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Abstract 

This thesis focuses on the synthesis of functional materials composed of ligands that 

possess a methylene hinge – a flexible link between two coordinating groups – and the 

capacity to form a six-membered chelate ring with transition metals that moderates structural 

flexibility. A significant portion of this work characterises and explores the properties of a 

class of functional materials called metal-organic frameworks (MOFs). By utilising 

methylene-hinged ligands, MOFs are designed that contain intrinsic flexibility and 

consequently interesting guest exchange and gas adsorption properties. 

The first methylene-hinged ligand described, di-2-pyrazinylmethane, exhibited an 

exceptionally rich coordination chemistry with silver(I). Appropriate conditions led to the 

crystallisation of three isostructural 3-D silver(I) MOFs with large 1-D channels. Although 

these materials lacked permanent porosity, they possessed the ability to undergo guest-

induced structural contraction and expansion. This remarkable solid-state behaviour was 

related to the chemistry of the guest. 

The theme of structural flexibility is continued in subsequent chapters which describe the 

structural flexibility and gas adsorption properties of several MOF materials composed of 

Cu(II), Co(II), Ni(II), or Mn(II) and the ligand bis(4-(4-carboxyphenyl)-1H-

pyrazolyl)methane or bis(4-(4-carboxyphenyl)-3,5-dimethyl-1H-pyrazolyl)methane. Some of 

the work reported in chapter 3 that deserves particular attention is the exceptional CO2/N2 

selectivity of a Cu(II) MOF. This material undergoes post-synthetic structural contraction to 

achieve pore dimensions capable of discriminating between CO2 and N2 based on their 

respective kinetic diameters. Another noteworthy material is described in chapter 4; a flexible 

Mn(II) MOF capable of quantitative post-synthetic metal binding with preservation of single-

crystallinity. The framework flexibility of this material allowed elucidation of the primary 

coordination sphere of the grafted metal ion and subsequent solid-state transformations by X-

ray crystallography. A large portion of this thesis demonstrates and emphasises the positive 

impact of structural flexibility in MOFs as functional host materials.  

Chapters 5 and 6 describe methylene-hinged compounds from the viewpoint of synthetic 

precursors to more complex ligands that contain a fused pyrazino[2,3-b]indolizine or 

indolizino[2,3-b]quinoxaline core. The synthesis, metal complexes, and corresponding solid-

state structures of a series of these ligands are described. 
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Chapter 1 

1. Introduction 

1.1. Background 

1.1.1. Supramolecular chemistry 

Every molecule has the inherent ability to undergo concerted self-assembly through non-

covalent complementary binding to form a supramolecule. This concept was introduced in 

1978 by Jean-Marie Lehn who described ‘supramolecular chemistry’ as “chemistry of 

molecular assemblies and of the molecular bond”. In 1987, Donald J. Cram, Jean-Marie Lehn, 

and Charles J. Pedersen were awarded a joint Nobel prize for their pioneering work in this 

area of chemistry. Supramolecular chemistry focuses on the assembly of functional and 

complex systems from components held together by the ‘molecular bond’, a term used to 

describe the non-covalent and reversible inter-molecular interactions that dictate recognition 

and self-assembly processes.
1
 

Supramolecular chemistry can be divided into two categories: self-assembly and host-

guest chemistry (Figure 1.1a and b). Self-assembly, in this context, is defined as a 

spontaneous and reversible association of two or more molecular components to form a large 

aggregate. The use of non-covalent complementary binding to achieve structural complexity 

is in stark contrast to the covalent bonds used in traditional synthetic chemistry, where 

complexity is built into the molecule one reaction at a time. Using covalent bonds to achieve 

molecular complexity requires considerable effort and purification of individual reaction 

products over multi-step synthetic schemes, which often results in low yields. In 

supramolecular chemistry however, complexity is achieved through a reversible self-assembly 

process which allows for error-checking and reorganisation to give a thermodynamically 

favoured product in high yield. The formation of a supramolecular assembly is thus dependant 

on the chemical information contained within the individual molecular building blocks which 

in turn dictates the types of non-covalent interactions that contribute to self assembly. These 

include electrostatic interactions, hydrogen bonding, π-π interactions, dispersion interactions, 

and hydrophobic or solvophobic effects. Non-covalent bonds, which typically range from 2 

kJ/mol (dispersion forces) to 300 kJ/mol (ion-ion interactions), are comparatively weaker than 

covalent bonds, which normally range from 200 kJ/mol to 1000 kJ/mol.
2, 3

  

On the other hand, host-guest chemistry relates to the recognition of a small molecular 

guest by a specific binding site within the host molecule (Figure 1.1b). This inclusion process 
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is governed by the same non-covalent interactions as self-assembly, and complementary 

binding of the host and guest is similar to the ‘lock and key’ mechanism of a substrate binding 

to an enzyme.
2
  

 

Figure 1.1. a) A depiction of the self-assembly of individual components to give an 

ordered supramolecular structure. b) An example of a supramolecular host binding a guest in 

its site specific cavity. 

An enzyme will undergo structural changes to precisely accommodate the size and shape 

of the substrate guest. In this biological example, the host is associated with a notable degree 

of structural flexibility, allowing for an induced fit of the guest. In designing efficient and 

functional supramolecular assemblies, Nature provides a reminder of the importance of 

structural flexibility in functional host-guest systems.  

1.1.2. Metallo-supramolecular chemistry 

Supramolecular chemistry has presented inorganic chemists with a new perspective on 

coordination chemistry, where metal atoms and bridging ligands can be used as building 

blocks to construct both discrete and polymeric assemblies. ‘Metallo-supramolecular 

chemistry’ is a term describing the self-assembly of complex structures that are reliant on the 
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metal-ligand bond. In this area of supramolecular chemistry, the metal-ligand bond is the non-

covalent and reversible ‘glue’ that dictates self-assembly. The strength of a metal-ligand bond 

can vary from that of a hydrogen bond to a weak covalent bond, thus, the assembly and 

stability of a given structure ultimately relates to the type of metal centre and the nature of the 

ligand. For this reason, the area of metallo-supramolecular chemistry is exceptionally diverse 

and has grown enormously over the past two decades.
4-9

 

1.2. Metal-Organic Frameworks 

Metal-organic frameworks (MOFs), also known as coordination polymers, have been the 

subject of intense study over the past decade.
10

 The wide-spread interest arises from their 

modular synthesis and tuneable host-guest chemistry,
10, 11

 which renders them excellent 

candidates for gas storage,
12, 13

 molecular separations,
14, 15

 heterogeneous catalysis,
16, 17

 

luminescence,
18

 sensing,
19

 proton conductivity,
20, 21

 and drug delivery.
22

  

1.2.1. Nomenclature 

Coordination polymers are crystalline solid-state materials comprised of metal ions 

(nodes) that are coordinated and connected by bridging ligands (links) to form infinite 1-D, 2-

D, or 3-D frameworks.
23

 The assembly of these highly ordered structures is not only owed to 

the formation of reversible coordination bonds, but also relies on concepts of supramolecular 

chemistry and crystal engineering. Importantly, the dimensionality of coordination polymers 

is defined by metal-ligand bonds, and not by other weak interactions such as hydrogen 

bonding or π-π stacking.  

Coordination polymers can contain large void cavities allowing for the dynamic and 

reversible inclusion of guest species (Figure 1.1b). A coordination polymer capable of acting 

as a stable host has been commonly termed as a ‘metal-organic framework’ (MOF) or ‘porous 

coordination polymer’ (PCP).
24

 In the context of this thesis, the term ‘MOF’ is given to 2-D 

or 3-D coordination polymers with accessible porosity.  

1.2.2. Design of MOFs 

The design of MOF materials has grown rapidly in recent years and now represents a 

vibrant and diverse area bridging between supramolecular chemistry and crystal 

engineering.
10, 25-27

 One of the reasons for this relates to the recognition and understanding of 

the geometrical features that both metal ions and organic ligands provide as building blocks. 

Although MOF chemists do not directly control self-assembly, judicious choice of metal ion 

and ligand, and control over reaction conditions provides an element of design.  
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Transition metals can be used as building blocks to target a particular framework 

topology, owing to their well documented coordination numbers and geometries. Typical 

coordination geometries of transition metals include linear, trigonal, tetrahedral, trigonal or 

square bipyramidal, octahedral and distortions within each of these (Figure 1.2). Metals such 

as Ag(I) and Cu(I) have a d
10

 electronic configuration and thus display geometries which 

depend on the type of ligand used and synthetic conditions employed. Square planar 

geometries characteristic of Pd
2+

 or Pt
2+

 are used rarely used in MOF synthesis
28

 due to lack 

of abundance and therefore higher cost. In the design of MOFs, there is a general focus on 

first row transition metals such as Mn
2+

, Fe
2+/3+

, Co
2+

, Ni
2+

, Cu
2+

, and Zn
2+

, which all have 

well defined geometries and are commonly four-, five-, or six-coordinate.  

 

Figure 1.2. Common geometries exhibited by transition metal ions. 

The use of transition metals as building blocks is not limited to singular metal nodes; they 

may be incorporated into multinuclear clusters which can serve as higher order connecting 

nodes. For example, four tetrahedral Zn
2+

 atoms can be combined with six carboxylate donors 

to form a tetranuclear octahedral node with a μ4-oxo
2- 

centre. Similarly, three octahedral Fe
3+

 

atoms and six carboxylate donors can lead to a trinuclear six-connecting cluster with a μ3-

oxo
2- 

centre. On the other hand, two square pyramidal Cu
2+

 atoms can form a dinuclear 

paddlewheel cluster with four carboxylate donors, serving as a four or six connecting node 

(Figure 1.3). In the context of MOF synthesis and structure, inorganic clusters such as these 

are termed secondary building units (SBUs).
11
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Figure 1.3. Three of the most commonly encountered SBUs in MOFs: a) tetranuclear 

cluster containing a μ4-oxo
2- 

centre; b) trinuclear cluster containing a μ3-oxo
2- 

centre; c) 

dinuclear paddlewheel cluster.  

The geometry of metal ions is heavily influenced by the type of organic donors employed, 

and appropriate metal ion/ligand combinations are chosen accordingly. It is also important to 

consider the metal-ligand bond strength in order to tailor MOF materials towards specific 

applications. For example, MOFs formed from hard metal/hard donor combinations are 

charactersitc of strong metal-ligand bonds and can thus contain large empty cavities whilst 

remaining structurally robust.
29, 30

 

Structural diversity in MOF materials also arises from the variety of ligand geometries 

and corresponding donors that can be employed.
26, 31

 The types of ligands used in MOF 

materials can be separated into two categories: ligands containing neutral donors, and ligands 

containing charged donors. Bridging ligands based on N-donor heterocycles represent a large 

portion of neutral ligands commonly utilised in MOF materials (Chart 1.1).
23, 32

 Using neutral 

ligands in MOF synthesis promotes a structure that is charge balanced by counter-ions usually 

located within the structural voids of the framework. The design of robust and porous MOF 

materials however favours ligands capable of providing a negative charge. Commonly, these 

ligands contain carboxylic acid, phosphoric acid, pyrazole or triazole moieties (Chart 1.1).
23, 

26, 33
 With regard to ligand choice, consideration is given to ligand length, binding angle, 

number of donors, and structural flexibility. Rigid linkers with simple and symmetric 

structures often give rise to predictable assemblies. For example 4,4ʹ-bipyridine (4,4ʹ-bpy) is a 

prototypical bridging ligand. With the appropriate choice of metal, counter-ion or co-ligands, 

2-D grids
34, 35

 or 3-D frameworks
36-38

 can be accessed.  
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Chart 1.1 

The earliest reports describing the deliberate design of coordination frameworks were 

made by Robson and Hoskins, who developed a ‘net’ based approach to describe the structure 

of coordination polymers. Through combining metals with well defined geometries and 

simple ligands they could predict the type of net (or topology) formed prior to framework 

assembly. Some of their key publications reported in the late 80’s
39

 and early 90’s
40

 sparked 

considerable interest in the area coordination polymers and their design. A significant 

advance in framework design was made by Yaghi and co-workers in 1999, who reported a 

robust 3-D cubic MOF structure, named ‘MOF-5’, from terepthlalic acid and the Zn4O(CO2)6 

SBU (Figure 1.4a).
41

 The zinc-oxide SBU could be used as a highly reproducible node in the 

presence of carboxylate donors for the controlled tuning of the pore architecture through 

isoreticular synthesis – using organic linkers of different lengths to construct frameworks of 

identical topology (Figure 1.4a and b).
12, 42, 43

 Due to the reliable formation of specific SBUs 

with particular donors, the isoreticular approach has been one of the most frequently used 

methodologies for the design of MOFs with specific pore-dimensions and functionality.
44-49

 

In many framework topologies, the use of long linkers often promotes interpenetrated 

structures to form, as large voids are not favoured by Nature. Although framework 

interpenetration was initially investigated by Robson and Hoskins,
40, 50, 51

 and later reviewed 

by Batten,
52

 the work described by Yaghi and co-workers is a good example of the effect of 

linker length on framework interpenetration (Figure 1.4).
12, 42

 Interpenetration is defined as 
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the mechanical non-covalent interlocking of two individual frameworks due to intergrowth of 

one framework within the other.  

