perfluorinated ligands have been used to this 

end.28,135 In particular, work by the Farha group demonstrates the improvement of 

CO2 uptake by using fluorinated MOFs.135 An existing MOF (NU-1000) was modified 

post-synthesis (PSM) to feature perfluorinated alkyl chains (of varying lengths) 

decorating the pore surface (see Figure 1.16).  
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Figure 1.16. The interior pore surface of the “NU-1000” MOF, which has been modified 

to contain perfluorononanoate chains. This particular MOF showed an increased CO2 

uptake at 0.15 bar CO2 of 0.8 cm3 cm-3 over the unmodified parent material. 

 

It was gravimetrically observed that at low loading (p =0.15 bar) the CO2 uptake of the 

fluorinated materials was increased over that of the non-fluorinated parent MOF. 

This, however, is accompanied by a loss of overall pore space due to the presence of 

the perfluorinated chains. The use of fluoroalkyl groups to selectively adsorb CO2 has 

also been investigated in non-porous materials, and related work is introduced in 

section 1.4.2. 

 

1.3.3 Capture/destruction of undesirable substances 

While CO2 has been a well-studied target for capture within MOFs, due to its role in 

anthropogenic global warming, the capture of other harmful anthropogenic gases has 

enjoyed less attention in the MOF field.  

 

However, hydrophobic MOFs have been explored in recent years for their ability to 

capture volatile organic compounds (VOCs) from humid air.136–139 In particular, 
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Navarro and co-workers have reported promising results with azolate-based MOFs as 

highly hydrophobic hosts for a family of organic guests that mimic chemical warfare 

agents (CWAs) (see Figure 1.17).137,138 

 

 

Figure 1.17. A highly hydrophobic MOF (based on the MOF-5 type structure shown in 

Figure 1.8) for the capture of chemical warfare agent analogues (such as diethylsulfide). 

Figure reproduced from reference 138. 

 

The relative success in capturing these gases within MOFs, in cases better than in 

activated carbon, has led to attempts to destroy the CWAs captured within 

hydrophobic MOFs.139 The addition of lithium alkoxide to the pores of the well-known 

hydrophobic MOF UiO-66 ([Zr6O4(OH)4(bdc)6]) by the Navarro group created a 

material capable of catalysing the destruction of CWA analogue compounds. This 

proceeded via the hydrolysis of the P‒F, P‒O and P‒Cl bonds commonly present in 

CWAs. In fact, suspensions of these modified MOF materials were also successfully 

impregnated into silk, creating a porous fabric that demonstrably degraded CWA 

analogue compounds in the vapour phase. This shows potential for real-world 

application of active MOFs. An image of the MOF particles suspended on silk is shown 

in Figure 1.18. 
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Figure 1.18. Particles of the alkoxide-modified MOF [Zr6O4(OH)4(bdc)6](LiOtBu) on silk. 

Figure reproduced from reference 139. 

 

1.3.4 Catalysis 

The potential of MOFs as heterogeneous catalysts has also been explored. Here the 

versatility of MOFs in comparison to zeolites is also advantageous. A variety of 

catalytically active MOFs have been designed, which may be catalytically active at an 

open metal site which is pointing into a pore,7,140,141 where the ligands themselves 

have been activated as catalysts,13,14 at a cluster or complex which has been 

impregnated into the MOF,11,12,17,18 or by a combination of metal/ligand activity.15,16 

 

A notable example of ligand-catalysed reactions in a MOF is the use of radical-

containing ligands for MOF construction by Kitagawa and co-workers.14 Their use of a 

ligand resembling TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) created a pore 

space lined with nitroxyl radicals (see Figure 1.19). 
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Figure 1.19. Nitroxyl radicals lining the pores of a MOF designed for oxidation catalysis 

by Kitagawa and co-workers.14 

 

The nitroxyl-containing MOF was found to catalyse the oxidation of a broad range of 

simple alcohols, in comparable yields to reactions using TEMPO as a homogeneous 

catalyst. Moreover, the advantages of using a heterogeneous catalyst (i.e. a MOF) over 

homogeneous catalysts are also exemplified by this work, as the substrates after 

reaction were found to be easily removed from the MOF, and the authors noted that 

work-up was also simplified due to the absence of catalyst in solution. 

 

Recent work has also looked at the application of MOFs as photocatalysts, in several 

cases for CO2 reduction,15,16 following on logically from the continuing interest in 

MOFs for the capture of CO2 within their pores. A noteworthy example uses a 

combination strategy of utilising the MOF as a host for the CO2, with ligands 

containing an iridium complex for the reduction of that CO2. Again the advantages of 

heterogeneous catalysis are shown by the use of MOFs, as the catalytic MOF could be 

re-used by quenching of the iridium catalyst, and it’s successful re-use with only a 

minor loss of activity over 5 cycles. 
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1.3.5 Optical properties 

The luminescent properties of MOFs have also been explored, in particular by the 

group of Wenbin Lin. The Lin group have worked on tuning the optical properties of 

MOFs through interpenetration,32 ‘doping’ of MOFs with luminescent ligands,35 or 

more recently the tandem effect of metal clusters (nodes) and their ligands 

(spacers).36 Perhaps most notable is the latter example, in which zirconium (or 

hafnium)-based MOFs of the same topology as the UiO series (see Figure 1.20) were 

shown to act as X-ray scintillators. 

 

 

Figure 1.20. X-ray scintillation by the tandem absorption of X-ray photons by heavy 

metal clusters and visible photon emission by anthracene-like ligands in 

[Hf6O4(OH)4(ligand)6] MOFs by the Lin group. Figure reproduced from reference 36. 

 

The X-ray scintillation was achieved by exploiting the X-ray absorption of heavy 

metals (the zirconium or hafnium in this case), and its conversion to fast electrons. 

The resultant excitation of the specifically designed anthracene-like spacers 

generated visible photons. 

 

The visible (or near-visible) luminescence ability of MOFs has also been recently 

applied to the sensing of guests present within the pores.33,142–150 This has been 

achieved through the introduction of either luminescent ligands which may either by 

excited145,146 or quenched33,142,143,148,149 by the presence of the target guest, or by the 

presence of open metal sites to bind the guests.144 One promising example also 
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demonstrates the value of using luminescent sensor molecules as ligands in MOFs, 

rather than as free molecules in the solution phase (see Figure 1.21).146 In this case, 

the high cytotoxicity of a cyano-fucntionalised imidazole sensor molecule was found 

to be mitigated by its suspension within the framework as a ligand, preventing 

unintended reaction with components of the cell.  

 

 

Figure 1.21. Use of either the free ligand 2-((1-methyl-1H-imidazol-2-

yl)methylene)malonitrile or the ZIF form [Zn(2-((1-methyl-1H-imidazol-2-

yl)methylene)malonitrile)] as a thiol sensor in cells. Use of the free ligand results in cell 

death, but of the ZIF preserves the cell. Figure reproduced in part from reference 146. 

 

1.3.6 Other ‘host’ applications 

The applications described in sections 1.3.1 to 1.3.5 above describe some of the most 

explored areas of MOF chemistry, but are by no means exhaustive. This section 

introduces some other notable applications of MOFs which do not entirely match the 

paradigms previously introduced. 

 

1.3.6.1 The ‘crystalline sponge’ crystallographic method 

Using a MOF host containing the electron-rich element iodine in the framework, the 

Fujita group have crystallographically characterised small molecules which do not 

normally form crystals, by encapsulating them as guests within the crystalline 

MOF.151,152 This has helped identify the structure of synthetic organic targets which 

may only be isolable in microgram quantities, and the absolute configuration of 

enantiomerically pure compounds.153 The presence of heavy atoms in the framework 

has helped bypass the need for heavy elements in the guest molecule, enabling 
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solution of the phase problem where it may not be possible for light organic 

structures containing only C,H,N. 

 

 

Figure 1.22. The ‘crystalline sponge’ method for obtaining crystal structures of small 

compounds. Section a shows the general method for inclusion of the guest, and sections  

b and c show the crystal structures of the host MOF (shown in wireframe) and the guests 

contained within (shown in space-fill view, then also with thermal ellipsoids at the 50% 

probability level). Figure reproduced from reference 151. 

 

1.3.6.2 Templated polymerisation 

Two interesting variations on the application of MOFs to polymer synthesis have been 

shown, involving the pre-organisation of monomers. 

 

The first involves using the ligands of the MOF as monomers. Sada and co-workers 

demonstrated the templating of porous organic polymers by this method.154 In their 

work, ligands which contained pendant polymerisable groups (see Figure 1.23) were 

reacted with metal salts to produce MOFs of various architectures. The monomer 

ligands were then polymerised by the introduction of cross-linking guests (see also 

Figure 1.23), and the MOFs digested using acid. This left behind porous organic 

polymers with architectures that were templated by the MOF phase previously 

present. 
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Figure 1.23. Schematic of templated polymer synthesis, using monomers which are pre-

organised as ligands within a MOF. ‘Click’-able cross linkers are added to the crystals to 

initiate polymerisation, followed by removal of the metal nodes with acid. Figure 

reproduced from reference 154. 

 

Secondly, work by the Kitagawa group utilised MOFs as hosts for the polymerisation 

of a monomer guest.155 They demonstrated that the bulky, normally un-polymerisable 

monomer 2,3-dimethylbutadiene (DMB) could be polymerised within the channels of 

several MOF hosts, due to the suppression of termination reactions within the pores. 

The restrictive pore channel environment of the MOFs used pre-organised the 

monomers such that cyclisation termination routes or other branching reactions 

could not occur. Moreover, by using different sized pore channels, the group were 

able to restrict the extent of (or stop completely) the polymerisation by restricting the 

space available for the reaction to take place. This approach also enabled the 

microstructure (branching) of the polymer formed to be altered.  
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Figure 1.24. Top: Potential polymerisation products of dimethylbutadiene (DMB), 

giving polymers with different microstructures (branching), denoted by regions l, m and 

n. Bottom: Schematic representation of the polymerisation of DMB within one-

dimensional channels of a MOF. Figure reproduced from reference 155. 
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1.4 Non-porous coordination polymers and molecular 

crystals: solvent effects and latent porosity 

 

In the context of the results introduced in sections 1.3.1 (crystal engineering aspects 

of MOFs) and 1.3.2 (gas sorption and selectivity in MOFs), related work with non-

porous coordination polymers (and in cases, molecular materials) is introduced 

briefly here. 

 

1.4.1 Crystal engineering – solvent effects 

Crystal engineering of non-porous materials relates closely to the work described by 

chapter 2. Previous crystal engineering work by the Brammer group has focussed on 

halogen bonding in molecular crystals156–161 and coordination polymers of silver.72–76  

 

The importance of the effect of crystallisation solvent on the packing of molecules in 

the solid state is shown to have a dramatic effect on competitive co-crystallisation.162 

Work by the Metrangolo and Resnati groups on a ternary competitive co-

crystallisation system (a hydrogen bond donor, a halogen bond donor and a 

hydrogen/halogen bond acceptor) demonstrated that halogen-bonded co-crystal 

formation could be supported by the use of a relatively polar crystallisation solvent, 

keeping the third component (the hydrogen bond donor) in solution (see Figure 1.25). 
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Figure 1.25. Competitive crystallisation of a halogen-bonded co-crystal C6F4I2·bpa from 

a ternary mixture of 4,4’-bispyridyl-1,2-ethane (bpa), para-diiodoperfluorobenzene 

(C6F4I2) and hydroquinone (hyquin), in acetone.162 

 

The effect of solvent on the self-assembly of coordination polymers (previously noted 

in the literature in review by Li and Du)105 has also been highlighted through the 

Brammer group’s work with silver coordination polymers. The choice of arene 

solvent in the synthesis of a family of non-porous coordination polymers was shown 

to affect the architecture (1D or 2D) of the resultant coordination polymers, which are 

polymorphic (see Figure 1.26).76 

 

C6F4I2 bpa hyquin 

C6F4I2·bpa 

Acetone 
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Figure 1.26. Different coordination polymer architectures afforded by coordinating 

arene solvent in two related silver coordination polymers. The pre-arrangement of the 

coordination polymers into 2D sheets or 1D orthogonal chains is preserved after 

removal of the solvent thermally.76 

 

Moreover, this pre-arrangement of the coordination polymer chains by the 

crystallisation solvent was shown to affect the product of heating the coordination 

polymers, resulting in solvent loss. The resultant coordination polymers upon heating 

were of the same topology as their precursors (e.g. 2D coordination polymers gave 2D 

coordination polymers upon heating, 1D coordination polymers gave 1D coordination 

polymers upon heating). This was despite the considerable amount of structural 

rearrangement of the coordination node involved in the solvent loss. 

 

The role of crystallisation solvent on the arrangement of molecules in the solid state, 

in particular its presence as a solvate within the crystal, is explored and discussed in 

chapter 2. 
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1.4.2 Gas sorption in coordination polymers 

The potential for uptake of gas in inherently non-porous materials relates closely to 

work described in chapter 3. 

 

The uptake of CO2 into fluorous host compounds has not only been observed in MOFs, 

but also in non-porous coordination polymers. Work in the Kitagawa group used a 

fluoroalkyl-functionalised ligand (similar to the strategy described for MOF NU1000 

in section 1.3.2) to create an inherently non-porous coordination polymer which 

possessed densely-packed regions of fluoroalkyl chains between coordination 

polymer layers (see Figure 1.27).163 

 

 

Figure 1.27. Layers of fluoroalkyl chains between 2D coordination polymers in an 

inherently non-porous material, described by Kitagawa and co-workers. Fluorous layers 

created by perfluoroalkyl chains are highlighted with arrows.163 

 

Despite not appearing to be porous, this material was found to take up CO2. This 

uptake was also shown to be selective, as for the modified NU1000 MOF shown in 

section 1.3.2. It appears that conformational rearrangement of the fluoroalkyl chains 

accommodates CO2 selectively, but does not permit the entry of CO, O2 or N2. Work on 

the fluorinated non-porous coordination polymers of silver (I) in the Brammer group 

has also demonstrated the selective uptake of CO2, potentially within the highly 

fluorinated domains between coordination polymers, as shown in the example in 

Figure 1.27.75   
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 2.1 Introduction 

 

2.1.1 Halogen bonding for crystal engineering purposes 

Hydrogen bonding has been noted as a useful, directional interaction in crystal 

engineering several times, particularly by Gutaram Desiraju, as noted in chapter 1, 

section 1.1.1.1.1–4 However, halogen bonds also are highly directional in nature, and 

indeed can possess strength and directional character comparable to hydrogen 

bonds.5 The anisotropic distribution of electrostatic potential around larger halogen 

atoms enables them to behave as either electrophilic or nucleophilic intermolecular 

interaction sites. The region of positive electrostatic potential on larger halogens, 

parallel to the axis of their bond with another atom, may be referred to as the ‘σ-hole’. 

 

 

Figure 2.1. The electrostatic potential computed, and plotted on the van der Waals 

surfaces for trifluorohalomethane with successive halogens (F, Cl, Br, I). This 

demonstrates the increasing size of the ‘σ-hole’ region of positive electron potential with 

increasing halogen size. Figure reproduced from reference 5. 
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Indeed, halogen bonds have been successfully used to direct the packing of molecules 

in the solid state. Work by Metrangolo and Resnati has repeatedly demonstrated this, 

particularly in the self-assembly of novel co-crystal materials.6–11 In particular, they 

have shown that halogen bonds form in a highly directional nature in the solid state, 

as with hydrogen bonds (see example shown in Figure 2.2). Specifically, the linear 

nature of halogen bonds formed where the halogen acts as an electrophilic species 

through the ‘σ-hole’ is useful in creating linear chains of halogen-bonded materials. 

 

 

Figure 2.2. Halogen-bonded co-crystal material [C6F4I2][bpa], demonstrating the 

designed formation of 1D halogen-bonded chains in a crystalline material.6 

 

Work in the Brammer research group has also highlighted the important role of 

halogen bonding in supramolecular chemistry, including the ability of ‘inorganic’ 

halogens (those bound directly to a metal cation) to form strong intermolecular 

interactions in the solid state,12 and in solution.13 

 

Exploration of the halogen bond has expanded to its applications in host-guest 

chemistry, with impressive results both in the solid state, and solution phase. In the 

solid state Nassimbeni and co-workers have quantified the effect of tuneable halogen 

bonding on guest entrapment, and demonstrated that stronger halogen bonds create 

(understandably) more strongly binding hosts.14 In the solution phase, Beer and co-

workers demonstrate the superiority of halogen bonding over hydrogen bonding in 

the recognition of halide ions in solution.15 

 

Halogen bonds are clearly an underexplored, but interesting area of supramolecular 

chemistry to explore, particularly in the solid state. 

 

2.1.2 Halogen-bonded clusters in crystal engineering 

Previous crystal engineering work in the Brammer group has looked at the halogen 

bonding in halobenzoate paddlewheel clusters, and the control that can be exerted 

over their solid state structures by changing the components involved in their self-
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assembly.16–18 These discrete paddlewheel clusters contain four halogens, pointing 

away from the cluster either at the corners of a square (4-substituted benzoate) or at 

four vertices of a cuboid (3-substituted benzoate), as also shown in Figure 2.3. 

 

 

 

 

Figure 2.3. Copper (II) paddlewheel halobenzoate clusters: a) based on 4-iodobenzoate, 

giving a cluster with halogens at all corners of a square;18 and b) based on 3-

iodobenzoate, giving a cluster with halogens at four vertices of a cuboid.16 

 

A commonly recurring motif in the study of the square-based 4-halobenzoate clusters 

was the CX···π motif, in which pairs of clusters form dimers through such halogen 

bonds (shown in Figure 2.4). This was found to be a persistent motif in the formation 

of these clusters, creating 2D layers of clusters connected by halogen bonding.18 

 

(a) 

(b) 
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Figure 2.4. Dimers of clusters in [Cu2(4-iodobenzoate)4(acetone)2] connected by the 

CX···π halogen bonding motif.18 

 

It was also demonstrated that, through adjusting the components in the self-assembly 

of halobenzoate-containing materials, the formation of either a coordination polymer 

or discrete, halogen-bonded clusters could be directed (see Figure 2.5).16 When 3-

halobenzoates were mixed with copper salts and a series of linker ligands, it was 

found that linkers of different lengths gave either discrete halogen-bonded clusters or 

one-dimensional coordination polymers. The linker ligands were linear, ditopic 

neutral ligands which occupied the axial sites at the carboxylate paddlewheel unit 

(where acetone is shown to be in Figure 2.4). Shorter linker ligands (i.e. DABCO, 

which is a good halogen-bond acceptor) gave discrete clusters, which were connected 

by N···I‒C halogen bonds from the linker ligand to the halobenzoate (see Figure 2.5). 

Longer ligands did not form halogen bonds but instead gave linear 1D coordination 

polymers (see Figure 2.5). 
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Figure 2.5. Top: Discrete, halogen-bonded clusters of [Cu2(3-iodobenzoate)4(DABCO)2] 

formed using DABCO in crystallisation. Bottom: 1D coordination polymers of [Cu3(3-

iodobenzoate)6(bipy)] formed using 4,4’-bipyridine in crystallisation, demonstrating 

control over the formation of different networks in the solid state.18 

 

A cluster with a greater number of interaction sties (more halogens on vertices, cf. the 

diagrams in Figure 2.3) may serve as an interesting point of comparison to the 

established clusters containing halobenzoates, in particular examining the persistence 

of the CX···π motif in the presence of a greater number of halogen atoms (which may 

act as both electrophile and nucleophile). 

 

Pyrazolate clusters based on palladium and platinum reported by Umakoshi and co-

workers may provide such a point of comparison.19 In the case of [Pd3(pz)6] (see 

Figure 2.6), the authors show a cluster which contains six ligands, pointing away from 

the centre toward the vertices of an hourglass-like shape based on a trigonal prism. 

Another, based on a cube is [Pt2Ag4(pz)8] (see Figure 2.6), which has eight ligands, 
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again each pointing away from the centre of the cluster in a symmetric manner, along 

the vertices of the cube.  

 

 

Figure 2.6. Top: Trigonal prism cluster [Pd3(pz)6] and a schematic showing the 

terminal 4-substitution sites pointing towards the vertices of the cluster. Bottom: Cubic 

cluster [Pt2Ag4(pz)8] and a schematic showing the terminal 4-substitution sites pointing 

to the vertices of that cube.19 

 

Analogous clusters to these, using 4-substituted pyrazoles (Cl, Br, I) would therefore 

be interesting to pursue, in the context of crystal engineering using halogen bonds. 

The halogen bonding motifs formed by these highly halogenated clusters (particularly 

the trigonal prismatic cluster) are (to the best of the author’s knowledge) so far 

unexplored. 
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2.1.3 ‘Stellated clusters’  

Clusters like the trigonal prismatic [Pd3(pz)6] with benzoates have also been 

described in the literature.20,21 These clusters are based on the tris-chromium(III)-oxo 

building unit, which forms the basis of the MIL (Materials Institute Lavoisier) series of 

MOFs.22–24 These clusters also feature six ligands, where the 4-substituent points 

toward a vertex of the trigonal prism created (see Figure 2.7). 

 

 

Figure 2.7. The [Cr3(μ3-O)(benzoate)6(MeOH)3] cluster (nitrate counter-ion and non-

coordinated solvent from crystal structure are not shown for clarity) previously studied 

in the literature.20,21 

 

This type of cluster, along with the [Pd3(pz)6] cluster represent a particularly 

interesting avenue of study in crystal engineering due to their ‘stellated’ (star-like) 

nature. This star-like shape makes the individual molecules difficult to pack in the 

solid state, and as such the solvent in the crystal structures of the clusters is shown to 

be important in their packing, for example through hydrogen bonding with the 

cluster.  The effect of solvent on the packing of these clusters in the solid state is 

therefore also of interest in these cases, as has been highlighted in the context of self-

assembly.25 
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2.1.4 Chapter aims 

The work described by this chapter aimed to apply halogen bonding (and hydrogen 

bonding) to a designed approach to materials in the solid state, using the clusters 

shown in Figure 2.6. A family of such materials were to be synthesised and their novel 

intermolecular interactions explored, as well to extent to which control over their 

packing in the solid state could be achieved. This was to be pursued through both 

changing the halogen substituent on the cluster and crystallising the trigonal 

prismatic cluster [Pd3(pz)6] from a series of related solvents, to determine their effect 

on the packing.  
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 2.2 Experimental 

 

2.2.1 Crystal syntheses 

All reactants were purchased from Fluorochem, Aldrich or Fisher Scientific and used 

as received without further purification. Containers of palladium and platinum salts 

(which are hygroscopic) were flushed with argon after each use and stored in a 

desiccator between uses. Silver salts and all experiments using silver salts were 

wrapped in aluminium foil and stored in a dark cupboard to prevent precipitation of 

silver solid. 

 

[Pd3(Brpz)6]·3MeCN, (2.1·MeCN) 

PdCl2 (47 mg, 0.26 mmol) was dissolved in warm MeCN (100 mL), and 100 L NEt3 

was added. The yellow solution was allowed to cool to ambient temperature and 1H-

4-bromopyrazole (BrpzH) (117 mg, 0.80 mmol) was added in a single portion.  

This effected the immediate appearance of fine, white powder which could not be 

collected even on a grade 4 sinter, and is suggested by Umakoshi and co-workers to be 

the coordination polymer [Pd(R-pyrazolate)]n, the kinetic product.19 

The solution was covered with ParafilmR, which was pierced to allow slow 

evaporation of the solvent. Yellow crystals of 2.1·MeCN formed within three days (10 

mg, 15.2 μmol, 9% yield). CHN expected: C 21.87%, H 1.61%, N 15.94%; anal. found: C 

21.98%, H 1.71%, N 15.74%. 

 

[Pd3(Ipz)6]·2MeCN, (2.2·MeCN) 

PdCl2 (47 mg, 0.26 mmol) was dissolved in warm MeCN (100 mL), and 100 L NEt3 

was added. The yellow solution was allowed to cool to ambient temperature and 1H-

4-iodopyrazole (IpzH) (155 mg, 0.80 mmol) was added in a single portion.  

This effected the immediate appearance of fine, white powder which could not be 

collected even on a grade 4 sinter, and is suggested by Umakoshi and co-workers to be 

the coordination polymer [Pd(R-pyrazolate)]n, the kinetic product.19 

The solution was covered with ParafilmR, which was pierced to allow slow 

evaporation of the solvent. Yellow crystals of 2.2·MeCN formed within three days (22 

mg, 14 μmol, 16% yield). CHN expected: C 16.95%, H 1.16%, N 12.58%; anal. found: C 

17.16%, H 1.27%, N 12.41%. 
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[Pd3(Brpz)6]·1.5DCM, (2.1·DCM) 

Crystals of compound 2.1·MeCN were recrystallised from the minimum amount of 

boiling dichloromethane (DCM), and the cooled solution was sealed in a small vial to 

prevent solvent evaporation. Crystals of 2.1·DCM formed overnight (without the 

presence of the white by-product), but although sufficient in amount for single-crystal 

structure determination, were insufficient in amount for bulk analysis. 

 

[Pd3(Brpz)6]·DBM, (2.1·DBM) 

Crystals of compound 2.1·MeCN were recrystallised from the minimum amount of 

boiling dibromomethane (dibromomethane), and after allowing the solution to cool to 

ambient temperature, a seal of ParafilmR was used to cover the recrystallization flask, 

then was pierced three times to allow slow evaporation of solvent. Crystals of 

2.1·DBM formed overnight (without the presence of the white by-product), but 

although sufficient in amount for single-crystal structure determination, were 

insufficient in amount for bulk analysis. 

 

[Pd3(Brpz)6]·2DIM, (2.1·DIM) 

Crystals of compound 2.1·MeCN (with 30 molar equivalents of diiodomethane (DIM), 

delivered by Gilson pipette) were recrystallised from the minimum amount of boiling 

dichloromethane, and the cooled solution was sealed to prevent rapid evaporation. 

Crystals of 2.1·DIM formed within two days (without the presence of the white by-

product), but although sufficient in amount for single-crystal structure determination, 

were insufficient in amount for bulk analysis. 

 

[Pd3(Brpz)6]·bipm, (2.1·bipm) 

2,2’-bipyrimidine (bipm) was prepared by Tom Roseveare, according to literature 

procedure.26 

Crystals of compound 2.1·MeCN (with 100 molar equivalents of 2,2’bipyrimidine 

solid) were recrystallised from the minimum amount of boiling dichloromethane, and 

the cooled solution was placed in a sealed vial to prevent solvent evaporation. 

Crystals of 2.1·bipm formed within one week (without the presence of the white by-

product), but although sufficient in amount for single-crystal structure determination, 

were insufficient in amount for bulk analysis. 
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PdCl2(HBrpz)2, (2.3) 

PdCl2 (44 mg, 0.25 mmol) was dissolved in warm MeCN (100 mL). The yellow solution 

was allowed to cool to ambient temperature and 1H-4-bromopyrazole (110 mg, 0.75 

mmol) was added in a single portion. A seal of ParafilmR was used to cover the 

reaction flask, then was pierced three times to allow slow evaporation of solvent.  

Orange needle-like crystals of 2.3 were obtained within four days (91 mg, 77%). CHN 

expected: C 15.29%, H 1.28%, N 11.89%, anal. found: C 15.46%, H 1.40%, N 11.72%. 

 

PdCl2(HIpz)2, (2.4) 

PdCl2 (44 mg, 0.25 mmol) was dissolved in warm MeCN (100 mL). The yellow solution 

was allowed to cool to ambient temperature and 1H-4-iodopyrazole (146 mg, 0.75 

mmol) was added in a single portion. A seal of ParafilmR was used to cover the 

reaction flask, then was pierced three times to allow slow evaporation of solvent. Pale 

yellow needle-like crystals of 2.4 were obtained within two days (80 mg, 56%). CHN 

expected: C 12.75%, H 1.07%, N 9.91%, I 44.90%; anal. found: C 12.92%, H 1.16%, N 

9.82%, I 44.93%.  

 

cis-[PdCl2(4-chloro-1-amidinopyrazol-)], 2.5 

PdCl2 (44 mg, 0.25 mmol) was dissolved in warm MeCN (100 mL). The yellow solution 

was allowed to cool to ambient temperature and 1H-4-chloropyrazole (77 mg, 0.75 

mmol) was added in a single portion. A seal of ParafilmR was used to cover the 

reaction flask, then was pierced three times to allow slow evaporation of solvent. 

Clusters of hair-like, pale yellow crystals of the title compound were obtained within 

two weeks (18 mg, 23%). CHN expected (for the formula given above, from the single 

crystal structure): C 18.77%, H 1.58%, N 13.14%, Cl 33.25%; anal. found: C 19.07%, H 

1.75%, N 14.34%, Cl 35.04%; (calculated for the expected [PdCl2(HClpz)2] complex is 

C 18.85%, H 1.58%, N 14.65%, Cl 37.09%). 

 

[Pt2Ag4(Brpz)8]·3MeCN, 2.6 

PtCl2 (10 mg, 0.03 mmol) and silver nitrate (5 mg, 0.03 mmol) were dissolved in warm 

MeCN (100 mL). The clear solution was allowed to cool to ambient temperature and 

1H-4-bromopyrazole (44 mg, 0.3 mmol) was added in a single portion. A seal of 

ParafilmR was used to cover the reaction flask, then was pierced three times to allow 

slow evaporation of solvent. A few colourless block-like crystals suitable for X-ray 
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analysis were formed within one week, but were not sufficient in quantity for further 

analysis. 

 

[Pt2Ag4(Ipz)8], 2.7 

PtCl2 (10 mg, 0.03 mmol) and silver nitrate (5 mg, 0.03 mmol) were dissolved in warm 

MeCN (100 mL). The clear solution was allowed to cool to ambient temperature and 

1H-4-iodopyrazole (60 mg, 0.3 mmol) was added in a single portion. A seal of 

ParafilmR was used to cover the reaction flask, then was pierced three times to allow 

slow evaporation of solvent. A few colourless block-like crystals suitable for X-ray 

analysis were formed within one week, but were not sufficient in quantity for further 

analysis. 

 

2.2.2 Single crystal X-ray diffraction 

Single crystal X-ray diffraction data were collected for all compounds on Bruker APEX-

2 diffractometers, using Mo-K radiation, or on a Bruker D8 VENTURE diffractometer, 

equipped with a PHOTON 100 CMOS detector, using Cu-Kα radiation (as noted in 

Table 2.8). 

All data were corrected for absorption using empirical methods (SADABS), based on 

symmetry-equivalent reflections combined with measurements at different azimuthal 

angles.27,28 Crystal structures were solved and refined against all F2 values, using the 

SHELXTL program suite,29,30 or using Olex2.31 Non-hydrogen atoms were refined 

anisotropically (except as noted below), and hydrogen atoms placed in calculated 

positions refined using idealised geometries (riding model) and assigned fixed 

isotropic displacement parameters. 

 

Atoms in solvent molecules, particularly disordered solvent found within 2.1·MeCN, 

2.2·MeCN and 2.6·MeCN were modelled isotropically. In addition, poor X-ray data 

quality for compound 2.1·bipm due to small, weakly diffracting crystals meant that 

not all atoms in these models could be refined anisotropically without causing the 

appearance of non-positive definite thermal ellipsoids. Single crystals of compound 

2.5 proved difficult to isolate. The sample analysed was found to have a twin 

component, which was removed in data processing. As such, an Rint value could not be 

determined for this data set. Data collection and refinement parameters for all 

collections are provided in Table 2.8. Crystallographic information files for all 

structures in Table 2.8 are provided in the digital appendix. 
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Table 2.8 (continues on next page). Data collection, structure solution and refinement 

parameters for crystal structures in chapter 2. 

  2.1·MeCN 2.2·MeCN 2.1·DCM 

Radiation type: Cu-Kα Mo-Kα Mo-Kα 

Crystal habitat Plate Plate Plate 

Crystal colour Yellow Yellow Yellow 

Crystal size (mm) 0.24 x 0.10 x 0.10 0.36 x 0.34 x 0.06 0.27 x 0.17 x 0.03 

Crystal system Orthorhombic Monoclinic Monoclinic 

Space group P bcm P 21/n C 2/c 

a (Å) 15.3853 (14) 10.3901 (7) 24.651 (2) 

b (Å) 15.5134 (14) 10.5699 (7) 10.2026 (7) 

c (Å) 15.1858 (13) 34.160 (2) 27.543 (2) 

 (˚) 90 90 90 

 (˚) 90 90.741 (2) 96.499 (4) 

 (˚) 90 90 90 

V (Å3) 3624.5 (6) 3751.2 (4) 6822.5 (8) 

Density (Mg m-3) 2.37 2.615 2.319 

Temperature (K) 100 100 100 

(Mo-Ka) (mm-1) 19.974 6.388 8.557 

 range (˚) 5.744 to 144.076 2.384 to 55.618 2.976 to 55.092 

Reflns. collected 20251 29259 41258 

Independent reflns. (Rint) 3698 [R(int) = 0.0337] 6044 [R(int) = 0.0691] 7821 [R(int) = 0.0691] 

Reflns. used in refinement, n 3698 6044 7821 

LS parameters, p 251 383 392 

Restraints, r 0 2 0 

R1 (F)a I>2.0s(I) 0.0279 0.0528 0.0409 

wR2 (F2)a, all data 0.0693 0.1276 0.0918 

S(F2)a, all data 1.232 0.982 0.994 

      2.1·DBM 2.1·DIM 2.1·bipm 

Radiation type: Mo-Kα Mo-Kα Cu-Kα 

Crystal habitat Plate Plate Plate 

Crystal colour Yellow Yellow Yellow 

Crystal size (mm) 0.25 x 0.20 x 0.09 0.11 x 0.10 x 0.04 0.19 x 0.11 x 0.11 

Crystal system Monoclinic Monoclinic Monoclinic 

Space group P 21/n P 21/c C 2/c 

a (Å) 9.700 (1) 9.9239 (3) 18.3821 (16) 

b (Å) 10.147 (1) 10.2585 (3) 8.7924 (7) 

c (Å) 33.229 (4) 38.157 (1) 22.0804 (18) 

 (˚) 90 90 90 

 (˚) 93.310 (6) 95.577 (1) 96.202 (3) 

 (˚) 90 90 90 

V (Å3) 3264.9 (6) 3866.2 (2) 3547.8 (5) 

Density (Mg m-3) 3.492 2.973 2.533 

Temperature (K) 100 100 100 

(Mo-Ka) (mm-1) 16.364 10.809 20.465 

 range (˚) 2.46 to 55.04 4.112 to 55.282 11.168 to 145.498 

Reflns. collected 46591 50559 18779 

Independent reflns. (Rint) 7481 [R(int) = 0.0866] 8972 [R(int) = 0.0634] 3467 [R(int) = 0.0639] 

Reflns. used in refinement, n 7481 8972 3467 

LS parameters, p 379 406 87 

Restraints, r 0 0 0 

R1 (F)a I>2.0s(I) 0.0533 0.0378 0.1747 

wR2 (F2)a, all data 0.1371 0.078 0.463 

S(F2)a, all data 1.019 1.017 1.258 

a  R1(F) = Σ(|Fo| – |Fc|)/Σ|Fo| ; wR2(F2) =[Σw(Fo
2 – Fc

2)2/ΣwFo
4]1/2 ; S(F2) = [Σw(Fo

2 – Fc
2)2/(n + r – p)]1/2  
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Table 2.8 (continued). Data collection, structure solution and refinement parameters 

for crystal structures in chapter 2. 