 

Figure 1.4. Using longer linkers in the isoreticular approach: a) structure of MOF-5; b) 

structure of IRMOF-10; c) structure of IRMOF-9 (two-fold interpenetration of IRMOF-10). 

1.2.3. Synthesis and characterisation of MOF materials 

The synthesis and study of MOF materials is an inter-disciplinary area which bridges 

between synthetic (organic and inorganic), physical, and materials chemistry, and requires 

utilisation of various techniques. MOF materials self-assemble in solution to give crystalline 

and highly-ordered materials in the solid-state (Figure 1.5), therefore, structural 

characterisation of these materials relies heavily on X-ray crystallography. In order to produce 

crystals suitable for X-ray crystallography, the synthetic conditions need to be optimised with 

consideration to the type of ligand and metal ion employed. There are several ways one can 

achieve controlled crystallisation of MOFs. 

When neutral donors are employed, the most common methods for obtaining single 

crystals are ‘slow evaporation’ and ‘slow vapour diffusion’. The slow evaporation method 

allows for crystallisation from saturated metal-ligand solutions by allowing the solvent to 

slowly evaporate. On the other hand, slow vapour diffusion entails the diffusion of a volatile 

solvent into a less volatile metal-ligand containing solution. This results in a gradual change 

in solubility of the metal-ligand solvent mixture allowing crystalline material to slowly form. 
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Figure 1.5. An illustration of the synthesis and activation of MOF materials. Solvent 

molecules are represented as space-filling models. 

When the organic linker employed in MOF synthesis contains deprotonatable donors, 

solvothermal conditions are most commonly used. Solvothermal synthesis is a method 

originally used for the preparation of zeolites,
53

 and has been adapted for MOFs due to the 

ionic character of metal-ligand bonds. Although the term ‘solvothermal synthesis’ commonly 

refers to reactions in aqueous media carried out above 100 °C/1 bar of pressure, it has been 

used in literature generally whenever metal-ligand solutions are heated for extended periods. 

Solvothermal synthesis offers a number of advantages over other conventional synthetic 

methods. For example, such conditions can assist to overcome the activation energies required 

to start nucleation of thermodynamically metastable phases. In addition, the high temperature 

and pressure ranges usually employed permit an increased solubility of organic ligands.
54

 A 

frequently used solvent in MOF synthesis is N,N-dimethylformamide (DMF). DMF gradually 
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decomposes under solvothermal conditions to give formate and dimethyl amine.
55

 This slow 

decomposition provides increasing concentrations of the dimethyl amine base and results in 

slow and reversible deprotonation of carboxylic acid moieties. The reported procedures for 

MOF synthesis include a wide variety of temperatures, solvent compositions, reagent ratios, 

reagent concentrations, and reaction times.
14, 54

 To assess whether the reaction conditions are 

optimal, MOF samples are assessed for their phase purity by Powder X-ray Diffraction 

(PXRD).  

Due to the nature of MOF synthesis, the internal cavities of MOF structures are inevitably 

filled by solvent guest molecules. Often, it is of interest to remove these molecules in order to 

achieve an empty framework. This process is commonly referred to as ‘activation’ and 

involves exchange of the solvent guests within the pores for more volatile and easily 

removable guests, followed by the application of heat and/or vacuum (Figure 1.5). This 

process often needs to be carried out with the uttermost care, as removal of solvent guests can 

sometimes perturb the integrity of the framework. Thermogravimetric analysis (TGA) is often 

used to assess the degree of solvation of the as-synthesised material, and determine whether 

activation is successful. When the structure is preserved after solvent removal (activation), 

then the material is said to be ‘permanently porous’. Usually, gas adsorption measurements 

are carried out to assess the porosity of the material and gain specific information on the 

surface area and pore-size distribution. 

1.2.4. Porosity in MOFs 

In 1989, Robson and Hoskins made three important predictions concerning the properties 

of coordination polymers: a) the framework of such a material may allow facile diffusion of 

molecular or ionic guests; b) the framework may be designed to contain large open cavities, 

affording a chemically and thermally stable lattice of low density; c) migration of guest 

species throughout the framework is relatively unhindered, allowing chemical 

functionalisation of the ligand subsequent to the construction of the framework.
40

 Their 

insightful work accurately predicted and gave scope to the potential applications of 

coordination polymers that would later be realised by other research groups. 

The first report of permanent porosity in a MOF was described in 1998 by Yaghi and co-

workers, who reported the structure and low pressure gas adsorption properties of a 2-D zinc 

MOF material constructed from di-nuclear paddlewheel nodes and terephthalic acid.
56

 Later 

in 1999, Yaghi and co-workers demonstrated the permanent porosity of the robust metal-

organic framework, MOF-5 (Figure 1.4a), which was reported to have a surface area of 2900 

m
2
/g.

41
 In 2000, Kitagawa and co-workers described the methane adsorption of a 3-D micro-
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porous MOF based on CuSiF6 and 4,4ʹ-bipyridine. The authors of the work showed that this 

MOF surpassed the methane storage capacity of a state-of-the-art material, ‘zeolite 5A’.
36

 

Since these key publications, permanent porosity in MOFs has received significant attention 

due to its implications in gas storage and separation.
11, 14, 15, 57

 One particular focus has been to 

synthesise MOFs from exceptionally long linkers in order to generate materials with pore 

dimensions several nano-meters in size, capable of a high gas storage capacity. In this 

approach, topologies have been targeted that do not easily permit interpenetration
46, 58, 59

 

allowing for the synthesis of ultra-porous MOFs as candidates for CO2, H2, and CH4 

storage.
44, 46, 60-63

 To their advantage, many of these materials are structurally rigid and exhibit 

a zeolitic-like behaviour in regard to gas adsorption. However, structural rigidity does not 

necessary benefit MOF materials in applications where host-guest chemistry is of interest. 

1.2.5. Structurally flexibility in MOFs 

Structural flexibility in MOFs is an area that has received significant interest over the past 

decade, as materials that display solid-state flexibility can be utilised in applications which are 

not easily accessible by rigid frameworks.
64

 For example, flexible MOFs have shown 

particular promise in areas such as drug delivery
65

 and molecular sensing.
66

 More recently it 

has been demonstrated that structural flexibility can be beneficial in gas separation of CO2 

from N2.
67-69

 There are three general approaches for generating flexibility in MOF materials: 

a) by judicious choice of SBU; b) perturbing weak inter-structural supramolecular 

interactions; c) using flexible ligands. 

Although multinuclear carboxylate SBUs were originally considered as rigid entities,
11, 41, 

70
 it was soon realised that certain SBUs possess a degree of flexibility and can be used as 

building blocks to generate flexible MOFs.
71, 72

 For example, Kim and co-workers described 

the structural flexibility of a 3-D MOF, [Zn2(1,4-bdc)2(dabco)], constructed from 2-D 

paddlewheel zinc-terephthalic sheets and dabco as the pillaring ligand.
72

 The material showed 

an induced fit towards benzene molecules, undergoing a structural contraction upon guest 

inclusion. The reversible transition between square and rhombus shaped pores was attributed 

to the rotation about the paddlewheel cluster in response to guest molecules (Figure 1.6a). 

Kitagawa and co-workers utilised the controlled behaviour of this MOF to design a gas sensor 

device by integrating a reporter dye within the pores of the material. Upon gas adsorption, the 

MOF host undergoes a structural change (rhombus to square shaped pores) inducing a 

conformational change in the dye molecule, and thus a different fluorescence signal.
66
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Figure 1.6. a) A space filling model of the MOF [Zn2(1,4-bdc)2(dabco)],
72

 showing the 

transformation that occurs upon solvent exchange with benzene. Image adapted from ref 66; 

b) The solid-state breathing that occurs upon desolvation in the MOF MIL-88D.
48

 Image 

adapted from ref 73. 

 Another important example which illustrates the flexibility of SBU nodes is the family of 

MIL materials (MIL = Material from Institute Lavoisier). Férey and co-workers reported an 

isoreticular family of MOFs (MIL88A – D) which displayed a remarkable guest-induced 

flexibility.
48

 The trinuclear μ3-oxo
2- 

containing node could undergo severe distortions in the 

form of twisting, changing the spacial orientation of the dicarboxylate ligands (Figure 1.6b).
74

 

The remarkable behaviour of these and other related MIL materials has been utilised in the 

area of drug delivery, where the MOF carrier allows for slow release of the pharmaceutical 

agent due to optimised host-guest interactions.
65

    

The second approach to generate structural flexibility is to perturb the non-covalent 

interactions within MOF structures. The two classes of MOFs most frequently investigated in 

this context are 2-D layered MOFs and 3-D interpenetrated structures (the framework 

dynamicity of 2-D MOFs is discussed in chapter 3). This approach is naturally more difficult 

to control, and can often result in loss of structural order.
75, 76

 Nevertheless, perturbing weak 

interactions such as hydrogen bonding or π-π stacking within the framework can result in 



Chapter 1 Introduction 14 

 

 

reversible structural changes that serve in favour of functionality. For example, 3-D 

interpenetrated systems can exist in an ‘open’ or ‘closed’ form, and can transition from one 

form to the other through an inter-digitated gliding motion. This type of dynamic motion 

often requires surmounting only weak energy barriers such as π-π stacking (Figure 1.7).
77

 

Being able to switch between two metastable forms or switch porosity on/off is advantageous 

especially for controlled gas separation.
78-80

 

 

Figure 1.7. An illustration of the structural flexibility in 3-D interpenetrated MOFs. 

The third strategy to integrate flexibility into MOF materials is to use conformationally 

flexible ligands. Unlike rigid linkers, flexible ligands are capable of adjusting their 

configurations to adequately meet the geometrical requirements of the metal atoms/SBUs. 

However, it is often more difficult to predict the topology of MOFs constructed from flexible 

linkers, as the conformational freedom of organic moieties plays an important role in the 

formation of different coordination networks. In some cases, conformational freedom within 

the ligands can affect long range order of the framework
81

 or favour the formation of close-

packed structures which are unable to act as a host.
82-84

 Nevertheless, incorporating a limited 

degree of structural flexibility into a ligand can provide the resulting framework with multiple 

hinges upon which structural distortions can occur. This strategy has led to several porous 

MOFs with enhanced properties owing to their dynamically optimisable host-guest 

interactions.
67-69, 85

 Apart from these examples, there is little precedent for the design of 

functional and porous MOF materials with dynamic ligand-dependant flexibility. Thus, there 

remains scope in this area for the design of a ligand architecture that can reliably yield porous 

frameworks with structural flexibility. 

Synthesising robust and permanently porous MOF materials from flexible linkers can be a 

challenge, as structural flexibility is difficult to control.
86

 However, using bridging ligands 

capable of chelating to a metal centre is expected to be viable approach to generate greater 

framework stability. 2,2ʹ-Bipyridine (bpy) has been extensively used as an archetype in the 
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design of such bridging ligands due to its ease of functionalisation and well defined 

coordination chemistry.
87, 88

 However, ligands derived from bpy have limited flexibility 

around the chelate site (Figure 1.8a), and are not known to contribute to structural flexibility 

in extended materials. Another class of ligands, which has only recently received attention, 

are bi-heterocycles separated by a one-atom spacer, such as dpm.
89-91

 These ligands are 

capable of forming a six-membered chelate ring with transition metal ions, providing slightly 

larger bite angles in comparison to the five-membered chelate rings formed by bpy derivates. 

One salient features of the dpm archetype is the greater degree of flexibility around the 

chelate site; the ability to undergo twisting and bending around the methylene hinge (Figure 

1.8). Thus, methylene-hinged bridging ligands which employ a flexible chelating moiety are 

expected to modulate structural flexibility in MOF materials. 

 

Figure 1.8. Flexibility of the bpy vs. dpm motif; a) bpy is capable of twisting around the 

C-C bond; b) dpm is capable of both twisting and bending around the C-CH2-C connection. 

1.3. Thesis Coverage  

This thesis presents methylene-hinged compounds as reliable ligands for the assembly of 

structurally flexible MOF materials. The ligands presented in this thesis are based around a 

symmetrical design capable of binding to transitions metal ions via a six-membered chelate 

ring whilst simultaneously bridging to two other metal atoms via the flanking donors (Figure 

1.8b, ‘X’ bridges to a metal centre). 

Each chapter of this thesis begins with a brief introduction to inaugurate the themes 

discussed therein. Chapter 2 describes the preparation and exceptionally rich coordination 

chemistry of the ligand di-2-pyrazinylmethane (dpzm) with silver(I). Subsequent to the 

synthesis of several non-porous coordination polymers, a series of flexible silver(I) MOFs 

was prepared. The silver(I) MOFs displayed an unprecedented guest-induced flexibility, 

observed as a reversible contraction and expansion of the structure in the solid-state. This 
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behaviour was examined by single crystal X-ray crystallography and further characterised by 

PXRD. 