  2.3 2.4 2.5 

Radiation type: Mo-Kα Mo-Kα Mo-Kα 

Crystal habitat Plate Plate Plate 

Crystal colour Orange Orange Yellow 

Crystal size (mm) 0.61 x 0.10 x 0.03 0.31 x 0.07 x 0.04 0.30 x 0.04 x 0.03 

Crystal system Monoclinic Monoclinic Triclinic 

Space group C 2/c C 2/c P -1 

a (Å) 15.0668 (5) 14.753 (2) 6.9995 (4) 

b (Å) 4.2622 (1) 4.0792 (4) 8.2042 (5) 

c (Å) 19.2630 (6) 19.149 (2) 8.9136 (8) 

 (˚) 90 90 79.680 (6) 

 (˚) 97.754 (2) 98.462 (5) 76.592 (6) 

 (˚) 90 90 72.370 (5) 

V (Å3) 1225.71 (6) 1139.8 (2) 471.24 (6) 

Density (Mg m-3) 3.063 2.734 2.2473 

Temperature (K) 100 100 100 

(Mo-Ka) (mm-1) 6.96 9.077 2.762 

 range (˚) 4.268 to 55.42 4.302 to 54.998 4.74 to 52.76 

Reflns. collected 10130 9173 3486 

Independent reflns. (Rint) 1434 [R(int) = 0.0224] 1304 [R(int) = 0.0330] 3236 

Reflns. used in refinement, n 1434 1304 3236 

LS parameters, p 74 70 109 

Restraints, r 0 0 0 

R1 (F)a I>2.0s(I) 0.0123 0.0154 0.0467 

wR2 (F2)a, all data 0.0313 0.0397 0.1243 

S(F2)a, all data 1.068 1.051 1.043 

      2.6·MeCN 2.7   

Radiation type: Mo-Kα Mo-Kα   

Crystal habitat Plate Plate 
 

Crystal colour Colourless Colourless 
 

Crystal size (mm) 0.30 x 0.30 x 0.05 0.16 x 0.15 x 0.05 
 

Crystal system Monoclinic Tetragonal 
 

Space group C 2/c P 4/n 
 

a (Å) 16.4345 (9) 13.4871 (4) 
 

b (Å) 16.1788 (9) 13.4871 (4) 
 

c (Å) 21.410 (1) 12.5689 (5) 
 

 (˚) 90 90 
 

 (˚) 104.528 (3) 90 
 

 (˚) 90 90 
 

V (Å3) 5510.7 (6) 2286.3 (1) 
 

Density (Mg m-3) 2.648 3.4357 
 

Temperature (K) 100 100 
 

(Mo-Ka) (mm-1) 12.301 13.214 
 

 range (˚) 3.59 to 55.074 3.24 to 55.1 
 

Reflns. collected 23597 28305 
 

Independent reflns. (Rint) 6311 [R(int) = 0.0479] 2649 [R(int) = 0.0581] 
 

Reflns. used in refinement, n 6311 2649 
 

LS parameters, p 303 123 
 

Restraints, r 0 0 
 

R1 (F)a I>2.0s(I) 0.031 0.0405 
 

wR2 (F2)a, all data 0.066 0.1325 
 

S(F2)a, all data 1.01 1.069   

a  R1(F) = Σ(|Fo| – |Fc|)/Σ|Fo| ; wR2(F2) =[Σw(Fo
2 – Fc

2)2/ΣwFo
4]1/2 ; S(F2) = [Σw(Fo

2 – Fc
2)2/(n + r – p)]1/2  
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2.3 Results & discussion 

 

2.3.1 Trigonal prismatic clusters [Pd3(4-halopyrazolate)6] 

The [Pd3(4-halopyrazolate)6] clusters, where the halogen is bromine or iodine, were 

synthesised by a method analogous to that described by Umakoshi and co-workers for 

the parent non-halogenated analogue.19 It was found that, when using 4-

chloropyrazole, no crystals formed (even after several weeks of slow evaporation of 

the solvent at room temperature).  

 

The brominated version, [Pd3(Brpz)6]·3MeCN (compound 2.1·MeCN), crystallises in 

space group Pbcm, and comprises discrete clusters, linked through both halogen- and 

hydrogen-bonding. Interaction between the clusters and solvent propagates one 

dimension of a 2D supramolecular network, through N···BrC halogen bonds. The 

network is extended in a second dimension by CH···Br‒C hydrogen bonding (see 

Figure 2.9). A short-range intramolecular interaction could not be identified which 

connects the clusters in a third dimension. 

 

 

Figure 2.9. Cluster-cluster and cluster-solvent interactions (in two dimensions) in 

compound 2.1·MeCN. Halogen bonding shown by thick green dashed lines, hydrogen 

bonding shown by thin red dashed lines.  

a 

b 

c 
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Three crystallographically unique acetonitrile solvent molecules exist per cluster. One 

of these propagates the network shown in Figure 2.9. The other two equivalent 

acetonitrile molecules are observably disordered over two positions, and one of these 

acetonitrile molecules is hydrogen-bonded (CH···N) to the cluster 2.1. The third 

equivalent does not appear to participate in any observable hydrogen or halogen 

bonds with cluster or solvent. 

 

 

Figure 2.10. CH···N hydrogen bonding between clusters of 2.1 and acetonitrile. The 

acetonitrile molecule shown in this Figure is crystallographically unique from those 

shown in Figure 2.9 and does not propagate a supramolecular network through this 

hydrogen bond.  
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Table 2.11. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.1·MeCN. Interactions 

are listed as labelled in Figures 2.9 and 2.10.  

Interaction 
X/H···A 

(Å) 

θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 
rX + rA (Å)a RXA

a 

a X-bond CBr···N 3.344 (5) 179.12 (19) 161.8 (5) 3.40 0.98 

b X-bond CBr···N 3.379 (6) 178.69 (19) 131.4 (4) 3.40 0.99 

c H-bond CH···Br 2.9864  168.5  119.36  3.05 0.98 

d H-bond CH···N 2.405 142.43 169.18 2.75 0.87 

aRXA = d(X/H···A)/(rX/H + rA), where rX/H and rA are the van der Waals radii32 of the bond 

donor, X/H, and the acceptor, A, respectively, following the definition of Lommerse et 

al.33 Hydrogen bond lengths normalised to neutron diffraction values.34 

 

In this network, the aryl bromine is shown to play a versatile role, acting as both a 

halogen bond donor and hydrogen bond acceptor. The structure is also highly 

dependent upon solvent, which propagates the supramolecular network present, and 

contributes to three of the four noted intermolecular interactions in the structure. 

Assessment of the reduced interaction distances (RXA) indicates that none of the 

interactions described by Figures 2.9 or 2.10 are particularly strong.  

 

The iodinated congener [Pd3(Ipz)6]·2MeCN (compound 2.2·MeCN) also features 

extended halogen bonding between clusters, and interaction with solvent. However, 

this structure is more typical of the halogenated clusters previously reported by the 

Brammer group.17,18 The packing of clusters is dominated by many CI···π 

interactions, where iodine acts as a halogen bond donor. Dimers of this motif connect 

pairs of clusters (see Figure 2.12), and then these are further connected in all three 

dimensions by other CI···π halogen bonds (see Figure 2.13).  

 

Further halogen bonding of the type CI···IC is found also, connecting clusters in a 

one-dimensional chain (see Figure 2.14). The interaction geometry between the 

iodine atoms involved indicates this is a type II halogen-halogen interaction, a halogen 

bond (see chapter 1 section 1.1.1.3). 

 

Although there is evidently a great deal more halogen bonding in the structure 

2.2·MeCN than in 2.1·MeCN, hydrogen bonding to the solvent clearly also plays a role 
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in the packing. Hydrogen bonds donated by aryl hydrogens on the cluster also interact 

with the acetonitrile solvate, and in turn the solvent molecule hydrogens are also 

hydrogen-bonded to on iodine atom on each cluster. The reduced distances (RXA), 

where measurable, suggest attractive interactions in each case also. 

Figure 2.12. The CI···π dimer motif in compound 2.2·MeCN. Halogen bonding shown 

by green dashed lines. Aryl ring centroids shown as blue spheres.  
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Figure 2.13. Other CI···π interactions in 2.2·MeCN. Halogen bonding shown by green 

dashed lines. Aryl ring centroids shown as blue spheres. 

 

Figure 2.14. 1D chains of CI···IC halogen bonds in 2.2·MeCN. Halogen bonding shown 

by green dashed lines. The chain is continued by the incomplete dashed lines at the 

bottom of the picture. 
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Figure 2.15. Hydrogen bonding to solvent in 2.2·MeCN. Hydrogen bonding shown by 

red dashed lines.  

 

The reduced van der Waals distance (RXA) of C‒I···π interactions are calculated based 

on the assumed van der Waals radius of the pyrazolate ring being as shown in 

equation 2.16. This estimation is simply based on the relative amounts of carbon and 

nitrogen in the ring. 

 

 

𝑟𝜋−𝑟𝑖𝑛𝑔 = (
2

5
𝑟𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛) + (

3

5
𝑟𝑐𝑎𝑟𝑏𝑜𝑛) 

Equation 2.16. Estimated van der Waals radius of pyrazolate rings discussed in this 

chapter.  
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Table 2.17. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.2·MeCN. Interactions 

are listed as labelled in Figures 2.12, 2.13, 2.14, and 2.15.  

Interaction X/H···A (Å) 
θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 
rX + rA (Å)a RXA

a 

f X-bond CI···π 3.438 (5) 162.3 (3) n/a 3.62 0.95 

g X-bond CI···π 3.659 (5) 171.8 (3) n/a 3.62 1.01 

h X-bond CI···π 3.717 (4) 145.8 (3) n/a 3.62 1.03 

i X-bond CI···π 3.862 (4) 135.4 (3) n/a 3.62 1.07 

j X-bond CI···IC 3.943 (1) 153.8 (3) 75.0 (3) 3.96 1.00 

k H-bond CH···N 2.626 122.69 125.42 2.75 0.95 

l H-bond CH···π 2.496 156.25 n/a 2.84 0.88 

m H-bond CH···I 3.137 136.82 106.17 3.18 0.99 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

The CX···π dimer motif observed in 2.2·MeCN is prevalent in previous work on 

halobenzoate clusters in the Brammer group,17,18 and appears in this case to be 

favoured by the stronger halogen bond donor iodine (although these interactions are 

still weak). Weak hydrogen bonding to solvent appears to play a role in the packing of 

these clusters in the solid state, as evidenced by the formation of multiple hydrogen 

bonds to the clusters in both 2.1·MeCN and 2.2·MeCN. Varying the halogen- and 

hydrogen-bonding capabilities of the solvent will clearly affect the packing of the 

clusters in the solid state, indicating how strong a role the pyrazolyl halogen plays in 

the packing of these clusters. 

 

2.3.1.2 Solvates of cluster 2.1 – tuning halogen- and hydrogen-bonding 

The parent material 2.1·MeCN could be recrystallised from a variety of polar solvents, 

to give crystals of other solvates with different packing arrangements in the solid 

state. This was achieved by selection of a family of dihalomethane solvents which 

have different halogen-bonding and hydrogen-bonding ability.  

In each case, only a few crystals of these materials were formed, preventing bulk 

analysis. 
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 [Pd3(Brpz)6]·1.5DCM, 2.1·DCM 

In recrystallising the parent material 2.1·MeCN from dichloromethane, crystals of 

2.1·DCM are formed. In this new material, the clusters Pd3Brpz6 show significantly 

more interaction with the solvent molecules than each other. This results in the 

formation of ‘embraces’ of clusters around DCM molecules. These ‘embraces’ are 

largely hydrogen-bond based, but also contain halogen-halogen interactions between 

cluster and solvent, and between clusters (see Figures 2.18 and 2.19). 

 

 

Figure 2.18. ‘Embraces’ of hydrogen- and halogen-halogen interactions formed by 

2.1·DCM. Halogen-halogen interactions shown by green dashed lines, hydrogen bonding 

shown by red dashed lines. DCM solvate shown in ball-and-stick view for clarity.  
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Figure 2.19. Zoomed view of the interactions around DCM in structure 2.1·DCM.  

 

Table 2.20. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.1·DCM. Interactions 

are listed as labelled in Figures 2.18 and 2.19.  

Interaction X/H···A (Å) 
θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 
rX + rA (Å)a RXA

a 

n X···X CBr···ClC 3.375 (2) 160.5 (2) 145.0 (3) 3.60 0.94 

o H-bond CH···ClC 2.913 138.33 89.91 2.95 0.99 

p H-bond CH···BrC 2.660 153.31 93.23 3.05 0.87 

q H-bond CH···ClC 2.916 146.06 82.69 2.95 0.99 

r X···X CBr···BrC 3.6153 (9) 125.6 (2) 141.0 (2) 3.70 0.98 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

The structure is dominated by interactions between the cluster and solvent. The 

dichloromethane solvate offers many interaction sites, acting as a hydrogen bond 

donor and acceptor, and participating in halogen-halogen interactions as well. The 

geometries of the halogen-halogen interactions, both between solvent-and-cluster 

and cluster-and-cluster, suggest these are type I halogen-halogen interactions. They 

may be considered attractive, though they are not considered halogen bonds.  
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[Pd3(Brpz)6]·DBM, 2.1·DBM 

In recrystallising the parent material 2.1·MeCN from dibromomethane, crystals of 

2.1·DBM are formed. This enables a comparison of the packing effected by a solvent 

molecule of a similar shape, but different halogen- and hydrogen-bonding capability. 

 

The structure of 2.1·DBM, in comparison with 2.1·DCM has a structure less centred 

on interaction with solvent, though hydrogen bonding still plays a clear role in the 

packing. The structure features a complex series of interactions, almost exclusively 

between clusters. The motifs of intermolecular interactions obvious at close range, 

involving multiple interactions between clusters, are shown below. Most notable is 

the presence of the C-X···π dimer motif, analogous to previous work,17,18 which is not 

present in the DCM-solvated structure (see Figure 2.21). In addition, 1D chains of 

CBr···BrC halogen bonds (type II halogen-halogen interaction) also connect clusters 

(Figure 2.22), in a manner similar to the iodinated parent cluster, 2.2·MeCN. 

 

Figure 2.21. The C-Br···π dimer motif (and hydrogen bonding to solvent) in 2.1·DBM. 

Halogen bonding shown by green dashed lines, hydrogen bonding shown by red dashed 

lines. Aryl ring centers shown as blue spheres. 
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Figure 2.22. 1D chains of hydrogen bonding and halogen bonding in 2.1·DBM. Halogen 

bonding shown by green dashed lines, hydrogen bonding shown by red dashed lines. Aryl 

ring centers shown as blue spheres. 

 

 

Figure 2.23. 1D chains of CBr···BrC halogen bonds in 2.1·DBM. Halogen bonding 

shown by green dashed lines. Perspective zoom and shading used to help visually 

distinguish structural features projecting out from the plane of the page. 
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Table 2.24. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.1·DBM. Interactions 

are listed as labelled in Figures 2.21, 2.22 and 2.23.  

Interaction 
X/H···A 

(Å) 

θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 

rX + rA 

(Å)a 
RXA

a 

s H-bond CH···BrC 2.953 160.56 88.11 3.05 0.97 

t H-bond CH···BrC 2.976 146.24 89.25 3.05 0.98 

u X-bond CBr···π 3.316 (4) 166.5 (3) n/a 3.49 0.95 

v H-bond CH···BrC 2.880 164.09 109.58 3.05 0.94 

w H-bond CH···BrC 2.748 155.21 117.46 3.05 0.90 

x H-bond CH···BrC 2.679 152.78 81.78 3.05 0.88 

y H-bond CH···BrC 2.793 141.57 81.53 3.05 0.92 

z X-bond CBr···π 3.335 (4) 177.6 (3) n/a 3.49 0.96 

a’ X-bond CBr··· BrC 3.530 (1) 154.3 (3) 78.54 (3) 3.70 0.95 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

In replacing the dichloromethane solvent with dibromomethane, the structure has 

become dominated by cluster-cluster interactions, over cluster-solvent interactions. 

This is explained by the poorer ability of dibromomethane to donate and accept 

hydrogen bonds (less electron withdrawing group Br over Cl, more diffuse electron 

density on Br to accept hydrogen bonds). Interestingly, however, there is no 

observable short-range halogen bonding to the solvent, the cluster instead forming 

the 1D chains of halogen bonds shown in Figure 2.23. 

 

[Pd3(Brpz)6]·2DIM, 2.1·DIM 

In recrystallising the parent material 2.1·MeCN from dichloromethane along with 30 

molar equivalents of diiodomethane, crystals of 2.1·DIM are formed. Diiodomethane 

is the only solvent found crystallographically within the structure, however, and no 

incorporation of DCM was observed. Similarly to the structure 2.1·DBM, a large series 

of complex interactions connect the clusters and solvent molecules. Only those over 

shortest range are described here. 

 

The clusters in 2.1·DIM are linked into extended hydrogen- and halogen-bonded 

networks in the same fashion as in 2.1·DBM (see Figures 2.22 and 2.23). Chains of C‒
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H···Br hydrogen bonds and C‒Br···π halogen bonds create 1D chains (as shown in 

Figure 2.22), and 1D chains of type II C‒Br···Br‒C halogen-halogen interactions 

(halogen bonds) connect clusters in an orthogonal direction (as shown in Figure 

2.23). Type I halogen-halogen interactions are also observed between pairs of clusters 

(see Figure 2.25).35 This interaction connects further the chains of halogen-bonded 

clusters (as in Figure 2.23), to create an extended network. 

 

One diiodomethane solvent molecule is bound to each cluster through both C‒I···π 

halogen bonding, and a hydrogen bond to the bromine atom of an adjacent ligand on 

the cluster. The other crystallographically unique diiodomethane molecule displays 

interaction at short range between the iodine atom and palladium(II) ion (see Figure 

2.25, right). The coordination of halocarbons to transition metals (through the 

halogen, R‒X‒M) is a known phenomenon,36,37 in which the electron density on the 

halogen, orthogonal to the R‒X bond forms a coordination bond to a metal centre. The 

interaction geometry of C‒I···Pd (“e’”), shown in Figure 2.25 and quantified in Table 

2.26, suggests the observed interaction in 2.1.DIM is an attractive intermolecular 

interaction, possibly comparable in general nature to such coordination bonds.  

 

 

Figure 2.25. Interaction between clusters and with solvent in structure 2.1·DIM. 

Halogen-halogen / halogen-metal interactions shown by green dashed lines, hydrogen 

bonding shown by red dashed lines. Aryl ring centers shown as blue spheres. 
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Table 2.26. Hydrogen (“H-bond”), halogen bond/halogen-halogen interaction (“X-

bond”) and other interaction geometries for compound 2.1·DIM. Interactions are listed 

as labelled in Figures 2.25, and then interaction f’ as shown in Figure 2.23 and the 

interactions g’-k’ as in Figure 2.22.  

Interaction 
X/H···A 

(Å) 

θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 
rX + rA (Å)a RXA

a 

b’ X···X CBr···BrC 3.543 (2) 131.2 (2) 131.2 (2) 3.70 0.96 

c’ X-bond CI···π 3.459 (3) 154.0 (2) n/a 3.62 0.96 

d’ H-bond CH···BrC 2.748 162.38 79.44 3.05 0.90 

e’ M···X Pd···I‒C 3.5071 (8) 114.8 (3) n/a 3.61 0.97 

f’ X-bond CBr···BrC 3.691 (1) 153.8 (2) 77.9 (2) 3.70 1.00 

g’ H-bond CH···BrC 2.860 151.17 122.37 3.05 0.94 

h’ H-bond CH···BrC 2.940 155.79 116.35 3.05 0.96 

I’ H-bond CH···BrC 2.887 139.59 84.79 3.05 0.95 

j’ H-bond CH···BrC 2.845 148.36 85.63 3.05 0.93 

k’ X-bond CBr···π 3.465 (3) 177.3 (2) n/a 3.49 0.99 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

In changing the solvent present, the intermolecular interaction motifs clearly change. 

Introduction of dichloromethane (recrystallising 2.1·MeCN to form 2.1·DCM), gives a 

solvent-directed assembly of the clusters, around the better (though still weak) 

hydrogen bond donor and acceptor dichloromethane. In addition, more sites for 

possible interaction are available around dichloromethane compared to acetonitrile, 

and so this also explains the ‘embrace’ effect that is seen in 2.1·DCM. The sheer 

number of interactions at short range observable between cluster and solvent in all 

the dihalomethane solvates demonstrates the suitability of using a solvent of high 

‘connectivity’ with a cluster of high ‘connectivity’.  

 

Comparing the dichloromethane solvate 2.1·DCM to the dibromomethane and 

diiodomethane solvates 2.1·DBM and 2.1·DIM, significantly fewer interactions with 

the solvent are found. In changing to the heavier, less electronegative halogen 

congeners, the hydrogen bond donor and acceptor ability of the solvent is reduced. 

However, hydrogen bonding to the solvent is clearly still seen in all the materials, 

though significantly less in number of interactions in 2.1·DBM and 2.1·DIM. 
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The halogen bonding and halogen-halogen interactions present within the structures 

are also altered, from 2.1·DCM to 2.1·DBM, to 2.1·DIM. The presence of a 1D halogen-

bonded network between clusters in both the latter structures suggests the ability of 

dibromomethane and diiodomethane to support halogen-bonded structures. This may 

be due to the lack of competition from hydrogen bond formation, which for 

dichloromethane is stronger (although still relatively weak). The C‒X···π motif, found 

in the crystal structures of 4-iodobenzoate cluster compounds studied by the 

Brammer group (see section 2.1.2 and Figure 2.4)38 is also found in the structures of 

both 2.1·DBM and 2.1·DIM, both between clusters and between cluster and solvent.  

 

One complication in comparing the relative strength of these intermolecular 

interactions using the reduced interaction distance (RXA), is these interactions with 

the π-system. An accurate representation of the actual centre of interaction (centre of 

electron density in the ring) and of the van der Waals radius of the ring in each 

interaction is not possible crystallographically, and can only be estimated. This was 

estimated to be 1.64 Å using equation 2.16. Even so, this may introduce systematic 

error in the interpretation of these interactions. 

 

The observation that the cluster 2.1, when re-crystallised from dichloromethane with 

just 30 mole equivalents of diiodomethane formed crystals of 2.1·DIM may suggest a 

selective entrapment of the halogen-bond supporting diiodomethane. However, this 

observation is based upon a single crystal structure. While only very small quantities 

of crystals were produced, nonetheless a single-crystal structure cannot be 

representative of the bulk phase, and large-scale repetition would have to be 

conducted to establish whether or not this uptake is truly selective. 

 

This family of solvates have demonstrated the extent to which the solid-state packing 

of such stellated clusters can be altered by the crystallisation partner molecules (i.e. 

solvent). Particularly, comparing structures resulting from crystallisation with 

dichloromethane (2.1·DCM) to those from dibromo- and diiodomethane (2.1·DBM, 

2.1·DIM) demonstrates the strong influence of solvent on the packing of molecules 

such as cluster 2.1 with a high degree of connectivity.  
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2.3.1.3 A co-crystal of cluster 2.1: Shape-matching the ‘stellation’ 

The cluster 2.1 demonstrably crystallises as a solvate from many solvent systems, and 

never as a single component. This may be due to the ‘stellated’ nature of the cluster 

itself – an awkward shape that does not facilitate efficient packing of the cluster alone. 

The voids that are resultant about the cluster due to its shape are shown in Figure 

2.27. 

 

 

Figure 2.27. The cluster 2.1, showing the bowl-like voids between groups of three 

pyrazolate ligands (red) and triangular voids between pairs of pyrazolate ligands 

(blue). Hydrogen atoms omitted for clarity. 

 

These observations led to the search for a partner molecule of appropriate shape to 

co-crystallise with 2.1. Creating such a co-crystal would demonstrate a truly 

controlled approach to crystallisation, and demonstrate well the principles of crystal 

engineering in creating ordered, designed solids. 

 

2,2’-bipyrimidine was selected for this, for several reasons. First, due to the shape of 

the ligand edges (highlighted in blue in Figure 2.28i), which in principle could stack 

well in the triangular void between pairs of pyrazolates (see Figure 2.27). Secondly, 

the observation of bifurcated halogen bonds formed by bipyrimidine derivatives seen 

in the crystal engineering literature, facilitating the formation of halogen-bonded 

networks (see Figure 2.28ii).39 
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Figure 2.28. (i)The triangular edge of 2,2’-bipyrimidine, highlighted in blue and (ii) 

infinite halogen-bonded networks consisting of bifurcated halogen bonds at the acceptor 

site in (1,3,4,5-tetrafluoro-2,5-diiodobenzene)·(3,5,3’,5’-tetramethyl-2,2’-bipyrimidine).39 

 

Recrystallisation of 2.1·MeCN from dichloromethane in the presence of 100 mole 

equivalents of bipyrimidine (bipm) gave compound 2.1·bipm, [Pd3(Brpz)6](bipm). As 

with the solvates of recrystallised 2.1, only a few crystals of the compound were 

obtained, preventing bulk analysis. The structure 2.1.bipm contains columns of 

cluster 2.1, between which lie bipyrimidine molecules, located within the triangular 

voids between pairs of pyrazolates (see Figure 2.29). 

 

However this was not accompanied by the formation of bifurcated halogen bonds to 

the bipyrimidine. A distinctly singular halogen bond is found between one 

bipyrimidine nitrogen atom and the bromine of an adjacent cluster. These connect 1D 

chains of C‒Br···Br‒C halogen bonds (type II halogen-halogen interaction), to create a 

two-dimensional halogen-bonded network (see Figure 2.30). 

 

 

 

 

 

(i) (ii) 
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Figure 2.29. Columns of clusters and bipyrimidine in the structure of 2.1.bipm down 

the crystallographic b-axis, showing stacking of bipyrimidine within the angular voids of 

cluster 2.1. 

 

Figure 2.30. The two-dimensional halogen-bonded supramolecular networks of 2.1 and 

bipyrimidine in the structure of 2.1·bipm.  
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These halogen-bonded networks are not interpenetrated, but are linked through 

hydrogen bonding both between clusters, and between clusters and bipyrimidine 

molecules. Two such halogen-bonded networks and their connection through 

hydrogen bonding are shown in Figures 2.31 and 2.32. 

 

Figure 2.31. (i) A colour-coded view of Figure 2.29 to show the two halogen-bonded 

networks, one in red and the other in green. (ii) An orthogonal view of the same colour-

coded supramolecular networks, showing that the two are not interpenetrated.  

 

Figure 2.32. Hydrogen bonding connecting the halogen-bonded supramolecular 

networks of cluster 2.1 and bipyrimidine in the structure of 2.1·bipm. The colour coding 

for the structure on the right is the same as Figure 2.31. 
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Table 2.33. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.1·bipm. Interactions 

are listed as labelled in Figures 2.30 and 2.32.  

Interaction 
X/H···A 

(Å) 

θ(DX/H···A) 

(°) 
θ(RA···X/H) (°) 

rX + rA 

(Å)a 
RXA

a 

l’ X-bond CBr···BrC 3.5549 (2) 152.2544 (16) 107.73946 (14) 3.70 0.96 

m’ X-bond CBr···N 3.3726 (3) 149.285 (3) 132.989 (4) 3.40 0.99 

n’ H-bond CH···Br 2.841 134.68 136.56 3.05 0.93 

o’ H-bond CH···Br 2.849 138.90 95.81 3.05 0.93 

p’ H-bond CH···Br 2.833 142.37 92.16 3.05 0.93 

q’ H-bond CH···Br 2.890 131.56 136.83 3.05 0.95 

r’ H-bond CH···Br 2.817 174.99 73.82 3.05 0.92 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

The structural motifs which were intended to be included within this co-crystal 

structure appear to be present. The bipyrimidine molecules are stacked into the 

angular cavities between clusters, and a halogen-bonding supramolecular network 

has been created, supported by CBr···N halogen bonds. However bifurcated halogen 

bonds were not formed, and hydrogen bonding still supports the structure, 

connecting the 2D halogen-bonded networks in the third dimension. Even so, in 

comparison with the family of dihalomethane solvates 2.1·DCM, 2.1·DBM and 

2.1·DIM, it may be argued that a greater degree of control has been exerted over the 

self-assembly of the 2.1·bipm co-crystal. 

 

2.3.2 Simple complexes of 1H-4-halopyrazoles with PdII 

Simple complexes of the halopyrazole ligands and palladium chloride could be 

prepared by using the same synthetic conditions as to make 2.1·MeCN and 2.2·MeCN, 

but in the absence of base. This gave another small family of complexes with 

interesting comparative hydrogen- and halogen-bonding properties. 

 

trans-[PdCl2(HXpz)2], 2.3 (X=Br) and 2.4 (X=I) 

trans-[PdCl2(HXpz)2], 2.3 (X=Br) and 2.4 (X=I) are isostructural compounds, in which 

molecules are connected by networks of hydrogen- and halogen bonding, with some 

minor but notable differences in the intermolecular interactions between them. 
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Figure 2.34. Molecular structure of [PdCl2(HIpz)2] 2.4. 

 

Type II halogen-halogen interactions (halogen bonds of the type C‒X···Cl‒Pd) connect 

complexes into a 2D network in both structures. These networks are two-fold 

interpenetrated, as is shown in Figure 2.35. However, upon assessing the hydrogen 

bonding in the structures, two different types of hydrogen bonds are apparent, 

occurring over different interaction distances (RXA) in each structure. 

 

 

Figure 2.35. Interpentrated halogen-bond networks in 2.3 and 2.4 (structure 2.4 in this 

Figure), one shown in green and the other in blue. Interaction n’ corresponds to the 

structure 2.3, and o’ corresponds to the same interaction in 2.4. 

 

Structures 2.3 and 2.4 contain N‒H···Cl hydrogen bonds of between the ‘inorganic’ 

halogen Cl and the halopyrazole (see Figure 2.36). This type of hydrogen bond has 

been described previously in the literature (most commonly where the halogen is Cl, 

n’/o’ 
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Br or I).40,41 This interaction occurs, however, over a longer range in the bromo- 

analogue 2.3 (greater than the sum of van der Waals radii). 

 

Figure 2.36. Hydrogen bonding (shown in red) connecting halogen-bonded networks in 

2.4 (and in 2.3 over a longer range). Interaction p’ corresponds to the structure 2.3, and 

q’ corresponds to the same interaction in 2.4. 

 

However, in the bromo- analogue 2.3, the apparent short-range hydrogen bonds 

connecting the halogen-bonded networks are of the type N‒H···Br (see Figure 2.37). 

This hydrogen bonding also extends the interconnected networks into a third 

dimension (see Figure 2.37), creating a highly connected framework of hydrogen 

bonding. These interaction geometries in the iodinated structure 2.4 are also 

calculated for comparison, and are shown in Table 2.39). 

 

 

 

 

 

p’/q’ 



 
Chapter Two 

 

 
77 

 

 

Figure 2.37. Hydrogen bonding (shown in red) connecting the 2D interpenetrated 

halogen-bonded networks in 2.3. Again, one such network is in green, and the other in 

blue. Interaction r’ corresponds to the structure 2.3, and s’ corresponds to the same 

interaction in 2.4. 

 

Figure 2.38. Hydrogen bonding (shown in red) in the third dimension, connecting to the 

2D halogen-bonded networks shown in Figure 2.32. The additional complex in the third 

dimension is shown in red for clarity. Interaction t’ corresponds to the structure 2.3, and 

u’ corresponds to the same interaction in 2.4. 

 

 

 

 

r’/s’ 

t’/u’ 
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Table 2.39. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compounds 2.3 and 2.4. Interactions 

are listed as labelled in Figures 2.35 to 2.38. Interactions corresponding to the 

brominated 2.3 are above the bold line, and to the iodinated 2.4 below the bold line.  

Interaction X/H···A (Å) 
θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 

rX + rA 

(Å)a 
RXA

a 

n’ X-bond CBr···ClPd 3.4808 (3) 173.9854 (8) 125.782 (5) 3.60 0.97 

p’ H-bondb NH···ClPd 2.914 112.67 81.81 2.95 0.99 

r’ H-bondb CH···BrC 2.955 119.39 101.12 3.05 0.97 

t’ H-bondb CH···BrC 2.897 153.33 107.08 3.05 0.95 

o’ X-bond CI···ClPd 3.47847 (9) 171.1550 (3) 125.270 (2) 3.73 0.93 

q’ H-bondb NH···ClPd 2.836 113.99 82.49 2.95 0.96 

s’ H-bondb CH···IC 3.151 116.15 96.92 3.18 0.99 

u’ H-bondb CH···IC 3.113 150.92 108.78 3.18 0.98 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

Comparing the same halogen- and hydrogen- bonding motifs in 2.3 and 2.4, using 

Table 2.39 demonstrates the effect of changing the halogen on the competition 

between these interactions.  

 

Clearly in both cases the halogen bond is important in the packing of the complexes, 

but more so in the iodinated structure 2.4, where it occurs over a shorter reduced 

distance, RXA. This is explained by the larger ‘σ-hole’ on iodine, more capable of acting 

as a halogen bond donor, in comparison with that on bromine. 

 

The hydrogen bonds in both structures are quite long – close to the sum of the van der 

Waals radii for the atoms involved. The slightly shorter distances for the CH···Br 

hydrogen bonds in 2.3 compared with the analogous CH···I hydrogen bonds in 2.4 

correspond to the better hydrogen-bond acceptor ability of bromine, compared with 

iodine.41  
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 cis-[PdCl2(4-chloro-1-amidinopyrazol-)], 2.5 

Analogous synthesis using 4-chloropyrazole did not give crystals isostructural with 

2.3 and 2.4, but instead crystals of cis-[PdCl2(4-chloro-1-amidinopyrazol-)], 2.5 were 

found. The chloropyrazole had reacted in solution with the acetonitrile to form a new, 

unexpected chelating ligand. This structure also contains novel hydrogen- and 

halogen-bonded motifs, as explained below.  

 

Complexes of 2.5 are connected in 1D chains by pairs of hydrogen bonds and halogen 

bonds. Hydrogen bonds are between either the protonated N atom in the amidino- 

group (or the aryl hydrogen on pyrazole), and the ‘inorganic’ halogen Cl attached to 

the metal (N‒H···Cl or C‒H···Cl). The halogen bonds are between these halogens, and 

those on the ligand.  

 

 

Figure 2.40. 1D hydrogen-bonded (shown in red) and halogen-bonded (shown in green) 

chains of complex 2.5.  

 

These chains of complexes are connected to others in a second dimension by 

additional hydrogen bonds, accepted by the chloride ligand. These are donated by the 

other aryl hydrogen on the pyrazole ring (C‒H···Cl). 

 

 

 

 

 

v’ 

w’ 
x’ 
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Figure 2.41. Hydrogen bonding (shown in red) connecting the 1D halogen-

bonded/hydrogen-bonded chains shown in Figure 2.40, extending into a second 

dimension. The previously described, separate halogen-/hydrogen-bonded chains from 

Figure 2.40 are shown in green and blue for clarity. 

 

It can be seen that the structure of 2.5 is hydrogen-bond dominated. All of the 

hydrogen bonds shown in Figures 2.40  and 2.41 (geometries given in Table 2.42) are 

less than the sum of van der Waals radii. The geometry of the halogen bond between 

the ‘inorganic’ halogen and the pyrazole halogen suggests it is a type I halogen-

halogen interaction. 

  

Table 2.42. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.5. Interactions are 

listed as labelled in Figures 2.40 and 2.41.  

Interaction X/H···A (Å) 
θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 

rX + rA 

(Å)a 
RXA

a 

v’ X···X CCl···ClPd 3.4921 (15) 160.37 (17) 126.58 (5) 3.50 0.99 

w’ H-bondb NH···ClPd 2.315 155.94 124.12 2.95 0.87 

x’ H-bondb CH···ClPd 2.933 168.28 101.13 2.95 0.99 

y’ H-bondb CH···ClPd 2.614 176.78 143.51 2.95 0.87 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 
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The reaction of the 4-chloropyrazole ligand toward acetonitrile in the presence of MII 

does have precedent in the literature. The first example this was shown in 1986 by 

McCleverty and co-workers, where that nucleophilic attack on acetonitrile under 

relatively mild conditions was facilitated by the coordination of acetonitrile to a 

metal.42 This specific nucleophilic attack (acetonitrile and pyrazole) has been reported 

and this reaction mechanism confirmed less than a dozen times in the literature,42–51 

and only ever in the presence of metals. 

 

Points of synthetic interest, such as whether or not the novel ligand can be removed 

from the complex, and why this reaction occurs where the nucleophile is 4-

chloropyrazole, but not when it is 4-bromo- or 4-iodopyrazole were not studied 

further. The latter may be due to the relative stability of 4-chloropyrazolate as a free 

conjugate base relative to the bromo- or iodo- congeners.  

 

Although a series of three isostructural complexes (iodo-, bromo-, chloro-) cannot be 

discussed, it is shown that structures 2.3 and 2.4 (based on iodo- and bromo- ligands, 

which act as better halogen bond donors) contain supramolecular halogen bonding 

networks, whereas the structure of 2.5 (based on chloro- ligands) is based on a mixed 

halogen- and hydrogen-bonding supramolecular network. 

 

2.3.3 Cubic clusters [Pt2Ag4(4-halopyrazolate)8] 

The second pyrazolate cluster of interest published by Umakoshi and co-workers was 

the cubic cluster [Pt2Ag4(pz)8]·(solvent).19 The 4-halopyrazolate analogues provide an 

interesting point of comparison, as they may serve as halogen bonding nodes, each 

cluster containing eight halopyrazolates (one at each vertex of the cube), thus 

providing a cubic arrangement of halogen atoms. 

 

 [Pt2Ag4(4-bromopyrazolate)8]·3MeCN, 2.6 

Analogous synthetic conditions to those used to create the halogen-free cluster 

[Pt2Ag4(pz)8]·(solvent),19 were used to create the brominated cluster 

[Pt2Ag4(Brpz)8]·3MeCN, 2.6·MeCN. This cluster packs in the solid state with three 

equivalents of acetonitrile, and features extensive halogen- and hydrogen- bonding 

between clusters. 
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The cubic shape of the clusters facilitates the formation of a Br4 halogen-bonded 

square motif (C‒Br···Br‒C), as shown in Figure 2.43. This is four type II halogen-

halogen interactions (halogen bonds), between four bromine atoms. Each bromine 

atom in the motif is both an acceptor and a donor of a halogen bond, creating a square. 

This connects four separate clusters, and occurs at every bromine atom in the cluster, 

thus creating a 2D network of clusters connected by this motif. 

 

 

Figure 2.43. Halogen bonds comprising the Br4 square motif, between four clusters of 

2.6, in the structure 2.6·MeCN (solvent omitted for clarity). Two full Br4 square motifs 

are shown in the centre of the image, with one between the four pyrazolates pointing 

out of the plane of the page, and between the four pointing into the plane of the page. 

Halogen bonds at the edges of the image are part of adjacent Br4 square motifs not 

complete in this image. 

 

d’’ 

a’’ 

b’’ 

c’’ 
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These layers of halogen-bonded clusters are connected in the third dimension by 

hydrogen bonding between the aryl hydrogen atoms and the bromine atoms involved 

in the halogen bonded squares (C‒H···Br‒C). Two crystallographically unique 

hydrogen bonds can be found, existing as dimers of interactions between clusters (see 

Figure 2.44).  

 

 

Figure 2.44. Hydrogen bond dimers connecting layers of clusters involved in the Br4 

halogen bonding motif. 

 

The structure also contains three equivalents of acetonitrile. Two of these are found 

to be crystallographically disordered in two orientations. Neither of these 

orientations demonstrates a strongly identifiable intermolecular interaction with the 

cluster. This makes sense, as if there are no strong interactions holding a solvent 

molecule in place, it is more free to occupy alternative orientations, as is often seen in 

MOFs, where positional disorder of solvent molecules can become so great that the 

solvent is not crystallographically located (see also examples in chapter 4). 

 

The acetonitrile molecule that could be crystallographically located in a single 

orientation accepts a hydrogen bond from aryl hydrogen atom, C≡N···H‒C. In 

addition, the –CH3 group on the acetonitrile appears to donate a hydrogen bond to a 

bromine atom on a cluster in the next ‘Br4 layer.’ These interactions are shown in 

e’’ 
f’’ 
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Figure 2.45, with interaction e’’ for visual reference. The geometry of these hydrogen 

bonds are featured in Table 2.46.  

 

 

Figure 2.45. Hydrogen bonds between crystallographically ordered solvent and 

adjacent clusters of 2.6 in structure 2.6.MeCN. Hydrogen bond dimer e’’ from Figure 

2.44 is also shown for visual reference. 

 

 

 

 

 

 

 

 

 

 

 

 

e’’ 
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Table 2.46. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.6·MeCN. Interactions 

are listed as labelled in Figures 2.43, 2.44 and 2.45.  

Interaction X/H···A (Å) 
θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 

rX + rA 

(Å)a 
RXA

a 

a’’ X-bond CBr···BrC 3.5968 (2) 155.900 (2) 90.825 (3) 3.70 0.97 

b’’ X-bond CBr···BrC 3.5207 (2) 167.2020 (9) 92.855 (3) 3.70 0.95 

c’’ X-bond CBr···BrC 3.8031 (2) 145.320 (3) 94.745 (3) 3.70 1.05 

d’’ X-bond CBr···BrC 3.6027 (2) 158.233 (2) 92.767 (3) 3.70 0.97 

e’’ H-bond CH···BrC 2.829 146.24 119.47 3.05 0.93 

f’’ H-bond CH···BrC 2.897 144.91 112.51 3.05 0.95 

g’’ H-bond CH···N≡C 2.371 155.00 146.64 2.75 0.86 

h’’ H-bond CH···BrC 2.945 135.39 71.28 3.05 0.97 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

As shown in Table 2.46, hydrogen bonding between clusters and to the ordered 

acetonitrile solvent plays a significant role in the packing of clusters of 2.6 in the solid 

state. The iodo- analogue was pursued, to determine if the X4 square motif would be 

replicated, and to find what role hydrogen bonding would play in the packing of the 

clusters. 

 

[Pt2Ag4(Ipz)8], 2.7 

Crystals of cluster 2.7 were obtained by the same method as used to give 2.6·MeCN, 

but using 4-iodopyrazole instead of 4-bromopyrazole. 2.7 is also a cubic cluster of the 

same type as 2.6, but does not crystallise as a solvate. The X4 square motif is also not 

present, instead 2D networks of clusters are formed via the C‒I···π motif, as in 

structure 2.2·MeCN and the Brammer group’s previous work with iodobenzoate 

clusters.17,18 Every iodopyrazolate group on the cluster is involved in this motif. A pair 

of clusters and the halogen bonds between them are shown in Figure 2.47, and 

demonstrate the similarity of this motif to the C‒I···π dimer (where two such 

interactions exist between a pair of clusters). 

 

In addition, each iodine which accepts a halogen bond (as described above) is also 

within short distance (< sum of van der Waals radii) of a silver (I) ion in the 
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neighbouring cluster, in a manner similar to that of the diiodomethane solvent in 

structure 2.1·DIM, discussed previously in section 2.3.1.2.36,37 

 

 

Figure 2.47. A pair of clusters connected by the C‒I···π halogen bonding motif (shown in 

green) in 2.7, and interaction between silver (in pink) and iodine (interaction in blue). 

 

As in structure 2.6.MeCN, these halogen-bonded layers are connected in the third 

dimension by hydrogen bonding between the aryl hydrogen atom and the halogen 

(see Figure 2.48). However in 2.7, this occurs at distances greater than the sum of van 

der Waals radii, indicating that this is a weaker interaction. This again demonstrates 

that iodine is a poorer hydrogen bond acceptor than bromine due to its larger atomic 

radius, and more diffuse electron density. 

 

i’’ 

j’’ 
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Figure 2.48. Hydrogen bonding between clusters in different halogen-bonded 2D 

networks in 2.7. 

 

Table 2.49. Hydrogen (“H-bond”), halogen bond/halogen-halogen interactions (“X-

bond”/”X···X”) and other interaction geometries for compound 2.7. Interactions are 

listed as labelled in Figures 2.47 and 2.48.  

Interaction X/H···A (Å) 
θ(DX/H···A) 

(°) 

θ(RA···X/H) 

(°) 

rX + rA 

(Å)a 
RXA

a 

i’’ X-bond CI···π 3.38313 (7) n/a 164.2 (3) 3.62 0.93 

j’’ M···X Ag···IC 3.580 (1) n/a 95.0 (3) 3.70 0.97 

k’’ H-bond CH···IC 3.252 117.92 160.21 3.18 1.02 

aSee references given for Table 2.11 for definitions of ‘RXA’. Hydrogen bond lengths 

normalised to neutron diffraction values.34 

 

The effect of changing the halogen in moving from 2.6.MeCN to 2.7 is clear – replacing 

bromine with iodine favours the C‒I···π motif, and the formation of weaker hydrogen 

bonds in comparison to bromine. This demonstrates again that although bromine is 

very versatile as both a donor and acceptor of intermolecular interactions in the solid 

state, it is difficult to predict the interactions it will form in self-assembly. 

  

k’’ 
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 2.4 Conclusions & Future work 

 

Stellated clusters based on halopyrazolates have demonstrated a highly versatile 

range of interactions with solvents capable of hydrogen- and halogen-bonding. In all 

but one case, the clusters crystallise as solvates, further emphasising the inefficient 

packing of stellated materials and their need for a crystallisation ‘partner’. 

Such clusters containing iodopyrazolate demonstrate a persistent preference for 

halogen bonding, in particular the C‒I···π motif, due to the larger σ-hole on iodine, in 

comparison to bromine. 

In recrystallising stellated cluster 2.1 from three dihalomethanes, the capability of 

highly-connective solvent molecules to order other molecules about them in the solid 

state was demonstrated, particularly in the case of dichloromethane. The formation of 

different relative amounts of hydrogen- and halogen-bonding in these structures was 

shown. Moving from dichloromethane (better hydrogen bond donor/acceptor) to 

diiodomethane (better halogen bond donor), the dominance of hydrogen- and 

halogen-bonds in the structure was deliberately altered. 

Finally, the selection of a co-crystallising ‘partner’ molecule for 2.1 was made 

(bipyrimidine), based on the size and shape of the cavities around cluster 2.1 and the 

intermolecular interactions it is capable of supporting, and the crystal engineering of 

a co-crystal of these molecules was successfully demonstrated. 

 

Simple complexes of 1H-4-X-pyrazoles (X = Cl, Br, I) were synthesised. In the case of 

the chlorinated ligand, a reaction with acetonitrile solvent occurred, giving a complex 

of an amidinopyrazole ligand 2.5. The structure of 2.5 was shown to be dominated by 

hydrogen bonding. The isostructural 2.3 and 2.4 (X = Br, I respectively) gave 

structures based on both halogen bonds and weak hydrogen bonds. A comparison of 

the halogen bond distances in the two structures indicated that the C‒X···Cl halogen 

bonding was stronger in the structure of the iodine-containing complex. 

 

Cubic clusters 2.6·MeCN and 2.7 [Pt2Ag4(4-X-pyrazolate)8] (X = Br, I respectively) 

were synthesised and their structures shown to be dominated by halogen bonding 

between the clusters. The brominated 2.6 contained a 2D supramolecular network 

propagated solely by the Br4 square halogen-bonding motif, and the iodinated 2.7 
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contained the C‒I···π motif, persistent in the Brammer group’s previous work with 

iodobenzoate clusters. 

 

Future work on the crystal engineering of these clusters could look at other small 

molecules that form co-crystals with cluster 2.1 or 2.2. This could include the design 

of novel motifs such as crown-ether like molecules that may halogen bond to all 

halogens on a single face of the cluster in a “king-and-crown” manner (see Figure 

2.50). 

 

 

 

Figure 2.50. A suggested synthetic target “king-and-crown” motif using cluster 2.1 and 

an appropriate crown ether. Here “X” represents some heteroatom capable of receiving 

halogen bonds (i.e. O, N, S). 
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 3.1 Introduction 

 

The work described in this chapter continues from that in chapter 2, in which the 

crystal engineering aspects of stellated clusters were explored. Here, their 

functionality as potentially porous molecular crystals is investigated. 

 

3.1.1 Porous molecular crystals 

Molecular materials have been shown to act as hosts for gaseous guests,1–10 

particularly so where cavities exist intrinsic to the molecule (such as porous organic 

cages – see Figure 3.1).4,6–8,10 Porous organic cages are organic molecules which are 

designed to adopt a conformation in the solid state that creates a cavity within the 

molecule. The high degree of control over the packing of cages (i.e. to recrystallise and 

re-arrange the discrete molecules, or to co-crystallise them with different cages)7,10 

has been shown to affect their solid-state properties, such as their gas uptake 

properties is one aspect that has made them attractive to study, in comparison with 

MOFs. 

 

 

Figure 3.1. A porous organic cage containing intrinsic, designed voids, which are 

capable of taking up gas.8 
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Molecular crystals with extrinsic porosity have also been explored. The work of 

Barbour and Atwood on calixarene-based systems has demonstrated the inefficient 

packing of these bowl-shaped molecules with long alkyl substituents can template the 

formation of extrinsic voids which are capable of capturing gas (see Figure 3.2).1,2,11,12 

 

 

Figure 3.2. Left: A calixarene of the type used by Barbour and Atwood to create 

molecular crystals capable of taking up gas. The black sphere represents some alkyl 

group. Right: A top-down view of the bowl-shaped cavity effected by the calixarene.   

 

As well as exploration of angular molecules such as calixarenes as noted above, the 

pre-organisation of pores within molecular crystals has been explored by using 

specific intermolecular interactions. One particularly noteworthy case is the 

exploitation of π···π stacking of ligands. This study used a ruthenium cluster with 

mixed fluorinated and non-fluorinated biphenyl carboxylate ligands, and the designed 

complementarity of these electron-rich and –poor rings enabled a π-stacking 

templated pore formation (see Figure 3.3).9 



 
Chapter Three 

 

 
95 

 

 

Figure 3.3. Formation of pores in [Ru2(4-perfluorophenylethynylbenzoate)4(THF)2], due 

to π-stacking of molecular clusters.9 The pore is represented here by a red circle. 

 

This porous molecular material resembles most MOFs in that it possesses regular 

pores which are present in the as-synthesised material already, and do not change 

upon desolvation or gas uptake. The porous character of crystals of the cluster in 

Figure 3.3, and of most MOFs is referred to as ‘second-generation’ porosity by 

Kitagawa, and it is noted that ‘soft porous’ or ‘third-generation’ materials (those 

which lose their porosity on desolvation, and re-inflate upon introduction of gas) may 

prove more interesting targets (see introduction section 1.3.1.2).13  

 

3.1.2 Chapter aims 

The strong solvent-dependence of the crystal structure of 2.1·MeCN, [Pd3(4-

bromopyrazolate)6]·3MeCN (and the other solvates of 2.1 outlined in chapter 2), as 

well as the angular cavities effected by its stellated shape, led to its investigation as a 

potentially porous molecular material. The aim for creating porosity in 2.1 was to 

desolvate the material, potentially creating pores extrinsic to the clusters, which 

would pack inefficiently due to their stellated shape (as for the calixarenes as noted 

above). This would leave voids capable of adsorbing new guests. 
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 3.2 Experimental 

 

3.2.1 Synthesis 

Compound 2.1·MeCN was synthesised and characterised as described in chapter 2. 

 

3.2.2 Powder X-ray diffraction 

The crystalline 2.1·MeCN was ground in a pestle and mortar and packed into 

capillaries (of the types specified below) before data collection. In all cases (except 

where specified), data were collected at ambient temperature. 

 

X-ray diffraction data for the air-dried sample of 2.1·MeCN were recorded on a Cu Kα2 

Bruker D8 ADVANCE X-Ray powder diffractometer operating in capillary mode. The 

sample was packed in a 0.5 mm borosilicate capillary.  The instrument was fitted with 

a focusing Göbel mirror optic and a high-resolution energy-dispersive Lynxeye XE 

detector. Scans were collected between 5-40° 2θ using a step size of 0.15° and step 

time of 5 sec, giving a total exposure time of 190 mins. The sample capillary was spun 

about its axis at a rate of 30 rev min-1. 

 

X-ray diffraction data for the in-situ desolvation and subsequent gas uptake studies 

were collected at beamline I11 at Diamond Light Source ( = 0.825821 Å for CO2 

study,  = 0.826210 (5) Å for N2 study),14,15 equipped with a wide angle (90°) PSD 

detector comprising 18 Mythen-2 modules, and a multi analyser crystal (MAC) 

detector, comprising five MAC modules, each containing 9 MAC channels. 

In the case of Mythen-2 data (where specified below), a pair of scans was conducted, 

related by a 0.25 ° detector offset to account for gaps between detector modules. Four 

such scan pairs were collected at six seconds exposure per scan, whilst the sample 

capillary was rotated about its axis over an 80° range, to average beam exposure. The 

resulting patterns were summed to give the final pattern for structural analysis (total 

beam exposure time 48 seconds).  

In the N2 uptake study, data using the Mythen-2 detector was too badly affected by  

the wavelength of X-rays used being close to the absorption edge for Bromine, 

resulting in fluorescence of the sample; therefore data were collected using the MAC 
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detector. This collection required continuous sample beam exposure of the sample for 

900 seconds (15 mins) during collection. 

The data were compared to the calculated X-ray powder diffraction patterns from the 

single crystal structure of 2.1·MeCN. The patterns were indexed using the TOPAS 

Academic programme.16 TOPAS was also used for the Pawley and Rietveld fitting of 

data, as specified.17,18 

 

3.2.2.1 Sample of 2.1·MeCN, exposed to air for 15 hours. 

Visual inspection indicated the presence of a significant quantity of a new phase, 

although the peaks were insufficient in quantity and definition to index successfully. 

 

Figure 3.4. Observed X-ray powder diffraction pattern for 2.1·MeCN, exposed to air at 

room temperature for 15 hours. 

 

3.2.2.2 In situ study, desolvation of 2.1·MeCN and CO2 uptake 

The microcrystalline 2.1.MeCN was loaded into a 0.5 mm quartz capillary, and placed 

in a gas cell mounted on a standard goniometer head. The cell was sealed with 

Araldite two-part glue to prevent gas leaks. After allowing the glue to dry for 20 

minutes, the cell was evacuated with a vacuum pump at 10-5 mbar, and this pumping 

was continued throughout the desolvation study, during which patterns were 

measured at 15 minute time intervals. 

 

Sample at 298 K, 10-5 mbar. 

The initial pattern measured on the material at 298 K under vacuum was indexed 

using the TOPAS programme,16 and a unit cell similar to that of 2.1·MeCN from single-

crystal X-ray diffraction was used as the starting point for a Pawley refinement,17 

employing 1427 parameters (8 background, 1 zero error, 5 profile, 3 cell, 1410 

reflections), resulting in final indices of fit Rwp = 2.736, Rwp' = 29.88.  



 
Stellated halogenated cluster compounds 
 

 
98 
 

[2.1·MeCN: a = 15.4207 (3) Å, b = 15.7124 (3) Å, c = 15.4076 (3) Å, V = 3733.2 (1) Å3].  

 

Poor powder averaging, in addition to bromine absorption/fluorescence issues 

affected this data collection and resulted in peak intensities which were abnormally 

high (for example the peaks at 2θ 5.95° and 6.1°). 

 

Figure 3.5. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 40 °, dmin = 1.15 Å).  

 

Sample after 15 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for 15 minutes under vacuum, and the pattern was 

recorded again. The unit cell of 2.1·MeCN from the previous refinement was used as 

the starting point for a Pawley refinement,17 employing 791 parameters (8 

background, 1 zero error, 5 profile, 3 cell, 774 reflections), resulting in final indices of 

fit Rwp = 2.830, Rwp' = 35.46.  

[2.1·MeCN: a = 15.4698 (2) Å, b = 15.7289 (4) Å, c = 15.4502 (3) Å, V = 3759.4 (1) Å3].  

 

Additional peaks at 2θ 4.53° and 6.97° that could not be attributed to the known 

2.1·MeCN were observed, and suggested the growth of a new crystalline phase. They 

were, however, insufficient in number to be indexed to a unit cell. 
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Figure 3.6. Observed (purple) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 34 °, dmin = 1.42 Å). 

 

Sample after 30 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for a further 15 minutes under vacuum, and the 

pattern was recorded again. A sufficient number of peaks corresponding to the new 

desolvated phase 2.1 were observed, and as such were indexed successfully.  The unit 

cells of 2.1·MeCN from the previous refinement, and the newly indexed 2.1 were used 

as the starting point for a mixed-phase Pawley refinement,17 employing 3434 

parameters (7 background, 1 zero error, 9 profile, 6 cell, 3411 reflections), resulting 

in final indices of fit Rwp = 1.615, Rwp' = 8.368.  

[2.1·MeCN: a = 15.4824 (3) Å, b = 15.7004 (4) Å, c = 15.4519 (3) Å, V = 3756.1 (1) Å3; 

2.1: a = 15.5670 (7) Å, b = 15.5304 (6) Å, c = 28.0061 (11) Å, V = 6770.8 (5) Å3].  

 

 

Figure 3.7. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the mixed-phase Pawley refinement. (2 range 2.8 - 34 °, dmin = 1.42 Å). 

 



 
Stellated halogenated cluster compounds 
 

 
100 
 

Sample after 45 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for a further 15 minutes under vacuum, and the 

pattern was recorded again. The unit cells of 2.1·MeCN and 2.1 from the previous 

refinement were used as the starting point for a mixed-phase Pawley refinement,17 

employing 1512 parameters (7 background, 1 zero error, 9 profile, 6 cell, 1489 

reflections), resulting in final indices of fit Rwp = 1.114, Rwp' = 11.94.  

[2.1·MeCN: a = 15.4851 (4) Å, b = 15.6976 (7) Å, c = 15.4506 (4) Å, V = 3755.7 (2) Å3; 

2.1: a = 15.5495 (3) Å, b = 15.5368 (3) Å, c = 28.0010 (5) Å, V = 6764.7 (2) Å3].  

 

 

Figure 3.8. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the mixed-phase Pawley refinement. (2 range 2.8 - 30 °, dmin = 1.59 Å). 

 

Sample after 60 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for a further 15 minutes under vacuum, and the 

pattern was recorded again. The unit cells of 2.1·MeCN and 2.1 from the previous 

refinement were used as the starting point for a mixed-phase Pawley refinement,17 

employing 1751 parameters (6 background, 1 zero error, 9 profile, 6 cell, 1729 

reflections), resulting in final indices of fit Rwp = 1.153, Rwp' = 11.87.  

[2.1·MeCN: a = 15.5211 (9) Å, b = 15.6856 (1) Å, c = 15.475 (1) Å, V = 3767.5 (5) Å3; 

2.1: a = 15.555 (1) Å, b = 15.534 (1) Å, c = 27.996 (1) Å, V = 6764.7 (7) Å3].  
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Figure 3.9. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the mixed-phase Pawley refinement. (2 range 2.8 - 30 °, dmin = 1.59 Å). 

 

Sample after 75 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for a further 15 minutes under vacuum, and the 

pattern was recorded again. The unit cells of 2.1·MeCN and 2.1 from the previous 

refinement were used as the starting point for a mixed-phase Pawley refinement,17 

employing 1512 parameters (6 background, 1 zero error, 9 profile, 6 cell, 1490 

reflections), resulting in final indices of fit Rwp = 1.220, Rwp' = 14.86.  

[2.1·MeCN: a = 15.5317 (6) Å, b = 15.6762 (7) Å, c = 15.4955 (8) Å, V = 3772.8 (3) Å3; 

2.1: a = 15.5567 (5) Å, b = 15.5332 (5) Å, c = 27.9881 (7) Å, V = 6763.2 (3) Å3]. 

 

 

Figure 3.10. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the mixed-phase Pawley refinement. (2 range 2.8 - 30 °, dmin = 1.59 Å). 

 

Sample after 90 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for a further 15 minutes under vacuum, and the 

pattern was recorded again. The unit cells of 2.1·MeCN and 2.1 from the previous 

refinement were used as the starting point for a mixed-phase Pawley refinement,17 

employing 1512 parameters (6 background, 1 zero error, 9 profile, 6 cell, 1490 

reflections), resulting in final indices of fit Rwp = 1.248, Rwp' = 15.55.  
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[2.1·MeCN: a = 15.5400 (9) Å, b = 15.666 (1) Å, c = 15.503179 (1) Å, V = 3774.3 (4) Å3; 

2.1: a = 15.5479 (4) Å, b = 15.5288 (5) Å, c = 27.9809 (7) Å, V = 6760.0 (3) Å3].  

 

 

Figure 3.11. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the mixed-phase Pawley refinement. (2 range 2.8 - 30 °, dmin = 1.59 Å). 

 

Sample after 105 mins at 348 K, 10-5 mbar. 

The sample was heated at 348 K for a further 15 minutes under vacuum, and the 

pattern was recorded again. The unit cells of 2.1·MeCN and 2.1 from the previous 

refinement were used as the starting point for a mixed-phase Pawley refinement,17 

employing 1036 parameters (6 background, 1 zero error, 9 profile, 6 cell, 1014 

reflections), resulting in final indices of fit Rwp = 1.328, Rwp' = 15.39.  

[2.1·MeCN: a = 15.5524 (8) Å, b = 15.6585 (9) Å, c = 15.5051 (6) Å, V = 3775.9 (3) Å3; 

2.1: a = 15.5614 (4) Å, b = 15.5239 (5) Å, c = 27.9857 (7) Å, V = 6760.6 (3) Å3].  

The pattern remained essentially unchanged from the previous measurement. The 

sample was therefore cooled to 298 K, despite the apparent presence of some small 

amount of 2.1·MeCN, to preserve the crystallinity and prevent overexposure to the 

beam before the subsequent CO2 uptake study. 
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Figure 3.12. Observed (purple) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the mixed-phase Pawley refinement. (2 range 2.8 - 26 °, dmin = 1.84 Å). 

 

Sample upon returning to 298 K, 10-5 mbar. 

The sample was allowed to cool to 298 K over a period of 30 minutes, before 

collecting another powder diffraction pattern. The unit cell of 2.1 from the previous 

refinement were used as the starting point for a Pawley refinement,17 employing 654 

parameters (7 background, 1 zero error, 5 profile, 3 cell, 631 reflections), resulting in 

final indices of fit Rwp = 1.241, Rwp' = 14.71.  

[2.1: a = 15.4701 (2) Å, b = 15.4356 (3) Å, c = 27.9282 (5) Å, V = 6669.0 (2) Å3].  

It appeared that over this cooling period, visible traces of the original 2.1·MeCN 

material have disappeared, and converted fully to the desolvated 2.1 phase. As such, 

2.1·MeCN was not included in this refinement. A small peak at 2θ 4.74° which did not 

correspond to the known 2.1 was observed, but no other such peaks could be found. 

As such it could not be analysed any further. 

 

 

Figure 3.13. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 26 °, dmin = 1.84 Å). 
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Determination of crystal structure of 2.1 at 298 K, 10-5 mbar. 

The pattern shown in Figure 3.13 was used for refinement to determine the structure 

of the desolvated 2.1. A simulated annealing approach was taken, in which the cluster 

2.1 was used as a rigid body group. The structure of cluster 2.1 was taken from a 

room-temperature single crystal X-ray structure determination of 2.1·MeCN. The 

translation and rotation of each crystallographically unique cluster about its centre 

were allowed to refine, but not the individual atoms and bonds within the cluster. The 

resultant structure is introduced in section 3.3.1.3. The starting unit cell for the 

simulated annealing and Rietveld refinement,18 was that used in the Pawley 

refinement above. Refinement employed 34 parameters (9 background, 1 zero error, 

5 profile, 3 cell, 1 scale, 6 rotation – three for each of the two crystallographically 

unique clusters, 6 translation – three for each cluster, 3 thermal parameters – for Pd, 

Br and C/H/N atoms). Rietveld refinement converged to Rwp = 2.040, Rwp’ = 28.44. 

[2.1: a = 15.4612 (6) Å, b = 15.4609 (6) Å, c = 27.9478 (8) Å, V = 6680.8 (4) Å3]. 

The crystallographic information file for the structure 2.1 is provided in the digital 

appendix. 

 

 

Figure 3.14. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 2.8 - 30 °, dmin = 1.59 Å). 

 

Sample dosed with 1 bar CO2. 

Now holding temperature at 298 K, the gas cell containing the sample was dosed to 

1.06 bar CO2, and the system was allowed to equilibrate for 30 minutes, before 

collecting another powder diffraction pattern. Given there was no visible change in 

the pattern (apart from the extra peak at 2θ 4.74°), the unit cell of 2.1 from the 
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previous refinement were used as the starting point for a Pawley refinement,17 

employing 792 parameters (6 background, 1 zero error, 5 profile, 3 cell, 770 

reflections), resulting in final indices of fit Rwp = 1.380, Rwp' = 16.60.  

[2.1: a = 15.4673 (3) Å, b = 15.4388 (4) Å, c = 27.9385 (5) Å, V = 6671.6 (2) Å3]. 

 

 

Figure 3.15. Observed (brown) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

Sample dosed with 5 bar CO2. 

The gas cell containing the sample was dosed to 5.39 bar CO2, and the system was 

allowed to equilibrate for 30 minutes, before collecting another powder diffraction 

pattern. Given there was no visible change in the pattern (apart from the extra peak at 

2θ 4.74°), the unit cell of 2.1 from the previous refinement were used as the starting 

point for a Pawley refinement,17 employing 792 parameters (6 background, 1 zero 

error, 5 profile, 3 cell, 770 reflections), resulting in final indices of fit Rwp = 1.311, Rwp' 

= 15.25.  

[2.1: a = 15.5307 (4) Å, b = 15.4357 (3) Å, c = 27.9346 (6) Å, V = 6696.7 (2) Å3]. 
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Figure 3.16. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

Sample dosed with 10 bar CO2. 

The gas cell containing the sample was dosed to 10.11 bar CO2, and the system was 

allowed to equilibrate for 30 minutes, before collecting another powder diffraction 

pattern. Given there was no visible change in the pattern (apart from the extra peak at 

2θ 4.74°), the unit cell of 2.1 from the previous refinement were used as the starting 

point for a Pawley refinement,17 employing 799 parameters (6 background, 1 zero 

error, 5 profile, 3 cell, 777 reflections), resulting in final indices of fit Rwp = 1.354, Rwp' 

= 17.13.  

[2.1: a = 15.5673 (5) Å, b = 15.4351 (3) Å, c = 27.9412 (6) Å, V = 6713.8 (3) Å3]. 

 

 

Figure 3.17. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

Sample dosed with 20 bar CO2. 

The gas cell containing the sample was dosed to 19.92 bar CO2, and the system was 

allowed to equilibrate for 30 minutes, before collecting another powder diffraction 

pattern. The appearance of a significant number of peaks not attributed to 2.1 was 

observed, and they were successfully indexed to a new unit cell. This phase was called 

“2.1·nCO2” for the purposes of the refinement.  This new unit cell “2.1·nCO2”, and that 

of 2.1 from the previous refinement were used as the basis of a mixed-phase Pawley 

refinement,17 employing 2707 parameters (8 background, 1 zero error, 10 profile, 7 

cell, 2681 reflections), resulting in final indices of fit Rwp = 0.907, Rwp' = 5.266.  

[2.1: a = 15.5658 (7) Å, b = 15.4354 (7) Å, c = 27.944 (1) Å, V = 6713.9 (6) Å3; 

“2.1·nCO2”: a = 28.8714 (8) Å, b = 17.8882 (5) Å, c = 30.1754 (8) Å, β = 97.117 (1)°, V 

= 15454.2 (7) Å3]. 
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Figure 3.18. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

Sample dosed with 40 bar CO2. 

The gas cell containing the sample was dosed to 39.92 bar CO2, and the system was 

allowed to equilibrate for 30 minutes, before collecting another powder diffraction 

pattern. Visual inspection now clearly indicated that “2.1·nCO2” was the only phase 

present, and its unit cell from the previous refinement was used as the basis for a new 

Pawley refinement,17 employing 1849 parameters (7 background, 1 zero error, 5 

profile, 4 cell, 1832 reflections), resulting in final indices of fit Rwp = 1.113, Rwp' = 

11.06.  

[“2.1·nCO2”: a = 28.8728 (6) Å, b = 17.8876 (4) Å, c = 30.1764 (6) Å, β = 97.112 (1)°, V 

= 15465.1 (6) Å3]. 

 

 

Figure 3.19. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 
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Sample pressure reduced to 20 bar CO2. 

The gas cell containing the sample was exhausted to return the pressure of CO2 to 

20.50 bar (at this point the sample had been dosed with 39.92 bar CO2 two hours ago, 

and a slight pressure leak had taken place, lowering the pressure to 39.70 bar CO2), 

and the system was allowed to equilibrate for 30 minutes, before collecting another 

powder diffraction pattern. Visual inspection indicated that “2.1·nCO2” was still the 

only phase present, and its unit cell from the previous refinement was used as the 

basis for a new Pawley refinement,17 employing 1849 parameters (7 background, 1 

zero error, 5 profile, 4 cell, 1832 reflections), resulting in final indices of fit Rwp = 

0.938, Rwp' = 9.835.  

[“2.1·nCO2”: a = 28.8726 (6) Å, b = 17.8922 (5) Å, c = 30.1836 (6) Å, β = 97.114 (2)°, V 

= 15472.6 (6) Å3]. 

 

 

Figure 3.20. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

Sample pressure reduced to 10 bar CO2. 

The gas cell containing the sample was exhausted to return the pressure of CO2 to 

10.18 bar and the system was allowed to equilibrate for 30 minutes, before collecting 

another powder diffraction pattern. Visual inspection indicated that “2.1·nCO2” was 

still the only phase present, and its unit cell from the previous refinement was used as 

the basis for a new Pawley refinement,17 employing 1850 parameters (7 background, 

1 zero error, 5 profile, 4 cell, 1833 reflections), resulting in final indices of fit Rwp = 

0.910, Rwp' = 6.380.  

[“2.1·nCO2”: a = 28.8578 (5) Å, b = 17.8904 (4) Å, c = 30.1554 (5) Å, β = 97.127 (2)°, V 

= 15448.2 (6) Å3]. 
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Figure 3.21. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

Sample pressure reduced to 5 bar CO2. 

The gas cell containing the sample was exhausted to return the pressure of CO2 to 

4.97 bar and the system was allowed to equilibrate for 30 minutes, before collecting 

another powder diffraction pattern. Visual inspection indicated that “2.1·nCO2” was 

still the only phase present, and its unit cell from the previous refinement was used as 

the basis for a new Pawley refinement,17 employing 1847 parameters (7 background, 

1 zero error, 5 profile, 4 cell, 1830 reflections), resulting in final indices of fit Rwp = 

1.026, Rwp' = 9.824.  

[“2.1·nCO2”: a = 28.8275 (9) Å, b = 17.8855 (6) Å, c = 30.1235 (8) Å, β = 97.127 (2)°, V 

= 15411.5 (8) Å3]. 

 

 

Figure 3.22. Observed (purple) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

 



 
Stellated halogenated cluster compounds 
 

 
110 
 

 

Sample pressure reduced to 1 bar CO2. 

The gas cell containing the sample was exhausted to return the pressure of CO2 to 

1.05 bar and the system was allowed to equilibrate for 30 minutes, before collecting 

another powder diffraction pattern. Visual inspection indicated that “2.1·nCO2” was 

still the only phase present, and its unit cell from the previous refinement was used as 

the basis for a new Pawley refinement,17 employing 1847 parameters (7 background, 

1 zero error, 5 profile, 4 cell, 1830 reflections), resulting in final indices of fit Rwp = 

1.140, Rwp' = 12.56.  