Chapter 3 explores more robust MOF materials for CO2 capture and separation. Two new 

methylene-hinged ligands are reported in this chapter and are used in constructing four 

structurally flexible MOFs with Cu(II). The MOFs in this chapter contained varying degrees 

of structural flexibility which was related either to the flexibility of the ligand, or the weak 

inter-layer interactions in the respective structures. One particular MOF possessed an 

outstanding CO2/N2 separation capability owing to a post-synthetic structural contraction and 

was further investigated in collaboration with CSIRO (Materials Science and Engineering, 

Melbourne). The theme of structural flexibility is continued in chapter 4; the structures of 

some preliminary MOFs formed with Co(II) or Ni(II) are described followed by an in-depth 

investigation of the flexibility and post-synthetic metal binding of an intriguing Mn(II) MOF. 

The solid-state structures of several forms of this material were analysed by X-ray 

crystallography in conjunction with PXRD, TGA, and IR spectroscopy. 

Chapter 5 presents work using methylene hinged compounds as synthetic precursors to a 

family of structurally intricate ligands containing highly conjugated heterocyclic cores. 

Chapter 6 describes the coordination chemistry of these ligands with a particular focus on 

copper(II) and silver(I). Some of the ligands studied formed chelate complexes with 

copper(II) and [2+2] metallo-macrocyclic complexes with silver(I). The synthesis of a 

ruthenium polypyridyl complex targeted for dye-sensitised solar cells was also attempted. The 

complexes presented in this chapter were analysed by X-ray crystallography, elemental 

analysis, and IR spectrometry.  
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Chapter 2 

2. Silver(I) Coordination Polymers from Di-2-pyrazinylmethane 

2.1. Introduction 

2.1.1. Silver(I) coordination polymers 

The synthesis of silver(I) coordination polymers is a vibrant area of supramolecular 

chemistry that has received much attention over the past two decades.
1-3

 The exceptionally 

rich coordination chemistry of silver(I) relates to its unique flexibility in regards to 

coordination number, which can range from two to six. Accordingly, a wide range of 

geometries are observed for silver(I) ions in coordination polymers, ranging from linear to 

octahedral.
4
 Furthermore, because silver(I) is a d

10
 metal ion, it has a preference for soft 

donors, and therefore forms relatively labile bonds. These features contribute significantly to 

the structural diversity and complexity of silver(I) coordination polymers, with several 

intriguing assemblies that deserve attention from a structural perspective.
5-8

 The self-assembly 

of silver(I) coordination polymers however is extremely sensitive to the reaction conditions; 

subtle changes in the stoichiometry, solvent, or temperature can affect the types of structures 

formed.
9-11

 Nevertheless, the assembly of silver(I) coordination polymers affords an excellent 

opportunity for the study of non-covalent interactions and their influence on topology.  

Despite the docile self assembly of silver(I) coordination polymers, two important factors 

are carefully considered in their design; the type of the anion and ligand. Counter-ions play a 

crucial role in the dimensionality and structure of silver(I) coordination polymers.
4
 This arises 

from their coordination strength, steric influence, and weak supramolecular interactions that 

they exert in the solid-state. For example, the coordination strength of counter-ions typically 

utilised in silver(I) coordination polymer decreases in the following order: NO3
−
 > CF3CO2

−
 > 

CF3SO2
−
 > BF4

−
, ClO4

−
, PF6

−
, SbF6

−
.
2
 In addition, anions such as NO3

−
 are capable of acting 

in a polydentate manner, linking several metal centres together.
1, 12, 13

 Non-coordinating 

anions are important in the assembly of silver(I) coordination polymers, and attention is 

usually given to their relative size, which decreases in the following order: SbF6
− 

> PF6
−
 > 

ClO4
−
 > BF4

−
.
14

 While the size of the anion can impose notable structural changes in discrete 

supramolecular assemblies,
15, 16

 in the case of silver(I) coordination polymers, varying the 

size and coordination strength of the anion often leads to a different structure entirely.
17-21

 

The choice or rational design of ligands also contributes significantly to the area of 

silver(I) coordination polymers. Rigid linkers such as pyrazine (pyrz) and 4,4ʹ-bipyridine 
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(4,4ʹ-bpy) (Chart 2.1) have been extensively used in the ‘node’ and ‘linker’ approach, often 

yielding predictable assemblies with silver(I).
1, 13

 In contrast, flexible linkers containing CH2, 

S, or O joints only partially restrict the conformation of the ligand during self-assembly. In 

addition, varying the alkyl length of the ‘joint’ can significantly affect the angle of the 

terminal donors, while increasing the length and flexibility of the ligand.
22, 23

    

 

Chart 2.1 

2.1.2. Kitagawa’s classification of metal-organic frameworks 

The area of coordination polymers has developed vastly over the past decade, with an 

increasing focus on the synthesis and study of metal-organic frameworks (MOFs); 

coordination polymers with accessible internal porosity.
24, 25

 Much attention has been directed 

towards the host-guest chemistry and permanent porosity of these materials due to their 

potential use in topical applications such gas storage, separation, and heterogenous catalysis.
26

 

Although MOFs were first considered as rigid zeolite-like entities,
27, 28

 numerous structurally 

flexible MOF materials have emerged in the literature over the past decade.
29

 In accordance 

with this, Kitagawa classified the solid-state chemistry of MOFs into three categories, 

namely, first, second, and third generation (Figure 2.1).
30, 31

 First generation materials contain 

internal porosity which is structurally supported by the presence of guest molecules inside the 

void cavities. Guest removal is accompanied by a structural collapse and loss of crystallinity. 

On the other hand, second generation materials are robust and maintain structural integrity 

after guest removal, resembling the rigidity of zeolite adsorbents. Third generation materials 

are also structurally robust but are considered as being ‘soft’ or flexible, possessing reversible 

structural transformability. These materials contain switchable multi-stable forms which 

respond to external stimuli, whilst maintaining long-range structural order.
29, 32

 Such 

transformations can be induced by guest exchange,
33-36

 guest removal/inclusion,
37-40

 light,
41, 42

 

heat,
43

 or pressure.
44, 45

 Dynamic structural transformations are often accompanied with a 

change in the chemical and physical properties of the material, rendering third generation 

MOFs of interest for applications which are not easily accessible by second generation 

materials. For example, third generation MOFs have been utilised as molecular sensors
46

 and 

explored in the controlled release of active pharmaceutical ingredients.
47
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Figure 2.1. An illustration of the three classes of metal-organic frameworks as described 

by Kitagawa, encompassing 1-D, 2-D, and 3-D MOF materials. For the third generation 

materials, only one type of dynamic structural behaviour is shown. Guest exchange can also 

lead to similar structural transformations.
48, 49

 Image adapted from ref 29. 

2.1.3. Single-crystal to single-crystal transformations 

Structural transformations can often diminish or increase a MOF’s affinity or capacity for 

guest uptake, which is relevant for gas storage applications
29, 50

 and supramolecular 

catalysis.
29

 Thus the characterisation of structural transformations is paramount in 

understanding the underlying flexibility of third generation materials. Often, structural 

transformations in MOFs occur via a single-crystal to single-crystal (SC-SC) mechanism, 

allowing the accurate elucidation of new forms by X-ray crystallography. Importantly the 

term ‘SC-SC’ also encompasses large crystals breaking into smaller crystals of another form 

during a transformation.
32, 51

 The emergence of third generation MOFs has been accompanied 

by rapid developments in the use of X-ray crystallography to monitor these dynamic 

processes. For example, capabilities have been developed that allow single-crystal diffraction 

measurements in the presence of a particular gas,
52

 or under controlled heating,
53

 to directly 

monitor the effect of an external stimulus on a single crystal.  
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2.1.4. Using hinged ligands to engineer silver(I) coordination polymers 

Despite the rich coordination chemistry of silver(I), only limited examples exist of 

silver(I) MOFs that exhibit third generation behaviour.
54

 Assemblies of silver(I) rarely contain 

intrinsic porosity, and in the absence of charged donors
55

 or strong supramolecular 

interactions,
56

 are often not robust enough for further study and manipulations.
2, 3, 57

 Despite 

this, the inherent flexibility and weak coordinative interactions of silver(I) are advantageous 

for the construction of flexible MOFs.  

As aforementioned, one strategy in achieving predictable silver(I) assemblies is through 

ligand design. While silver(I) coordination polymers of pyrazine
58-60

 and 2,2ʹ-dipyrazine 

(2.1)
20

 are well known, the coordination chemistry of di-pyrazinyl compounds separated by a 

one-atom spacer has only recently begun to be explored. This symmetrical family of ligands 

can chelate to a single metal centre and coordinate to two further metal centres via the 

bridging donors. The implementation of a one-atom spacer between two pyrazine rings is 

expected to give rise to a semi-flexible ligand, which may in turn favour third generation 

assemblies with controlled flexibility.  

Wan and colleagues reported a series of silver(I) coordination polymers with di-2-

pyrazinylmethanediol (2.2),
61

 di-2-pyrazinylsulfoxide (2.3),
62

 and sulfonyldipyrazine (2.4)
63

 

(Chart 2.2). The reported assemblies were non-porous 2-D and 3-D structures and 

coordination by the ‘hinge’ spacer atom was observed in most cases. Coordination polymers 

of another related ligand, di-2-pyrazinylamine (2.5), were reported by Ismayilov and co-

workers.
64

 While assemblies of silver(I) were not the focus, the amine spacer of 2.5 also 

participated in coordination to the Ni(II) and Cr(III) centres of the coordination polymers 

reported. When the spacer atom participates in coordination, rotation and bending about this 

‘hinge’ is significantly more restricted. Di-2-pyrazinylmethane (dpzm) (Chart 2.1) is the only 

compound in this family which possesses a spacer that does not engage in coordination, and 

thus has potential to exhibit flexibility in supramolecular assemblies. Even though synthetic 

procedures to other di-pyrazinyl-hinged compounds are well established, at the start of this 

project, the preparation of dpzm had not been reported, and thus its coordination chemistry 

remained unexplored.  
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Chart 2.2 

2.1.5.  Scope of chapter 

This chapter describes the preparation and coordination chemistry of the methylene-

hinged ligand, dpzm. Seven non-porous silver(I) coordination polymers of dpzm are 

described and their structures are discussed in relation to the counter-ion employed. The 

subsequent focus of the chapter is on three isostructural silver(I) MOFs which exhibit 

remarkable guest-induced solid-state flexibility. The structures reported in this chapter were 

characterised by single-crystal X-ray crystallography, elemental analysis, and IR 

spectroscopy. 

2.2. Synthesis of Di-2-pyrazinylmethane  

The first procedure identified to prepare di-2-pyrazinylmethane (dpzm) involved a Wolff-

Kishner reduction of the known compound di-2-pyrazinylketone (dpzk). This precursor has 

previously been prepared in 25% yield by lithiation of 2-iodopyraine (2.7) with n-BuLi, and 

reaction of the lithium species with methyl-2-pyrazine-carbonate.
61

 Starting with the cheaper 

2-chloropyrazine (2.6), 2.7 was prepared in 78% yield according to Plé and co-workers by 

refluxing 2.6 and sodium iodide in a mixture of acetic acid, sulfuric acid, and acetonitrile.
65

 

Subsequent steps to dpzm were carried out by Stephanie Derwent-Smith
66

 who found that 

using the Grignard reagent n-BuMgCl in place of n-BuLi gave dpzk in a similar yield of 

27%. The Wolff-Kishner reduction of dpzk was successful, yielding dpzm in 53% yield. 

Without considering the preparation of 2.7, this two-step synthesis gave dpzm in an overall 

yield of only 14%. Initial efforts in this project were therefore directed towards devising an 

alternate synthetic route to access dpzm more readily.  
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Scheme 2.1. i) NaI, AcOH/H2SO4/CH3CN, reflux 5h, 78%; ii) -78 °C, n-BuMgCl, diethyl 

ether, 27%;
66

 iii) NH2NH2·H2O, KOH, diethylene glycol, reflux 16h, 53%;
66

 iv) -78 °C, LDA, 

THF, 25%. 

The second route investigated was a one-step approach to dpzm involving lithiation of 2-

methylpyrazine.
67

 This approach was inspired by the synthesis of dpm reported by Dyker and 

Muth, which involved lithiation of 2-picoline and reaction with 2-fluoropyridine.
68

 That study 

reported that 2-fluoropyridine is a superior electrophile in the reaction compared to 2-

bromopyridine, giving the desired product in high yield and without the need of tedious 

purification. This suggests that the crucial step in the reaction is the initial nucleophilic 

substitution by the anion species which presumably occurs more favourably with a less 

sterically demanding halogen leaving group. 2-Fluoropyrazine could not be obtained from 

commercial sources; therefore, the synthesis of dpzm was carried out using 2-chloropyrazine 

as the electrophile. It is worth noting that this reaction requires two equivalents of 2.8 as the 

product is prone to lithiation due to an increased acidity of the alkyl hydrogen atoms thereby 

quenching the remaining 2-lithiomethylpyrazine.    