[“2.1·nCO2”: a = 28.821 (1) Å, b = 17.8869 (7) Å, c = 30.113 (1) Å, β = 97.118 (3)°, V = 

15404 (1) Å3]. 

 

 

Figure 3.23. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

Sample pressure reduced to 10-4 mbar. 

The gas cell containing the sample was evacuated with the vacuum pump to a 

pressure of 10-4 mbar and the system was allowed to equilibrate for 30 minutes, 

before collecting another powder diffraction pattern. Visual inspection indicated that 

“2.1·nCO2” was still the only phase present, and its unit cell from the previous 

refinement was used as the basis for a new Pawley refinement,17 employing 1847 

parameters (7 background, 1 zero error, 5 profile, 4 cell, 1830 reflections), resulting 

in final indices of fit Rwp = 1.241, Rwp' = 16.12.  

[“2.1·nCO2”: a = 28.770 (2) Å, b = 17.8852 (8) Å, c = 30.093 (3) Å, β = 97.052 (3)°, V = 

15367 (1) Å3]. 
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Figure 3.24. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å). 

 

3.2.2.3 In situ study, desolvation of 2.1·MeCN and N2 uptake 

A fresh sample of microcrystalline 2.1.MeCN was loaded into a 0.5 mm quartz 

capillary, and placed in a gas cell mounted on a standard goniometer. The cell was 

sealed with Araldite two-part glue to prevent gas leaks. After allowing the glue to dry 

for 20 minutes, the cell was evacuated with a vacuum pump at 10-5 mbar, and this 

pumping was continued throughout the desolvation study. 

 

In this instance, data collected using the Mythen-2 detector were too badly affected by 

bromine absorption/fluorescence to be fitted quantitatively, but visual inspection 

could identify the phases present, based on the patterns shown in section 3.2.1.2. The 

desolvation of 2.1·MeCN to 2.1 was followed using the Mythen-2 detector, which 

allows fast data collections, and the exposure of the sample to nitrogen was followed 

using the slower MAC detector, which required 15 minutes exposure for each 

collection. Mythen-2 data for the desolvation study are also shown in Figure 3.26. 

 

Sample at 298 K, 10-5 mbar. 

The sample was heated at 348 K for 15 minutes under vacuum, and the pattern was 

recorded again. In addition to peaks for 2.1·MeCN, a significant number of peaks for 

reflections corresponding to the desolvated phase 2.1, enabled indexing. The unit 

cells of 2.1·MeCN and 2.1 were used as the starting point for a mixed-phase Pawley 

refinement,17 employing 1237 parameters (8 background, 1 zero error, 9 profile, 6 

cell, 1213 reflections), resulting in final indices of fit Rwp = 13.68, Rwp' = 26.42.  

[2.1·MeCN: a = 15.4272 (2) Å, b = 15.7165 (3) Å, c = 15.4120 (3) Å, V = 3736.8 (1) Å3; 

2.1: a = 15.478 (2) Å, b = 15.437 (2) Å, c = 27.931 (3) Å, V = 6674 (2) Å3]. 
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Figure 3.25. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å).  

 

Sample during desolvation at 348 K, 10-5 mbar 

The sample was heated at 348 K for 90 minutes under vacuum, and was monitored by 

a series of patterns collected using the Mythen-2 detector (as shown in Figure 3.26). 

Although quantitative fitting of the data was not possible, a visual assessment of the 

phase(s) present could be made. 

 

 

Figure 3.26. X-ray powder diffraction pattern progression for the desolvation of 

2.1.MeCN to 2.1 using Mythen-2 detector data. The time intervals are noted next to each 

pattern. 

 

 

30 min 
0 bar, 348 K 

60 min 
0 bar, 348 K 

75 min 
0 bar, 348 K 
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Sample returned to 298 K, 10-5 mbar after desolvation. 

The sample was brought back to 298 K, and the pattern was recorded again using the 

MAC detector. The unit cell of 2.1, the only phase visibly present (other than the 

previously identified, but hitherto unassigned peak at 2θ 4.74°), was used as the 

starting point for a Pawley refinement,17 employing 647 parameters (7 background, 1 

zero error, 5 profile, 3 cell, 631 reflections), resulting in final indices of fit Rwp = 12.16, 

Rwp' = 34.70.  

[2.1: a = 15.4961 (9) Å, b = 15.477 (1) Å, c = 27.975 (1) Å, V = 6709.4 (7) Å3]. 

 

 

Figure 3.27. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 2.8 - 28 °, dmin = 1.71 Å).  

 

Sample dosed with 10 bar N2. 

Now holding temperature at 298 K, the gas cell containing the sample was dosed to 

10.23 bar N2, and the system was allowed to equilibrate for 30 minutes, before 

collecting another powder diffraction pattern (over 15 minutes of exposure). Given 

there was no visible change in the pattern, the unit cell of 2.1 from the previous 

refinement were used as the starting point for a Pawley refinement,17 employing 786 

parameters (7 background, 1 zero error, 5 profile, 3 cell, 770 reflections), resulting in 

final indices of fit Rwp = 11.36, Rwp' = 29.42.  

[2.1: a = 15.4927 (6) Å, b = 15.4810 (5) Å, c = 27.9775 (9) Å, V = 6710.2 (4) Å3]. 
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Figure 3.28. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 2.8 - 26 °, dmin = 1.83 Å).  

 

Sample dosed with 20 bar N2. 

Now holding temperature at 298 K, the gas cell containing the sample was dosed to 

20.03 bar N2, and the system was allowed to equilibrate for 30 minutes, before 

collecting another powder diffraction pattern (over 15 minutes of exposure). Given 

there was no visible change in the pattern, the unit cell of 2.1 from the previous 

refinement were used as the starting point for a Pawley refinement,17 employing 646 

parameters (6 background, 1 zero error, 5 profile, 3 cell, 631 reflections), resulting in 

final indices of fit Rwp = 10.00, Rwp' = 22.64.  

[2.1: a = 15.5108 (6) Å, b = 15.4810 (5) Å, c = 27.9775 (9) Å, V = 6710.2 (4) Å3]. 

 

 

Figure 3.29. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 2.8 - 26 °, dmin = 1.83 Å).  

 

Sample dosed with 40 bar N2. 

Now holding temperature at 298 K, the gas cell containing the sample was dosed to 

40.00 bar N2, and the system was allowed to equilibrate for 30 minutes, before 
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collecting another powder diffraction pattern (over 15 minutes of exposure). Given 

there was no visible change in the pattern, the unit cell of 2.1 from the previous 

refinement were used as the starting point for a Pawley refinement,17 employing 647 

parameters (7 background, 1 zero error, 5 profile, 3 cell, 631 reflections), resulting in 

final indices of fit Rwp = 11.10, Rwp' = 23.48.  

[2.1: a = 15.4847 (6) Å, b = 15.4664 (4) Å, c = 27.9582 (7) Å, V = 6695.8 (3) Å3]. 

 

 

Figure 3.30. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 2.8 - 26 °, dmin = 1.83 Å).  

 

3.2.3 Thermogravimetric analysis 

The crystalline 2.1·MeCN was filtered from the mother liquor at the pump, and 

allowed to dry in air for exactly ten minutes to remove surface solvent on the crystals. 

Thermogravimetric analysis data were then conducted using a Perkin–Elmer Pyris1 

TGA model thermogravimetric analyser. The sample was held at 25°C for a period of 5 

minutes, before ramping at a rate of 5°C min-1 to 85°C, and then held at that 

temperature for 120 minutes, under a flow of dry N2 gas. The annotated TGA trace is 

shown in the main text in section 3.3.1.1. 
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3.3 Results & discussion 

 

3.3.1 Desolvation of 2.1.MeCN to give 2.1 

 

3.3.1.1 Initial evidence for desolvation of 2.1·MeCN 

An isothermal thermogravimetric analysis (TGA) trace for the solvated parent 

compound 2.1·MeCN was recorded, to investigate the possibility of removing the 

acetonitrile solvent at a constant temperature. By holding at 85°C for a period of two 

hours it was possible to desolvate the material, with a mass loss consistent with the 

formation of the solvent-free material 2.1 (expected loss for 3 MeCN = 9.3%, observed 

loss = 9.1%). The TGA trace (shown in Figure 3.31) also demonstrates that the cluster 

material appears to be stable at 85°C for a sustained period, showing no further loss 

of mass beyond that of the acetonitrile.  

 

 

Figure 3.31. Thermogravimetric analysis trace for 2.1·MeCN, holding the temperature 

at 85°C for two hours under a flow of nitrogen. The mass loss onset at 10 mins of 9% 

indicates loss of all three MeCN equivalents. 

 

This loss was then followed crystallographically (both by single-crystal and powder X-

ray diffraction). Rapid in situ single crystal X-ray diffraction monitoring of the 

100% 

91% 
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desolvation process was conducted by periodically recording sufficient frames to 

index the diffraction pattern and determine the unit cell parameters, with heating. A 

crystal of 2.1·MeCN was mounted and heated in situ to 85°C over a period of one 

hour. The diffraction data collected suggested a rapid drop in crystallinity upon 

heating to 85°C, indicated by the disappearance of high-angle reflections 

corresponding to 2.1·MeCN. This was accompanied by the appearance of smear-like 

reflections at low diffraction angle (see Figure 3.32). 

 

 

Figure 3.32. Single-crystal X-ray diffraction image collected on a crystal of 2.1·MeCN 

after heating to 85 °C. Smeary, low-angle reflections corresponding to a new phase have 

grown in, but some reflections consistent with 2.1·MeCN remain. 

 

These new reflections suggested the formation of a new crystalline phase as the 

solvent left the material. However, the great number of reflections and lack of 

intensity or observable order indicated that this corresponded to a microcrystalline 

material (powder), and that the phase change was not lithotropic (single-crystal-to-

single-crystal, SCSC). This is logically consistent with the removal of acetonitrile from 

the structure of 2.1·MeCN, as it is shown to be integral to the supramolecular network 

of clusters (as shown in chapter 2, see also Figure 3.33). Departure of acetonitrile 

Reflections corresponding to 

2.1.MeCN 

 ‘Smeary’ ring-like reflections 

indicating loss of single-crystallinity 
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from the crystal structure would therefore likely cause a significant structural change, 

fracturing of the crystals. 

 

 

Figure 3.33. Two-dimensional view of the supramolecular network of interactions 

holding clusters together in the structure of 2.1·MeCN. Halogen bonds are shown in 

green and hydrogen bonds in red. 

 

This loss of solvent was easily followed by X-ray powder diffraction. Indeed, leaving 

dry, ground 2.1·MeCN open to air for 15 hours resulted in a partial transformation to 

a new phase (ex situ desolvation). This is evidenced by the appearance of significant 

new peaks in the powder diffraction pattern (see Figure 3.34). 
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Figure 3.34. X-ray powder diffraction pattern for the partially desolvated 

2.1/2.1·MeCN mixture after ex situ desolvation under ambient conditions (top) and the 

calculated pattern from single-crystal data on the solvated 2.1·MeCN (bottom). 

 

3.3.1.2 A detailed in situ crystallographic study 

The desolvation was then studied in situ at Diamond Light Source (beamline I11) by 

X-ray powder diffraction. Over 90 minutes at 75 °C under vacuum of 10-5 mbar, the 

material changed phase completely and there was no further change in the powder 

pattern was observed. The powder pattern progression for this phase change can be 

found in Figure 3.35. The experimental details of the in situ experiment can be found 

in the experimental section.  

 

It should be noted that although these data were obtained from synchrotron 

radiation, the data quality appears poor. This is due to two factors – the wavelength of 

radiation used (λ = 0.825821 Å), and the nature of powder averaging within the X-ray 

beam. The wavelength used at Diamond beamline I11 is very close to the X-ray 

absorption edge of bromine, and as a highly brominated sample, 2.1.MeCN gives 

observably poor diffraction patterns when collected using the fast Mythen2 detector. 

The goniometer and cell in which the powder sample is mounted rotates over a range 

of 80° about an axis perpendicular to the incident X-ray beam, to average sample 
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exposure. This was not perfectly aligned with the collection strategy, causing uneven 

X-ray exposure and so unusual peak profiles. 

 

 

Figure 3.35. X-ray powder diffraction pattern progression for desolvation of 2.1·MeCN 

under heat and vacuum.  

 

The different relative conditions required to desolvate 2.1·MeCN ex situ (as in Figure 

3.33) and in situ (as in Figure 3.35) can be explained by considering the experimental 

set-up. In desolvating ex situ, the powder is exposed to air and is not in an enclosed 

environment. However in the in situ desolvation experiment, the powder was packed 

tightly into a narrow (0.5 mm) capillary, open at only one end. The desolvation 

conditions in TGA more closely match those of the ex situ experiment, and so the loss 

of acetonitrile has an onset temperature of 75 °C without the need for high-vacuum.  

 

The powder pattern of the new phase at 25 °C can be indexed (and Pawley fit) to a 

single unit cell, with parameters a = 15.5307 (4) Å, b = 15.4357 (3) Å, c = 27.9346 (6) 

Å, V = 6696.7 (2) Å3 (Orthorhombic Pca21). A comparison of this new unit cell and that 

of the parent compound 2.1·MeCN (at 25 °C) suggests an approximate doubling of the 

unit cell (and therefore the Z value), as shown in Figure 3.36. 

Diffraction angle 2θ /° 

0 bar, 298 K 

30 min 
0 bar, 348 K 

60 min 
0 bar, 348 K 

90 min 
0 bar, 348 K 

Returned to 
0 bar, 298 K 
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Figure 3.36. Unit cell shape and volume comparison for compounds 2.1.MeCN and the 

desolvated analogue 2.1. 

 

Comparing the unit cells, the transformation appears to correspond to a near-

doubling of one cell axis in 2.1, while two axes remain relatively unchanged from the 

orthorhombic (near-cubic) starting material. However, the new, longer c-axis is not 

quite double any of the axes in 2.1.MeCN. Dividing the cell volumes by the number of 

formula units per unit cell (Z), this means there is an 11.4% contraction in the volume 

per cluster molecule. This would be consistent with a loss of molecules from the 

material, resulting in a closer packing of the cluster molecules. 

 

3.3.1.3 Structure of the desolvated cluster 2.1 

Although the data quality was relatively poor (due to the issues with bromine 

absorption noted previously), the structure of 2.1 was successfully determined from 

powder diffraction data, using a simulated annealing approach followed by Rietveld 

refinement (see experimental section 3.2.1.2). The structure contains only the cluster 

2.1. The clusters stack such that their stellated shapes complement each other as far 

2.1·MeCN 

Orthorhombic Pbcm 

a = 15.4207 (3) Å 

b = 15.7124 (3) Å 

c = 15.4076 (3) Å 

V = 3733.2 (1) Å
3  

Z = 4 

2.1 

Orthorhombic Pca21 

a = 15.4701 (2) Å 

b = 15.4356 (3) Å  

c = 27.9282 (5) Å 

V = 6669.0 (2) Å
3  

Z = 8 
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as possible – the angular cavities between pyrazolate ligands lie orthogonal to one 

another (see Figure 3.37). 

 

 

Figure 3.37. The two crystallographically unique clusters in the structure of 2.1, 

showing how they stack closely to each other after desolvation. 

 

A type I halogen-halogen interaction between clusters is also observed, although the 

relative strength of this and other interactions within the structure of 2.1 cannot 

accurately be assessed. This is because the individual atom positions in the structure 

have not been refined. 

 

 

Figure 3.38. Type I halogen-halogen interaction (Br···Br) in the structure of desolvated 

2.1, with an estimated RBrBr of 0.87. 
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The inefficient packing of the clusters creates a structure which contains voids that 

make up 8.9% of the unit cell volume. These voids are shown in pink in Figure 3.39. 

The largest of these voids, highlighted on the right of Figure 3.39 sits within the bowl-

like cavity of the cluster 2.1, in a manner resembling the cavities of porous molecular 

calixarenes introduced in section 3.1.1.1,11 

 

 

Figure 3.39. Left: Voids within one unit cell in the structure of the desolvated 2.1, 

represented by pink surfaces. Unit cell axes are also shown for clarity. Right, inset: 

Expansion of the region highlighted in red on the left, demonstrating the main void 

position and shape within the bowl-shaped cavity of 2.1. 

 

3.3.2 CO2 uptake by cluster 2.1: in situ crystallographic study 

The same sample described in the previous section, studied for its desolvation 

behaviour (study shown in Figure 3.35) was used for an in situ crystallographic study 

of CO2 uptake. The sample in the cell was dosed with successive pressures of CO2, and 

the sample was allowed to equilibrate for half an hour at each pressure before 

recording the X-ray diffraction pattern. Successive powder patterns for the ascending 

pressures (1 bar, 5 bar, 10 bar, 20 bar, 40 bar CO2) are shown in Figure 3.40. Pawley 

fits of these patterns can be found in the experimental section 3.2.1.2. 
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Figure 3.40. X-ray powder pattern progression with increasing successive pressures 

(bottom to top) of CO2 acting on 2.1. 

 

No visible change occurred in the pattern until the sample reached 20 bar CO2. At this 

point, the pattern contained peaks corresponding to the original 2.1 and a significant 

number of peaks corresponding to a new phase. Upon increasing the pressure to 40 

bar CO2, the material had changed phase completely to the new phase. This indicated 

either a pressure-induced phase change, or an uptake of CO2, possibly involving a 

rearrangement of the clusters. 

 

To provide further information, the pressure was dropped through 20 bar CO2, to 10 

bar, 1 bar and then returned to vacuum at 10-5 mbar. Surprisingly, the material 

remained in this new phase, despite allowing half an hour for equilibration at each 

descending pressure (shown in Figure 3.41). 

Diffraction angle 2θ /° 
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Figure 3.41. X-ray powder pattern progression with decreasing successive pressures 

(bottom to top) of CO2 (and then vacuum) acting on the new phase. 

 

It was possible that the compression of the material to a more stable structure could 

be taking place. The stability of the solvent-free phase 2.1 had not been tested under 

higher-than ambient pressure, and as highlighted in chapter 2, the stellated material 

has never been crystallised other than as a solvate. Indexing and Pawley fitting the 

new diffraction patterns suggested new cell parameters of a = 28.8728 (6) Å, b = 

17.8876 (4) Å, c = 30.1764 (6) Å, β = 97.112 (1)°, V = 15465.1 (6) Å3 (Monoclinic C2). 

The suggested unit cell for the new material is compared to those of 2.1·MeCN and 

2.1 in Figure 3.42. 

 

Diffraction angle 2θ /° 

CO2, 40 bar 

CO2, 20 bar 

CO2, 10 bar 

CO2, 5 bar 

CO2, 1 bar 

0 bar 
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Figure 3.42. Unit cell shape and volume comparison for compounds 2.1·MeCN, 2.1 and 

the ‘new phase’ created under 40 bar CO2. 

 

Again considering the increased number of clusters per unit cell (as shown in Figure 

3.42), this represents a 15.5% volume increase in the material (per cluster) compared 

with the desolvated 2.1, and even a 1.02% expansion in the material, compared with 

the solvated material 2.1·MeCN. An increase in the relative volume of the material 

compared with 2.1·MeCN and 2.1 at low pressure would not be consistent with a 

pressure-induced phase change to a more closely-packed phase. This would indicate 

an uptake of CO2 into the crystal, thus facilitating an expansion. A comparison of the 

relative expansion and contraction of the material from unit cell data is shown in 

Table 3.43.  

 

Table 3.43. A tabulation of the unit cell data for 2.1·MeCN, 2.1 and “2.1·nCO2”, with Z 

values and calculated volume expansions and contractions, per cluster, relative to the 

parent compound 2.1·MeCN. 

Compound Volume /Å3 Z Volume ÷ Z % net volume increase, per cluster 

2.1·MeCN 3779 4 944.8 n/a 

2.1 6697 8 837.1 -11.40 

“2.1·nCO2” 15465 16 966.6 +1.02 

2.1·MeCN 

Orthorhombic Pbcm 

a = 15.4445 (6) Å 

b = 15.745   (1) Å 

c = 15.5403 (7) Å 

 

V = 3779 Å
3   

Z = 4 

2.1 

Orthorhombic Pca21 

a = 15.5307 (4) Å 

b = 15.4357 (3) Å  

c = 27.9346 (6) Å 

 

V = 6697 Å
3 

  

Z = 8 

“2.1·nCO2” 

Monoclinic C2 

a = 28.8728 (6) Å 

b = 17.8876 (4) Å 

c = 30.1764 (6) Å 

β = 97.112 (1)° 

V = 15464.1 (6) Å
3  

Z = 16 
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The fact that the material did not change phase again or revert to the solvent-free 

phase 2.1 upon reducing the pressure suggests that either the material has retained 

CO2, or at least the arrangement of the clusters in the structure is retained upon the 

removal of CO2. Retention of CO2 would indicate an impressive hysteresis in the gas 

sorption, which requires further study by gravimetric means to be confirmed. All 

attempts to determine the structure of the new “2.1·nCO2” phase by simulated 

annealing were unsuccessful. 

 

In the absence of crystal structure data for the proposed “2.1·nCO2” phase, this 

assumes that the cluster compound has not been destroyed by the pressures involved 

in the experiment. However, the observation that these clusters are not destroyed 

even when heated for a sustained period as a solid, or even in solution (i.e. 

recrystallisation of 2.1·MeCN from boiling dibromomethane) gives confidence to their 

stability at 40 bar of external pressure. In addition, high pressure crystallography 

shown in the literature for molecular species such as amino acids,19–21 metal 

complexes22 (including palladium-containing complexes)23 indicate that even 

geological pressures of gigapascals are accommodated by bond distortions rather 

than their cleavage. 

 

3.3.3 N2 uptake by cluster 2.1: in situ crystallographic study 

A comparable X-ray diffraction study to investigate potential nitrogen gas uptake was 

conducted on a fresh sample of 2.1·MeCN at Diamond Light Source. The aims of this 

study were to determine if the behaviour of 2.1 towards CO2 was selective, and 

possibly give further support to the conclusion that study 3.3.2 (above) demonstrates 

an uptake of gas rather than a pressure-induced phase change. 

 

An in situ powder diffraction study in which compound 2.1·MeCN was also desolvated 

to 2.1 was conducted, followed by adding successive pressures of N2. The powder 

pattern progression for this study is shown in Figure 3.44.  
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Figure 3.44. X-ray powder pattern progression with increasing successive pressures of 

N2 acting on 2.1. 

 

The data clearly show that, allowing for the same half-hour equilibrations at each 

successive pressure, the material has not changed phase even at 40 bar N2. In fact, this 

experiment allowed an additional 15 minute period of equilibration during collection 

due to use of the MAC detector for this study, rather than the rapid Mythen2 detector. 

This indicates that cluster 2.1 does not take up N2 (on the timescale of this 

experiment). 

 

The appearance of a small reflection at 4.75° 2θ is noted, as well as that of an even 

smaller reflection at 5.7° 2θ, but these could not be indexed to the known unit cell of 

“2.1·CO2” identified previously. This could indicate that there is some response to 

nitrogen on a slow timescale. Whether this is an uptake of nitrogen, or is a pressure-

induced phase change is not clear without gravimetric sorption data to support these 

diffraction data. 

 

3.3.4 Rationale for potential selectivity for CO2 over N2 

Considering the reasons behind guest selectivity within hosts, two factors are perhaps 

most important: the size of the guest molecules and their ability to interact with the 

Diffraction angle 2θ /° 
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host. Dinitrogen is a small, linear, non-polar molecule that is incredibly inert. It does 

not form strong hydrogen- or halogen-bonds, and is not strongly coordinating. 

Considering carbon dioxide, it too is small and linear, but is capable of forming a 

variety of interactions, including accepting weak hydrogen bonds, accepting halogen 

bonds, and acting as a Lewis base at open metal sites (which is noted as the origin of 

CO2 selectivity in several MOF materials).24–27  

 

In chapter 2, the ability of cluster 2.1 to form hydrogen- and halogen-bonds as both 

acceptor and donor is demonstrated extensively, as well as the potential ability of the 

palladium metal to act as an intermolecular interaction site, as in 2.1·DIM. An ideal 

guest for the host 2.1 should be capable of participating in these interactions, and 

these factors may be the source of the apparent selectivity of 2.1 for CO2 over N2. 

  



 
Stellated halogenated cluster compounds 
 

 
130 
 

 

 3.4 Conclusions & Future work 

 

It was demonstrated that 2.1·MeCN could be successfully desolvated, leaving behind 

the solvent-free stellated cluster material 2.1. This results in the conversion of larger 

crystals into a microcrystalline solid, and does not appear to be a lithotropic (single-

crystal-to-single-crystal / SCSC) transformation. 

The desolvated material 2.1, when exposed to pressures of CO2 above 20 bar at 298 K, 

changes phase to the tentatively named “2.1·nCO2”, possibly a new carbon-dioxide 

containing material based on powder X-ray diffraction data. When the external 

pressure of CO2 was removed, the material retained the same crystal structure, 

suggesting a possible hysteresis. This surprising behaviour of a classically non-porous 

material further exemplifies the importance of the study of such compounds as an 

alternative to metal-organic frameworks (MOFs) and other porous materials. 

When exposed to nitrogen gas, even at 40 bar at 298 K, 2.1 did not respond by taking 

in gas, or changing phase. This indicates selectivity for CO2 over N2, on the timescale of 

these crystallographic experiments. 

 

Future work with these materials should aim to investigate the causes of this 

apparent selectivity for CO2 over N2, and the extent of the hysteretic sorption 

capabilities of 2.1. This could be achieved by using mixed-gas streams of CO2 and N2 in 

gravimetric sorption measurements, including measuring the output gas. Other gases 

of interest that might help explain this selectivity could include carbon monoxide, 

sulphur dioxide and methane. 

 

The material 2.7, [Pt2Ag4(Ipz)8] (introduced in chapter 2) is a stellated cluster that 

was crystallised without solvent present, and showed the absence of strong 

intermolecular interactions in at least one dimension within the crystal. This would be 

an interesting candidate for gas uptake study for these reasons, as it may have the 

simplicity and flexibility required to take up guests, but it could not be synthesised in 

a sufficient quantity for such studies. 
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 4.1 Introduction 

 

4.1.1 Chiral MOFs and enantioselective separation 

As well as being highly promising storage and separation materials for simple gases 

(as noted in chapter 1), the great degree of customisation achievable for metal-

organic frameworks also provides the possibility for storage and separation of more 

complex guests. One such area which is being explored is the entrapment and reaction 

of chiral guests, using MOFs as enantioselective hosts.  

 

Two key approaches to these enantioselective hosts have been studied by crystal 

engineers.1–3 These involve either the use of chiral ligands to direct the self-assembly 

of a chiral coordination network, or the spontaneous resolution of achiral components 

into a chiral framework upon assembly4–12 (including the post-synthetic introduction 

of ‘chiral resolution agents’).9,12 The use of enantiomerically pure ligands has included 

both the utilisation of natural products and/or their derivatives as ligands,13–17 and 

the synthesis of entirely new chiral multi-topic ligands.18–23  

 

Several of these chiral MOF systems have been applied to enantio- or diastereospecific 

catalysis within their pores.15,19,20,23 In particular, impressive results were obtained by 

Lin and co-workers in exploiting the tune-ability of MOFs to create a related family of 

materials for a variety of enantioselective organic transformations.19 This was 

achieved by using structurally related carboxylate ligands with chiral functionality 

(see Figure 4.1), to construct a series of iso-reticular MOFs. 
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Figure 4.1. Left: The general ligand type used by Lin et. al. to create a series of CuII-

based MOFs effecting a structure with pores (right) capable of facilitating 

enantioselective catalysis.19 

 

A recent review by Duerinck and Denayer cites ten noteworthy examples of the 

application of chiral MOFs to separation guests in the liquid phase as of 2014,24 with 

enantioselectivities for chiral guests as high as 98.2% ee (enantiomeric excess) 

recorded.13 In the case of the host affording 98.2% ee, a coordination polymer based 

upon a modified quinine ligand connecting CdII centres, demonstrates well the crystal 

engineering approach to functional materials. The authors lay out their reason for the 

choice of this ligand – it forms a neutral, diamondoid network with M2+, and has a 

mixture of hydrophobic and hydrophilic surface area that facilitates the inclusion of 

different guests. The resultant homochiral network, shown in Figure 4.2, was capable 

of selectively trapping S-butan-2-ol (with 98.2% ee, as noted above) so successfully 

that the only guest identifiable in the pore by single-crystal X-ray diffraction was the 

S-enantiomer. 
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Figure 4.2. Top: The structure of the empty framework material [Cd(quinine-

carboxylate)2]. Bottom: The same host structure containing the crystallographically-

located S-butan-2-ol.13 

 

Fewer examples of uptake of chiral guests in the gas/vapour phase exist.25–30 The 

work cited has largely focussed on the study of chiral separation afforded by using 

these MOFs as stationary phases in chiral gas chromatography. Particularly notable is 

the use of camphorate as a bridging ligand in these materials (four of the six examples 

noted in the review by Duerinck and Denayer use it). In one particularly interesting 

and unique case, a camphorate-containing MOF was applied as a functional surface 

material (SURMOF) onto a quartz crystal microbalance (QCM).26 The chiral selectivity 
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of the functionalised surface was probed by monitoring mass loading of different 

enantiomerically pure chiral vapours into the SURMOF (see QCM profiles in Figure 

4.3). This work marks the first time gravimetric measurements have been used to 

probe chiral vapour uptake in MOFs. 

 

 

Figure 4.3. QCM profiles for the uptake of pure S-hexane-2,5-diol vapour (red) or R-

hexane-2,5-diol vapour (black) in the surface MOF coatings of [Zn2((+)-

camphorate)2(dabco)] (top graph) or [Zn2((-)-camphorate)2(dabco)] (bottom graph), 

demonstrating the selectivity of uptake. Figure reproduced from reference 26.  

 

These studies highlight the usefulness of camphorate as a directing ligand in creating 

familiar, carboxylate-based chiral metal-organic frameworks, as well as the potential 

power of chiral MOFs as selective host materials for chiral guests. The use of 

gravimetry to quantify chiral guest uptake within a MOF, without destroying the 

material as in analysis by solution-phase methods is also a promising, but 

underexplored avenue of investigation. 

 

Camphorate-based MOFs have also been explored by the Brammer group as 

functional materials. As well as being rare examples of MOFs which undergo multi-



 
Chapter Four 

 

 
137 

 

step transformations from 2D polymeric materials to 3D polymeric materials (see 

chapter 1, section 1.3.1.2),31 their chiral nature was also probed. 

 

It was found that the 2-dimensional MOF [Zn2((+)-camphorate)2(pyridine)2] was able 

to uptake liquid 1,2-propanediol, and appeared selectively entrap the R-enantiomer 

(see Figure 4.4).32 However, the difficulty of separating enantiomers of propanediol by 

chiral gas chromatography meant the result was not completely clear, although a 20% 

ee for R-propanediol was suggested.  

 

 

Figure 4.4. Crystal structure of [Zn2((+)-camphorate)2(pyridine)2](1,2-propanediol)2, as 

the result of soaking crystals of [Zn2((+)-camphorate)2(pyridine)2] in propranediol for 

seven weeks.32 

 

4.1.2 Project aims 

The work outlined in this chapter aimed to use an enantiomerically pure ligand in the 

synthesis of a homochiral MOF. In line with this project’s focus on azole-based 

materials, an azole-type chiral ligand was sought to direct the formation of chiral 

MOFs. 

 

An N-heterocyclic carbene derivative of 1,2,4-triazole used as a ligand in an 

enantiospecifically catalytic complex was identified.33 Ruthenium complexes 

containing the ligand (shown in Figure 4.5) were found to catalyse enantiospecific 

hydrogenation reactions with up to 61% ee. The synthetic route toward the carbene 
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ligand indicated that a simple, one-pot reaction (as in step one/two, below) would 

yield a neutral triazole ligand suitable for use in MOF synthesis.  

 

 

Figure 4.5. Synthetic pathway reported in the literature, leading to a chiral NHC.33 Step 

one/two yields a viable, isolable triazole ligand of interest to this project. 

 

The work described in this chapter aimed to synthesise and characterise new chiral 

MOF materials constructed using the triazole ligand shown in Figure 4.5. The porosity 

of the new MOFs was to be determined crystallographically and by their exposure to 

CO2, and their ability to uptake chiral guests to be determined. The ability of the 

resultant MOFs to selectively entrap chiral guests from a racemic mixture was also to 

be tested.  
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 4.2 Experimental 

 

4.2.1 Synthesis 

All reactants were purchased from Fluorochem, Aldrich or Fisher Scientific and used 

as received without further purification. Methanol was dried over calcium hydride 

and distilled, then degassed by bubbling argon through the solvent for no less than 30 

minutes before use. As formic hydrazide is an incredibly hygroscopic solid, it was 

stored under argon in a desiccator jar. NMR spectra and mass spectra for ligands can 

be found in appendix A. 

 

(+,-)-trans-cyclohexane-1,2-bis-4’(1,2,4-triazole); RR,SScbt 

This synthesis largely follows the synthetic procedure outline for the R,R- isomer in 

the literature.33 

 

Triethylorthoformate (2.9 mL, 9 mmol) and dry methanol (10 mL) were added to 

formic hydrazide (0.53 g, 4.5 mmol) under argon with stirring, effecting dissolution. 

The solution was refluxed under argon for six hours, before adding 1,2-trans-

cyclohexanediamine (0.33 mL, 4.5 mmol) dropwise, followed by a further 2 mL of dry 

methanol. The solution was refluxed for a further 20 hours, before cooling to room 

temperature. The solvent was removed in vacuo and the clear waxy residue was 

washed with ethanol (absolute, c. 5 mL), effecting the precipitation of the title 

compound as a fine, white solid, which was isolated by filtering at the pump, and used 

without any further purification (252 mg, 1.14 mmol, 25% yield). 1H-NMR (250 MHz, 

DMSO-d6): δ 1.47 (m, 2H, c-hexCH2), 1.70-2.22 (m, 4H, c-hexCH2), 4.60 (m, 2H, c-hexCH), 

8.40 (s, 4H, triazoleCH). MS (ES+): m/z = 219.1 [MH+]. 

 

 

 



 
A chiral/racemic pair of triazole-based MOFs 
 

 
140 
 

(-,-)-trans-cyclohexane-1,2-bis-4’(1,2,4-triazole); RRcbt 

This synthesis largely follows the literature procedure for the title compound.33 

 

Triethylorthoformate (2.9 mL, 9 mmol) and dry methanol (10 mL) were added to 

formic hydrazide (0.53 g, 4.5 mmol) under argon with stirring, effecting dissolution. 

The solution was refluxed under argon for six hours, before adding 1,2-trans-

cyclohexanediamine (0.33 mL, 4.5 mmol) dropwise, followed by a further 2 mL of dry 

methanol. The solution was refluxed for a further 20 hours, before cooling to room 

temperature. Some off-white precipitate had formed, and the remaining solvent was 

removed in vacuo and the residue was washed with ethanol (absolute, c. 5 mL), 

effecting further precipitation of the title compound as a fine, off-white solid, which 

was isolated by filtering at the pump, and used without any further purification (290 

mg, 1.66 mmol, 37% yield). [](589 nm 19 °C) -45.0 ± 1.30 dm-1 g-1 cm3 (c = 2x10-3 g mL-1 in 

DMSO). 1H-NMR (250 MHz, DMSO-d6): δ 1.47 (m, 2H, c-hexCH2), 1.86 (m, 2H, c-hexCH2), 

1.96 (m, 2H, c-hexCH2), 2.10 (m, 2H, c-hexCH2), 4.65 (m, 2H, c-hexCH), 8.40 (s, 4H, triazoleCH). 

MS (ES+): m/z = 219.1 [MH+]. 

 

[Zn(bdc)(RR,SScbt)]·xH2O·yDMF, 4.1·xH2O·yDMF 

Zinc nitrate hexahydrate (30 mg, 0.10 mmol), terephthalic acid (17 mg, 0.10 mmol) 

and RR,SScbt (24 mg, 0.10 mmol) were dissolved in 8 mL DMF, and the clear solution 

placed in a 24 mL-capacity screwcap glass vial. The solution was heated in an oven to 

100 °C at a rate of 10 °C min-1, held at 100 °C for a period of 12 hours and then cooled 

to 25 °C at a rate of 0.1 °C min-1. This yielded white, needle-like crystals of the title 

compound, which were washed with a small volume of ice-cold fresh DMF and stored 

under fresh DMF until analysis (34 mg, 0.062 mmol, 62% yield). CHN expected: C 

45.66%, H 5.16%, N 17.75%; anal. found: C 45.32%, H 4.95%, N 17.72%.  

(Molar mass and expected CHN content based on composition of 4.1·1.8H2O·0.9DMF, 

which gives best fit to the elemental analysis data). 
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[Zn(bdc)(RRcbt)]·xH2O·yDMF, 4.2·xH2O·yDMF 

Zinc nitrate hexahydrate (30 mg, 0.10 mmol), terephthalic acid (17 mg, 0.10 mmol) 

and RRcbt (24 mg, 0.10 mmol) were dissolved in 8 mL DMF, and the clear solution 

placed in a 24 mL-capacity screwcap glass vial. The solution was heated in an oven to 

100 °C at a rate of 10 °C min-1, held at 100 °C for a period of 12 hours and then cooled 

to 25 °C at a rate of 0.1 °C min-1. This effected white, needle-like crystals of the title 

compound, which were washed with a small volume of ice-cold fresh DMF and stored 

under fresh DMF until analysis (36 mg, 0.065 mmol, 65% yield). CHN expected: C 

45.86%, H 5.20%, N 17.83%; anal. found: C 45.80%, H 5.39%, N 17.82%.  

(Molar mass and expected CHN content based on composition of 4.2·1.7H2O·1.0DMF, 

which gives best fit to the elemental analysis data). 

 

4.2.2 Guest soaking experiments 

 

4.2.2.1 Chloroform soaking 

Crystals of either 4.1·xH2O·yDMF or 4.2·xH2O·yDMF were isolated from DMF by 

filtering at the pump, before placing in a fresh 24 mL-capacity glass vial and adding 

chloroform (dried by the Grubbs method),34 in sufficient amount to cover the crystals 

completely. The vial was then sealed. The solvent was exchanged at least three times 

for fresh, dry chloroform, and the samples were allowed to soak for one week before 

further use. X-ray powder diffraction measurements showed changes in the 

intensities of key peaks (see section 4.2.5), indicating successful exchange of solvent. 

The formulae were, as such, considered then to be 4.1·nCHCl3 or 4.2·nCHCl3. 

 

4.2.2.2 1-Phenylethanol soaking 

25 mg of crystals of 4.1·nCHCl3 or 4.2·nCHCl3, as prepared above were isolated by 

filtering at the pump, and allowed to air-dry for a period of 3 days in a sealed vessel. 

The crystals were then heated in open vials in an oven at 80 °C for 90 minutes. Upon 

cooling to just above room temperature (to avoid as much water uptake as possible), 

the crystals were immediately submerged in 2 mL 1-phenylethanol (98%, racemic), 

and the vials sealed. 

After a period of 12 weeks, half of the resultant crystals of 4.1·aPhCH2(OH)Me or 

4.2·aPhCH2(OH)Me were isolated from the mother liquor by filtering at the pump, 

and were allowed to dry under air for ten minutes exactly. The crystals were 

dissolved/digested for analysis by adding 0.5 mL DMSO, and then adding 
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trifluoroacetic acid (99%) dropwise with agitation, until dissolution was achieved. 

The solution was neutralised by dropwise addition of triethylamine. The other half of 

the sample, undigested, was used for further analysis. 

 

4.2.3 Gravimetric gas sorption measurements 

Gravimetric sorption measurements were recorded using an Intelligent Gravimetric 

Analyser (IGA) model 003 supplied by Hiden Isochema Ltd. The balance and pressure 

control system of the instrument are fully thermostatted to 0.1 K, and the 

microbalance has a weighing resolution of 0.2 μg. Prior to the measurements, the 

sample was outgassed using conditions specific to each run (as specified in 

subsequent sections). During measurements, the pressure of gas was gradually 

increased over roughly 15 seconds, avoiding disruption to the microbalance. Pressure 

control used two pressure transducers, with ranges 0-0.1 and 0-2 MPa, each with an 

accuracy of 0.02% in the specified range. The pressure was maintained at the set 

point by active computer control. The mass uptake was measured as a function of 

time and the approach to equilibrium monitored in real time with a computer 

algorithm. The maximum time for equilibration of any one pressure point was 6 

hours. After equilibration was established, the pressure of gas was increased to the 

next set value. The sample temperature was constantly monitored and maintained 

throughout the experiment using a thermo-stirrer. 

 

4.2.3.1 CO2 uptake in 4.1 at 298 K 

The sample was outgassed at 393 K for a period of 12 hours, resulting in a mass loss 

of 13.68% before equilibration. The sample was dosed as noted above to 19.5 bar CO2 

at 298 K. The resultant isotherm (both adsorption and desorption profiles) is shown 

in section 4.3.5. 

 

4.2.3.2 CO2 uptake in 4.2 at 298 K 

The sample was outgassed at 393 K for a period of 12 hours, resulting in a mass loss 

of 15.06% before equilibration. The sample was dosed as noted above to 19.5 bar CO2 

at 298 K. The resultant isotherm (both adsorption and desorption profiles) is shown 

in section 4.3.5. 
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4.2.3.3 1,2-propanediol uptake in 4.1 at 298 K 

The sample was outgassed at 393 K for a period of 12 hours, resulting in a mass loss 

of 20.01% before equilibration. The pressure of the sample chamber was increased to 

1 bar of pure N2 gas, to obtain the initial mass of MOF after adsorption of N2 (to 

remove the effect of N2 on the measurement). A flow of N2 gas was saturated with 

racemic 1,2-propanediol, and diluted using a second stream of pure N2 gas to obtain a 

series of data points, corresponding to 0.05 increases in relative pressure of 1,2-

propanediol. All data points were measured at 1 bar of N2, and the temperature was 

maintained at 323 K, giving a vapour pressure of 1.4 mbar of 1,2-propanediol. The 

resultant adsorption isotherm is shown in section 4.3.6. 

 

4.2.4 Single crystal X-ray diffraction 

Single crystal X-ray diffraction data were collected for compound 4.1·xH2O·yDMF on 

a Bruker APEX-2, using Mo-K radiation, and for 4.1·aPhCH2(OH)Me and 

4.2·aPhCH2(OH)Me on a Bruker D8 VENTURE diffractometer, equipped with a 

PHOTON 100 CMOS detector, using Cu-Kα radiation. Data for 4.2·xH2O·yDMF were 

collected on a Newport CCD diffractometer equipped with a PILATUS detector at 

Diamond Light Source beamline I19 ( =0.6889 (3) Å). Data at I19 were collected as a 

series of eight sequences of frames, covering approximately one hemisphere of 

reciprocal space. Each frame was collected as a 0.2 second exposure, with the beam 

attenuated to 54% of full power, via the insertion of a 1 mm sheet of aluminium foil in 

the beam path. 

 

All data were corrected for absorption using empirical methods (SADABS), based on 

symmetry-equivalent reflections combined with measurements at different azimuthal 

angles.35,36 Crystal structures were solved and refined against all F2 values, using 

Olex2.37 Non-hydrogen atoms were refined anisotropically (except atoms which were 

part of the disordered terephthalate ligand, which were refined isotropically), and 

hydrogen atoms placed in calculated positions refined using idealised geometries 

(riding model) and assigned fixed isotropic displacement parameters. 

 

Solvent contained within frameworks 4.1 and 4.2 could not be located 

crystallographically. Once structure solution and satisfactory refinement of the 

framework was achieved, PLATON SQUEEZE was applied.38,39 The output of the 
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SQUEEZE routine and its implications for the pore solvent content and pore/void 

volumes are discussed in sections 4.3.1 and 4.3.6.2. 

 

Data collection and refinement parameters for all collections are provided in Table 

4.6. Crystallographic information files for all structures in Table 4.6 are provided in 

the digital appendix. 
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Table 4.6. Data collection, structure solution and refinement parameters for crystal 

structures in chapter 4. 

  4.1·xH2O·yDMF 4.2·xH2O·yDMF 

  Mo-Kα raditaion Synchrotron radiation 

Crystal habitat Plate Plate 

Crystal colour Colourless Colourless 

Crystal size (mm) 0.45 x 0.28 x 0.06 0.15 x 0.11 x 0.10 

Crystal system Monoclinic Monoclinic 

Space group C 2/c C 2 

a (Å) 14.6071 (8) 14.5193 (5) 

b (Å) 32.918 (2) 32.973 (1) 

c (Å) 11.4298 (6) 11.7099 (5) 

 (˚) 90 90 

 (˚) 101.936 (4) 101.066 (4) 

 (˚) 90 90 

V (Å3) 5377.0 (5) 5501.8 (4) 

Density (Mg m-3) 1.106 0.876 

Temperature (K) 100 266 

 (mm-1) 0.941 0.455 

 range (˚) 3.106 to 41.752 3.018 to 62.642 

Reflns. collected 13196 56037 

Independent reflns. (Rint) 2838 [R(int) = 0.0874] 16554 [R(int) = 0.1237] 

Reflns. used in refinement, 
n 

2838 16554 

LS parameters, p 249 475 

Restraints, r 0 17 

R1 (F)a I>2.0s(I) 0.0654 0.0872 

wR2 (F2)a, all data 0.189 0.2486 

S(F2)a, all data 1.008 0.917 

  4.1·aPhCH2(OH)Me 4.2·aPhCH2(OH)Me 

  Cu-Kα raditaion Cu-Kα raditaion 

Crystal habitat Plate Plate 

Crystal colour Colourless Colourless 

Crystal size (mm) 0.25 x 0.05 x 0.04 0.12 x 0.09 x 0.05 

Crystal system Monoclinic Monoclinic 

Space group C 2/c C 2 

a (Å) 14.7280 (7) 14.5372 (4) 

b (Å) 33.0013 (16) 32.7538 (8) 

c (Å) 11.4766 (6) 11.6363 (3) 

 (˚) 90 90 

 (˚) 101.949 (3) 100.4364 (14) 

 (˚) 90 90 

V (Å3) 5457.3 (5) 5488.9 (3) 

Density (Mg m-3) 1.0899 1.0928 

Temperature (K) 100 100 

 (mm-1) 1.492 1.494 

 range (˚) 6.7 to 118.06 5.4 to 101.06 

Reflns. collected 17037 5692 

Independent reflns. (Rint) 3915 [R(int) = 0.0684] 2929 [R(int) = 0.0338] 

Reflns. used in refinement, 
n 

3915 2929 

LS parameters, p 253 510 

Restraints, r 0 0 

R1 (F)a I>2.0s(I) 0.0853 0.0296 

wR2 (F2)a, all data 0.2104 0.0764 

S(F2)a, all data 1.031 1.089 

a  R1(F) = Σ(|Fo| – |Fc|)/Σ|Fo| ; wR2(F2) =[Σw(Fo2 – Fc2)2/ΣwFo4]1/2 ; S(F2) = [Σw(Fo2 – Fc2)2/(n + r – p)]1/2  
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4.2.5 Powder X-ray diffraction 

The crystalline products were all ground in a pestle and mortar and packed in to 0.7 

mm capillaries before data collection (except as noted below). In all cases data were 

collected at ambient temperature. The location of data collection, wavelength and 2θ 

range over which data were collected are noted beneath each pattern subheading 

below. 

 

X-ray diffraction data for the phase purity check on 4.1·xH2O·yDMF, and the 

desolvation and CO2 uptake study on 4.1 were collected at station ID31 (now ID22) at 

the European Synchrotron Radiation Facility (ESRF) ( = 0.35421 (1) Å).40 The data 

were collected using a nine-channel multi-analyser crystal (MAC) detector. 8 scans 

(range specified for each scan below) were collected at a speed of 4° min-1, and were 

assessed individually for beam damage before summing them together for analysis. 

The capillary was rotated about its axis to average beam exposure during collection. 

 

X-ray diffraction data for the phase-purity check on 4.2·xH2O·yDMF were collected on 

a Stöe Stadi P diffractometer using Cu Kα radiation (λ = 1.5406 Å) in the Department 

of Materials Science and Engineering, University of Sheffield (with the sample packed 

in a 0.5 mm borosilicate capillary). Data were collected using a PSD detector with a 

single scan at a rate of 0.067° min-1, using a rotating capillary. 

 

X-ray diffraction data for the phase-purity checks on the chloroform-soaked 

4.1·nCHCl3 and 4.2·nCHCl3 were collected on a Panalytical X’Pert powder 

diffractometer using Cu Kα radiation (λ = 1.5406 Å) in the Department of Chemistry, 

University of Manchester. Data were collected on a rotating flat-plate stage (sample 

loaded and packed evenly onto a 14 mm diameter silicon wafer plate) operating in 

reflection mode. Data were collected at a scan rate of 2.35° min-1, and the stage was 

rotated at a rate of 60 rev min-1 to even sample exposure. 

 

X-ray diffraction data for the in situ CO2 uptake study on 4.2 were collected at 

beamline I11 at Diamond Light Source ( = 0.826633 Å for CO2 study),41,42 equipped 

with a wide angle (90°) PSD detector comprising 18 Mythen-2 modules. A pair of 

scans was conducted, each related by a 0.25 ° detector offset to account for gaps 

between detector modules. Four such scan pairs were collected at five seconds 

exposure per scan, whilst the sample capillary was rotated about its axis over an 80° 
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range, to average beam exposure. The resulting patterns were summed to give the 

final pattern for structural analysis (total beam exposure time 40 seconds).  

 

The data were compared (where relevant) to the calculated X-ray powder diffraction 

patterns from the single crystal structures they correspond to. The patterns were 

indexed using the TOPAS Academic programme.43 TOPAS was also used for the 

Pawley and Rietveld fitting of data, as specified.44,45 

 

4.2.5.1 Phase purity check, 4.1·xH2O·yDMF 

ID31, λ = 0.35421 (1) Å, (0 ≤ 2θ ≤ 20°). 

The dry, ground sample was packed in to a 0.7 mm borosilicate capillary and sealed at 

both ends with beeswax. The capillary was spun about its axis during collection to 

average beam exposure. The pattern was indexed using the TOPAS programme,43 and 

a unit cell similar to that of 4.1·xH2O·yDMF from single crystal X-ray diffraction was 

found. This cell was used as a starting point for a Pawley refinement,44 employing 

1191 parameters (13 background, 1 zero error, 5 profile, 4 cell, 1168 reflections), 

resulting in final indices of fit Rwp = 9.237, Rwp' = 20.00.  

[4.1·xH2O·yDMF: a = 14.3315 (2) Å, b = 32.2148 (3) Å, c = 11.27956 (9) Å, β = 

101.500 (1)°, V = 5103.07 (8) Å3]. 

 

 

Figure 4.7. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 1.00 – 14.5 °, dmin = 1.37 Å). 

 

The starting model used for an attempted structure solution of the solvated MOF, 

using the simulated annealing approach was also conducted using TOPAS, was the 

single-crystal structure of 4.1·xH2O·yDMF (framework only) collected at 100 K. 

Based on the estimation of solvent content by elemental analysis (see section 4.3.1), 
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three solvent molecules were added to the model – one molecule of DMF as a rigid 

body (with occupancy 0.9) and two oxygen atoms (occupancy 0.9) representing 

water. The positions of the solvent molecules (and in the case of DMF, rotation of the 

molecule) were allowed to freely refine. This was followed by Rietveld refinement,45 

employing 24 parameters (13 background, 1 zero error, 5 profile, 4 cell, 1 scale). 

Rietveld refinement converged to Rwp = 20.26, Rwp’ = 42.48. 

[4.1·xH2O·yDMF: a = 14.3346 (4) Å, b = 32.2212 (7) Å, c = 11.2812 (3) Å, β = 101.498 

(4)°, V = 5106.0 (3) Å3]. 

Due to the high number of possible variables in accurately describing the solvent 

within the pores crystallographically (occupancy, number of disordered positions) 

and the poor resolution of the data, no further attempts were made to describe the 

pore contents by powder X-ray diffraction. 

 

 

Figure 4.8. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 1.00 – 10.0 °, dmin = 1.98 Å). 

 

4.2.5.2 Phase purity check, 4.2·xH2O·yDMF 

University of Sheffield Stöe Stadi P (Cu-Kα source), λ = 1.5406 Å, (3 ≤ 2θ ≤ 50°). 

The pattern was indexed using the TOPAS programme,43 and a unit cell similar to that 

of 4.2·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used 

as a starting point for a Pawley refinement,44 employing 528 parameters (10 

background, 1 zero error, 5 profile, 4 cell, 508 reflections), resulting in final indices of 

fit Rwp = 5.522, Rwp' = 26.39.  

[4.2·xH2O·yDMF: a = 14.585 (1) Å, b = 32.742 (2) Å, c = 11.5892 (9) Å, β = 101.613 

(8)°, V = 5421 (1) Å3]. 
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The data quality was too low to facilitate structure fitting as indicated in section 

4.2.3.1 above, considering the difficulties involved with solvent modelling described 

in that section. 

 

 

Figure 4.9. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 3.0 – 50 °, dmin = 1.82 Å). 

 

4.2.5.3 Phase purity check, 4.1·nCHCl3 

University of Manchester Panalytical X’Pert (Cu-Kα source), λ = 1.5406 Å, (3 ≤ 2θ ≤ 

50°). 

The sample was ground gently (still a little moist with chloroform) and packed evenly 

onto a 14 mm diameter silicon wafer flat-plate stage. The stage was spun about its 

axis (perpendicular to the normal) at a speed of 60 rot min-1 to even sample exposure.  

The pattern was indexed using the TOPAS programme,43 and a unit cell similar to that 

of 4.1·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used 

as a starting point for a Pawley refinement,44 employing 824 parameters (8 

background, 1 zero error, 5 profile, 4 cell, 806 reflections), resulting in final indices of 

fit Rwp = 4.057, Rwp' = 10.38.  

[4.1·nCHCl3: a = 14.7335 (4) Å, b = 33.1095 (8) Å, c = 11.5816 (5) Å, β = 101.710 (4)°, 

V = 5532.1 (3) Å3]. 

The data quality was too low to facilitate structure fitting as indicated in section 

4.2.3.1 above, considering the difficulties involved with solvent modelling described 

in that section. The intensity of the initial reflection may also be affected by the scan 

range limitations. 
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Figure 4.9. Observed (purple) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 4.0 – 60 °, dmin = 1.54 Å). 

 

4.2.5.4 Phase purity check, 4.2·nCHCl3 

University of Manchester Panalytical X’Pert (Cu-Kα source), λ = 1.5406 Å, (3 ≤ 2θ ≤ 

50°). 

The sample was ground gently (still a little moist with chloroform) and packed evenly 

onto a 14 mm diameter silicon wafer flat-plate stage. The stage was spun about its 

axis (perpendicular to the normal) at a speed of 60 rot min-1 to even sample exposure.  

The pattern was indexed using the TOPAS programme,43 and a unit cell similar to that 

of 4.2·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used 

as a starting point for a Pawley refinement,44 employing 395 parameters (15 

background, 1 zero error, 5 profile, 4 cell, 370 reflections), resulting in final indices of 

fit Rwp = 4.118, Rwp' = 13.37.  

[4.2·nCHCl3: a = 14.812 (1) Å, b = 33.161 (2) Å, c = 11.651 (1) Å, β = 102.10 (1)°, V = 

5595.8 (7) Å3]. 

The data quality was too low to facilitate structure fitting as indicated in section 

4.2.3.1 above, considering the difficulties involved with solvent modelling described 

in that section. The intensity of the initial reflection may also be affected by the scan 

range limitations. 
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Figure 4.11. Observed (purple) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the Pawley refinement. (2 range 4.0 – 60 °, dmin = 1.54 Å). 

  

4.2.5.5 In-situ study, desolvation of 4.1·xH2O·yDMF and CO2 uptake 

ID31, λ = 0.35421 (1) Å, (-2.0 ≤ 2θ ≤ 14°). 

A dry, ground sample of the parent material 4.1·xH2O·yDMF was packed in to a 0.7 

mm quartz capillary and placed in a gas cell mounted on a standard goniometer. The 

cell was sealed with Araldite two-part glue to prevent gas leaks. Several hours were 

allowed for the glue to dry before connecting the cell to the vacuum line and 

evacuating the cell with a pressure of around 10-5 mbar, and this pumping was 

continued for a period of 10 hours to attempt desolvation before analysis. 

 

Sample at 10-5 mbar 

Initial inspection of the pattern indicated that the pumping had caused a loss of 

crystallinity, and that the data now offered a resolution of no more than 2.5 Å. The 

pattern was indexed using the TOPAS programme,43 and a unit cell similar to that of 

4.1·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used as 

a starting point for a Pawley refinement,44 employing 231 parameters (10 

background, 1 zero error, 5 profile, 4 cell, 211 reflections), resulting in final indices of 

fit Rwp = 5.699, Rwp' = 34.30.  

[4.1·xH2O·yDMF: a = 14.6562 (6) Å, b = 32.9219 (9) Å, c = 11.4997 (4) Å, β = 102.038 

(5)°, V = 5426.7 (3) Å3]. 
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Figure 4.12. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 1.1 – 8.0 °, dmin = 2.50 Å). 

 

The starting model used for an attempted Rietveld refinement,45 also conducted using 

TOPAS, was the single-crystal structure of 4.1·xH2O·yDMF (squeezed) collected at 

100 K. Refinement employed 22 parameters (10 background, 1 zero error, 5 profile, 4 

cell, 1 scale, 1 global thermal scale parameter). Rietveld refinement converged to Rwp = 

11.73, Rwp’ = 70.57. 

[4.1·xH2O·yDMF: a = 14.657 (3) Å, b = 32.914 (3) Å, c = 11.500 (3) Å, β = 102.04 (2)°, 

V = 5426 (2) Å3]. 

No solvent was modelled inside the pore, to assess whether or not solvent had been 

completely removed by the pumping. Despite refining the scale factor and a global 

thermal scaling parameter for the structure, the model for the empty framework 

alone was not sufficient to describe the observed pattern. As such, from this point 

onward only Pawley refinements were used to fit the data. 

 

 

Figure 4.13. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 1.1 – 8.0 °, dmin = 2.50 Å). 
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Sample at 5 bar CO2 

The sample was dosed with 5 bar CO2 and the pattern was recorded again after just 

three minutes, due to experimental time constraints. The sample was scanned in a 

different position along the capillary, and crystallinity appeared to be improved there. 

The pattern was indexed using the TOPAS programme,43 and a unit cell similar to that 

of 4.1·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used 

as a starting point for a Pawley refinement,44 employing 866 parameters (10 

background, 1 zero error, 5 profile, 4 cell, 846 reflections), resulting in final indices of 

fit Rwp = 9.570, Rwp' = 28.63.  

[4.1·xH2O·yDMF·zCO2: a = 14.6980 (2) Å, b = 33.0346 (4) Å, c = 11.5562 (2) Å, β = 

101.227 (2)°, V = 5503.7 (1) Å3]. 

 Figure 4.14. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 1.10 – 13.0 °, dmin = 1.56 Å). 

 

Sample at 20 bar CO2 

The sample was dosed with 20 bar CO2 and the pattern was recorded again after 

allowing the system to equilibrate for 45 minutes. The pattern was indexed using the 

TOPAS programme,43 and a unit cell similar to that of 4.1·xH2O·yDMF from single 

crystal X-ray diffraction was found. This cell was used as a starting point for a Pawley 

refinement,44 employing 872 parameters (10 background, 1 zero error, 5 profile, 4 

cell, 852 reflections), resulting in final indices of fit Rwp = 9.238, Rwp' = 28.01.  

[4.1·xH2O·yDMF·zCO2: a = 14.7214 (2) Å, b = 33.0878 (4) Å, c = 11.5932 (2) Å, β = 

100.849 (2)°, V = 5546.1 (1) Å3]. 
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 Figure 4.15. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 1.10 – 13.0 °, dmin = 1.56 Å). 

  

Sample at 50 bar CO2 

The sample was dosed with 50 bar CO2 and the pattern was recorded again after 

allowing the system to equilibrate for 30 minutes. The pattern was indexed using the 

TOPAS programme,43 and a unit cell similar to that of 4.1·xH2O·yDMF from single 

crystal X-ray diffraction was found. This cell was used as a starting point for a Pawley 

refinement,44 employing 876 parameters (10 background, 1 zero error, 5 profile, 4 

cell, 856 reflections), resulting in final indices of fit Rwp = 8.996, Rwp' = 28.83.  

[4.1·xH2O·yDMF·zCO2: a = 14.7328 (2) Å, b = 33.1149 (4) Å, c = 11.6163 (2) Å, β = 

100.705 (2)°, V = 5568.7 (1) Å3]. 

 Figure 4.16. Observed (purple) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the Pawley refinement. (2 range 1.10 – 13.0 °, dmin = 1.56 Å). 

 

Sample returned to 10-5 mbar 

The sample was evacuated with the vacuum pump and the pressure reduced to 

around 10-5 mbar. The pattern was recorded again after allowing the system to 
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equilibrate for 15 minutes. The crystallinity of the sample was notably decreased 

upon removal of the CO2, giving a minimum resolution of no more than 2.26 Å. The 

pattern was indexed using the TOPAS programme,43 and a unit cell similar to that of 

4.1·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used as 

a starting point for a Pawley refinement,44 employing 315 parameters (10 

background, 1 zero error, 5 profile, 4 cell, 295 reflections), resulting in final indices of 

fit Rwp = 8.312, Rwp' = 33.24.  

[4.1·xH2O·yDMF: a = 14.6372 (4) Å, b = 32.9094 (6) Å, c = 11.4974 (3) Å, β = 102.045 

(3)°, V = 5416.4 (2) Å3]. 

 

 

Figure 4.17. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 1.1 – 9.0 °, dmin = 2.26 Å). 

 

4.2.5.6 In-situ study, desolvation of 4.2·nCHCl3 and CO2 uptake 

Diamond I11, λ = 0.826633 Å, (2.0 ≤ 2θ ≤ 92°). 

A dry, ground sample of the chloroform-soaked material 4.2·nCHCl3 was packed in to 

a 0.7 mm quartz capillary and placed in a gas cell mounted on a standard goniometer. 

The cell was sealed with Araldite two-part glue to prevent gas leaks. Several hours 

were allowed for the glue to dry before connecting the cell to the vacuum line and 

evacuating the cell with a pressure of around 10-5 mbar, and this pumping was 

continued for a period of 19 hours to attempt desolvation before analysis. 

 

Sample at 10-5 mbar 

Initial inspection of the pattern indicated that the pumping had caused a loss of some 

crystallinity, and that the pattern appeared to have an abnormally high background. 
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This affected the shape and intensity of the strongest (020) reflection. As such, no 

Rietveld fitting was attempted. 

The pattern was indexed using the TOPAS programme,43 and a unit cell similar to that 

of 4.2·xH2O·yDMF from single crystal X-ray diffraction was found. This cell was used 

as a starting point for a Pawley refinement,44 employing 831 parameters (12 

background, 1 zero error, 5 profile, 4 cell, 809 reflections), resulting in final indices of 

fit Rwp = 1.656, Rwp' = 16.57.  

[4.2·nCHCl3: a = 14.4711 (7) Å, b = 32.968 (1) Å, c = 11.6494 (5) Å, β = 100.632 (6)°, V 

= 5462.3 (4) Å3]. 

 

 

Figure 4.18. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.5 – 18.8 °, dmin = 2.53 Å). 

 

A small reflection at 2θ = 5.25° (d = 9.0 Å) did not match any expected reflections for 

this cell setting, and could not be fitted (see Figure 4.19). 

 

 

Figure 4.19. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement shown in Figure 4.17, showing the reflection which 

could not be fit. 
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Sample at 5 bar CO2 

The sample was dosed with 4.93 bar CO2 and the pattern was recorded again after 

thirty minutes, to allow for equilibration. The unit cell from the previous refinement 

on the material at vacuum was used as a starting point for a Pawley refinement,44 

employing 225 parameters (12 background, 1 zero error, 5 profile, 4 cell, 203 

reflections), resulting in final indices of fit Rwp = 1.258, Rwp' = 15.83. The small 

reflection at d = 9.0 Å again could not be fitted (as shown for the sample under 

vacuum in Figure 4.19). 

[4.2·nCHCl3·zCO2: a = 14.5041 (5) Å, b = 32.962 (1) Å, c = 11.6982 (4) Å, β = 100.727 

(5)°, V = 5495.0 (3) Å3]. 

 

 

 Figure 4.20. Observed (green) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the Pawley refinement. (2 range 1.10 – 13.0 °, dmin = 1.56 Å). 

 

Sample at 10 bar CO2 

The sample was dosed with 9.46 bar CO2 and the pattern was recorded again after 

thirty minutes, to allow for equilibration. The unit cell from the previous refinement 

on the material at 5 bar CO2 was used as a starting point for a Pawley refinement,44 

employing 225 parameters (11 background, 1 zero error, 5 profile, 4 cell, 204 

reflections), resulting in final indices of fit Rwp = 1.210, Rwp' = 15.25. The small 

reflection at d = 9.0 Å again could not be fitted (as shown for the sample under 

vacuum in Figure 4.19).). 

[4.2·nCHCl3·zCO2: a = 14.5252 (5) Å, b = 32.9940 (9) Å, c = 11.7175 (3) Å, β = 100.698 

(4)°, V = 5518.0 (3) Å3]. 
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 Figure 4.21. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 1.10 – 13.0 °, dmin = 1.56 Å). 

 

Sample at 20 bar CO2 

The sample was dosed with 20.00 bar CO2 and the pattern was recorded again after 

thirty minutes, to allow for equilibration. The unit cell from the previous refinement 

on the material at 10 bar CO2 was used as a starting point for a Pawley refinement,44 

employing 224 parameters (9 background, 1 zero error, 5 profile, 4 cell, 205 

reflections), resulting in final indices of fit Rwp = 0.928, Rwp' = 12.14. The small 

reflection at d = 9.0 Å again could not be fitted (as shown for the sample under 

vacuum in Figure 4.19).). 

[4.2·nCHCl3·zCO2: a = 14.5485 (4) Å, b = 33.0378 (8) Å, c = 11.7400 (3) Å, β = 100.596 

(3)°, V = 5546.6 (2) Å3]. 

 

 

 Figure 4.22. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Rietveld refinement. (2 range 1.10 – 13.0 °, dmin = 1.56 Å). 
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4.2.6 Thermogravimetric analysis 

The crystalline solids filtered from the mother liquor at the pump, and allowed to dry 

in air for exactly ten minutes to remove surface solvent on the crystals. 

Thermogravimetric analyses were then conducted using a Perkin–Elmer Pyris1 TGA 

model thermogravimetric analyser. Samples were heated over the ranges specified in 

each case below, ramping at a rate of 5°C min-1, under a flow of dry N2 gas. Attempts to 

characterise chloroform-containing MOF materials gave inconsistent data due to the 

volatility of the guest. 

 

4.2.6.1 As-synthesised 4.1·xH2O·yDMF 

The sample was heated from 25°C to 800°C, holding for 1 min at the start and end of 

the experiment. The initial mass loss of 17.1% corresponds to solvent loss. The rapid 

decrease in mass at 25 °C corresponds to loss of surface solvent on the crystals. 

 

 

Figure 4.23. Annotated thermogravimetric trace, for heating of the as-synthesised 

4.1·xH2O·yDMF. “Adj.” denotes mass % values adjusted for the initial loss of surface 

solvent on the crystals. 

 

 

 

 

96.5%, adj. = 100% 

80.0%, adj. = 82.9% 

52.0%, adj. = 53.9% 

15.4%, adj. = 16.0% 
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4.2.6.2 As-synthesised 4.2·xH2O·yDMF 

Sample was heated from 25°C to 800°C, holding for 1 min at the start and end of the 

experiment. The initial mass loss of 21.5% corresponds to solvent loss. 

 

 

Figure 4.24. Thermogravimetric trace, for heating of the as-synthesised 

4.2·xH2O·yDMF. 

 

4.2.7 Chiral gas chromatography 

Samples of 4.1·aPhCH2(OH)Me or 4.2·aPhCH2(OH)Me were analysed using a Perkin-

Elmer Autosystem Chiral GC with a Supelco β-Dex 120 capillary column (L x I.D. 30 m 

x 0.25 mm x df 0.25 μm), heating from 60 to 160 °C at 2 °C min-1. Expected retention 

times for 1-phenylethan-1-ol were around 31 minutes based on testing with samples 

of purely 1-phenylethan-1-ol (diluted with methanol). Relative content of guests was 

determined by direct comparison of chromatograph peak areas. The annotated 

chromatograms are provided in appendix A. 

 

  

100% 

78.5% 

15.0% 
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4.3 Results & discussion 

 

4.3.1 Rational design of a chiral/racemic pair of MOFs 

The reaction of (±)cyclohexane-1,2-diamine with the azine-forming reagents 

successfully yielded the ligand RR,SScbt, which exists as a racemic mixture of R,R-

cyclohexanebis-1,2-(1’,2’,4’-triazole) and S,S-cyclohexanebis-1,2-(1’,2’,4’-triazole). The 

reaction of the chiral counterpart (-,-)cyclohexane-1,2-diamine also successfully gave 

the target ligand, RRcbt (R,R-cyclohexanebis-1,2-(1’,2’,4’-triazole)). This was followed 

by their incorporation into MOFs as co-ligands to terephthalate. This enabled the 

synthesis of a pair of neutral zinc-based MOFs with comparable structures, 

4.1·xH2O·yDMF (from RR,SScbt) and 4.2·xH2O·yDMF (from RRcbt). 

 

In each of the structures, Zn(II) ions are bound to two terephthalate ligands, and two 

of the cbt ligands, in a tetrahedral geometry. All ligands act as bridging ligands. The 

cbt ligands, due to the proximity of the triazole groups to each other within the 

molecule, create a loop-like dimer of zinc ions, shown in the centre of Figure 4.25. This 

dimer is further stabilised by the formation of hydrogen bonds within the framework, 

from the carbonyl oxygen atoms of neighbouring terephthalate ligands (see Figure 

4.25).  

 

These dimers are constructed from two cbt ligands of the same chirality (either both 

the R,R- form or the S,S- form). Therefore in the framework 4.1 (from RR,SScbt), there 

are dimers of the R,R- ligands and of the S,S- ligands, whereas in framework 4.2 there 

are only dimers of the R,R- ligands. A representative section of the framework 4.1 

(showing the R,R- dimer) is shown in Figure 4.25. 
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Figure 4.25. The SBU (secondary building unit) of the framework in 4.1·xH2O·yDMF. In 

this picture, a pair of the R,R- cbt ligands is shown. Dashed red lines represent C‒H···O 

hydrogen bonds. 

 

The MOF materials crystallise with very similar monoclinic unit cells (4.1·xH2O·yDMF 

in space group C2/c, 4.2·xH2O·yDMF in C2), and are porous structures, with channels 

running along two dimensions. Smaller channels run parallel to the c-axis, and the 

main, larger channel is parallel with the (101) plane (perpendicular to the b-axis). In 

both cases, the walls of these channels are lined with the terephthalate ligands, as 

shown in figures 4.26 and 4.27. 