Metalation of 2-methylpyrazine (2.8) with LDA and subsequent reaction with 2-

chloropyrazine at -95 °C gave a dark mixture, which upon warming, changed to a deep purple 

colour, indicative of the dpzm anion. Isolation of dpzm was carried out by first evaporating 

the solvent and extracting the residue with DCM. Unfortunately, a large portion of the lithium 

salts were solubilised into the organic layer, leaving a brown oily residue after evaporation of 

the solvent. Purification was initially achieved by flash chromatography (EtOAc/DCM), 

which yielded dpzm in 19% yield as a yellow solid. The structure of the product was 

confirmed by 
1
H NMR spectroscopy, which showed the expected symmetry in the aromatic 
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region, and a characteristic downfield shift of the methylene hinge at δ 4.39 ppm. However, 

purifying this compound by chromatography was tedious, as the Rf of the product was close 

to that of precursor 2.8. Dpzm was found to melt at 61 – 63 °C, thus, purification of the 

compound was investigated by sublimation. This technique was not successful at first, as the 

oily residue of the reaction mixture contained large quantities of lithium salts which hindered 

sublimation of dpzm. It was found however that dpzm along with 2.8 could be extracted 

from the lithium salt mixture by refluxing the combined residue in hexane. In addition, most 

of 2.8 could be removed under reduced pressure, owing to its moderate boiling point (110 

°C). Dpzm was then successfully purified by vacuum sublimation at 110 °C to give a pale 

yellow crystalline solid in an improved yield of 25%. NMR spectroscopy, elemental analysis 

and mass spectroscopy confirmed the structure of the product. 

The one-step preparation of dpzm from commercially available precursors was a vast 

improvement over the initial approach, and gave access to reasonable quantities of the 

compound to investigate as a ligand. It is worth noting that dpzm was observed to slowly 

decolourise over time which suggested it may be susceptible to aerial oxidation. The 
1
H NMR 

spectrum of a sample exposed to air for 2 months did not show any significant degree of 

decomposition, which suggests that this oxidative process occurs only at the surface of the 

crystalline material. It is interesting to note that a similar phenomenon has been observed for 

dpm, where slow aerial oxidation gives the compound 1,1,2,2-tetra(2-pyridyl)ethanol.
69

 Due 

to its solid form, dpzm is less susceptible to aerial oxidisation, despite having a more acidic 

methylene spacer than dpm. 

2.3. Silver(I) Coordination Polymers from Di-2-pyrazinylmethane 

Reacting dpzm with first-row transition metals was unfruitful in producing coordination 

complexes in crystalline form. In the case of Cu(II) and Fe(II), the brown colour of the metal-

ligand mixture suggested a possible metal driven oxidation of dzpm. In one instance, crystals 

suitable for X-ray crystallography were obtained from a reaction of dpzm with Cu(BF4)2 in 

methanol. X-ray analysis revealed a discrete ML assembly of an octahedral Cu(II) centre and 

di(pyrazin-2-yl)methanediol (2.2, Chart 2.2). The crystal structure of this coordination 

complex has previously been reported by Mak and colleagues, who utilised dpzk in a similar 

reaction with copper(II).
70

 Oxidation of dpm has also been reported to occur under similar 

conditions with copper(II) nitrate, yielding a M6L4 cluster composed of Cu(II) and di(pyridin-

2-yl)methanediol.
71

 Thus, the acidity of the methylene hinge can be a limitation for studying 

the coordination chemistry of these ligands. Attention therefore shifted towards silver(I), 



Chapter 2 Silver(I) Coordination Polymers from Di-2-pyrazinylmethane 32 

 

 

which, as described earlier, has a rich coordination chemistry and remains chemically inert 

towards heterocyclic ligands of this type.
11, 71

  

2.3.1. 1-D and 2-D coordination polymers with silver(I) 

Reaction of dpzm with AgNO3 in a 1:1 metal-to-ligand ratio in methanol resulted in 

immediate precipitation of a coordination polymer which analysed as 

[Ag3(dpzm)2(NO3)3]·0.75H2O. This M3L2 species was recrystallised by slow vapour diffusion 

of DCM into a solution of the polymer in DMSO. After 3 days, large block crystals suitable 

for X-ray crystallography of {[Ag2(dpzm)(NO3)2]}n (2.9) were obtained in 86% yield. The 

bulk sample of 2.9 analysed as [Ag2(dpzm)(NO3)2], consistent with the formula obtained 

from the crystal structure. The formation of 2.9 was further supported by the characteristic 

NO3
−

 stretches at 1302 and 1380 cm
-1

.  

A series of coordination polymers was obtained by reacting different silver(I) salts with 

dpzm (Scheme 2.2). In all cases, combining the metal salt and dpzm in methanol produced an 

immediate precipitate which was isolated and analysed. Reaction of AgOTf with dpzm gave a 

precipitate of a ML coordination polymer, as indicated by elemental analysis. 

Recrystallisation yielded large crystals of {[Ag(dpzm)]OTf}n (2.10) in 66% yield, suitable for 

X-ray crystallography. Elemental analysis was in agreement with the formula obtained from 

the crystal structure, supporting the formation of this coordination polymer as the only 

product. A similar structure was obtained by recrystallising the M2L3 precipitate formed with 

dpzm and AgClO4. Slow evaporation of a CH3CN/H2O mixture gave large crystals of 

{[Ag(dpzm)3(ClO4)]}n (2.11) in 57% yield. Elemental analysis and IR spectroscopy 

supported the formation of 2.11. 

 

Scheme 2.2. i) Slow vapour diffusion (DMSO/DCM); ii) slow evaporation 

(CH3CN/H2O). 
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Crystal structure of 2.9 

2.9 crystallises in the monoclinic space group C2/c with one silver(I) atom, one nitrate 

counter-ion, and half of a molecule of dpzm in the asymmetric unit (Figure 2.2a). The 

structure is a 1-D coordination polymer with a 2:1 metal-to-ligand ratio. Instead of chelating 

to the silver(I) centre, two dpzm ligands bridge between four symmetry related silver(I) 

atoms which possess a distorted trigonal planar geometry. Each silver(I) centre is coordinated 

by a pyrazine donor from two symmetry related dpzm molecules, and weakly coordinated by 

a nitrate anion. The Ag-N bond distances are 2.274(3) Å (Ag1-N1) and 2.306(3) Å (Ag1-N4) 

respectively. The obtuse angle between N4-Ag1-N1 of 168.84(10)° owes to the long bond 

distance of 2.509(3) Å from the weakly coordinating nitrate anion. This coordination motif 

gives rise a 14-membered [2+2] dimetallocycle (Figure 2.2b) which extends to a 1-D 

coordination polymer with a ladder structure.  

 

Figure 2.2. a) A perspective view of the asymmetric unit of 2.9 showing the symmetry 

generated atom N4 as a blank sphere. b) A perspective view of the [2+2] metallo-macrocycle 

subunit. Selected bond lengths [Å] and angles [°]: Ag1-N1 2.274(3), Ag1-N4 2.306(3), Ag1-

O1 2.509(3), N4-Ag1-N1 168.84(10)°. 

The 1-D chain is further stabilised by weak anion-π interactions that occur between the 

the nitrate anion and the π-system of a pyrazine ring of dpzm, with a distance of 3.34 Å (O-

centroid) (Figure 2.3). In addition, weak silver-arene π-interactions shield the silver atom, 

with a Ag-C distance of 3.06 Å; the mean distance for such interactions has been reported to 

be 2.82 Å.
1
 Within the [2+2] metallo-macrocycle, the Ag-Ag separation is 4.74 Å which is 

well outside the range of a typical Ag-Ag bond.
72

 Between adjacent polymer chains, the 

nitrate anions of one chain interact weakly with the silver(I) atoms of another chain, with a O-

Ag distance of 2.65 Å.  
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Figure 2.3. A perspective view of the 1-D ladder structure of 2.9. The pink dashed lines 

represent the anion-π interactions between the nitrate anions and pyrazine rings of dpzm.  

Crystal structures 2.10 and 2.11 

2.10 and 2.11 are both 2-D polymers with a 4
4
 net topology and are thus considered 

together. Despite their structural similarities, subtle differences exist in the coordination mode 

of the ligand and the supramolecular interactions within their structures. Both structures 

crystallise in primitive monoclinic space groups and contain one molecule of dpzm, a 

silver(I) atom, and one counter-ion in the asymmetric unit (Figure 2.4). 

 2.10 crystallises in the space group P21/n and contains a weakly coordinating triflate 

anion which is located 2.637(3) Å from the silver atom. The silver centre is essentially four-

coordinate and has a distorted tetrahedral geometry, however, in consideration of the long 

Ag1-O1 bond from the triflate anion, the silver(I) centre approaches a square pyramidal 

geometry (
a
τ = 0.2)

73
. The coordination sphere of Ag1 is composed of one chelating dpzm 

molecule and two symmetry related pyrazine donors.  

2.11 crystallises in the space group P21/c and contains a non-coordinating perchlorate 

anion located 4.385(5) Å from the nearest silver(I) atom. The silver(I) centre therefore 

possesses a distorted tetrahedral geometry, with a wide range of angles (85.79(12) - 

148.04(12)°). The asymmetric unit is similar to that of 2.10 aside from the presence of a water 

solvate molecule, located 2.88 Å from the silver atom. In accommodating this quite distorted 

geometry, the pyrazine donors N1 and N11 bond with distances of 2.262(3) and 2.454(3) Å to 

the silver(I) centre respectively. This is in contrast to 2.11, which contains more consistent 

bond lengths from these two donors, at 2.436(3) and 2.402(3) Å respectively.  

                                                 
a
 The τ value (τ = (β-α)/60° where α and β are the angles between the atoms in the basal of the square 

pyramidal geometry and β is greater than α) is a measure of the geometry of five-coordinate metal centres. 

Square pyramidal geometries have a τ value equal to zero, while trigonal-bipyramidal geometries have a τ value 

equal to one (Ref 73). 
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Figure 2.4. a) A perspective view of the asymmetric unit of 2.10. The weak coordination 

of the triflate anion is denoted by the dashed bond. Selected bond lengths [Å] and angles [°]: 

Ag1-N4 2.345(3), Ag1-N14 2.387(3), Ag-O1 2.637(3), N1-Ag1-N11 81.66(10), C2-C1-C21 

112.3(2). b) A perspective view of the asymmetric unit of 2.11. Selected bond lengths [Å] and 

angles [°]: Ag1-N4 2.263(3), Ag1-N14 2.432(4), N1-Ag1-N11 85.79(12), C2-C1-C21 

113.4(3). For each structure the symmetry generated atoms N4 and N14 are shown as hollow 

spheres. 

The packing of the structures reveals that both coordination polymers contain their 

respective anions in cavities between the puckered layers. While the layers of 2.10 are in an 

eclipsed conformation, the layers of 2.11 are staggered (Figure 2.5). In the structure of 2.10, 

the triflate anion displays a weak hydrogen bonding interaction with dpzm, occurring 

between an oxygen atom of the triflate anion and H6 of the pyrazine ring of dpzm (2.34 Å, 

130.7°). The layers of 2.10 are further stabilised by weak anion-π interactions which occur 

between the fluorine atom of the anion and the π-system of a pyrazine ring, with a distance of 

3.15 Å (F···centroid). In contrast, the ClO4
−

 anion of 2.11 does not possess any notable 

hydrogen bonding or anion-π interactions. Instead, the structure is stabilised by face-to-face π-

π stacking between two offset pyrazine rings of two separate layers. The centroid-centroid 

distance of this contact is 3.52 Å, which is relatively short and thus a strong interaction.
74

 

Finally, there appears to be no significant Ag-Ag interactions within the two coordination 

polymers; the closest Ag-Ag distance is 4.72 Å in 2.11. 
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Figure 2.5. a) A perspective view of the packing of 2.10 along the 101 plane, showing the 

eclipse of the layers. b) A perspective view of 2.11 along the a axis, showing the π-π stacking 

between the staggered layers (orange dotted lines). Hydrogen atoms removed for clarity.  

Although 2.10 and 2.11 both possess a 4
4
 net, the arrangement of the ligand is quite 

different in the respective structures. Figure 2.6 illustrates the frameworks of the two 

coordination polymers. In the structure of 2.10, two types of windows make up the net; one 

containing two chelating dpzm molecules and the other containing four pyrazine rings from 

four molecules of dpzm. In contrast, the square grid of 2.11 does not alternate; the square 

windows are alike and contain one chelating dpzm molecule and two pyrazine rings from two 

separate dpzm molecules (Figure 2.6). 
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Figure 2.6. A depiction of the configuration of 4
4
 net in a) 2.10 and b) 2.11. The green 

hexagonal units represent pyrazine rings of dpzm and the blue circles represent Ag(I) atoms. 