 

The terephthalate ligands lining the walls of these channels are rotationally 

disordered over two positions in both 4.1 and 4.2, and were successfully modelled in 

the crystal structure as 50% occupied in both orientations. For the sake of clarity, only 

one such orientation is shown in figures 4.26 and 4.27. 
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Figure 4.26. Channels running along the crystallographic c-axis (top) and running 

parallel to the (101) plane and perpendicular to the b-axis (bottom) in 4.1·xH2O·yDMF.  
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Figure 4.27. Channels running along the crystallographic c-axis (top) and running 

parallel to the (101) plane and perpendicular to the b-axis (bottom) in 4.2·xH2O·yDMF.  

 

The pore shapes are visibly very different between 4.1 and 4.2, due to the different 

orientation of the terephthalate ligands, brought about by the presence of either one 
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or both enantiomers of the cbt ligand. In the framework 4.1, the channels running 

parallel to the c-axis are quite small and difficult to visualise, even when not 

considering the disorder of the terephthalate ligands. However those parallel to the 

(101) plane (and perpendicular to the b-axis) are much larger and rectangular in 

shape. In the case of 4.2, the channels are more similar to each other in size, and are 

not rectangular in shape. 

 

However, PLATON SQUEEZE analysis on both frameworks indicated that the overall 

porosity of both materials is similar. The analysis indicated that framework 4.1 

possessed a total void space of 33.8% (1816.7 Å3 in a unit cell of 5377.04 Å3), whereas 

framework 4.2 possessed a total void space of 34.5% (1899.3 Å3 in a unit cell of 

5501.77 Å3). In the as-synthesised materials, these voids are filled with a mixture of 

water and DMF. 

 

The solvent molecules occupying the pores of the as-synthesised 4.1·xH2O·yDMF and 

4.2·xH2O·yDMF could not be located crystallographically, and as such were inferred 

from elemental analysis and thermogravimetric analysis (TGA). Elemental analysis 

suggests that the formulae of the materials submitted for analysis were 

4.1·1.8H2O·0.9DMF and 4.2·1.7H2O·1.0DMF. A comparison of elemental analysis, 

TGA data and PLATON SQUEEZE calculation for the compounds can be found in Table 

4.28. 

 

Table 4.28. Comparison of elemental analysis and thermogravimetric analysis data, 

suggesting the solvent content of the as-synthesised MOF materials 4.1·xH2O·yDMF and 

4.2·xH2O·yDMF. 

 4.1·xH2O·yDMF 4.2·xH2O·yDMF 

Least-squares formula fit, 

elemental analysis 
1.8H2O, 0.9DMF 1.7H2O, 1.0DMF 

% solvent mass content, 

elemental analysis 
18.04% 18.86% 

% solvent mass content, 

TGA 
17.90% 21.50% 

Solvent electrons per 

formula unit, 

 PLATON SQUEEZE 

24.25 32.50 
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The elemental analysis and TGA data are in a reasonable agreement, considering that 

samples for elemental analysis must sit dry for an unknown period before analysis, 

facilitating the evaporation of some pore solvent. However, the results of PLATON 

SQUEEZE do not agree, as DMF contains 44 electrons and water ten electrons. It may 

be that the void space and electrons existing close to the framework itself could not be 

accurately modelled due to disorder of the ligand, and so as such these results should 

be treated with caution. 

 

Attempts to locate the solvent within the pores of 4.1 crystallographically were also 

made using synchrotron X-ray powder diffraction data (see section 4.2.3.1), by the 

simulated annealing approach with Rietveld refinement. However, this was not 

possible due to a great number of unknown variables (number of crystallographically 

unique solvent molecules and their occupancies) being present despite having the 

information in Table 4.28. 

 

4.3.2 Desolvation and CO2 uptake in racemic framework 4.1 

To activate the material (i.e. empty its pores ready to receive new guests), the solvent 

needed to be removed. This could be achieved thermally, as is indicated by the 

thermogravimetric analyses shown in section 4.2.6. However, previous experience 

indicates that this can lead to a loss of crystallinity, hindering crystallographic study 

of gas uptake in the materials. As such, the MOF was activated for crystallographic 

study at the synchrotron by subjecting a sample of 4.1·xH2O·yDMF to high vacuum 

(10-5 mbar) for a period of ten hours at ambient temperature. The resultant powder X-

ray diffraction pattern was compared with those for the as-synthesised material and 

the calculated pattern for the MOF crystal structure with solvent not modelled, from 

single-crystal X-ray diffraction. 
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Figure 4.29. Comparison of low-angle powder X-ray diffraction patterns of (top, red) 

the as-synthesised 4.1·xH2O·yDMF; (middle, black) the same material after desolvation 

for 10 hours at 10-5 mbar and (bottom, green) the calculated pattern for the framework 

only (not solvent) model of 4.1 from single-crystal X-ray diffraction at 100 K. Key 

reflections are highlighted with arrows for further discussion. 

 

Initial comparison of the pattern after desolvation with the pattern before desolvation 

shows that the relative intensity of some peaks (the 110 reflection is highlighted in 

blue at 2θ 1.55°, the 021 is highlighted in purple at 2θ 2.18°) have changed. The 

reduced intensity of the 110 reflection, relative to the most intense reflection (020, at 

2θ 1.23°)is consistent with what is seen in the calculated pattern for the framework 

without solvent. However, considering other reflections (particularly the 021 

reflection, highlighted in purple) are not reduced in intensity compared to that 

calculated for the solvent-free framework, suggests that complete transformation to 

the desolvated phase has not taken place. 

 

The empty framework structure of 4.1·xH2O·yDMF, obtained from single-crystal X-

ray diffraction was used as a starting point for Rietveld (structural) refinement 

against the observed data for the material after desolvation (pattern in black in 

figures 4.29 and overleaf in figure  4.30). Even when allowing the scale parameter and 

the thermal parameters of the empty framework to refine, it was clear that the model 

of the framework alone was insufficient to describe the electron density observed 

(see Figure 4.30). As expected, this fit resulted in under-description of the 110 and 

021 reflections (among others), and suggests that solvent remains in the pores. 
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Figure 4.30. The result of the Rietveld fit (red) of just the empty framework structure to 

the observed pattern (black) for 4.1·xH2O·yDMF after desolvation for 10 hours at 10-5 

mbar. Difference path shown in grey. 

 

As the crystallographic location of solvent molecules within the pores of the as-

synthesised 4.1·xH2O·yDMF was not possible, it was also not possible for the partially 

desolvated material. The resolution of the data had also been reduced by the 

desolvation process. 

 

Nevertheless, as a partial desolvation was evident, the in-situ study was continued and 

CO2 was added to the partially desolvated framework. Successive additions of 5, 20 

and 50 bar CO2 were made, and the resultant powder X-ray diffraction patterns are 

shown in Figure 4.31.  
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Figure 4.31. X-ray powder diffraction pattern progression for successive dosing of the 

partially desolvated MOF 4.1·xH2O·yDMF with CO2. Pawley fit information is presented 

in experimental section 4.2.3.3. 

 

Careful visual inspection of the patterns shows a shift of the diffraction pattern to 

lower diffraction angle. This indicates, according to Bragg’s law (see equation 4.32) an 

increase in unit cell volume. This shift in the pattern was quantified by Pawley fitting 

(see experimental section 4.2.3.3), and the resulting unit cells of the phases 

represented in Figure 4.31, above are tabulated in Table 4.33, below. 

 

𝜆

𝒅
= 2 sin 𝜽 

Equation 4.32. Bragg’s law, rearranged to demonstrate that the diffraction angle (2θ) 

of any given reflection is inversely related to the d-spacing between the lattice planes 

represented by that reflection. 

 

 

 

 

 

 

 

 

 

5 bar 

20 bar 

50 bar 

10-5 mbar 

Returned to 
10-5 mbar 
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Table 4.33. Unit cell parameters for 4.1·xH2O·yDMF or 4.1·xH2O·yDMF·zCO2 derived 

from Pawley fitting of the data obtained at vacuum and under successive pressures of 

CO2.  

 a /Å b /Å c /Å β /° V /Å3 

Net 

volume 

change 

10-5 

mbar 
14.6562 (6) 32.9219 (9) 11.4997 (4) 102.038 (5) 5426.7 (3)  

5 bar 

CO2 
14.6980 (2) 33.0346 (4) 11.5562 (2) 101.227 (2) 5503.7 (1) + 1.42% 

20 bar 

CO2 
14.7214 (2) 33.0878 (4) 11.5932 (2) 100.849 (2) 5546.1 (1) + 2.20% 

50 bar 

CO2 
14.7328 (2) 33.1149 (4) 11.6163 (2) 100.705 (2) 5568.7 (1) + 2.62% 

10-5 

mbar 
14.6372 (4) 32.9094 (6) 11.4974 (3) 102.045 (3) 5416.4 (2) - 0.20% 

‘Net volume change’ refers to the overall increase/decrease in unit cell volume, 

compared to the initial pattern for the partially desolvated 4.1·xH2O·yDMF under 

vacuum. 

 

At 50 bar CO2, the MOF had increased by 2.62% in volume, which suggests successful 

uptake of CO2 into the framework pores. This increase in volume is facilitated by an 

expansion in all three crystallographic dimensions, and a contraction of the β angle. As 

the pores of the MOF are in two crystallographic faces (see Figure 4.27), this increase 

in all dimensions is consistent with an ‘opening’ of all these pores. 

 

Gravimetric CO2 adsorption data were collected at 298 K for the fully desolvated MOF 

4.1, and may be found in section 4.3.5. 

 

4.3.3 Alternative desolvation mechanism – chloroform soaking 

Given that an extended period of desolvation by vacuum was insufficient to remove all 

of the DMF and water from the as-synthesised 4.1·xH2O·yDMF, an attempt was made 

to exchange the DMF and water within the pores of 4.1 and 4.2 with chloroform. In 

previous MOF literature,46,47 replacing high-boiling solvents like DMF with more 

volatile ones such as chloroform or methanol facilitates an easier desolvation due to 

the volatility of chloroform. In using a lower temperature (or even ambient 

temperature) for the desolvation, crystallinity is often better maintained. 
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Crystals of both the as-synthesised 4.1·xH2O·yDMF and 4.2·xH2O·yDMF were 

collected by filtration at the pump and placed into clean, dry glass vials and soaked in 

dry chloroform, which was changed frequently to attempt to exchange the solvent 

within the pores. After one week, the samples were analysed by X-ray powder 

diffraction to check that the phase-purity of the materials had been maintained. The 

X-ray powder diffraction patterns of 4.2·xH2O·yDMF before chloroform exchange and 

of the corresponding 4.2·nCHCl3 material after exchange are compared in Figure 4.34. 

 

 

 

Figure 4.34. Comparison of observed X-ray powder diffraction patterns for the as-

synthesised 4.2·xH2O·yDMF before chloroform exchange (top, black), and of the 

chloroform-exchanged 4.2·nCHCl3 (bottom, blue). Pawley fitting for these patterns are 

presented in experimental sections 4.2.5.2 and 4.2.5.4. 

 

Inspection of the powder pattern suggests that preferred orientation issues may have 

affected the intensities of reflections with a large (0k0) component (as labelled in 

Figure 4.34), which is consistent with diffraction data bring collected in reflection 

geometry. Otherwise, the observed powder pattern for 4.2·nCHCl3 closely matches 

that of the as-synthesised MOF, and indexes to a similar (slightly contracted) unit cell. 

This suggests that the framework structure is still present. Therefore, the chloroform-

exchanged material 4.2·nCHCl3 was used as the starting point for an in situ 

crystallographic CO2 uptake study. 

 

4.3.4 Desolvation and CO2 uptake in chiral framework 4.2 

Using the chloroform-exchanged 4.2·nCHCl3, an analogous in situ powder X-ray 

diffraction study to that on 4.1·xH2O·yDMF (as described in section 4.3.2) was 

(020) 

(130) (040) 
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conducted. The sample was, as previously, evacuated under vacuum (10-5 mbar) for a 

sustained period (19 hours) before dosing with successive pressures of CO2. 

 

It was immediately obvious that the sample had lost a large degree of crystallinity 

during the desolvation, but was still sufficiently crystalline to facilitate Pawley fitting 

(unit cell determination). In addition, the intensity and peak-shape of the most 

intense (020, lowest 2θ) reflection appeared to have been reduced, either as a result 

of the loss of crystallinity or preferred orientation. As such, a quantitative judgement 

of the extent of desolvation by Rietveld refinement (as in section 4.3.2 for the racemic 

MOF 4.1) could not be conducted. However, the relatively similar intensities of the 

first two reflections (020 and 110) indicate that, when compared with the fits 

discussed above, the material may still be partially solvated. The powder patterns for 

the material partially desolvated, and at successive pressures of CO2 (considered to be 

4.2·nCHCl3·zCO2) are shown in Figure 4.35. 

 

 

 

Figure 4.35. X-ray powder diffraction pattern progression for successive dosing of the 

partially desolvated MOF 4.2·nCHCl3 with CO2. Pawley fit information is presented in 

experimental section 4.2.3.4. 

 

Visually, the most pronounced change is an increase in the relative intensity of the 

(110) reflection (labelled in Figure 4.35), which agrees qualitatively with the 

observed changes upon loading the racemic framework 4.1 with CO2. A shift of the 

whole pattern again to lower diffraction angle is also observed, but to a lesser extent 

10-5 mbar 

5 bar 

10 bar 

20 bar 

(110) 
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than observed for framework 4.1 (as shown in Figure 4.31). The unit cell data from 

refinements on the patterns shown in Figure 4.35 are shown in Table 4.36. 

 

Table 4.36. Unit cell parameters for 4.2·nCHCl3 or 4.2·nCHCl3·zCO2 derived from 

Pawley fitting of the data obtained at vacuum and under successive pressures of CO2.  

 a /Å b /Å c /Å β /° V /Å3 

Net 

volume 

change 

10-5 

mbar 
14.4711 (7) 32.968 (1) 11.6494 (5) 100.632 (6) 5462.3 (4)  

5 bar 

CO2 
14.5041 (5) 32.962 (1) 11.6982 (4) 100.727 (5) 5495.0 (3) + 0.60% 

10 bar 

CO2 
14.5252 (5) 32.9940 (9) 11.7175 (3) 100.698 (4) 5518.0 (3) + 1.02% 

20 bar 

CO2 
14.5485 (4) 33.0378 (8) 11.7400 (3) 100.596 (3) 5546.6 (2) + 1.54% 

‘Net volume change’ refers to the overall increase/decrease in unit cell volume, 

compared to the initial pattern for the partially desolvated 4.2·nCHCl3 under vacuum. 

 

When the sample was dosed with 50 bar CO2 it became apparent that the gas cell 

containing the sample was leaking, therefore the experiment was stopped. This means 

there is no direct comparison of the volume changes experienced by materials 4.1 and 

4.2 at 50 bar CO2, although the data in Table 4.36 show that the material does expand 

in response to CO2 pressure, consistent with an uptake of CO2.  

 

4.3.5 Gravimetric CO2 sorption in frameworks 4.1 and 4.2 

Samples of the as-synthesised 4.1·xH2O·yDMF and 4.2·xH2O·yDMF were used for 

gravimetric CO2 sorption study at the University of Strathclyde Chemical Engineering 

Department. The samples were desolvated fully with heat and reduced pressure in 

situ (as the crystallinity of the material was not integral to this study), as described in 

experimental section 4.2.3 and at 298 K, the samples were exposed to successive 

pressures of CO2 (up to 20 bar, the operational maximum at 298 K). The resulting 

adsorption/desorption isotherm is shown in figures 4.37 and 4.38. 
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Figure 4.37. Gravimetric CO2 sorption isotherm for the desolvated framework 4.1 at 

298 K. Blue diamonds represent the adsorption curve, and red squares represent the 

following desorption. 

 

 

Figure 4.38. Gravimetric CO2 sorption isotherm for the desolvated framework 4.2 at 

298 K. Blue diamonds represent the adsorption curve, and red squares represent the 

following desorption. 
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The concentration of CO2 within the pores of 4.1 at 20 bar was found to be 1.72 mol 

mol-1, giving a formulation of 4.1·1.72CO2. Using a molecular volume of 38.54 Å3 for 

CO2 (calculated in SPARTAN06),48 this means that just 66.29 Å3 of the total 227 Å3 

void space (per formula unit of MOF) would be occupied under these conditions. For 

the chiral MOF 4.2, the concentration of CO2 within the pores at 20 bar was found to 

be 1.44 mol mol-1, giving a formulation of 4.2·1.44CO2. This means that 55.50 Å3 of 

the total 237 Å3 void space (per formula unit of MOF) would be occupied.  

 

Considering these figures, the uptake of CO2 by the MOFs 4.1 and 4.2 is low. However, 

this measurement is only a p/p0(CO2) of 0.30, and as such does not reflect the 

maximum possible uptake by the MOFs at 298 K. 

  

4.3.6 Vapour uptake experiments 

To establish the selectivity of the chiral framework 4.2 for chiral guests, two 

approaches were used – solution-phase and vapour-phase. In both cases, the racemic 

framework 4.1 was used as a control experiment.  

 

In a novel approach to chiral guest uptake in MOFs with only one related example in 

the literature (as discussed in section 4.1.1),26 the uptake of racemic 1,2-propanediol 

in framework 4.1 was probed gravimetrically. Propanediol was selected as it has a 

sufficiently high vapour pressure at modest temperatures, making it suitable for a 

vapour sorption experiment. The adsorption experiment was achieved by first dosing 

the desolvated sample with dry nitrogen (1 bar, 323 K), then using an intermix 

chamber to mix the dry nitrogen and nitrogen saturated with propanediol vapour. 

The inter-mix chamber was used to vary the saturation of a stream of nitrogen 

passing over the sample, and therefore the partial pressure of propanediol. The 

change in mass of the sample was monitored, leading to the resulting adsorption 

isotherm shown in Figure 4.39.  
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Figure 4.39. Gravimetric racemic 1,2-propanediol/N2 adsorption isotherm for the 

desolvated framework 4.1 at 323 K. 

 

The kinetics of adsorption using this method appeared to be very slow. This meant 

that at each step, the system had not reached full equilibration before the saturation 

level was increased. An uptake was, however, observed, but the slow equilibration 

rate was extrapolated to suggest that 24 hours or more equilibration time would be 

required at each measurement step. As such, neither the isotherm profile nor the 

suggested propanediol uptake of 3.94 mol mol-1 may be considered accurate and true 

reflections of the uptake behaviour of 4.1 for the guest. As such, further experiments 

using vapour uptake were not made. 

 

4.3.7 Liquid enantioselectivity in framework 4.2 

In a more conventional experiment, crystals of the empty framework MOFs were to be 

soaked in a liquid guest for a long period, and the presence of guests within the 

channels probed by digesting (destroying) the framework and analysing the resultant 

mixture.  

 

An appropriate guest for these experiments needed to meet the following criteria: to 

be liquid at room temperature; give good baseline separation between enantiomers 

when analysed by chiral gas chromatography; and to be of the correct size and shape 
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to complement the pores of 4.1 and 4.2. 1-phenylethan-1-ol is a liquid at room 

temperature and easily separable on cyclodextrin-based chiral GC columns. Its 

suitability to the third criterion above was assessed by measuring the dimensions of 

the largest accessible pore of the MOFs and comparing this with the volume of a 

hypothetical box, occupied by the two possible guests. These measurements are 

outlined in Figure 4.40. 

 

 

 

 1-phenylethan-1-ol 

h 5.050 Å 

w 6.159 Å 

l 8.346 Å 

area (h · w) 42.15 Å2 

  

 

 

 

 

 

Figure 4.40. Estimations of the volume and largest cross-section area of the 1-

phenylethan-1-ol guest (R- enantiomer depicted above) using a simple cuboid; and of the 

cross-sectional area of the large channel pore of the MOFs 4.1 and 4.2 (4.1 depicted 

above). The values for each guest and MOF are tabulated, taking into consideration the 

van der Waals radii for the atoms at the edges of the cuboid/pore.49 Geometries of 

phenylethanol molecules taken from CSD entry BISDAK.50 

 

 

 4.1 4.2 

h’ 6.191 Å 7.296 Å 

w’ 7.330 Å 6.382 Å 

area 45.38 Å2 46.56 Å2 
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4.3.7.1 Chiral GC 

The resultant chiral GC data for the racemic framework 4.1 suggest a small 

enantiomeric excess of the R-phenylethanol present in the pores (see Figure 4.41 and 

Table 4.43). This is unexpected, given that this MOF is racemic. The slight 

enantiomeric excess could be within a margin of systematic error, introduced either 

by the column (poor peakshapes or incomplete baseline separation in 

chromatograms) or from the sample, though this systematic error could not be 

quantified. The chiral gas chromatogram of the same batch of racemic phenylethanol 

used for this experiment did not suggest that there was an excess of either 

enantiomer in the bulk liquid. 

 

The relative peak areas for the two phenylethanol enantiomeric guests in 4.2 

however suggest a 3:1 ratio of guests present in the pore, in favour of the R- 

enantiomer (see Figure 4.42 and Table 4.43). 

 

 

Figure 4.41. Chiral gas chromatogram (zoomed in to show the relevant peaks) of the 1-

phenylethan-1-ol soaked racemic MOF 4.1·aPhCH2(OH)Me, indicating an equal 

proportion of the R- and S-phenylethan-1-ol are present.  
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Figure 4.42. Chiral gas chromatogram (zoomed in to show the relevant peaks) of the 1-

phenylethan-1-ol soaked racemic MOF 4.2·aPhCH2(OH)Me, indicating a greater 

quantity of the R-phenylethan-1-ol is present.  

 

Table 4.43. Relative guest proportions, enantiomeric excesses and selectivity constants 

KR:S of the two MOFs 4.1 and 4.2 for R-phenylethan-1-ol over S-phenylethan-1-ol. The 

equation for calculation of selectivity constant KR:S is also shown, where KR:S is the 

selectivity constant for the R-enantiomer over the S-enantiomer; YR is the mole fraction 

of the R-enantiomer in the product and XR is the mole fraction of the R-enantiomer in the 

starting mixture.  

 4.1·aPhCH2(OH)Me 4.2·aPhCH2(OH)Me 

% content R-phenylethanol 52.19 72.42% 

% content S-phenylethanol 47.81 25.58% 

% ee 4% 48% 

KR:S  1.092 2.910 

 

𝐾𝑅:𝑆 = (𝐾𝑆:𝑅)
−1 = (

𝑌𝑅
𝑌𝑆
) ∙ (

𝑋𝑆
𝑋𝑅

) 
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The chiral MOF 4.2 shows a preference for the R-phenylethanol guest, and traps the 

guest from the mixture in a 48% enantiomeric excess. This is not as high as some 

previously reported examples involving MOFs, where evacuated crystals of chiral 

MOFs have been soaked in racemic phenylethanol.21 However, the pores of 4.2 do not 

contain any functional groups (other than the carboxylates) capable of forming strong 

intermolecular interactions like hydrogen bonds. Such interactions, like those utilised 

in the example in section 4.1 (Figure 4.1) have been shown to help direct guest 

entrapment.19  

 

4.3.7.2 Single-crystal structure determination 

Analysing the MOF crystals soaked in racemic phenylethanol by X-ray diffraction 

facilitated the comparison of the crystal structures of 4.1·aPhCH2(OH)Me and 

4.2·aPhCH2(OH)Me with the parent (as-synthesised) materials. 

 

The framework structures of 4.1 and 4.2 were unchanged, although disorder of the 

terephthalate ligand was not observed in 4.2·aPhCH2(OH)Me, which is present in the 

parent (DMF/water solvated) structures. 

 

The phenylethanol guests in both 4.1·aPhCH2(OH)Me and 4.2·aPhCH2(OH)Me were 

disordered such that they could not be located crystallographically. However, 

inspecting the electron density difference peaks in the structure before applying 

PLATON SQUEEZE suggested a binding location for guests within 4.2·aPhCH2(OH)Me 

(see Figure 4.44). 
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Figure 4.44. Two views of the largest electron density difference peak within 

4.2·aPhCH2(OH)Me, suggesting the location of either bound phenylethanol or water 

within the pore. 

 

This peak corresponded to 3 e Å-3, situated 2.730 (17) Å from one carbonyl oxygen 

(and 3.425 (18) Å from the other shown in Figure 4.44) on the framework 4.2 may be 

an oxygen atom. This could be from the phenylethanol alcohol group (or from water 

which could also be present in the liquid), with a partial crystallographic occupancy. 

Other electron density difference peaks could be found near to the peak shown in 

Figure 4.44, however they were insufficient in magnitude to give a meaningful 

refinement. As such, PLATON SQUEEZE was applied to account for the residual 

electron density, and the guests were not crystallographically modelled.  
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4.4 Conclusions & Future work 

  

4.4.1 Crystal engineering of a chiral/racemic pair of MOFs 

A successful, designed approach to a pair of structurally-related chiral and racemic 

MOFs has been shown. The two MOFs have comparable pore volume, but different 

pore shape and distribution. The strategy of using a chiral co-ligand (in this case 

cyclohexane-bis-triazole) has been shown to be capable of templating chirality in a 

supramolecular material. 

 

4.4.2 Gaseous guest uptake in 4.1 and 4.2 

In-situ X-ray powder diffraction experiments on the partially-desolvated MOFs 4.1 

and 4.2 demonstrate the difficulty of activating pores of these MOFs under mild 

conditions. Despite only achieving partial desolvation, the MOF materials 

4.1·xH2O·yDMF and 4.2·nCHCl3 have been shown to take in CO2 at room 

temperature. This is indicated by both the expansion of their crystallographic unit cell 

dimensions upon introduction of CO2, and by gravimetric gas sorption data showing 

an increase in sample mass upon CO2 introduction. The uptake of CO2 by the fully 

desolvated 4.1 and 4.2 at p/p0 0.30 was shown to be just 1.72 mol mol-1 and 1.44 mol 

mol-1 respectively, representing only a partial occupancy of the pores by CO2, 

suggesting that there may be additional capacity for gas uptake at higher relative 

pressures. 

 

Further work on these materials in this context should aim to characterise the gas 

uptake properties of 4.1 and 4.2 close to p/p0 = 1 gravimetrically; as well as finding a 

way to fully desolvate the materials gently, so as to preserve crystallinity for X-ray 

diffraction studies. Supercritical CO2 may be an appropriate choice for this, whereby 

the MOF crystals are placed into a pressure vessel and exposed to CO2, and then the 

pressure is released, leaving the pores empty upon release of CO2. This technique has 

been exploited before for MOF materials successfully.51–53 

 

4.4.3 Chiral guest inclusion and selectivity in 4.1 and 4.2 

Chiral MOF 4.2 has been shown to selectively trap R-1-phenylethan-1-ol over the S- 

enantiomer from a racemic mixture with a 48% enantiomeric excess (KR:S  = 2.910). 
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Although selectivity for the R- enantiomer was observed in 4.2, this is not as high as 

for some other MOFs in the literature.13,21  

 

Preliminary attempts to characterise the uptake of 1,2-propanediol vapour 

gravimetrically indicated that the kinetics of adsorption were too slow to make 

measurement of a full adsorption isotherm practical, but did indeed show that 

racemic 1,2-propanediol was adsorbed by desolvated crystals of the racemic 4.1. 

Further attempts at characterising the uptake of vapours could be made more 

practicable by aiming to study just one loading of chiral vapour in the racemic/chiral 

MOFs, rather than a series of relative humidities. 

 

Further work on chiral separation could be conducted with other guests, but given 

that the pores of 4.1 and 4.2 do not contain strongly interacting functional groups, 

chiral selectivity is unlikely to be vastly improved. Decorating the pores with such 

functional groups could lead to better selectivity. This could be achieved by use of 

functionalised carboxylic acid co-ligands, however attempts to synthesise such 

materials using functionalised terephthalic acids and isophthalic acids under the same 

conditions so far have been unsuccessful. 
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 5.1 Introduction 

 

In host-guest chemistry, specific intermolecular interactions (in particular hydrogen 

bonds) play a significant role in the recognition of guests. Perhaps the ultimate 

example of this is in enzymes, in which specific arrangements of functional groups 

capable of participating in intermolecular interactions recognise guests (e.g. 

hormones, drugs) with great specificity.  

 

The host-guest chemistry of MOFs (such as the sensing or entrapment of guests, or 

catalytic activity) is greatly affected by the intermolecular interactions the MOF pores 

are capable of supporting. This aspect of MOF design and functionality is one of the 

aspects that make MOFs so desirable in comparison to zeolite materials. Several 

examples exist where the effect of specific hydrogen-bonding interactions within 

pores have been studied (and/or designed into the material), and have been shown to 

improve aspects of the MOF’s functionality.  

 

The incorporation of the hydrogen-bond donating group urea (or more recently a 

squaramide)1 into the pores of MOFs has led to their successful use as electrophile-

activating catalysts.2–5 The presence of these strongly hydrogen-bond donating 

moieties in the pores has been shown to activate potentially electrophilic guests 

towards nucleophilic attack by other guests. 
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Figure 5.1. Electrophile-activating behaviour by pendant hydrogen-bond donating 

groups within a MOF, activating the hydrogen bond acceptor to nucleophilic attack. 

 

Although many MOF systems have been shown to respond to the presence of guests 

within the pores through luminescence (see section 1.3.5) or to take up guests 

selectively (particularly in the case of gases, see section 1.3.2), specific intermolecular 

interactions responsible for these phenomena were not necessarily identified. 

However in some cases, the role of specific hydrogen bonding interactions in both the 

luminescent sensing of guests,6–8 and the selective entrapment of guest molecules has 

been elucidated.9–12 One particular example of the latter, is the inclusion of non-

coordinated carboxylic acid ligand functional groups within the pores of a MOF by the 

group of Banglin Chen.11 This acid-decorated MOF demonstrated the ability to remove 

methylene blue (a medical dye, shown in Figure 5.2) from water, by its adsorption 

into the MOF. This was achieved by hydrogen bonding between the carboxylic acid 

functional groups and the methylene blue. 
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Figure 5.2. Left, top: Carboxylic acid/carboxylate functional groups lining the pores of 

the MOF “ZJU-24”, [Cu2(L)4] (where “L” is also shown in the picture above). The 

carboxylic acid/carboxylate functional groups are shown in green for emphasis.11 Right, 

top: The structure of the hydrogen-bonding ligand used, with pendant carboxylic acid 

functionalities. Bottom: The structure of the medical dye methylene blue. 

 

Although MOFs (and ZIFs) containing halogen substituents exist, the role of halogen 

bonding in processes within MOF pores has not so far been probed. Given the 

examples noted above highlighting the usefulness of hydrogen bond motifs within 

MOFs, halogen bonding motifs should also be explored. 

 

5.1.1 Chapter aims 

The ZIF-69 family of materials of composition [M(NO2im)(R-bim)] (M = Co, Zn; NO2im 

= 2-nitroimidazolate; R-bim = R-substituted benzimidazolate) reported by Yaghi et. 

al.13 and Banerjee et. al.14 is a family of isostructural ZIFs with different pore-lining 
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substituent groups. This family of ZIFs appeared suitable for comparison of 

substituent effects on guest uptake behaviour, due to their similar pore environments. 

Use of different R-groups as a substituent at the 5-position (6-membered ring) of the 

benzimidazolate ligand (R = H, Me, Cl and Br) has been shown to lead to isostructural 

ZIFs. 

 

Figure 5.3. Pore space environment in [Zn(NO2im)(bim)]·(solvent), highlighted in red. 

Crystal structure as obtained by Banerjee et. al.14 

 

In the studies described by this chapter, the uptake ability (and potentially selectivity) 

of the ZIF materials towards halogen-containing guests was to be investigated, in 

particular focussing on comparing the methyl-substituted ZIF with the bromo- and 

iodo- functionalised ZIFs, as the pore spaces were expected to be relatively similar in 

size. The possibility for selective entrapment of guests more capable of forming 

halogen-halogen interactions, by the halogenated ZIFs over the methylated ZIF was to 

be explored. The possibility of determining the presence of guests within the ZIF hosts 

spectroscopically was to be explored, using solid-state NMR.  
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 5.2 Experimental 

 

5.2.1 Synthesis 

All reagents and solvents were purchased from Fluorochem, Aldrich or Fisher 

Scientific and used as received without further purification.  

 

[Zn(NO2im)(bim)]·xH2O·yDMF, 5.1·xH2O·yDMF 

Zinc nitrate hexahydrate (136 mg, 0.46 mmol), 2-nitroimidazole (80 mg, 0.70 mmol) 

and benzimidazole (54 mg, 0.46 mmol) were dissolved in 9 mL DMF, and the solution 

placed in a 24 mL-capacity screwcap glass vial. The solution was heated in an oven to 

120 °C at a rate of 1.66 °C min-1, held at 100 °C for a period of 24 hours and then 

cooled to 25 °C at a rate of 0.05 °C min-1. This yielded fine, cream-coloured crystals of 

the title compound (73 mg, 0.12 mmol, 26% yield). CHN expected: C 44.94%, H 6.05%, 

N 21.43%; anal. found: C 45.57%, H 4.16%, N 19.65%.  

(Yield and expected CHNX proportions based on a formula of 5.1·0.1H2O·4.0DMF, 

which gives best fit to the elemental analysis data, to the nearest tenth of an integer.) 

 

[Zn(NO2im)(Mebim)]·xH2O·yDMF, 5.2·xH2O·yDMF 

Zinc nitrate hexahydrate (136 mg, 0.46 mmol), 2-nitroimidazole (80 mg, 0.70 mmol) 

and 5-methylbenzimidazole (54 mg, 0.46 mmol) were dissolved in 9 mL DMF, and the 

solution placed in a 24 mL-capacity screwcap glass vial. The solution was heated in an 

oven to 120 °C at a rate of 1.66 °C min-1, held at 100 °C for a period of 24 hours and 

then cooled to 25 °C at a rate of 0.05 °C min-1. This yielded fine, cream-coloured 

crystals of the title compound (102 mg, 0.20 mmol, 43% yield). CHN expected: C 

42.88%, H 5.67%, N 20.36%; anal. found: C 43.27%, H 4.71%, N 19.27%.  

(Yield and expected CHN proportions based on a formula of 5.2·1.5H2O·2.4DMF, 

which gives best fit to the elemental analysis data, to the nearest tenth of an integer.) 

 

[Zn(NO2im)(Brbim)]·xH2O·yDMF, 5.3·xH2O·yDMF 

Zinc nitrate hexahydrate (136 mg, 0.46 mmol), 2-nitroimidazole (80 mg, 0.70 mmol) 

and 5-bromobenzimidazole (54 mg, 0.46 mmol) were dissolved in 9 mL DMF, and the 

solution placed in a 24 mL-capacity screwcap glass vial. The solution was heated in an 

oven to 120 °C at a rate of 1.66 °C min-1, held at 100 °C for a period of 24 hours and 

then cooled to 25 °C at a rate of 0.05 °C min-1. This yielded fine, cream-coloured 
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crystals of the title compound (112 mg, 0.26 mmol, 57% yield). CHNX expected: C 

34.61%, H 2.72%, N 18.87%, Br 18.54 %; anal. found: C 35.34%, H 3.10%, N 17.73%, 

Br 19.27%. 

(Yield and expected CHNX proportions based on a formula of 5.3·0.8DMF, which 

gives best fit to the elemental analysis data, to the nearest tenth of an integer.) 

 

[Zn(NO2im)(Ibim)]·xH2O·yDMF, 5.4·xH2O·yDMF 

Zinc nitrate hexahydrate (136 mg, 0.46 mmol), 2-nitroimidazole (80 mg, 0.70 mmol) 

and 5-bromobenzimidazole (54 mg, 0.46 mmol) were dissolved in 9 mL DMF, and the 

solution placed in a 24 mL-capacity screwcap glass vial. The solution was heated in an 

oven to 120 °C at a rate of 1.66 °C min-1, held at 100 °C for a period of 24 hours and 

then cooled to 25 °C at a rate of 0.05 °C min-1. This yielded fine, cream-coloured 

crystals of the title compound (97 mg, 0.18 mmol, 39% yield). CHN expected: C 

30.88%, H 3.19%, N 16.43%; anal. found: C 31.11%, H 2.80%, N 15.81%.  