The structures of 2.10 and 2.11 compare well with other silver(I) coordination polymers 

formed with related di-2-pyrazinyl ligands.
61-63

 For example, these structures closely resemble 

the coordination polymer formed with AgOTf and di-2-pyrazinylmethanediol (2.2, Chart 2.2). 

Wan and colleagues reported that reaction of di-2-pyrazinylmethanediol with AgOTf yields a 

2-D coordination polymer with a 4
4
 net containing triflate counter-ions situated in between 

the eclipsed and undulating layers of the framework .
61

 In this example, the hydroxyl groups 

of di-2-pyrazinylmethanediol were not engaged in coordination, though other structures were 

also reported where coordination of these donors was observed.
61

 Since the methylene hinge 

of dpzm is coordinatively inert, the coordination chemistry of this ligand also compares well 

with the classical bridging ligand, pyrazine. Carlucci and collegues reported the polymeric 

structure [Ag(pyz)2]PF6 (pyz = pyrazine), which consists of 2-D undulating sheets separated 

by non-coordinating PF6
−

 anions.
60

 The staggered 2-D sheets of [Ag(pyz)2]PF6 are very 

similar to 2.11, and the only difference lies in the covalent connection between the pyrazine 

rings of dpzm. 

2.3.2. 3-D Coordination polymers with silver(I) 

In contrast to the examples described above, the metal-to-ligand ratio of the initial 

precipitate was preserved upon recrystallisation for coordination polymers of AgClO4 or 

AgPF6. Slow vapour diffusion of DCM into a DMSO solution of the M2L3 precipitate gave 

crystals suitable for X-ray crystallography of two related coordination polymers, 

{[Ag2(dpzm)3(ClO4)2]}n (2.12) and {[Ag2(dpzm)3(PF6)2]}n (2.13), in 66% and 68% yield 

respectively (Scheme 2.3). The formation of 2.12 and 2.13 was supported by elemental 

analysis and IR spectroscopy. AgBF4 and AgSbF6 were also reacted with dpzm under similar 

conditions to further explore the types of structures formed with non-coordinating anions. In 

the case of AgBF4, the precipitate formed analysed with a M3L4 composition, yet 

recrystallisation of this material gave {[Ag4(dpzm)5(BF4)4]}n (2.14) in 89% yield. Reaction of 
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AgSbF6 with dpzm in methanol also gave a M3L4 precipitate, and recrystallisation by slow 

vapour diffusion gave crystals of {[Ag3(dpzm)4](SbF6)3}n (2.15) in 77% yield. The formation 

of 2.14 and 2.15 was confirmed by elemental analysis which was in agreement with the 

formula obtained from the respective crystal structures. In addition, IR spectroscopy showed 

the characteristic stretches corresponding to the respective anions. 

 

Scheme 2.3. i) Slow vapour diffusion of DCM into DMSO; ii) slow vapour diffusion of DCM 

into CH3CN. 

Crystal structures of 2.12 and 2.13 

2.12 and 2.13 are both 3-D coordination polymers which contain pseudo-octahedral 

silver(I) atoms and can be best described as having cubic nets. 2.12 crystallises in the 

monoclinic space group C2/c with three crystallographically and chemically unique silver(I) 

atoms in the asymmetric unit (Figure 2.7a). These include one square pyramidal silver(I) 

centre (τ = 0.11) and two distinct octahedral silver(I) atoms (half-occupied on special 

positions). Three molecules of dpzm, two perchlorate anions, and two DCM solvate 

molecules complete the asymmetric unit of 2.12. The square pyramidal silver(I) centre (Ag1) 

is formed by one chelating dpzm ligand and three pyrazine donors from two separate 

molecules of dpzm. An additional pyrazine donor (N34) points towards Ag1, with a distance 

of 3.98 Å (Figure 2.7b). This distance is well outside the range for an Ag-N bond and thus 

Ag1 is strictly five-coordinate. The other two silver(I) atoms (Ag2 and Ag3) are chelated by 

two molecules of dpzm and further coordinated by two symmetry related pyrazine donors. In 

the case of Ag2 (Figure 2.7c), two symmetry related N-donors coordinate with a distance of 

Ag2-N31 2.339(5) Å, which is in the range of a normal Ag-N bond, while the other four N-

donors coordinate with quite long bond lengths; Ag2-N21 is 2.635(5) Å and Ag2-N4 2.694(5) 

Å. Ag3 also possesses quite long bond distances; Ag3-N14 2.578(6) Å and Ag3-N41 2.789(5) 
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Å. These are considered as weak coordination bonds, thus Ag2 and Ag3 possess an octahedral 

geometry.  

 

Figure 2.7. a) A perspective view of the asymmetric unit of 2.12, showing the three 

distinct silver(I) atoms. Disordered DCM solvate molecules removed for clarity. b) 

Coordination sphere of Ag1. Selected bond lengths [Å] and angles [°]: Ag1-N1 2.413(5), 

Ag1-N11 2.432(5), Ag1-N24 2.400(5), Ag1-N44 2.448(5), N1-Ag1-N11 83.82(17). c) 

Coordination sphere of Ag2. Selected bond lengths [Å] and angles [°]: Ag2-N21 2.635(5), 

Ag2-N31 2.339(5), Ag2-N4 2.694(5), N21-Ag2-N31 80.35(16). d) Coordination sphere of 

Ag3. Selected bond lengths [Å] and angles [°]: Ag3-N14 2.578(6), Ag3-N41 2.789(5), Ag3-

N51 2.312(5), N41-Ag3-N51 82.09(16). 

2.13 is isotructural to 2.12 and also crystallises in the monoclinic space group C2/c. The 

asymmetric unit contains a similar composition of atoms, including three crystallographically 
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and chemically unique silver (I) atoms. In comparison to the structure of 2.12, 2.13 has subtly 

different bond lengths owing to the larger PF6
−
 counter-ion. In this structure, the square 

pyramidal silver(I) centre is disordered over two positions in a ratio of 95:5. Two pseudo 

octahedral silver(I) centres are present which also contain varying bond lengths from 

surrounding pyrazine donors, ranging from 2.297(6) to 2.776(6) Å. 

 

Figure 2.8. a) A perspective view of the net of 2.12 and 2.13. Connections comprising of 

Ag-N bonds up to 2.78 Å are included in the net structure. b) A view of 2.12 along the b axis; 

c) a view of 2.13 along the b axis. Disordered DCM solvate molecules and hydrogen atoms 

omitted for clarity. 

In the structures of 2.12 and 2.13, the square pyramidal silver(I) atom links to five 

octahedral silver(I) centres giving rise to a 3-D cubic-type network. Both structures contain 

relatively small 1-D channels along the b axis that are occupied by counter-ions and 

disordered DCM molecules (Figure 2.8). There are no unusually short distances between the 

ClO4
− 

anion and surrounding atoms in 2.12, as the anion is situated approximately at the 

centre of the cubic pore. In 2.13 however there is a notable hydrogen bonding interaction 

between an aromatic hydrogen of dpzm and a fluorine atom of the PF6
−
 anion, with an H···F 

distance of 2.29 Å. Otherwise, there are no unusually short anion-π interactions in these two 

coordination polymers.  
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Crystal structure of 2.14 

Slow vapour diffusion of DCM into an acetonitrile solution of the initial precipitate 

formed with AgBF4 and dpzm yielded large block-shaped crystals of 2.14. This 3-D 

coordination polymer crystallises in the monoclinic space group P21/n and contains four 

crystallographically unique silver(I) centres in the asymmetric unit. Five molecules of dpzm, 

four BF4
−
 counter-ions, and five disordered DCM solvate molecules are also included in the 

asymmetric unit (Figure 2.9a). Like previous examples, dpzm chelates and bridges the 

silver(I) atoms. The 3-D network in this instance is composed of two distorted square 

pyramidal silver atoms (Ag1 τ = 0.12, Ag2 τ = 0.11), one octahedral silver atom (Ag3), and 

one distorted tetrahedral silver atom (Ag4). The coordination sphere of Ag1 is formed by two 

chelating molecules of dpzm and one symmetry related pyrazine donor (Figure 2.9b). Ag2, 

on the other hand, is composed of one chelating dpzm ligand and three pyrazine donors from 

two separate molecules of dpzm. The octahedral silver atom (Ag3) is chelated by two dpzm 

ligands and coordinated by two pyrazine donors, one which is symmetry related. Notably, 

Ag3 contains one long Ag-N bond from each chelating dzpm ligand, at 2.628(4) Å and 

2.758(4) Å. In contrast, the distorted tetrahedral silver atom Ag4 is composed of four 

monodentate pyrazine donors with varied N-Ag-N angles (98.26(15) – 152.41(16)°) (Figure 

2.9e). Interestingly, a DCM molecule is situated between Ag1 and Ag4, with contacts of 3.04 

Å and 3.08 Å from the two chlorine atoms to the silver(I) centres respectively, suggesting a 

very weak bridging interaction.  

The four, five, and six connecting metal nodes give rise to a 3-D structure with a 

complicated net (Figure 2.10c). In the packing of the structure, BF4
−

 anions and DCM guests 

occupy the space of the rectangular shaped channels along the b axis. (Figure 2.10a) The 

channels along the a axis are occupied only by DCM guests and measure 4.3 × 3.9 Å in 

consideration of the van der Waals radii of surrounding atoms. The BF4
−

 anions exhibit weak 

hydrogen bonding interactions with dpzm, but none of these are unusually short distances. In 

addition, no specific interactions exist between the anions and the silver(I) atoms, with the 

shortest Ag-F distance being 4.29 Å. 
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Figure 2.9. a) A perspective view of the asymmetric unit of 2.14. Disordered DCM 

solvate molecules removed for clarity. b) The coordination sphere Ag1, showing the weak 

interaction with a DCM solvate molecule. Selected bond lengths [Å] and angles [°]: Ag1-N1 

2.512(5), Ag1-N11 2.367(5), Ag1-N21 2.520(6), Ag1-N31 2.411(5), Ag1-N44 2.392(4), Ag1-

Cl12 3.04, N1-Ag1-N11 78.32(19), N21-Ag1-N31 83.33(18). c) The coordination sphere of 

the octahedral atom, Ag2. Selected bond lengths [Å]: Ag2-N54 2.544(5). d) The coordination 

sphere of Ag3. Selected bond lengths [Å]: Ag3-N71 2.626(5), Ag3-N94 2.628(4), Ag3-N101 

2.759(4). e) The coordination sphere of Ag4, showing the weak interaction with a DCM 

solvate molecule. Selected bond lengths [Å]: Ag4-Cl13 3.08. 
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Figure 2.10. A view of 2.14 along a) the b axis and b) the a axis. DCM solvate molecules 

and hydrogen atoms are omitted for clarity. c) A perspective view of the 3-D net of 2.14 along 

the b axis. Connections up to 2.76 Å are included.  

Crystal structure of 2.15 

2.15 crystallises in the orthorhombic space group Pca21 and contains a 4:3 metal-to-

ligand ratio. In the asymmetric unit, four molecules of dpzm bridge and chelate three 

crystallographically unique silver(I) metal centres; two square pyramidal atoms (Ag1 τ = 0.13, 

Ag2 τ = 0.02 ) and one as pseudo-octahedral atom (Ag3) (Figure 2.11a). Two chelating dpzm 

ligands and one monodentate pyrazine donor make up the coordination sphere of Ag1. Ag2 is 

also comprised of five pyrazine donors; three monodentate pyrazine donors and two from a 

chelating dpzm ligand. Ag3 has a similar composition to that of Ag2 and can also be 

considered square pyramidal; although a long interaction with an additional pyrazine donor 

located 3.006(6) Å from Ag3 suggests an octahedral geometry (Figure 2.11d).  
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Figure 2.11. a) A perspective view of the asymmetric unit of 2.15; b) the coordination 

sphere of Ag1. Selected bond lengths [Å] and angles [°]: Ag1-N1 2.549(5), Ag1-N11 

2.362(6), Ag1-N24 2.386(6), N1-Ag1-N11 79.09(17). c) Coordination sphere of Ag2. 

Selected bond lengths [Å] and angles [°]: Ag2-N34 2.562(5), Ag2-N41 2.349(5), Ag2-N51 

2.416(5), N41-Ag2-N51 79.09(17). d) Coordination sphere of Ag3. Selected bond lengths [Å] 

and angles [°]: Ag3-N61 2.548(6), Ag3-N71 2.433(5), Ag3-N74 3.006(6), N61-Ag3-N71 

77.52(19). 

The five- and six-connecting Ag(I) nodes comprise a complicated 3-D net, composed of 

square and rectangular windows (Figure 2.12c). The undulating pattern of the Ag(I) centres 

can be seen along the c axis of the structure, while along the b axis, square-shaped channels 

host the SbF6
−

 anions (Figure 2.12 a, b). No obvious anion-π interactions are present, and no 

unusually short distances exist between the anions and the framework of 2.15. The most 

prominent interaction is a weak hydrogen bond between a fluorine atom of a SbF6 anion and 

an aromatic hydrogen of dpzm, with a C-H···F distance of 2.47 Å. 
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Figure 2.12. A view of 2.15 along a) the c axis and b) the b axis. DCM solvate molecules 

and hydrogen atoms are omitted for clarity. c) A perspective view of the net of 2.15. Two 

selected distorted rectangles are highlighted. Connections up to 3.01 Å are included.  

In contrast to the 1-D and 2-D assemblies formed with weakly coordinating anions (NO3
−
 

and OTf
−
), non-coordinating anions of Ag(I) (ClO4

−
, PF6

−
, BF4

−
, and SbF6

−
) favour 3-D 

assemblies with dpzm. The conditions for forming all but one of these assemblies (2.11) 

involved slow vapour diffusion of DCM into a DMSO or CH3CN solution of the MxLy 

precipitate. Thus, the types of assemblies formed were primarily influenced by the size and 

shape of the non-coordinating anion; the ClO4
−
 (55 Å

3
) and PF6

−
 (75 Å

3
) anion gave 

isostructural networks (2.12. and 2.13), while the slightly smaller BF4
−
 anion (53 Å

3
) and the 

larger SbF6
−
 (85 Å

3
) anions favoured the formation of different 3-D structures under similar 

conditions. The pseudo cubic lattices of 2.12 and 2.13 are comparable to the perfect cubic 

lattice of the complex [Ag(pyz)3]SbF6 reported by Carlucci and colleagues.
58

 In this structure, 

the SbF6
−

 anions were located at the centre of the cubic shaped pores, which were formed by 

octahedral silver(I) nodes. In contrast, all of the 3-D coordination polymers investigated in 

this study contained at least one long coordination bond owing to the geometrical restrictions 

induced by the methylene hinge of dpzm.  
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2.4. Metal-Organic Frameworks from Di-2-pyrazinylmethane 

The coordination polymers described up to this point were crystallised relatively quickly 

owing to the volatility of the diffusing solvent. According to extensive literature precedent,
22, 

75-77
 it was postulated that performing slow vapour diffusion with a less volatile solvent would 

affect the types of structures formed. The M2L3 precipitate of the ClO4 salt was investigated 

first. Slow vapour diffusion of EtOAc into a DMSO solution of this sample gave large block-

shaped crystals after a period of 3 weeks which analysed as 

[Ag(dpzm)ClO4]·1.1(DMSO)·0.9(EtOAc) (2.16·xS). This material could also be prepared by 

slow vapour diffusion of EtOAc into a DMSO mixture of 1:1 AgClO4/dpzm (Scheme 2.4) in 

66% yield. IR spectroscopy showed strong stretches at 1094 and 1747 cm
-1 

corresponding to 

the ClO4
−

 anion and C=O bond of EtOAc, respectively. The bulk purity of this material was 

unquestionable, as often only a few crystals measuring 2-3 mm represented the sample. 

Similarly, large crystals of the analogous PF6
−
 and BF4

−
 materials were obtained in 66% 

and 89% yield respectively. These samples analysed as [Ag(dpzm)PF6]·1(DMSO) (2.17·xS) 

and [Ag(dpzm)BF4]·1(DMSO) (2.18·xS) respectively, and showed distinctive stretches in the 

IR spectrum corresponding to the respective anions. Interestingly, slow vapour diffusion of 

EtOAc into a DMSO mixture of dpzm and AgSbF6 did not yield crystalline material, 

indicating a dependency on anion size for these materials. The crystals obtained for 2.16-

2.18·xS were large and of good quality for X-ray crystallographic analysis. 

 

Scheme 2.4 
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Crystal structure of 2.16·xS  

The 3-D MOF, 2.16·xS, crystallises in the trigonal space group R-3, with a relatively large 

cell volume of 10155.0(13) Å
3
. The asymmetric unit contains one molecule of dpzm, a 

silver(I) centre, a DMSO ligand, and a perchlorate counter-ion. The silver(I) atom possesses a 

distorted square pyramidal geometry (τ = 0.32) comprising of a chelating dpzm ligand, two 

pyrazine donors from two additional symmetry-related molecules of dpzm, and a weakly 

coordinated DMSO ligand (Figure 2.13). 2.16·xS possesses a 4
2
6

4
 net with sodalite topology, 

and contains a honeycomb arrangement of large 1-D channels that propagate along the c axis. 

The apertures of the micro-porous channels span ~14 Å and are composed of six silver(I) 

atoms which arrange in a chair conformation (Figure 2.14c). 

 

Figure 2.13. A perspective view of the asymmetric unit of 2.16·xS, showing symmetry 

generated atoms N4 and N14 as blank spheres. The weak coordination by the DMSO ligand is 

represented by a dashed line. Selected bond lengths [Å] and angles [°]: Ag1-N1 2.302(8), 

Ag1-N11 2.535(9), Ag1-N4 2.353(9), Ag1-N14 2.249(8), Ag1-O31 2.643(10), N1-Ag1-N11 

79.8(3). 

The distorted rectangular windows within the walls of the structure are occupied by ClO4
−
 

anions and weakly coordinating DMSO ligands. In the packing of the structure, a pair of 

DMSO molecules mutually order in an anti-parallel fashion, exhibiting weak hydrogen 

bonding interactions with one another. This interaction occurs between O31 of one molecule 

and H32A of a symmetry related molecule, with a distance of 2.271 Å and a C-H···O angle of 

124.4° (Figure 2.13b).  
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Figure 2.14. a) A view of an isolated sodalite cage along the c axis; b) two symmetry 

related DMSO guests located in the walls of the structure. Hydrogen bonding is denoted by 

red dashed lines, O31···H32 = 2.271 Å. c) The chair conformation of the aperture of the 1-D 

channels. d) The 4
2
6

4 
sodalite net of 2.16 viewed along the c axis. e) A perspective view of 

the extended structure along the c axis. 

Crystal structure of 2.17·xS and 2.18·xS 

Slow vapour diffusion of EtOAc into a DMSO solution of 1:1 dpzm and either AgPF6 or 

AgBF4 gave large block crystals of 2.17·xS or 2.18·xS in 66% and 89% yield respectively. X-

ray crystallography revealed that both of these MOFs are structurally equivalent to 2.16·xS, 

possessing a 4
2
6

4
 net with sodalite topology. The asymmetric unit of 2.17·xS and 2.18·xS 

consists of a chelating dpzm ligand, a silver(I) centre with distorted square pyramidal 

geometry, a weakly coordinated DMSO ligand, and the respective anion (Figure 2.15a and b). 

Like 2.16·xS, both structures posses 1-D channels (~14Å) along the c axis in a honey-comb 

arrangement.  
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Figure 2.15. a) A perspective view of the asymmetric unit of 2.17·xS, showing symmetry 

generated atoms N4 and N14. Selected bond lengths [Å] and angles [°]: Ag1-N1 2.481(4), 

Ag1-N11 2.416(4), Ag1-N4 2.317(4), Ag1-N14 2.399(4), Ag1-O31 2.468(5), N1-Ag1-N11 

79.18(14). b) A view of the asymmetric unit of 2.18·xS showing symmetry generated atoms 

N4 and N14. The weak coordination of the DMSO ligand is represented by a dashed line. 

Selected bond lengths [Å] and angles [°]: Ag1-N1 2.507(10), Ag1-N11 2.282(9), Ag1-N4 

2.242(8), Ag1-N14 2.388(9), Ag1-O31 2.644(18), N1-Ag1-N11 79.4(3). A view along the c 

axis of an isolated sodalite cage of c) 2.17·xS and d) 2.18·xS. Hydrogen atoms removed for 

clarity. 
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2.4.1. Counter-ions in the sodalite MOFs 

In contrast to the close-packed structures described earlier, the formation of the open 

MOFs appears to be less sensitive to the choice of anion. Due to the weak Ag-N bonds, the 

respective positions and supramolecular interactions of the anions are important in stabilizing 

the 3-D structure of these materials. In the crystal structures of 2.16-2.18·xS, the anions are 

located in the ‘walls’ of the structure at each of the six corners that make up the hexagonal 

pore. Two important interactions govern their positions, namely, hydrogen bonding and 

anion-π interactions. 2.16·xS and 2.18·xS contain tetrahedral anions, and the closest hydrogen 

bonding distances are 2.46 Å and 2.41 Å respectively. These interactions occur between an 

oxygen or fluorine atom of the anion and a hydrogen atom of the methylene hinge of dpzm. 

These anions also point towards the π-system of a pyrazine ring of dpzm, with distances of 

3.07 Å and 3.15 Å for 2.16·xS and 2.18·xS respectively. In contrast, 2.17·xS, which contains 

PF6
−
 counter-ions, possesses weaker anion-π interactions, with the closest distance being 3.28 

Å. The PF6
−
 anion however participates in hydrogen bonding interactions with the aromatic 

hydrogen atoms of dpzm, with the shortest H···F distance being 2.30 Å. 

When comparing the three analogous MOFs, it is evident that the size and geometry of 

the anion affects the cell volume of the structure. Although both ClO4
−
 and BF4

−
 anions have 

the same geometry, the cell volume of 2.16·xS (ClO4
−
 anion, 55 Å

3
) is greater than that of 

2.18·xS (BF4
−
 anion, 53 Å

3
), consistent with the slightly larger size of the ClO4

− 
anion (Table 

2.1). Likewise, 2.17 (PF6
−
 anion, 75 Å

3
) contains the largest counter-ion, and thus possesses 

the largest cell volume. The differences in anion packing can be observed by variations in all 

three axes, especially along the a and b axis. Table 2.1 summarises the crystallographic 

parameters of these related structures.  

Table 2.1. Crystallographic parameters of 2.16·xS, 2.17·xS, and 2.18·xS 

 Anion a & b axis (Å) c axis (Å) cell volume (Å
3
) 

2.16·xS ClO4
−
 27.978(2) 14.9798(10) 10155.0(13) 

2.17·xS PF6
−
 28.9105(14) 14.3863(6) 10413.4(8) 

2.18·xS BF4
−
 28.123(5) 14.436(3) 9887(3) 

 

It is interesting to note, that 2.17·xS is the only material that contains a true coordination 

bond to the DMSO ligand, at 2.468(5) Å. In contrast, 2.16·xS and 2.18·xS both possess Ag-O 

bonds longer than 2.6 Å, indicating that DMSO coordinates very weakly in these structures. 

Additionally, 2.16·xS and 2.18·xS contain one short and one long coordination bond from the 

chelating dpzm ligand, while 2.17·xS contains two very similar bond lengths of 2.481(4) and 
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2.416(4) Å respectively. These observations suggest that the larger PF6
−
 anion fits more 

favourably into the channel walls of the sodalite structure. 

2.4.2. Guest-induced solid-state flexibility of 2.16  

Due to considerable literature precedent concerning structural flexibility in MOF 

materials,
29, 31, 48, 78

 studies were undertaken to examine the structural response of the silver(I) 

MOFs to guest exchange. It was found that placing the crystals of the as-synthesised sample 

in water or methanol resulted in a transformation to an unknown crystalline phase, as 

indicated by PXRD. Conversely, soaking the crystals in solvents such as acetonitrile, DMSO 

or DMF resulted in dissolution of the crystals. Nevertheless, with the appropriate choice of 

solvent, an interesting transformation was observed in the solid-state. 

Focusing on 2.16 (ClO4
−
 anion), large crystals (2-3 mm) of 2.16·xS were placed in 

dichloromethane. Immediately, the crystals produced an audible ‘popping’ noise which lasted 

up to 1 minute. During this period, the crystals were observed to crack and split into smaller 

pieces, suggesting that solvent exchange is associated with significant structural stress. Within 

4-5 minutes, the solvent exchange process was complete and the resulting crystals were 

suitable for X-ray analysis. Remarkably, X-ray crystallography revealed that the sodalite 

topology and symmetry of structure was preserved, with a similar asymmetric unit: a dpzm 

ligand chelating to a distorted tetrahedral silver(I) atom, a perchlorate anion, and a half 

occupied DCM molecule (Figure 2.16). However, the unit cell volume had decreased by 18%; 

from 10155.0(13) Å
3 

(2.16·xS) to 8296(1) Å
3
 (2.16·xCH2Cl2). This dramatic decrease in the 

cell volume that occurs upon solvent exchange with DCM results from a crystal-to-crystal 

contraction of the material, involving shortening of the c axis by 3.09 Å, and lengthening of 

the a and b axes by ~0.4 Å. Interestingly, solvent exchange also occurs in the ‘wall cavities’ 

of the structure, where two weakly coordinating DMSO ligands are exchanged for one non-

coordinating DCM guest. Notably, this DCM guest is occupied over two positions and the 

closest distance between a chlorine atom (of a DCM molecule) and a silver atom is 3.12 Å. 