(Yield and expected CHNX proportions based on a formula of 5.4·1.2H2O·1.2DMF, 

which gives best fit to the elemental analysis data, to the nearest tenth of an integer.) 

 

5.2.2 Guest soaking experiments 

Crystals of the as-synthesised 5.3·xH2O·yDMF were isolated from the mother liquor 

by filtering at the pump, and allowed to air-dry for at least ten minutes, before placing 

in a fresh 24 mL-capacity glass vial and adding 2 mL of either dichloromethane, or a 

0.1 M solution of dibromomethane or diiodomethane in dichloromethane, and the 

vials were sealed and stored in a refrigerator (<5°C). The solvent was exchanged at 

least four times for fresh solvent, and the samples were allowed to soak for at least six 

weeks total before analysis. Samples were removed from the diohalomethane solvent 

no more than ten minutes before solid-state NMR analysis to prevent evaporation of 

dichloromethane. 

 

5.2.3 Powder X-ray diffraction 

The crystalline products were all ground in a pestle and mortar and packed in to 0.7 

mm before data collection (borosilicate for phase purity checks and quartz for to 

heating studies). Phase purity checks were conducted at ambient temperature. 

 

X-ray diffraction data for the phase purity checks of the as-synthesised 

5.1·xH2O·yDMF, 5.2·xH2O·yDMF, 5.3·xH2O·yDMF and 5.4·xH2O·yDMF were 
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collected at beamline I11 at Diamond Light Source at wavelength 0.825821 Å,15,16 

using a wide angle (90°) PSD detector comprising 18 Mythen-2 modules. A pair of 

scans was conducted, related by a 0.25 ° detector offset to account for gaps between 

detector modules. Five such scan pairs were collected at five seconds exposure per 

scan, whilst the sample capillary was spun about its axis to average beam exposure. 

These five pairs of scans were preceded and followed by a pair of one-second scans, to 

compare and therefore assess beam damage. No observable beam damage could be 

found, and the resulting patterns were summed to give the final pattern for structural 

analysis (total beam exposure time therefore 54 seconds). 

 

X-ray diffraction data for the sample of 5.3·xH2O·yDMF heated ex situ were collected 

on a Cu Kα Bruker D8 ADVANCE X-Ray powder diffractometer (Cu Kα2). The 

instrument was fitted with a focusing Göbel mirror optic and a high-resolution 

energy-dispersive Lynxeye XE detector. Scans were collected over a range 3° ≤ 2θ ≤ 

40°, using a step size of 0.01532° and step time of 20s giving a total exposure time of 

13.5 h. The sample capillary was spun about its axis at a rate of 30 rev min-1. For the 

samples 5.3·aDCM, 5.3·aDCM·bDBM and 5.3·aDCM·bDIM, scans were collected over 

a range 3° ≤ 2θ ≤ 30°, using a step size of 0.01532° and step time of 8s giving a total 

exposure time of 3 h. The sample capillary was spun about its axis at a rate of 30 rev 

min-1. 

 

X-ray diffraction data for the in situ desolvation and heating of 5.3·xH2O·yDMF were 

collected (λ = 0.826210 (5) Å ) at beamline I11 at Diamond Light Source,15,16 using a 

wide angle (90°) PSD detector comprising 18 Mythen-2 modules. A pair of scans was 

conducted, related by a 0.25 ° detector offset to account for gaps between detector 

modules. Five such scan pairs were collected at five seconds exposure per scan, whilst 

the sample capillary was spun about its axis to average beam exposure. The resulting 

patterns were summed to give the final pattern for structural analysis (total beam 

exposure time therefore 50 seconds per measurement). 
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5.2.3.1 Phase purity check on the as-synthesised ZIFs 

 

5.1·xH2O·yDMF 

Visual inspection of the pattern indicated the presence of a phase similar to that 

reported in the literature (CSD ref GITTUZ, hexagonal P63/mmc).13 The reported unit 

cell of this material was used as the starting point for a Pawley refinement,17 

employing 487 parameters (10 background, 1 zero error, 5 profile, 2 cell, 469 

reflections), resulting in final indices of fit Rwp = 7.981, Rwp' = 35.31. Not all peaks were 

indexed. The unindexed peaks could not be attributed to any known ZIF phase 

corresponding to the components used in synthesis, nor to any of the individual 

reactants used in the synthesis. 

[5.1·xH2O·yDMF: a = b = 26.6888 (10) Å, c = 18.4922 (11) Å, V = 11407 (1) Å3].  

 

 

Figure 5.4. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 3.0 - 27 °, dmin = 1.77 Å).  

 

5.2·xH2O·yDMF 

Visual inspection of the pattern indicated that the expected phase indicated in the 

literature (CSD ref YOZBOF, hexagonal P63/mmc) was not present, and instead a new 

phase (which did not correspond to any of the individual reactants used in the 

synthesis), which could not be indexed was formed.  
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Figure 5.5. Observed (pink) profile for the sample 5.2·xH2O·yDMF. 

 

5.3·xH2O·yDMF 

Visual inspection of the pattern indicated the presence of a phase similar to that in the 

literature (CSD ref YOZCAS, hexagonal P63/mmc).13 The reported unit cell of this 

material was used as the starting point for a Pawley refinement,17 employing 1095 

parameters (10 background, 1 zero error, 5 profile, 2 cell, 1077 reflections), resulting 

in final indices of fit Rwp = 0.880, Rwp' = 11.62.  

[5.3·xH2O·yDMF: a = b = 26.1733 (3) Å, c = 19.6393 (3) Å, V = 11651.3 (3) Å3].  

 

 

Figure 5.6. Observed (purple) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 3.0 - 30 °, dmin = 1.60 Å).  

 

5.4·xH2O·yDMF 

Visual inspection of the pattern indicated that an isostructural ZIF to the brominated 

analogue was not formed (as shown in Figure 5.5), and instead a new phase, whose 

powder diffraction pattern largely matches that for 5.2·xH2O·yDMF was found. 
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Figure 5.7. Observed (green) profile for the sample 5.4·xH2O·yDMF. 

 

5.2.3.2 Phase purity checks on dihalomethane-soaked ZIF 5.3 

 

5.3·aDCM 

Visual inspection of the pattern indicated that the crystallinity of the sample had been 

degraded during the soaking, but that the key low-angle reflections corresponding to 

the established phase of 5.3·xH2O·yDMF still remained. The unit cell of this phase was 

used as the starting point for a Pawley refinement,17 employing 116 parameters (8 

background, 1 zero error, 5 profile, 2 cell, 100 reflections), resulting in final indices of 

fit Rwp = 12.33, Rwp' = 25.09.  

[5.3·aDCM: a = b = 26.753 (3) Å, c = 19.168 (9) Å, V = 11811 (6) Å3]. 

A reflection corresponding to an unknown phase, which was previously identified in 

the pattern corresponding to 5.3·xH2O·yDMF at 6.2° 2θ was also present, in addition 

to some further, small reflections at 10.2°, 12.25° and 18.8° 2θ. These were 

insufficient in number to permit indexing or further identification. 

 

Figure 5.8. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 3.0 - 30 °, dmin = 3.70 Å).  
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5.3·aDCM·bDBM 

Visual inspection of the pattern indicated that the crystallinity of the sample had been 

degraded during the soaking, but that the key low-angle reflections corresponding to 

the established phase of 5.3·xH2O·yDMF still remained. The unit cell  of this phase 

was used as the starting point for a Pawley refinement,17 employing 116 parameters 

(18 background, 1 zero error, 5 profile, 2 cell, 100 reflections), resulting in final 

indices of fit Rwp = 13.14, Rwp' = 24.07.  

[5.3· aDCM·bDBM: a = b = 26.756 (3) Å, c = 19.186 (9) Å, V = 11895 (6) Å3]. 

A reflection corresponding to an unknown phase, which was previously identified in 

the pattern corresponding to 5.3·xH2O·yDMF at 6.2° 2θ was also present, in addition 

to some further, small reflections at 10.2°, 12.25° and 18.8° 2θ. These were 

insufficient in number to permit indexing or further identification. 

 

 

Figure 5.9. Observed (purple) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 3.0 - 30 °, dmin = 3.70 Å).  

 

5.3·aDCM·bDIM 

Visual inspection of the pattern indicated that the crystallinity of the sample had been 

degraded during the soaking, but that the key low-angle reflections corresponding to 

the established phase of 5.3·xH2O·yDMF still remained. The unit cell of this phase was 

used as the starting point for a Pawley refinement,17 employing 116 parameters (8 

background, 1 zero error, 5 profile, 2 cell, 100 reflections), resulting in final indices of 

fit Rwp = 9.981, Rwp' = 20.08.  

[5.3·aDCM·bDIM: a = b = 26.741 (3) Å, c = 19.200 (8) Å, V = 11890 (5) Å3]. 

A reflection corresponding to an unknown phase, which was previously identified in 

the pattern corresponding to 5.3·xH2O·yDMF at 6.2° 2θ was also present, in addition 
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to some further, small reflections at 10.2°, 12.25° and 18.8° 2θ. These were 

insufficient in number to permit indexing or further identification. 

 

 

Figure 5.10. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 3.0 - 30 °, dmin = 3.70 Å).  

 

5.2.3.3 Ex situ heating study on 5.3·xH2O·yDMF 

Crystals of the as-synthesised 5.3·xH2O·yDMF studied in section 5.2.3.1 were filtered 

at the pump and allowed to air-dry for a period of one hour, before heating in a tube 

furnace (under air) to 280°C for four hours. After the material had cooled to room 

temperature, the powder pattern of the resultant material was recorded. 

 

Visual inspection of the resultant pattern indicated clearly that a phase change had 

taken place, but the pattern could not be successfully indexed to a single unit cell. 

 

 

Figure 5.11. Powder X-ray diffraction pattern for the new material “5.5”. 
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5.2.3.4 In situ heating study on 5.3·xH2O·yDMF 

Crystals of the as-synthesised 5.3·xH2O·yDMF studied in section 5.2.3.1 were filtered 

at the pump and allowed to air-dry for a period of one hour, before packing in the 

quartz capillary for study. Initially, one end of the capillary was left open and the 

other closed, for the initial phase purity check. 

 

Initial pattern at ambient temperature 

The unit cell of  5.3·xH2O·yDMF found in section 5.2.3.3 was used as the starting point 

for a Pawley refinement,17 employing 369 parameters (8 background, 1 zero error, 5 

profile, 2 cell, 353 reflections), resulting in final indices of fit Rwp = 6.625, Rwp' = 32.37.  

Data were severely affected by bromine absorption/fluorescence at the wavelength (λ 

= 0.826210 (5) Å) used (see also chapter 3). 

[5.3·xH2O·yDMF: a = b = 26.2098 (8) Å, c = 19.6392 (9) Å, V = 11683.7 (9) Å3].  

 

Figure 5.12. Observed (black) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement. (2 range 2.8- 20 °, dmin = 2.37 Å).  

 

Pattern after 20 minutes of heating 

The capillary was cut so as to be open at both ends (to allow flow of the hot N2 stream 

and escape of solvent or gas. The capillary was heated using an Oxford Cryosystems 

Cryostream device, by ramping the temperature to 523 K. After 20 minutes, the gas 

stream temperature reached 523 K and the diffraction pattern was measured again. 

The resultant powder pattern had lost a great deal of crystallinity, and the phase 

transformation to the new, unknown phase identified in section 5.2.3.8 had already 

occurred. Insufficient peaks could be identified in the pattern to facilitate indexing. 
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Figure 5.13. Observed (purple) profile for the new material “5.5”. 

 

5.2.4 Thermogravimetric analysis 

 

5.2.4.1 As-synthesised 5.1·xH2O·yDMF 

The sample was heated from 25°C to 800°C, holding for 5 min at the start and end of 

the experiment. The initial mass loss of 16.7% corresponds to solvent loss. The rapid 

decrease in mass at 25 °C corresponds to loss of surface solvent on the crystals. 

 

Figure 5.14. Annotated thermogravimetric trace, for heating of the as-synthesised 

5.1·xH2O·yDMF. “Adj.” denotes mass % values adjusted for the initial loss of surface 

solvent on the crystals. 

 

 

98.7%, adj. 100% 

82.2%, adj. 83.3% 

69.2%, adj. 70.1% 

25.6%, adj. 25.9% 
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5.2.4.2 As-synthesised 5.2·xH2O·yDMF 

The sample was heated from 25°C to 800°C, holding for 5 min at the start and end of 

the experiment. The initial mass loss of 14.1% corresponds to solvent loss. 

 

Figure 5.15. Annotated thermogravimetric trace, for heating of the as-synthesised 

5.2·xH2O·yDMF. 
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5.2.4.3 As-synthesised 5.3·xH2O·yDMF 

The sample was heated from 25°C to 800°C, holding for 5 min at the start and end of 

the experiment. The initial mass loss of 19.7% corresponds to solvent loss. 

 

 

Figure 5.16. Annotated thermogravimetric trace, for heating of the as-synthesised 

5.3·xH2O·yDMF. 

 

5.2.4.4 As-synthesised 5.4·xH2O·yDMF 

The sample was heated from 25°C to 800°C, holding for 5 min at the start and end of 

the experiment. The initial mass loss of c.17.0% corresponds to solvent loss. 
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Figure 5.17. Annotated thermogravimetric trace, for heating of the as-synthesised 

5.4·xH2O·yDMF. 

 

5.2.5 Combined thermogravimetry-mass spectrometry (TGMS) 

The crystalline 5.3·xH2O·yDMF was filtered from the mother liquor at the pump and 

were stored in sealed vials for at least one day before analysis. TGMS data were then 

collected using a Perkin–Elmer thermogravimetric analyser connected to a HPR20 

QIC HIDEN mass spectrometer (ionisation method electron impact +). Samples were 

heated over the ranges specified in each case below, ramping at a rate of 5°C min-1, 

under a flow of dry N2 gas. TGMS traces are shown and discussed in section 5.3.3.1. 

 

5.2.6 Solid-state NMR spectroscopy (SSNMR) 

The crystalline solids of 5.3·aDCM, 5.3·aDCM·bDBM and 5.3·aDCM·bDIM were 

filtered from the mother liquor at the pump and solid-state 13C CP MAS NMR spectra 

were collected on a Bruker AV 500 MHz NMR spectrometer. In one instance, the 

cross-polarisation contact time was also allowed to vary and the spectrum recorded 

several times to study qualitatively the effect on signal intensity for the framework 

and guest(s). Annotated SSNMR spectra are shown and discussed in sections 5.3.2.1 

and 5.3.2.3.  

100% 

83.0% 

71.8% 

16.0% 
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5.3 Results & discussion 

 

5.3.1 Attempt to synthesise a family of isostructural ZIFs 

Following the same synthetic conditions as used in the literature appeared to give not 

an isostructural series of ZIFs, and instead gave materials of unknown structure 

where the R- substituent on the benzimidazolate ligand was Me or I.  

 

Using benzimidazole (synthesis of 5.1·xH2O·yDMF) or 5-bromobenzimidazole 

(synthesis of 5.3·xH2O·yDMF) as ligands in ZIF synthesis yielded the expected ZIF-69 

topology (although 5.1·xH2O·yDMF was not phase-pure). However, using 5-

methylbenzimidazole (synthesis of 5.2·xH2O·yDMF) or 5-iodobenzimidazole 

(synthesis of 5.4·xH2O·yDMF) appeared to give a new material of similar composition 

(given the presence of free ligand was not determined by assessing the powder 

diffraction patterns), but different crystalline phase.  

 

 

Figure 5.18. Powder diffraction patterns of the as-synthesised 5.1·xH2O·yDMF, 

5.2·xH2O·yDMF, 5.3·xH2O·yDMF and 5.4·xH2O·yDMF. 

 

5.1·xH2O·yDMF 

5.2·xH2O·yDMF 

5.3·xH2O·yDMF 

5.4·xH2O·yDMF 
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The resultant materials 5.2 and 5.4 appeared to share largely the same powder 

diffraction patterns, and as such were thought to be the same phase. However, this 

material could not be indexed (too few reflections were found, crystallinity was low), 

and further structural studies could were not conducted. A small, unexpected peak at 

c. 3.5° 2θ in the powder pattern for 5.3 indicated the presence of a very small amount 

of this unknown phase. 

 

Why the expected ZIF-69 phases could not be obtained is unknown. The literature 

procedure did not specify the heating and cooling times used for solvothermal 

synthesis, so whether this has any effect on the self-assembly of different ZIF 

topologies upon cooling is also unknown. In repeating exactly the procedure specified 

in section 5.2.1 consistent powder diffraction results (like those shown in Figure 5.18) 

were obtained, suggesting that minor fluctuations in individual experimental 

conditions are not likely to strongly affect the phases created. 

 

As only the brominated ZIF 5.3 possessed the expected ZIF-69 topology, only this 

material was used for further guest uptake studies. 

 

5.3.2 Dihalomethane uptake by 5.3, [Zn(NO2im)(Brbim)] 

The ability of the brominated ZIF 5.3 to uptake a series of dihalomethane guests was 

investigated, and the possibility of selective entrapment of diiodomethane or 

dibromomethane over dichloromethane was also explored. This was achieved by 

soaking crystals of the desolvated ZIF 5.3 in dichloromethane, a dichloromethane 

solution of dibromomethane or a dichloromethane solution of dioodomethane. 

 

5.3.2.1 Solid state NMR  

The presence of dihalomethane guests within the brominated ZIF 5.3 was successfully 

determined with solid state 13C-SSNMR, and the annotated spectra are shown in 

Figures 5.19, 5.20 and 5.21. 
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Figure 5.19. Annotated solid-state CP-MAS 13C-SSNMR of 5.3·aDCM, after soaking 

crystals of 5.3 in dichloromethane. Notation for the assignment of signals is shown inset.  

 

 

Figure 5.20. Annotated solid-state CP-MAS 13C-SSNMR of 5.3·aDCM·bDBM, after 

soaking crystals of 5.3 in a dichloromethane solution of dibromomethane. Notation for 

the assignment of signals is shown inset. 
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Figure 5.21. Annotated solid-state CP-MAS 13C-SSNMR of 5.3·aDCM·bDIM, after 

soaking crystals of 5.3 in a dichloromethane solution of diiodomethane. Notation for the 

assignment of signals is shown inset. 

 

The SSNMR spectra show that all dihalomethane guests which the crystals of 5.3 were 

soaked in could be found within the framework, after soaking. This does not indicate 

that 5.3 is selective in its uptake of dihalomethane guests. 

 

In the SSNMR, the intense and broad peaks for the framework ligands correspond 

well to rigid molecules, unable to easily undergo magnetic relaxation by rapid rotation 

(as in solution phase NMR). However the signals corresponding to solvent (i.e. in 

Figure 5.19, dichloromethane) are sharp, but weak. This indicates a guest which is 

more free to rotate and relax (more similar to conditions in the solution phase) on the 

timescale of the experiment. This indicates that the freely rotating dichloromethane is 

not bound rigidly to the surface of the pore through a particularly strong 

intermolecular interaction. The signals for the dibromomethane and diiodomethane 

guests are also weak, suggesting they are also not held in place strongly. The signals 

for dibromomethane and diiodomethane are, however, broader than those observed 

for dichloromethane within 5.3. 
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5.3.2.2 Powder X-ray diffraction 

The powder X-ray diffraction patterns of the materials 5.3·aDCM, 5.3·aDCM·bDBM 

and 5.3·aDCM·bDIM (the materials resultant from dihalomethane soaking of 

framework 5.3) were recorded, to determine the structural consequences of soaking. 

The powder diffraction patterns of the resultant materials (shown in section 5.2.3.2) 

do not indicate that a phase change takes place upon soaking ZIF 5.3 in 

dihalomethanes, and that the ZIF topology has been retained. 

 

5.3.2.3 Variable contact time SSNMR spectroscopy 

The usefulness of solid state NMR spectroscopy in probing the binding of guests 

within the host ZIF was investigated by running a variable contact-time cross-

polarisation 13C-SSNMR on 5.3·aDCM. This was achieved by allowing different 

amounts of ‘contact time’ for transfer of polarisation to 1H to 13C, and recording the 

13C-SSNMR at these intervals. In comparing the relative intensities of signals obtained, 

the behaviour of the molecules in the solid state may be inferred. The resultant 

spectra are shown in Figure 5.22. 

 

 

Figure 5.22. Variable contact-time cross-polarisation 13C-SSNMR of 5.3·aDCM 

(therefore seven copies of the spectrum in Figure 5.19 are shown, at the relaxation times 

indicated above each spectrum here). 
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To compare the growth of signals for the ZIF and the guest, the strongest, sharpest 

signal in the spectrum for the ligands was chosen for comparison. The relative 

intensity of the chosen signal corresponding to the framework (relative to its integral 

at 3050 μs contact time) was compared to that of the DCM carbon atom (relative to its 

integral at 3050 μs contact time). These integral values were plotted to demonstrate 

their growth with increasing contact time (shown in Figure 5.23). 

 

 

Figure 5.23. Integral values for the strongest signal for the framework (relative to its 

integral value at 3050 μs contact time) and for the DCM carbon atom (relative to its 

integral value at 3050 μs contact time) in 5.3·aDCM. 

 

The signals corresponding to the ZIF grow in rapidly in a natural logarithm-type 

profile, with the full set of expected ligand signals appearing after allowing just 550 μs 

of contact time. This suggests (as discussed in section 5.3.2.1) that there is a strong 

dipolar coupling between ligand 13C atoms and neighbouring 1H atoms, so cross-

polarisation is rapid. Dipolar coupling of the 1H and 13C nuclei is weakened by distance 

and molecular motility. The ligands in the ZIF are not motile. 

 

The slower, linear growth of the signal corresponding to DCM suggests much weaker 

dipolar coupling. It follows that, because the DCM guests within the pores are more 

motile (free to rotate and tumble in a ‘liquid-like’ fashion), their dipolar coupling is 
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weaker. The ligands, being rigid and unable to move freely, therefore experience 

stronger dipolar coupling (and so faster polarisation transfer). 

 

Due to the weak intensity of the DCM signal, this assessment may only be made 

qualitatively. If longer contact time was allowed (to give stronger signal growth and 

more data points), this could give better signal-to-noise ratios and would enable the 

plotting of more data points. In systems containing multiple guests (e.g. 

5.3·aDCM·bDBM and 5.3·aDCM·bDIM), this could enable a comparison of the growth 

of the different guest signals. 

 

5.3.3 Desolvation and thermal degradation of 5.3 

Although thermogravimetric analysis is commonly used to demonstrate the 

desolvation of MOF materials, characterisation of the species being lost during 

desolvation is not common. In addition, complex features of thermogravimetric 

analysis traces such as mass losses possibly pertaining to loss of ligands or functional 

groups are difficult to correctly assign.  

 

The thermogravimetric analysis trace for the as-synthesised 5.3·xH2O·yDMF 

displayed a mass loss of c. 19.7% (onset almost immediately at the start of the 

experiment), most likely corresponding to loss of DMF and water. A later mass loss of 

c. 11.3% (onset at c. 300°C) was observed. Based on the composition of the material, 

this corresponded well to the loss of NO2, through denitration of the nitroimidazolate 

ligand (assuming the 19.7% mass loss is complete desolvation, NO2 contributes c. 

10% of the total sample mass). 

 

To further characterise and remove ambiguity from these assignments, combined 

thermogravimetry-mass spectrometry, powder X-ray diffraction and infra-red 

spectroscopy were used. In particular the confirmation or rejection of the suggestion 

that 5.3 loses NO2 upon heating was sought, given the notable health concerns of NO2 

release for human health.18–22 

 

5.3.3.1 Combined thermogravimetry-mass spectrometry 

A thermogravimetric analyser, from which the outgoing N2 stream led to a mass 

spectrometer (EI+ ionisation) was used to characterise the mass fragments departing 

a sample of 5.3·xH2O·yDMF, heated gradually to 600°C. M/z ratios probed were 18 
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(for water), 46 (for NO2) and 73 (for DMF). The set of combined TGMS traces are 

shown below, in Figures 5.24, 5.25 and 5.26.  

 

Figure 5.24. TGMS trace for the as-synthesised 5.3·xH2O·yDMF, with mass spectrometer 

response at m/z 18 (water). 

 

There is a large mass spectrometer response for m/z 18 at the very beginning of the 

experiment, shown by the steep decline at T = 25°C, indicating a rapid loss of water. It 

also appears during the mass loss step up to c. 225°C. This could either be residual 

water within the material, or water as a potential breakdown product of DMF under 

electron impact. The large mass spectrometer response at c. 375°C is highly unlikely 

to correspond to water trapped in the framework, and is unexpected. 
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Figure 5.25. TGMS trace for the as-synthesised 5.3·xH2O·yDMF, with mass spectrometer 

response at m/z 46 (NO2). 

 

The mass spectrometer response for m/z 46 during the desolvation step may 

correspond to the hydrolysis of DMF, giving dimethylammonium (H2NMe2+). This 

could be as a result of the DMF reacting with water as it departs the structure. The 

second, strong response during the mass loss onset at c. 350°C appears to suggest the 

evolution of NO2, as previously hypothesised. 
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Figure 5.26. TGMS trace for the as-synthesised 5.3·xH2O·yDMF, with mass spectrometer 

response at m/z 73 (DMF). 

 

As expected, a large loss of mass fragments of m/z 73 (corresponding to DMF) is 

found during the desolvation step. There appears not to be a significant mass 

spectrometer response at higher temperatures, though the observed mass 

spectrometer response for m/z 73 does not return to baseline levels until after 400°C. 

This could be caused by differential sample heating (i.e. the temperature across the 

whole sample may not be reflected by the recorded temperature), but is consistent 

across multiple samples, and multiple TGMS traces on the same sample. 

 

The TGMS data demonstrated the loss of water and DMF during what was earlier 

identified as the desolvation step, and indicated that NO2 was being lost during the 

mass loss after desolvation. However, the destructive electron-impact ionisation 

technique may have caused breakdown of larger molecules (solvent) which occlude 

these data. Further characterisation of the transformation taking place after 

desolvation was sought crystallographically and spectroscopically. 

 

5.3.3.2 Following degradation of 5.3 with PXRD 

In an attempt to further characterise this transformation, and to determine whether 

such a radical change to the ligand structure as a potential denitration would have 
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further structural consequences on the ZIF, powder X-ray diffraction was used. 

Although heating framework materials to such high temperatures is not normally 

used, to prevent loss of crystallinity (see chapter 4 on desolvation and gas uptake in 

MOFs), some diffraction peaks were still observable. 

 

Heating a sample of 5.3·xH2O·yDMF ex situ for four hours at 280°C (slightly lower 

than the observed onset temperature, to try to avoid loss of crystallinity) gave a 

material which was still crystalline. The powder X-ray diffraction patterns of the same 

batch of material before and after heating are shown in Figure 5.27. 

 

 

Figure 5.27. Powder diffraction patterns of the as-synthesised 5.3·xH2O·yDMF before 

heating (top) and after heating (bottom). 

 

Clearly some phase transformation has taken place. However, the diffraction peaks for 

the new material whose pattern did not match any known ZIF phase, and could not be 

indexed to a sensible unit cell. This is likely because there are too few diffraction 

peaks (loss of crystallinity), but could alternatively be due to the presence of multiple 
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crystalline phases. This hitherto unknown material is referred to as “5.5” from this 

point onward.  

 

The structural rearrangement upon heating the ZIF to 280°C is not unexpected, as ZIF 

materials have been shown to be flexible in response to heat and cooling in the 

literature. Indeed, some ZIF materials are being explored as custom glasses due to 

their ability to form multiple distinct phases upon heating,23–27 as characterised by 

15N-SSNMR data.   

 

An in situ powder X-ray diffraction heating study was conducted to try to identify any 

intermediate phases formed upon NO2 loss, and if the formation of the unknown 

phase was reproducible. The powder pattern progression is shown in Figure 5.28. 

 

 

Figure 5.28. X-ray powder diffraction pattern progression for the heating of 

5.3·xH2O·yDMF to remove solvent and NO2, forming an unknown phase. 

 

The phase change took place rapidly (less than 20 mins) and as such the presence of 

any intermediate phases was not identified. Crystallinity appeared to be worse than in 

the ex situ heating study, though whether this was due to the rapid heating or bromine 

X-ray fluorescence problems (as in the in situ study on compound 2.1 in chapter 3) is 

unknown. 
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5.3.3.3 Following degradation of 5.3 with IR spectroscopy 

To attempt to further understand the structural consequences of the transformation 

taking place upon heating (and to confirm or refute the loss of NO2), infra-red 

spectroscopy was used. The parent ZIF 5.3·xH2O·yDMF was heated at 280°C for four 

hours, and a second sample was heated to 400°C for one hour, and the infra-red 

spectra before and after heating were compared. The resultant spectra are shown in 

Figure 5.29. 

 

 

Figure 5.29. Infra-red ATR spectra of 5.3·xH2O·yDMF (before heating, blue) and the 

resultant “5.5” (after heating a sample of 5.3·xH2O·yDMF  to 280°C for four hours, red; 

or heating a separate sample to 400°C for one hour, green). Annotations indicating 

relevant IR regions are also added for discussion. 

 

The loss of intensity of the stretching band for C=O at 1668 cm-1 after heating 

represents the loss of the DMF solvent. However the strong N‒O stretching bands for 

NO2 (asymmetric 1470 cm-1, symmetric 1365 cm-1), matching closely to those for the 

free ligand,28 were unchanged even by heating 5.3 to 400°C (forming “5.5” – the new 

material). 

 

The growth of two broad bands in the C≡N stretching region may suggest that upon 

the phase change to “5.5”, the bonding character of some C‒N bonds in the 

NO2 stretching 

C≡N stretching 

C=O stretching 
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imidazolate ligands is increased as a result of the phase change. Details on the 

electron transfer necessary to achieve this, and structural implications for the 

framework are however unclear from the IR spectrum.  

 

The identity of the mass fragment m/z 46, identified in the TGMS trace does not 

correspond to NO2, based on the infra-red spectroscopy evidence. This could instead 

correspond to residual dimethylammonium (also m/z 46), also suggested to be 

present in the TGMS trace during desolvation. However without further 

characterisation the exact identity of this specie is still unknown.  
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 5.4 Conclusions & Future work 

 

5.4.1 Dihalomethane uptake in ZIFs 

Two isostructural ZIF materials [Zn(NO2im)(bim)] 5.1 and [Zn(NO2im)(Brbim)] 5.3 

based on substituted benzimidazolate ligands have been synthesised. Solid state NMR 

has been used to study the guest uptake of dihalomethanes within the phase pure 5.3. 

Crystals of the halogenated ZIF material appeared by SSNMR to uptake all 

dihalomethanes that it was soaked in, with no apparent selectivity. 

 

Future work on these materials would ideally proceed with an isostructural series of 

hosts so as to better understand the nature of any possible selectivity for different 

guests. The synthesis methods given in section 5.2.1 consistently gave the same 

unknown materials as opposed to those reported in the literature. 

 

The variable contact-time cross-polarisation technique has been used to demonstrate 

in principle the identification of components which are rigid (ligands within a 

framework) and those which are flexible and liquid-like (guests weakly bound within 

a pore). 

 

This technique could potentially be applied to the study of mixed-guest systems (for 

example, 5.3·aDCM·bDIM) to study the nature of binding of different guests. If a guest 

is strongly bound to the walls of the host (i.e. stronger intermolecular interactions 

hold the guest in place, more rigidly) then the dipolar coupling of this would be 

stronger than a weakly held guest. Therefore there would be notable differences in 

the growth of the guest signals with increased contact time. Whether or not this 

would produce quantitative data would depend on the strength of the signals 

involved. In the case of materials such as 5.3·aDCM·bDIM, this may require unfeasibly 

long experiments. 

 

5.4.2 Characterising desolvation and degradation of ZIFs 

The desolvation of brominated ZIF material 5.3·xH2O·yDMF was followed by TGMS, 

and the loss of DMF and water were successfully observed. 
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Mass spectrometry evidence initially suggested the loss of NO2 upon the heating of 

5.3, due to the observation of a loss of ions of m/z 46, coincident with a mass loss in 

the thermogravimetric analysis trace that also suggested NO2 loss. This was also 

shown to be accompanied by a phase change and a great degree of loss of crystallinity. 

The new phase formed upon degradation of framework 5.3 (the new phase named 

“5.5”) did not match any of the existing ZIF phases noted in this chapter, or in the 

literature. Infra-red spectroscopy however suggested that loss of NO2 from the 

nitroimidazolate ligands was not taking place during heating, and the identity of the 

species lost during the transformation could not be confirmed. 

 

Further work at analysing the release of solvent, gases and mass fragments from MOF 

materials could utilise in situ infra-red spectroscopy. Through the use of a double-

walled IR cell (see Figure 5.30), the evolution of IR-active gases with heat can be 

monitored in situ as they are generated. This has been successfully applied previously 

by the Brammer group to study the release of HCl and coordinated alcohol molecules 

as vapour from coordination polymers.29,30 

 

 

Figure 5.30. The double-walled IR gas cell for used in in-situ vapour/gas release studies. 
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 6.1 Introduction 

 

6.1.1 ‘Flexible’ MOFs   

Although many examples exist of the pore space of MOFs being modified (post-

synthetic modification, see section 1.3.1.3),1–4 change in the actual shape of the pore in 

response to a guest is still a relatively uncommon phenomenon in MOFs.5–7 The 

notable examples in MOF research include the MIL (Materials Institute Lavoisier) 

series and the benzenedipyrazolate MOFs [M(bdp)].8–12  

 

These MOFs show a responsiveness to the addition or removal of guest molecules 

(solvent or gas) accompanied by marked phase transitions. In perhaps the most well-

known case, MIL-53, the empty MOF is found to abstract water from the air, 

facilitating a massive change in the profile of the one-dimensional channels (see 

Figure 6.1).8 

 

 

Figure 6.1. Two of the phases of the flexible MOF MIL-53, [CrIII(OH)(bdc)].guest. On the 

left, the hydrated phase, and on the right, the open-pore empty high-temperature phase. 

Figure reproduced from reference 8. 

 

This causes the framework to close, and once the solvent is removed thermally, the 

framework re-opens. Work to rationalise the effect of the water on the pore-

opening/closing behaviour of these MOFs has shown that favourable host-guest 

interactions (hydrogen bonds) are formed.9 These hydrogen bonds between water 

and the bdc ligands are what facilitate the closing of the framework, and therefore 

once the water is removed, no strong framework-framework interaction exists to hold 

the pore closed. 
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Depending on the metal ion used in the construction of the framework, the number of 

different phases accessible has also been shown to change. In the case of the 

analogous FeIII framework, different levels of CO2 uptake are shown to support at least 

four distinct phases of the MOF with different degrees of pore opening.13 Different 

quantities of guest adsorbed engender different balances of interactions, where at 

lower CO2 pressures framework-guest interactions are predominant, but at higher 

pressures, guest-guest interactions (as in solid CO2) dominate. 

 

The hydrophobic MOF [Co(bdp)]·guest has been shown by Long and co-workers to 

also display a guest-dependent flexibility.11,12 Upon desolvation the pores of the MOF 

are shown to collapse (see Figure 6.2), facilitated by both twists in the ligand and a 

flattening of the coordination geometry about Co from tetrahedral to square planar. 

 

 

Figure 6.2. Flexiblity of [Co(bdp)], showing five distinct crystallographic phases based 

on twisting of the ligands and flattening of the coordination environment around CoII, 

during the uptake of N2. Figure reproduced from reference 12. 
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The [M(bdp)] (M = Zn, Ni) MOF system has also shown interesting activity in the 

uptake of volatile organic compounds (VOCs),14 with the hydrophobic channels being 

capable of selective uptake of thiophene even in the presence of water. In these 

systems, the structural flexibility shown in [Co(bdp)] also appears to be present, 

however its role in the selectivity is not made clear. 