This exchange also results in a change in the coordination geometry of the silver(I) centre: 

from five-coordinate distorted square pyramidal to four-coordinate distorted tetrahedral 

geometry. Complete exchange of the solvent guests was confirmed by digesting a sample in 

CD3CN and performing 
1
H NMR spectroscopy (Appendix 2, Figure A2.1). 
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Figure 2.16. a) A perspective view of the asymmetric unit of 2.16·xCH2Cl2, showing 

symmetry generated atoms N4 and N14 and the 50% occupied DCM molecule. Selected bond 

lengths [Å] and angles [°]: Ag1-N1 2.311(7), Ag1-N11 2.469(9), Ag1-N4 2.361(6), Ag1-N14 

2.259(9), Ag1-Cl21 3.12, N1-Ag1-N11 80.9(3). b) A view along the c axis of an isolated 

sodalite cage of 2.16·xCH2Cl2. Hydrogen atoms omitted for clarity. 

Moreover, it was investigated whether the contracted form (2.16·xCH2Cl2) can be re-

expanded by further solvent exchange. Soaking crystals of 2.16·xCH2Cl2 in the parent solvent 

mixture (DMSO/EtOAc) resulted in slow dissolution of the crystals. Given the shape and 

overall size of DMSO, acetone was chosen as the solvent to probe an expansion of the 

structure. Thus, crystals of 2.16·xCH2Cl2 were soaked in acetone for 2 days, and remarkably, 

retained their single-crystallinity to give the form 2.16·x(CH3)2CO. X-ray crystallography of 

2.16·x(CH3)2CO revealed that the structure remains in the trigonal space group R-3 and 

possesses a similar asymmetric unit. However, the half occupied DCM molecule is replaced 

with a fully occupied and weakly coordinating acetone ligand (Figure 2.17). Remarkably, an 

increase in the unit cell volume to 9815(20) Å
3
 was observed which corresponds closely to 

the cell volume of the solid-state structure of 2.16·x(CH3)2CO obtained directly from 2.16·xS. 

In this SC-SC transformation, the DCM guests present in both the 1-D channels and the wall 

cavities of the structure are exchanged for acetone guests. In the walls of the structure, the 

acetone weakly coordinates to the silver centre, regenerating a five-coordinate square 

pyramidal geometry (τ = 0.23). This crystal-to-crystal transformation is accompanied by an 

expansion along the c axis of 2.23 Å, amounting to an 18.3% volume increase from 

2.16·xCH2Cl2. Figure 2.18 illustrates the dramatic changes that occur along the c axis in this 

dynamic process, with a view of the sodalite cage framework along the b axis.  



Chapter 2 Silver(I) Coordination Polymers from Di-2-pyrazinylmethane 53 

 

 

 

Figure 2.17. a) A perspective view of the asymmetric unit of 2.16·x(CH3)2CO, showing 

symmetry generated atoms N4 and N14. The weak coordination of the acetone ligand is 

depicted by a dashed line. Selected bond lengths [Å] and angles [°]: Ag1-N1 2.501(10), Ag1-

N11 2.279(9), Ag1-N4 2.247(9), 2.400(9), Ag1-O31 2.698(15), N1-Ag1-N11 82.5(3). b) A 

view along the c axis of an isolated sodalite cage of 2.16·x(CH3)2CO. Hydrogen atoms 

removed for clarity. 

 

Figure 2.18. A representation of the crystal-to-crystal solid-state contraction and 

expansion of 2.16. For each structure, an isolated sodalite cage is shown along the b axis. 

Dpzm ligands and counter-ions omitted for clarity. In this illustration, the solvent guests 

occupy the distorted rectangular cavities which represent the ‘walls’ of the structure. The 

length of the c axis is shown below each form of 2.16.  

The reversibility of this dynamic ‘breathing’ phenomenon was demonstrated over another 

cycle; inducing structural contraction with DCM and expansion with acetone. 
1
H NMR 

spectroscopy of digested samples revealed that each solvent exchange process occurs to 
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completion for the bulk sample (Appendix 2, Figure A2.1). Remarkably, the crystals of 2.16 

maintained single-crystallinity after each exchange, allowing unit-cell determinations to be 

carried out (Table 2.2). 

Table 2.2. Crystallographic parameters of the solvent-exchanged forms of 2.16. 

Solvent Volume (Å
3
) a & b (Å) c (Å) 

DMSO/EtOAc (2.16·xS) 10155.0(13) 27.978(2) 14.970(1) 

Dichloromethane (1) 8296(1) 28.3800(14) 11.8939(16) 

Acetone (1) 9815(20) 28.33(4) 14.12(2) 

Dichloromethane (2) 8220.8(13) 28.3911(13) 11.7766(17) 

Acetone (2) 9748(15) 28.35(4) 14.01(5) 

Acetone (directly from 2.16·xS) 9715.2(15) 28.3534(15) 13.9544(19) 

*Note: The crystallographic parameters in this table represent individual crystals. 

Unit-cell determinations of single crystals confirmed that this behaviour is indeed 

reversible, with a similar degree of contraction and expansion between the two solvent 

exchange cycles. Furthermore, the unit-cell parameters of the (acetone) expanded structure 

were in good agreement with that obtained directly from washing the as-synthesised sample 

with acetone (Table 2.2).  

PXRD analysis was undertaken to confirm the breathing behaviour for the bulk sample of 

of 2.16. Although all of the solvent-exchanged forms were highly crystalline and gave good 

quality diffraction patterns, it was found that the expanded forms of the structure (2.16·xS and 

2.16·x(CH3)2CO) did not correlate well to the simulated data obtained from their respective 

crystals structures. Further inspection of the data suggested that 2.16·x(CH3)2CO undergoes a 

contraction during sample preparation, presumably due to partial desolvation. Indeed, the 

patterns of 2.16·xCH2Cl2 and 2.16·x(CH3)2CO correlate well and both agree with the 

simulated pattern of 2.16·xCH2Cl2 (Figure 2.19). This suggests that, although 2.16·xCH2Cl2 

has a more volatile guest, the structure cannot further contract, while the acetone-expanded 

form readily contracts upon desolvation to give a structure similar to 2.16·xCH2Cl2.  
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Figure 2.19. Powder pattern overlay of 2.16 (Cu Kα = 1.5418 Å): a) simulated pattern of 

2.16·xCH2Cl2; b) 2.16·xCH2Cl2; c) simulated pattern of 2.16·x(CH3)2CO; d) 2.16·x(CH3)2CO. 

A good match is observed between a), b), and d). Appendix 2, figure A2.2 contains the PXRD 

pattern of 2.16·xS. 

2.4.3. Guest-induced solid-state flexibility of 2.17 

The guest induced solid-state behaviour was also investigated for the PF6
−

 containing 

sodalite material, 2.17. One of the motivations for undertaking this study was to investigate 

the effect of a larger anion on the solid-state contraction and expansion of the material. 

Initially, the ‘breathing’ behaviour of 2.17 was probed with solvent exchange cycles of DCM 

and acetone. Interestingly, the solid-state contraction of 2.17 was observed to be less 

pronounced compared to 2.16. Solvent exchange of 2.17·xS with DCM gave the contracted 

form 2.17·xCH2Cl2 with a cell volume reduction of 11% (ca. 18% for 2.16); from 10342(1) 

Å
3
 to 9321(2) Å

3
. The crystal structure of 2.17·xCH2Cl2

 
was found to be crystallographically 

equivalent to 2.16·xCH2Cl2, possessing a 50% occupied DCM molecule as part of the 

asymmetric unit. Solvent exchange of 2.17·xCH2Cl2 with acetone gave 2.17·x(CH3)2CO, an 

expanded form of the structure, possessing acetone guests in both the 1-D channels and the 

walls of the structure. In this case, the expansion of the structure amounts to 13% relative to 

2.17·xCH2Cl2; from 9321(2) Å
3
 to 10578(11) Å

3
. Interestingly, the cell volume of 

2.17·x(CH3)2CO is 102% of the original cell volume (as-synthesised structure), indicating that 

2.17·xS does not represent the maximum capacity of expansion possible for this material. 
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Conversely, 2.16 could not expand beyond that of the as-synthesised form (for the crystal 

structures of 2.17·xCH2Cl2 and 2.17·x(CH3)2CO, see Appendix 2, Figure A2.3).  

The solid-state breathing behaviour of 2.17 was also probed with toluene as the guest. It 

was hypothesised that solvent exchange of 2.17·xCH2Cl2 with toluene would lead to an 

expansion of the structure due to internal π-π stacking of the guest molecules. Therefore, 

crystals of 2.17·xCH2Cl2 were soaked in toluene to give the form 2.17·xC7H8. This exchange 

process resulted in minimal cracking of the crystals and an overall retention of crystallinity. 

2.17·xC7H8
 
crystallises in the trigonal space group R-3 and contains a chelating dpzm ligand, 

a silver(I) atom, a PF6
−
 anion, and two partially occupied toluene molecules in the asymmetric 

unit. Indeed, a structural expansion of 2.17·xCH2Cl2 was observed; 2.17·xC7H8 possesses a 

cell volume of 10723.7(6) Å
3
, which amounts to a 15% increase in cell volume relative to 

2.17·xCH2Cl2. Again, the lengthening of the c axis is the most prominent change that occurs 

in this transformation. 2.17·xC7H8 possesses two crystallographically distinct toluene 

molecules that pack in the wall cavities of the structure and in the micro-porous 1-D channels 

respectively. In the wall cavities, the previously half-occupied DCM guest is replaced with a 

half occupied toluene guest positioned on a crystallographic centre of inversion. The wall-

bound toluene guest participates in a CH···π interaction with a hydrogen atom of the 

methylene hinge of dpzm (Figure 2.20), with a distance of 2.84 Å. In addition, edge-to-face 

π-π stacking occurs between the wall-bound guest and the toluene molecules present in the 

micro-porous channels. The closest distance measured between an aromatic hydrogen of one 

toluene molecule and the centroid of another is 3.01 Å. The toluene guest present in the 

micro-porous channels is half-occupied and located over six-positions generated by a -3 

improper rotation within the centre of the pore. In addition, strong CH···π stacking between 

symmetry generated toluene molecules occurs in the micro-porous channels, at a distance of 

2.79 Å.  
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Figure 2.20. a) A perspective view of the asymmetric unit of 2.17·xC7H8. The orange 

dotted line indicates
 
the CH···π interaction between the toluene molecule and dpzm (2.84 Å). 

Selected bond lengths [Å] and angles [°]: Ag1-N1 2.471(8), Ag1-N11 2.280(6), Ag1-N4 

2.227(7), Ag1-N14 2.389(7), N1-Ag1-N11 82.5(2). b) A view along the c axis of an isolated 

sodalite cage of 2.17·xC7H8. Hydrogen atoms removed for clarity. 

The reversibility of the structural expansion induced by toluene was demonstrated over 

two cycles; inducing contraction with DCM and expansion with toluene. As for the previous 

case, complete solvent exchange within the crystals was confirmed by 
1
H NMR spectroscopy 

of digested samples (Appendix 2, Figure A2.4). In addition, unit cell determinations indicated 

that expansion and contraction occurs to similar degrees between the two cycles (Table 2.3). 

Table 2.3. Crystallographic parameters of the solvent-exchanged forms of 2.17. 

Solvent Volume (Å
3
) a & b (Å) c (Å) 

DMSO/EtOAc (2.17·xS) 10342 (1) 28.88 (9) 14.32 (7) 

Dichloromethane (1) 9231 (2) 29.02 (2) 12.66 (15) 

Toluene (1) 10866 (2) 29.52 (15) 14.40 (11) 

Dichloromethane (2) 9180 (7) 28.98 (10) 12.62 (7) 

Tolunene (2) 10556 (50) 29.35 (3) 14.15 (14) 

Acetone (1) 10578 (11) 28.96 (17) 14.57 (9) 

*Note: The crystallographic parameters in this table represent individual crystals. 

PXRD of 2.17 was carried out to further assess the contraction and expansion of the bulk 

sample (Figure 2.21). Like 2.16, there were some discrepancies in the peak positions between 

the pattern of the as-synthesised sample (2.17·xS) and the corresponding simulated pattern, 

supporting that structural changes occur when the sample is removed from the solvent 
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(Appendix 2, Figure A2.2). Nevertheless, a reasonable agreement was observed between the 

experimental and simulated patterns for the contracted and expanded forms, 2.17·xCH2Cl2 and 

2.17·xC7H8
 
respectively (Figure 2.21). This indicates that the solvent-exchanged forms are 

relatively stable, and in the case of 2.17·xC7H8, strong CH···π interactions between the 

toluene guests may aid in retaining the expanded form once the crystals are taken out of the 

solvent. 

 

Figure 2.21. Powder pattern overlay of 2.17 (Cu Kα = 1.5418 Å): a) simulated pattern of 

2.17·xCH2Cl2; b) 2.17·xCH2Cl2; c) simulated pattern of 2.17·xC7H8; d) 2.17·xC7H8. Appendix 

2, Figure A2.2 contains the PXRD pattern of 2.17·xS. 