 

Interestingly, the flexible behaviour of these two MOF systems appears to be limited 

to a ‘snapping’ behaviour – where a handful of discrete known phases exist for the 

MOFs, with different levels of pore openness. This is opposed to a continuous 

‘breathing’ or ‘swelling’ motion. This may be due to the formation of favourable 

framework-guest or framework-framework interactions at each of these discrete 

steps/phases. To date, only one example of MOF flexibility which might be considered 

continuous is known, which is also from the MIL family of MOFs, MIL-88.10 This 

material, as well as showing distinct and vastly different phases dependent upon the 

pore contents, also shows a continuous ‘swelling’ of some of these phases. With 

different solvent guests inside the pore (rather than different amounts of gas, or 

different amounts of the same solvent), structures of the same phase but slightly 

different pore openness were observed. 

 

6.1.2 The bipyrazole ligand H2bpz  

The bipyrazole ligand 3,3’,5,5’-tetramethyl-4,4’-bipyrazole H2bpz has been shown to 

be an interesting tecton for crystal engineering due to its twisted geometry, and its 

ability to donate and receive several hydrogen bonds. The crystal structure of the 

monohydrate, H2bpz·H2O, demonstrates these properties.15 The steric bulk of the 

four methyl groups cause the ligand to twist about the central C‒C bond. Hydrogen 

bonding between the ligands then leads to the formation of helices, as shown in 

Figure 6.3. 
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Figure 6.3. Hydrogen-bonded helices of H2bpz in the crystal structure of H2bpz·H2O 

(water molecules not shown for clarity). Note that disorder of the N‒H protons exists 

across all four possible sites in the molecule. 

 

This hydrogen-bonding ability has also successfully been applied to the crystal 

engineering of coordination polymers, where H2bpz was employed as a co-ligand to 

various dicarboxylates.16–19 This has included the replacement (or partial 

replacement) of carboxylate ligands in well-known MOF systems (such as MOF-5),17,19 

and the cooperative inter- and intra-molecular hydrogen bonding within coordination 

polymers containing both H2bpz and dicarboxylate ligands.16,18 In one such piece of 

work, authors demonstrated the role of intramolecular hydrogen bonding by H2bpz in 

directing the formation of different arrangements of the ligands about flexible d10 

metal centres, supporting a paddlewheel secondary building unit (SBU) (as shown in 

Figure 6.4). 
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Figure 6.4. Intramolecular hydrogen bonding by H2bpz in the MOF [Zn2(bdc)2 (H2bpz)], 

directing formation of the paddlewheel SBU. Figure reproduced from reference 18. 

 

These examples indicate that H2bpz may be an interesting ligand to use for crystal 

engineering applications.  

 

6.1.3 Chapter aims 

Work in this chapter was aimed at synthesising MOF materials from H2bdp and 

H2bpz. The gas sorption properties of any MOFs synthesised were to be tested. The 

hydrogen-bonding capabilities of the H2bpz ligand were to be explored through its 

use as a co-ligand with other functionalised dicarboxylate ligands not yet explored in 

the literature. 

  



 
Chapter Six 

 

 
227 
 

 

 6.2 Experimental 

 

6.2.1 Synthesis 

All reactants were purchased from Fluorochem, Aldrich or Fisher Scientific and used 

as received without further purification. Where solvents were dried, this was 

accomplished by the Grubbs method,20 and stored under nitrogen. NMR spectra and 

mass spectra for ligands can be found in appendix B. 

 

Benzene dipyrazole, H2bdp 

The synthesis of benzene-1,4-dipyrazole was adapted from a literature procedure, 

avoiding use of perchlorate.21 This greatly lowered the yield of the first step, to give 

salt (a). 

 

Phosphorus oxychloride (3 mL, 12 mmol) was added dropwise to 12 mL cool, dry 

DMF under a nitrogen atmosphere and stirred for an hour. Solid para-

phenylenediacetic acid (1 g, 5 mmol) was added in one portion, the mixture was 

heated at 95 °C for 2 hours, and then stirred at room temperature overnight. The 

reaction mixture was poured over 25 g crushed ice, and after 30 minutes a saturated 

aqueous solution of sodium tetrafluoroborate (3.3 g, 30 mmol) was added dropwise 

to effect precipitation of bis(tetrafluoroborate) salt (a) (400 mg, 0.9 mmol, 18 % 

yield). 

Salt (a) (400 mg, 0.9 mmol) was added to a hot (90 °C) 0.5 M sodium hydroxide 

solution (5 mL). Upon complete dissolution, the solution was cooled to room 

temperature and was acidified to pH5 with 35% HCl. Hydrazine hydrate (0.20 mL, 5.5 
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mmol) was added immediately and the mixture stirred at room temperature for a 

further 24 hours. The cream-coloured precipitate was filtered, washed with cold 

water and dried under vacuum to give the title compound, which was used without 

further purification (123 mg, 67% yield, 10 % overall yield). 1H-NMR (400 MHz, 

DMSO-d6): δ 7.55 (s, 4H, ArCH), 7.90 (s, 2H, pyrCH), 8.20 (s, 2H, pyrCH), 12.95 (s, 2H, 

NH). CHN expected: C 68.56%, H 4.79%, N 26.65%; anal. found: C 67.96%, H 4.70%, N 

25.84%. 

 

3,3’,5,5’-tetramethyl-4,4’-bipyrazole monohydrate, H2bpz·H2O 

The synthesis of 3,3’,5,5’-tetramethyl-4,4’-bipyrazole was carried out according to a 

literature procedure.22 The starting salt, sodium acetylacetonate monohydrate, may 

be purchased, or is readily prepared by mixing a methanolic solution of acetylacetone 

and NaOH.22 

 

To a fine suspension of sodium acetylacetonate monohydrate (5.0 g, 36 mmol) in 

diethyl ether (100 mL) was added a solution of iodine (4.5 g, 18 mmol) in diethyl 

ether (100 mL), dropwise with vigorous stirring, over a period of 2 hours. The 

suspension was stirred for a further 4 hours. The ether was allowed to evaporate 

overnight and water (200 mL) was added to the brown residue and was chilled in a 

refrigerator overnight. The white precipitate was filtered, washed with cold water and 

recrystallised from MeOH to give (b) (710 mg, 3.6 mmol, 10% yield). MS (ES+): m/z = 

199.1 [MH+], 221.1 [MNa+]. 

Crystals of (b) (300 mg, 1.5 mmol) were suspended in water (5 mL), slightly acidified 

with a few drops of acetic acid. Hydrazine hydrate (380 μL, 8 mmol) was added gently 

and the mixture was left to stir overnight. The white solid was filtered and 

recrystallised from water to give crystals of H2bpz as its monohydrate (170 mg, 0.9 

mmol, 60% yield). 1H-NMR (400 MHz, DCl/D2O): δ 0.97 (s, 12H, ‒CH3). CHN expected 

(for H2bpz·H2O): C 57.67%, H 7.74%, N 26.90%; anal. found: C 57.18%, H 7.61%, N 

26.58%. MS (ES+): m/z = 191.1 [MH+]. 
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[Co(bdp)]·3DMF, 6.1·DMF 

Cobalt (II) chloride hexahydrate (142 mg, 0.6 mmol) and H2bdp (126 mg, 0.6 mmol) 

were mixed in 18 mL DMF in a 24 mL-capacity glass screwcap vial. Complete 

dissolution of H2bdp could not be effected with sonication or gentle heating of the 

mixture. The vial was sealed and placed in an oven, then heated to 120 °C at a rate of 

0.2 °C min-1, held at 120 °C for 12 hours, then cooled to 25 °C at a rate of 0.5 °C min-1. 

The mother liquor was decanted and purple crystals of the title compound (83 mg, 

0.24 mmol, 40 % yield) were washed with a little fresh DMF and stored under more 

fresh DMF. CHN expected (for [Co(bdp)]·2.15DMF·0.7H2O, best fit from least-

squares fitting): C 58.27%, H 7.02%, N 22.65%; anal. found: C 58.23%, H 7.02%, N 

22.76%. 

 

[Zn(NH2bdc)(H2bpz)]·0.5H2bpz, 6.2·H2bpz 

Zinc acetate dihydrate (220 mg, 1.0 mmol), aminoterephthalic acid (181 mg, 1.0 

mmol) and H2bpz·H2O (95 mg, 0.46 mmol) were placed in a Teflon-lined 24 mL-

capacity steel autoclave, along with 5 mL distilled water. The autoclave was sealed 

and heated in an oven to 150 °C at a rate of 12 °C hr-1, held at 150 °C for 20 hours and 

then cooled to 25 °C at a rate of 5 °C hr-1. The resulting cream/white solid was filtered, 

washed with distilled water (2 x 5 mL), giving an off-white crystalline solid (220 mg, 

0.35 mmol, 152 % yield based on H2bpz, assuming phase purity). CHN expected: C 

52.28%, H 4.96%, N 18.55%; anal. found: C 48.99%, H 3.88%, N 16.43% (material is 

not phase pure, see sections 6.2.3 and 6.3.2. 

 

6.2.2 Single crystal X-ray diffraction 

Single crystal X-ray data were collected for compounds 6.1·DMF and 6.2·H2bpz on 

Bruker APEX-2 diffractometers, using Mo-K radiation. Data were corrected for 

absorption using empirical methods (SADABS), based on symmetry-equivalent 

reflections combined with measurements at different azimuthal angles.23,24 Crystal 

structures were solved and refined against all F2 values, using the SHELXTL program 

suite,25 or using Olex2.26 Non-hydrogen atoms were refined anisotropically (except as 

noted below), and hydrogen atoms placed in calculated positions refined using 

idealised geometries (riding model) and assigned fixed isotropic displacement 

parameters. 
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Due to small and weakly diffracting crystals, thermal parameters for atoms in the 

model for 6.1·DMF could not be refined anisotropically. The results of the isotropic 

refinement are shown in Table 6.5. 

 

Collection and refinement data for both collections may be found in Table 6.5. 

Crystallographic information files for all structures in Table 6.5 are provided in the 

digital appendix. 

 

Table 6.5. Data collection, structure solution and refinement parameters for crystal 

structures in chapter 6. 

 6.1·DMF 6.2·H2bpz 

Crystal habitat Block Plate 

Crystal colour Purple Colourless 

Crystal size (mm) 0.10 x 0.08 x 0.06 0.20 x 0.10 x 0.04 

Crystal system Monoclinic Orthorhombic 

Space group P 21/c P b c n 

a (Å) 13.299 (1) 15.698 (6) 

b (Å) 14.116 (1) 17.929 (6) 

c (Å) 26.461 (3) 17.962 (6) 

 (˚) 90 90 

 (˚) 101.025 (7) 90 

 (˚) 90 90 

V (Å3) 4875.8 (8) 5055 (3) 

Density (Mg m-3) 1.461 1.387 

Temperature (K) 100 100 

(Mo-Ka) (mm-1) 1.389 1.014 

 range (˚) 4.25 to 41.856 3.448 to 55.004 

Reflns. collected 32984 51544 

Independent reflns. (Rint) 5058 [R(int) = 0.2576] 5768 [R(int) = 0.2570] 

Reflns. used in refinement, n 5058 5768 

LS parameters, p 237 323 

Restraints, r 0 0 

R1 (F)a I>2.0s(I) 0.1433 0.0739 

wR2 (F2)a, all data 0.3513 0.1721 

S(F2)a, all data 1.178 0.997 

a  R1(F) = Σ(|Fo| – |Fc|)/Σ|Fo| ; wR2(F2) =[Σw(Fo2 – Fc2)2/ΣwFo4]1/2 ; S(F2) = [Σw(Fo2 – Fc2)2/(n + r – p)]1/2  
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6.2.3 Powder X-ray diffraction 

The crystalline products were all ground in a pestle and mortar and packed in to 0.7 

mm capillaries before data collection (quartz for 6.1·DMF and borosilicate for 

6.2·H2bpz). In both cases, data were collected at ambient temperature. 

 

X-ray diffraction patterns for the in-situ desolvation of 6.1·DMF were collected (λ = 

0.39986 (1) Å) at station ID31 (now ID22), at the European Synchrotron Radiation 

Facility (ESRF),27 using a multi-analyser crystal (MAC) detector. Scans were collected 

over a range of -2.5° ≤ 2θ ≤ 18° (scan duration 2 mins), and were collected six times, 

spread over three different sample translations to average beam exposure to the 

sample and confirm phase purity along the capillary. Total sample exposure time was 

therefore 12 mins. The individual scans were compared and summed together to give 

the final patterns used for indexing and fitting. 

 

X-ray diffraction data on 6.2·H2bpz were collected at beamline I11 (λ = 0.827124 (2) 

Å) at Diamond Light Source,28,29 using a wide angle (90°) PSD detector comprising 18 

Mythen-2 modules. A pair of scans was conducted, related by a 0.25 ° detector offset 

to account for gaps between detector modules. Six such scan pairs were collected at 

five seconds exposure, whilst the sample capillary was spun about its axis to average 

beam exposure. These six pairs of scans were preceded and followed by a pair of one-

second scans, to compare and therefore assess beam damage. No observable beam 

damage could be found, and the resulting patterns were summed to give the final 

pattern for structural analysis (total beam exposure time therefore 64 seconds). 

 

6.2.3.1 Sample of 6.1·DMF studied for desolvation. 

The powder was filtered at the pump from the mother liquor and allowed to dry in air 

for 30 minutes to remove excess DMF. The sample was packed in a capillary as 

described above, and placed into a gas cell for desolvation. The sample was scanned 

under ambient conditions, and compared to the calculated pattern from single-crystal 

diffraction at 100 K. 
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Figure 6.6. Top: Calculated X-ray powder diffraction pattern at low angle, based on the 

structure solution for 6.1·DMF at 100 K. Bottom: The result of an attempted Pawley fit 

on the observed powder X-ray diffraction pattern for 6.1·DMF in the gas cell. 

 

Low-angle data appeared to suggest that some reflections show marked departures 

from their expected positions, much more so than would be typical of a temperature 

effect (with the exception of the (100) and (200) reflections at 2θ 1.74° and 3.49°). 

The pattern did not resemble that of any of the previously known phases of [Co(bdp)] 

(identified by Long and co-workers),12 and attempts to apply the unit cells of these 

phases to Pawley refinement were unsuccessful. 

 

In addition, the intensities of some reflections are drastically higher than expected, 

and this was also observed with other samples of simple organics and ligands also 

analysed on this particular synchrotron trip. This may indicate a sample averaging 

error or detector problem, which has caused ‘spikes’ or over-expression of some 

reflections. The results of the Pawley fit were as such: 
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The pattern at 298 K could not be indexed using the TOPAS programme.30 Therefore, 

the unit cell that of 6.1·DMF from single-crystal X-ray diffraction at 100 K was used as 

the starting point for a Pawley refinement,31 employing 6392 parameters (6 

background, 1 zero error, 5 profile, 4 cell, 6376 reflections), resulting in final indices 

of fit Rwp = 38.03, Rwp' = 63.91.  

[6.1·DMF: a = 13.2239 (2) Å, b = 14.3479 (2) Å, c = 26.5481 (3) Å, β = 98.539 (2)°, V = 

4981.3 (1) Å3]. 

 

 

Figure 6.7. Observed (green) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement of 6.1·DMF. (2 range 1.6 – 24.2 °, dmin = 0.95 Å). 

 

The sample in the gas cell was then continuously pumped on at room temperature 

(pressure < 10-5 mbar), for a period of 15 hours. The peaks identified in Figure 6.8 

(below) showed further departures from their expected positons from the calculated 

powder diffraction patterns, based on the single crystal structure of 6.1·DMF. 
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Figure 6.8. Observed X-ray powder diffraction patterns for 6.1·DMF before desolvation 

under vacuum (purple) and after 15 hours under vacuum (black). Note the distinct shift 

in low-angle reflections, suggesting flexibility of the MOF. 

  

The pattern measured after 15 hours under vacuum could also not be indexed directly 

using the TOPAS programme.30 Therefore, the unit cell that of 6.1·DMF from single-

crystal X-ray diffraction at 100 K was used as the starting point for a Pawley 

refinement,31 employing 841 parameters (6 background, 1 zero error, 5 profile, 4 cell, 

825 reflections), resulting in final indices of fit Rwp = 22.14, Rwp' = 45.57.  

[6.1·DMF: a = 13.2948 (8) Å, b = 14.145 (1) Å, c = 26.464 (1) Å, β = 100.910 (8)°, V = 

4886.6 (6) Å3]. 

 

 

Figure 6.9. Observed (blue) and calculated (red) profiles and difference plot [Iobs-Icalc] 

(grey) of the Pawley refinement of 6.1·DMF. (2 range 1.6 – 12.0 °, dmin = 1.90 Å). 
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6.2.3.2 Sample of 6.2·H2bpz, phase purity check 

The pattern on the material at 298 K was compared with the calculated pattern for 

6.2·H2bpz from single-crystal X-ray diffraction at 100 K. A number of peaks belonging 

to another, unidentified phase were found. Indexing the peaks expected to correspond 

to 6.2·H2bpz using TOPAS gave a unit cell similar to that of 6.2·H2bpz at 100 K.30 This 

cell was used as the starting point for a Pawley refinement,31 employing 844 

parameters (6 background, 1 zero error, 5 profile, 3 cell, 829 reflections), resulting in 

final indices of fit Rwp = 12.79, Rwp' = 48.71.  

The starting model used for the Rietveld refinement,32 also conducted using TOPAS, 

was the single-crystal structure of 6.2·H2bpz collected at 100 K. Refinement 

employed 16 parameters (6 background, 1 zero error, 5 profile, 3 cell, 1 scale). 

Rietveld refinement converged to Rwp = 13.93, Rwp’ = 54.03. 

[6.2·H2bpz: a = 15.9513 (7) Å, b = 17.975 (1) Å, c = 17.8160 (7) Å, V = 5108.2 (4) Å3].  

 

 

Figure 6.10. Observed (purple) and calculated (red) profiles and difference plot [Iobs-

Icalc] (grey) of the Rietveld refinement of 6.2·H2bpz. (2 range 1.6 – 12.0 °, dmin = 1.90 Å). 
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6.3 Results & discussion 

 

6.3.1 Benzene dipyrazolate MOF [Co(bdp)] 

The flexible MOF [Co(bdp)] was sought as an initial synthetic target for study of 

pyrazolate MOFs due to its interesting gas sorption properties outlined in section 6.1.  

 

Reaction of cobalt(II) chloride with benzenedipyrazole H2bdp in dimethylformamide 

(DMF) under solvothermal conditions yields a metal-organic framework similar in 

structure to the previously published flexible MOF [Co(bdp)],11,12 in this case as a DMF 

solvate, 6.1·DMF. In the structure, each pyrazolate site on the benzenediprazolate 

ligands bridge cobalt(II) centres in infinite one-dimensional chains. The bdp ligand 

then also acts as a bridge between parallel chains of cobalt(II) centres, to give a MOF 

with one dimensional channels (see Figures 6.11 and 6.12). 

 

 

Figure 6.11. Coordination environment within 6.1·DMF, showing chains of Co(II) 

centres connected by pyrazolates along the crystallographic b-axis. 

 

The best fit to the crystallographic data suggested that 6.1·DMF crystallises with 

three equivalents of DMF per formula unit, [Co(bdp)]·3DMF. These occupy the 

channels fully (see space-filling diagram in Figure 6.12). The solvent appears to show 

C‒H···O hydrogen bonding both to other solvent molecules and to the framework of 

the MOF.  
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Figure 6.12. Channels in 6.1·DMF shown with DMF solvent in spacefilling view. 

 

The MOF 6.1·DMF crystallises in space group P21/c (monoclinic), unlike the 

DEF/water solvate previously reported by Long and co-workers.11,12 The previously 

reported [Co(bdp)]·xDEF·yH2O crystallised in space group P2221 (tetragonal), 

containing channels  which are square in shape (see Figure 6.13), linked in the 

orthogonal directions by the bdp ligands as in 6.1·DMF. However in 6.1·DMF, 

distortion of the bdp ligands results in a lozenge-shaped channel (see Figure 6.13). 

The coordination environment around cobalt in both structures is tetrahedral. 

 

 

Figure 6.13. Left: Square-shaped channels in the tetragonal, previously-reported 

[Co(bdp)]·xDEF·yH2O.11,12 Right: The lozenge-shaped channels in the monoclinic 

6.1·DMF. 
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The observed ligand distortion in the crystal structure of the as-synthesised 6.1·DMF, 

leading to the lozenge-shaped pores as opposed to the square-shaped pores in the 

previously reported [Co(bdp)]·xDEF·yH2O could be due to host-guest interaction. In 

studying the desolvation of the [Co(bdp)] MOF and its uptake of N2, CH4 and CO, the 

Long group suggested that interaction between the gaseous guests and the MOF led to 

different phases being formed. For example, when filling the desolvated MOF with N2, 

four discrete phases were observed (in addition to the desolvated phase, as shown 

previously in Figure 6.2 and below in Figure 6.14) however when filling the 

desolvated MOF with CH4 or CO at the same temperature, fewer of the phases (two for 

CH4 adsorption, one for CO adsorption) were observed.12 The role of solvent on the 

flexibility of [Co(bdp)] was also briefly explored by Long and co-workers. Exposure of 

the desolvated [Co(bdp)] to acetonitrile vapour led to the observed formation of only 

one of the four discrete phases identified during N2 adsorption (see Figure 6.14).  

 

 

Figure 6.14. Phases observed by Long and co-workers in the adsorption of nitrogen and 

acetonitrile vapour into the ‘dry’ framework [Co(bdp)].12 Figure partially reproduced 

from reference 12. 
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The demonstration of guest dependence of the pore shape may suggest that the shape 

of the pores could also depend upon the solvent within them after synthesis. 

However, a complete comparison of the effect of solvent on the pore shape of 

[Co(bdp)] is not possible, as the previously reported work with acetonitrile within the 

pores was conducted with acetonitrile in the vapour phase. The solvent present 

within the pores of the previously reported [Co(bdp)]·xDEF·yH2O could not be found 

crystallographically. Further work with the [Co(bdp)] system in the literature has not 

further elucidated the role of solvent or gas upon the shape of the pores. 

 

The phase purity of, and potential for desolvation of 6.1·DMF was studied by X-ray 

powder diffraction, to determine its suitability for in situ gas uptake experiments (as 

shown on the MOFs in chapter 4), potentially further exploring its flexibility. A ground 

sample of the MOF was placed in a capillary and was pumped on at high vacuum 

power (c. 10-5 mbar) for 15 hours at ambient temperature. However, visual inspection 

of the powder pattern indicated that the sample was quite similar to the pattern 

calculated from the single crystal structure (see Figure 6.15 and experimental section 

6.2.3.1 for attempts at fitting the data). 
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Figure 6.15. (Top, blue) Calculated X-ray powder diffraction pattern for 6.1·DMF based 

on the 100 K single crystal structure and (bottom, black) the observed powder 

diffraction pattern for 6.1·DMF after pumping at 10-5 mbar for 15 hours. 

 

While initial visual inspection indicated there was little change, attempting to index 

the data did not give a unit cell that closely matched the structure from single crystal 

diffraction. Upon closer examination, key reflections such as the (1,0,-2) reflection at 

2θ 2.25° in the calculated pattern, are shifted to different diffraction angle in the 

observed pattern after vacuum.  

 

Attempts to fit the data with the unit cell of 6.1·DMF from single crystal X-ray 

diffraction at 100 K did not give a sensible fit. Some peaks were matched quite well, 

whereas others were not matched (see fit in Figure 6.16). Attempts to allow the unit 

cell parameters of 6.1·DMF to refine to the data over many iterations (by a simulated 

annealing approach, like as described for the attempts to find the structure of 2.1 in 

chapter 3) were also unsuccessful. Finally, the unit cells of the ‘dry’ desolvated 

[Co(bdp)], as well as the other four phases described in the previously published 

work by Long and co-workers were also used in attempted Pawley refinements,12 but 

also did not fit the hitherto undescribed peaks in the powder pattern.  
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Figure 6.16. The fitting result of Pawley refinement of the unit cell of 6.1·DMF (from 

single-crystal X-ray diffraction) to the observed pattern, obtained by pumping on a 

sample of 6.1·DMF at 10-5 mbar for 15 hours. 

 

This may indicate that a minor phase change has taken place upon (perhaps partial) 

desolvation, as is indicated by the phase changes observed and studied within this 

MOF in the literature.12 However, the phase changes discussed in the literature are 

much more significant than that which appears to have taken place here. This instead 

may suggest a degree of flexibility in the MOF that is not fully described in the 

literature. This may indicate a degree of solvent-dependence on the desolvation and 

phase-change behaviour. It may be possible that the host-guest interactions in the 

DMF solvate 6.1·DMF effect not only a different pore shape of the as-synthesised 

MOF, but a different desolvation pathway to that shown for the DEF/water solvate in 

the literature. 

 

Because of time constraints in synchrotron work, the presence of an unknown phase 

upon desolvation and no understanding of whether or not the material was fully 

desolvated, the response of the new phase to gas was not tested. 

 

6.3.2 A hydrogen-bonded coordination polymer of H2bpz 

As introduced in section 6.1.2, the ligand H2bpz has been shown in the literature to be 

an interesting ligand for coordination polymer construction due to its ‘twisted’ 

geometry and its ability to form intramolecular hydrogen bonds as a ligand.15,18 As 

part of a wider investigation into crystal engineering using pyrazole/pyrazolate 

ligands, a coordination polymer containing H2bpz was found, displaying interesting 

hydrogen bonding properties in the solid state. 
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Reacting zinc acetate with 2-aminoterephthalic acid and H2bpz under hydrothermal 

conditions afforded the 3D coordination polymer 6.2·H2bpz. As anticipated, the 

structure of 6.2·H2bpz is extensively hydrogen-bonded. The structure contains 

intramolecular hydrogen-bonds, intermolecular hydrogen bonding between 

interpenetrated coordination polymers and between guests and coordination 

polymers. It is analogous in many of its structural features to the previously identified 

[Zn(bdc)(H2bpz)]·0.5H2bpz,16 but even more extensively hydrogen-bonded. 

 

Unlike other carboxylate-based M(II) coordination polymers of H2bpz, which are based 

on paddlewheel motifs,18 [Zn(bdc)(H2bpz)]·0.5H2bpz and the isostructural 6.2·H2bpz 

are based around a single Zn(II) centre with two coordinated aminoterephthalate 

ligands, and two H2bpz ligands. The twisted bipyrazole geometry facilitates the 

formation of a 3D coordination network, supported by intramolecular hydrogen 

bonding between the pyrazole proton and the non-coordinated carbonyl on the 

aminoterephthalate (see Figure 6.17). Two such 3D networks exist and are 

interpenetrated, as shown in subsequent Figures. 

 

 

Figure 6.17. Coordination environment around Zn(II) in 6.2·H2bpz and intramolecular 

hydrogen bonding (shown as red dashes) between coordinated H2bpz and adjacent 

aminoterephthalate ligands. 

a 
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Additional intramolecular hydrogen bonds also exist within the aminoterephthalate 

ligands, between the non-coordinated carbonyl atoms and amino groups at the ortho- 

position (see Figure 6.18). This is naturally, due to its constrained nature, a short 

hydrogen bond, and likely has a less significant structural role on the packing of the 

material in the solid state than interaction ‘a’, shown in Figure 6.17. 

 

Figure 6.18. Intramolecular hydrogen bonds (red dashes) within aminoterephthalate 

ligands in 6.2·H2bpz and intermolecular hydrogen bonds (red dashes) between adjacent 

coordination polymers of 6.2. 

 

Intermolecular hydrogen bonded dimers of aminoterephthalate ligands bring 

adjacent interpenetrated coordination polymer networks into close contact. Each 

aminoterephthalate in the dimer receives and donates a hydrogen bond, again via the 

amine protons and carbonyl oxygen atoms. Inversion symmetry relates the two 

aminoterephthalate ligands comprising the hydrogen-bonded dimer, and as such it is 

described by just one notation, ‘b’ in Table 6.22. 

 

The interpenetrated networks of 6.2 also host guest molecules of H2bpz. These guest 

molecules are themselves extensively hydrogen-bonded to the host frameworks. The 

guest H2bpz N‒H groups donate hydrogen bonds to those carbonyl oxygen atoms on 

the coordination polymer not already engaged in intramolecular hydrogen bonds. The 

guest H2bpz non-protonated nitrogen atoms also accept hydrogen bonds from the 

H2bpz ligands in the frameworks (see Figure 6.19). Each pyrazole moiety interacts 

with both of the interpenetrated coordination networks, as highlighted in Figure 6.20. 

b 
c 
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Figure 6.19. Hydrogen bonding (red dashes) between guest H2bpz molecules and the 

host framework 6.2, in the crystal structure of 6.2·H2bpz. 

 

 

Figure 6.20. The same view as Figure 6.17, with the two different interpenetrated 

coordination networks coloured in red and green, showing hydrogen bonding (red 

dashes) to the networks by each pyrazole ring. 

d e 
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The guest H2bpz stacks along one axis in the crystal structure, creating ‘channels’ of 

H2bpz within the coordination networks (shown in Figure 6.21). Although these 

channels appear much like the MOF channels containing solvent in materials such as 

6.1·DMF (see Figure 6.12), each guest has strong hydrogen bonds to each wall of the 

channel.  

 

 

Figure 6.21. ‘Channels’ of guest H2bpz (shown in blue) within the host framework 6.2 

(interpenetrated networks shown in green and red), in the crystal structure of 

6.2·H2bpz. Hydrogen atoms omitted for clarity. 
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Table 6.22. Hydrogen (“H-bond”) geometries for compound 6.2·H2bpz. Interactions are 

listed as labelled in Figures 6.17, 6.18 and 6.19.  

Interaction 
H···A 

(Å) 

θ(NH···A) 

(°) 
θ(CA···H) (°) 

rH + rA 

(Å)a 
RHA

a 

a H-bond* NH···O 1.938 137.36 127.11 2.72 0.71 

b H-bond NH···O 2.280 125.92 143.60 2.72 0.84 

c H-bond* NH···O 1.902 135.10 103.71 2.72 0.70 

d H-bond NH···N 1.852 152.23 130.96 2.75 0.67 

e H-bond NH···O 1.869 156.92 151.08 2.72 0.69 

aRXA = d(H···A)/(rH + rA), where rH and rA are the van der Waals radii33 of the hydrogen 

bond donor, H, and the acceptor, A (nitrogen or oxygen), respectively, following the 

definition of Lommerse et al.34 Hydrogen bond lengths normalised to neutron diffraction 

values.35 Asterisks (*) indicate intramolecular hydrogen bonds, between ligands 

comprising the same coordination polymer.  

 

Assessing the reduced interaction distances (RHA, see Table 6.22) emphasises the 

importance of the guest H2bpz in the structure of 6.2·H2bpz. The hydrogen bonds 

between the guest and the host coordination polymer are appreciably shorter than 

the intermolecular interactions between the interpenetrated networks, and are of 

comparable length to even the intramolecular hydrogen bonds in the framework. 

These strong hydrogen bonds indicate that the guest molecules may even be 

structurally integral to the coordination polymer architecture, and that their removal 

by heating or other means may facilitate the structural rearrangement of the material 

to compensate. 

 

The isostructural [Zn(NH2bdc)(H2bpz)]·0.5H2bpz reported in the literature had been 

investigated for its thermal stability.16 The authors reported only a partial loss of 

H2bpz guest upon heating to above 250°C, potentially indicating that the hydrogen 

bonds holding H2bpz in the framework were strong enough to retain it until the 

material’s eventual thermal decomposition. As the aminated 6.2·H2bpz analogue was 

found not to be phase pure (see experimental section 6.3.2.1), consistent 

thermogravimetric analysis traces could unfortunately not be obtained for 

comparison. 
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 6.4 Conclusions & Future work 

 

6.4.1 Solvent-dependence and desolvation of flexible MOFs 

The structure of 6.1·DMF, the dimethylformamide solvate of the previously reported 

flexible MOF [Co(bdp)] was determined. The distortion of the bdp ligands led to the 

altered shape of the pores, compared to the DEF/water solvate previously reported.11 

The role of solvent in the determination of the shape of the pores of [Co(bdp)] could 

not be directly determined, however. 

 

The presence of an unknown phase (possibly the result of partial desolvation) in the 

powder pattern of the 6.1·DMF material after exposure to high vaccum was observed, 

contrary to observations in the literature on deolvation of the DEF/water solvate of 

6.1. This suggests that the desolvation of flexible MOFs such as 6.1 may also be 

solvent-dependent. The amount of solvent present in the channels, or their identity, 

may lead to different desolvation pathways, and as such, different structures and 

response toward guests. Previously reported work with a variety of gaseous and 

vapour guests suggests that the flexibility of [Co(bdp)] does display a guest 

dependence. 

 

Further work with this system should focus on properly characterising the 

desolvation of the MOF, including its synthesis from both DMF and from the 

DEF/water mixture previously reported. In addition, solvent exchange with more 

volatile solvents such as chloroform (as used in chapter 4) could also afford 

interesting avenues of study into its flexibility. 

 

6.4.2 Hydrogen-bonded coordination polymers of H2bpz 

The extensively hydrogen-bonded structure of 6.2·H2bpz demonstrates that the 

ligand H2bpz is a potentially useful tool in crystal engineering of hydrogen-bonded 

solids. Its ability to act as both a donor and acceptor of strong hydrogen bonds at four 

sites (as a guest in the crystal structure of 6.2·H2bpz) may also indicate that it is a 

good candidate for designed hydrogen-bonded co-crystals. 
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The extensive hydrogen bonding also indicates that its thermal properties may be 

interesting to study, as this may afford unexpected thermal stability that the material 

in its phase-pure form may possess. 

 

The difficulty encountered in synthesising coordination polymers of H2bpz in a 

phase-pure manner has prevented their further study. This may have arisen as a 

consequence of the many coordination polymer geometries that could be formed by 

the H2bpz ligand (or by its spontaneous deprotonation, as shown in the literature). 

Following the synthetic strategy used to synthesise the non-amino equivalent of 

6.2·H2bpz, [Zn(bdc)(H2bpz)]·0.5H2bpz could lead to a phase-pure sample of 

6.2·H2bpz for further study. Thermogravimetry-mass spectrometry analysis, as 

shown previously in chapter 5, could also be useful in characterising the mass losses 

from guest containing materials such as [Zn(bdc)(H2bpz)]·0.5H2bpz and 6.2·H2bpz. 
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Appendix A, Chapter 4: 

NMR spectra and mass spectra for ligands RR,SScbt and RRcbt 

 

A1: 1H-NMR spectrum for RR,SScbt, 250 MHz in d6-DMSO 

 
 

A2: TOF ES+ mass spectrum (from LC-MS) for RR,SScbt 
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A3: 1H-NMR spectrum for RRcbt, 400 MHz in d6-DMSO 

 
 

A4: ES+ mass spectrum for RRcbt 
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A5: Chiral gas chromatogram for phenylethanol-soaked 4.1·aPhCH2(OH)Me 
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A6: Chiral gas chromatogram for phenylethanol-soaked 4.2·aPhCH2(OH)Me 
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Appendix B, Chapter 6: 

NMR spectra and mass spectra for ligands H2bdp and H2bpz 

 

B1: 1H-NMR spectrum for H2bdp, 250 MHz in d6-DMSO 

Due to poor sample solubility, the concentration is low – spectrum is zoomed in. Mass 

spectrometry could not be conducted due to low solubility. 

 
 

B2: 1H-NMR spectrum for H2bpz, 400 MHz in DCl/D2O 
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B3: ES+ mass spectrum for H2bpz 
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