2.4.4. Solid-state behaviour of 2.18 

The BF4
−

 containing sodalite material, 2.18, was found to be substantially less robust 

compared to the ClO4
−
 and PF6

−
 analogues (2.16 and 2.17). Solvent exchange of 2.18·xS

 
with 

dichloromethane led to significant cracking of the crystals, and the quality of the subsequent 

sample was insufficient to obtain a good structural model by X-ray methods. Thus, 

characterisation of the breathing behaviour of this material was not undertaken. The reason 

for the poor stability of 2.18 (compared to 2.16 and 2.17) may relate to the smaller size and 

weaker stabilising effects that the BF4
−
 anion provides in the sodalite structure.  
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2.4.5. Reasons for solid-state breathing  

As mentioned earlier, the guest-induced contraction and expansion of 2.16 and 2.17 was 

observed by changes along the c axis which in turn had a pronounced effect on the cell 

volume of the respective forms. The most important phenomenon in regard to this dynamic 

breathing behaviour is the guest exchange that occurs inside the wall cavities of the structure. 

Thus, the size, shape, and chemistry of the guest must be taken into consideration in order to 

understand the solid-state behaviour of these materials. In the as-synthesised form, two 

DMSO guests occupy the cavities in the walls of the structure. This relates to the weak 

coordination of these ligands to the opposing silver(I) atoms (Figure 2.22). Exchange with a 

non-coordinating guest such as DCM however results in the occupancy of only one guest 

molecule per rectangular window (50% over two positions). The presence of only one 

molecule in this cavity is less sterically demanding (than two DMSO guests), resulting in a 

contraction along the c axis. Conversely, re-introducing a coordinating guest such as acetone 

results in the occupation of two guests in the wall cavities due to the presence of two 

coordinatively unsaturated silver(I) atoms, thus inducing a structural expansion.  

Experimental evidence for structural expansion induced by toluene was obtained only for 

2.17, as the crystals of 2.16 and 2.18 did not maintain single-crystallinity after solvent 

exchange with this particular guest and were thus unsuitable for X-ray analysis. An interesting 

point of comparison can be made between the structural expansion induced by acetone and 

toluene. When introducing acetone in place of DCM, the ‘breathing’ is attributed to exchange 

between a non-coordinating and a coordinating guest, resulting in occupation of twice the 

number of molecules in the same volumetric space. Conversely, in case of toluene, one DCM 

guest molecule is exchanged for one toluene guest molecule in the wall cavities of the 

structure, which does not appear to contrive a greater steric effect. In this case, the structural 

expansion can be accredited to the edge-to-face π-π stacking interactions between the guests 

in the micro-pores and the guests in the ‘walls’ of the structure (Figure 2.22). 

Thus, two mechanisms govern the guest-induced structural contraction and expansion in 

the silver(I) sodalite MOFs. The first relies on the number of guests exchanged in the wall 

cavities, while the second depends on supramolecular interactions between the solvent guests. 

The latter was only identified for 2.17·xC7H8, as other solvent guests did not order well 

enough in the micro-pores to allow crystallographic determination of their respective 

positions.  
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Figure 2.22. An illustration of the occupancy of the guests in the distorted rectangular 

windows (walls) of the sodalite structure. Below each diagram, the MOF materials that were 

able to undergo this transformation are noted. Guests are illustrated as space-filling models. In 

the case of 2.17·xC7H8, the guests in the wall cavities and in the micro-pores are shown. The 

location of one of the six symmetry related wall cavities (rectangular windows) of the 

structure is shown at the bottom of the figure. 

As discussed earlier, the weak coordination bonds that govern the assembly of silver(I) 

coordination polymers can aid in facilitating structural transformations in the solid-state. 
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Coordination polymers based on silver(I) however rarely exhibit large porous channels,
1, 79

 

and there are limited example of such materials being robust enough to undergo 

transformations in a single-crystal to single-crystal process.
54

 In the present study, the silver(I) 

MOFs constructed from dpzm contain one of the largest porous channels among silver(I) 

MOFs in the literature. Undoubtedly, this important feature allows efficient permeation of 

guest molecules throughout the framework of the material, thus allowing unhindered access to 

the wall cavities of the structure where the key exchange process takes place. Guest-induced 

structural ‘breathing’ has previously been encountered in other MOFs, but never observed in 

assemblies of silver(I). Perhaps the most well known example of solid-state breathing occurs 

in the MIL family of MOF materials (MIL = Material of Institut Lavoisier). Serre, Ferey and 

colleagues demonstrated that guest exchange or removal in these MOF materials results in a 

drastic expansion or contraction of the structure, amounting to a 70% increase in cell 

volume.
33

 This notable breathing behaviour was attributed to rotation about the metal cluster 

node. The structural changes that occurred in these materials could not be characterised by 

single-crystal X-ray crystallography and demanded laborious structure solution by PXRD 

methods. Intrigued by this phenomenon, Férey and colleagues have undertaken countless 

studies to further characterise and better understand this phenomenon.
50, 80, 81

 It is worth 

noting that the drastic swelling observed in the MIL materials is complemented by strong 

metal-carboxylate coordination bonds. The Ag-N bonds of the silver(I) MOF materials 

described in this chapter are much weaker in comparison, and are likely to allow structural re-

arrangements whilst maintaining single-crystallinity. Although the breathing behaviour of the 

silver(I) sodalite materials is less pronounced than the MIL materials (~18% vs. 70%), there 

are only a few other examples of MOFs in the literature that undergo a notable ‘breathing’ 

behaviour and allow characterisation by single-crystal X-ray crystallography.
32, 82-85

 

2.4.6. Effects of guest removal  

Due to the structural flexibility of the silver(I) MOFs, it was anticipated that desolvation 

would lead to either a structural contraction or collapse. This hypothesis was supported by the 

structural contraction that occurred upon partial desolvation, as indicated by the PXRD 

pattern of 2.16·x(CH3)2CO. An immediate loss of single-crystallinity was observed when 

crystals of 2.16·xS or 2.17·xS were heated to 70 °C under vacuum. The PXRD pattern of such 

a sample revealed a complete absence of peaks corresponding to the original sodalite structure 

and the presence of a new crystalline phase (Figure 2.23). Although the wall-bound guest is 

expected to contribute to structural integrity (and thus loss of this guest may compromise the 
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structure), these materials are soluble in DMSO, and loss of this guests from the pores/wall 

cavities of the structure may induce a recrystallisation of the sample.
86

  

 

Figure 2.23. Powder pattern overlay of 2.16 and 2.17 (Cu Kα = 1.5418 Å): a) 2.16·xS; b) 

2.16·xS treated under heat/vacuum; c) 2.17·xS; d) 2.17·xS treated under heat/vacuum. 

In contrast, the solvent-exchanged forms of these materials did undergo this 

transformation but retained their overall structures upon desolvation, though, exhibited a 

marked decrease in crystallinity, as indicated by PXRD (Appendix 2, Figure A2.5.). This 

supports the assertion that the transformation occurring in the as-synthesised samples is 

dependant on the DMSO guest, and may involve an internal recrystallisation of the material. 

Several attempts were made to investigate the permanent porosity of these materials by gas 

adsorption studies; however, the activated materials did not adsorb any notable amount of N2 

or CO2. It is worth noting that there are only a handful of examples of permanently porous 

silver(I) MOFs in the literature,
79

 and most of these are constructed from anionic ligands.
87-89

 

Further investigations into the transformation that occurs in as-synthesised samples were 

undertaken by allowing a slow desolvation to occur. Crystals of 2.16·xS were immersed in N-

paratone and left for a period of three weeks at room temperature. Remarkably, the crystals 

2.16·xS had visibly transformed from large block crystal to clusters of crystals containing 

rectangular rods (Appendix 2, Figure A2.6.). It is worthy to note that under the same 

conditions, a crystal transformation was not observed for 2.17·xS or 2.18·xS. X-ray analysis of 

the transformed sample of 2.16·xS revealed the structure to be analogous to 2.11; a 2-D 

coordination polymer described earlier (Figure 2.24). This coordination polymer does not 
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possess DMSO as part of the structure, confirming that loss of this guest plays an integral role 

in the transformation. Again, this is supported by the fact that none of the solvent exchange 

forms of 2.16 exhibited this conversion. As this is a slow process, a recrystallisation of 2.16 

cannot be ruled out, although notably, this transformation takes place N-paratone. 

Unfortunately, the simulated PXRD of 2.11 did not match convincingly to that of the 

transformed material obtained by treating 2.16·xS under heat/vacuum (Appendix 2, Figure 

A2.7). In the context of silver(I) coordination polymers, structural transformations are 

commonly triggered by desolvation or solvent exchange,
90-93

 although transformations which 

result in a change of dimensionality are more common for anion exchange processes.
18, 94

 

Thus, the 3-D to 2-D transformation of 2.16·xS to 2.11 is unusual. 

 

Figure 2.24. A representation of the irreversible solid-state transformation of 2.16·xS
 
to 

2.11 that occurs in N-paratone.  

2.5. Summary 

Di-2-pyrazinylmethane (dpzm) is a novel ‘hinged’ ligand that can simultaneously chelate 

and bridge multiple metal centres via the pyrazine donors. It distinguishes itself from other 

dipyrazinyl-hinged ligands (2.2-2.5, Chart 2.2) by the coordinatively inert methylene spacer. 

This has allowed for the preparation of several silver(I) coordination polymers, and among 

them, three sodalite MOF materials that exhibited remarkable flexibility in the solid-state. The 

first series of silver(I) coordination polymers was synthesised by recrystallisation of a MxLy 

precipitate formed upon combining dpzm and Ag(I) in methanol. Different metal-to-ligand 

ratios were observed according to the type of anion used, and recrystallisation of the initial 

precipitate by slow vapour diffusion (DCM/DMSO) yielded crystals of various coordination 

polymers which possessed either 1-D, 2-D, or 3-D structures. These assemblies were close-

packed, and their relatively small channels were occupied by anion guests. The 

dimensionality of the coordination polymers investigated was related to the coordination 
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strength of the counter-ions employed. A 1-D coordination polymer was formed with NO3
−
, 

while a 2-D coordination polymer formed with the weaker coordinating OTf
− 

anion. On the 

other hand, non-coordinating anions such as ClO4
−
, PF6

−
, BF4

−
, and SbF6

−
 all favoured 3-D 

close-packed coordination polymers. Interestingly, three and four-coordinate silver(I) centres 

were observed in the 1-D and 2-D structures, while the 3-D assemblies possessed a 

combination of five and six-coordinate silver(I) centres, showcasing the flexible coordination 

number of silver(I). Although some of the close-packed coordination polymers compared well 

to previously reported assemblies with pyrazine, an evident feature of dpzm was the 

geometrical restriction of the methylene hinge, which was apparent in the long Ag-N bond 

lengths, particularly in the cubic structures of 2.12 and 2.13. 

While the first set of materials were crystallised within a few days with DCM as the 

diffusing solvent, a different series of materials was obtained using EtOAc as the diffusing 

solvent. Crystallisation over a period of three weeks by slow vapour diffusion gave rise a 

series of silver(I) MOFs. These materials possessed a 3-D sodalite structure with large (~14 

Å) channels occupied by solvent molecules. These MOFs could be synthesised with ClO4
−
, 

PF6
−
, or BF4

−
 counter-ions, which, along with weakly coordinating solvent guests, were 

situated in the ‘walls’ of the structure. Interestingly, by the choice of anion, the size, stability, 

and solid-state behaviour could be tuned. The ClO4
−
 and PF6

−
 containing materials (2.16 and 

2.17) could undergo solid-state expansion and contraction induced by solvent exchange. This 

breathing behaviour was more pronounced for 2.16, although 2.17 was found to be more 

stable to solvent exchange cycles. On the other hand, the BF4
−
 containing structure (2.18) was 

not robust enough to allow monitoring of the guest-induced behaviour by single-crystal X-ray 

crystallography, making characterisation of different forms difficult. The contraction and 

expansion of the sodalite structures was attributed to solvent guest exchange in the wall 

cavities of the material, with changes occurring along the c axis. According to Kitagawa’s 

classification,
48, 49

 the 3-D sodalite MOFs described are characteristic of third generation 

materials, exhibiting reversible guest-induced solid-state transformations. Desolvation of the 

as-synthesised materials resulted in an irreversible transformation to an unknown crystalline 

phase. The solvent-exchanged forms however did not undergo this transformation, and 

desolvation was accompanied by a reduction in crystallinity. In regard to guest removal, the 

solvent-exchanged MOFs exhibit a type of second generation behaviour, while the as-

synthesised forms do not quite fit into Kitagawa’s classification, exhibiting an irreversible 

structural transformation. In addition, slow desolvation of the 2.16·xS (ClO4
−
 anion) resulted 

in a crystal-to-multiple-crystal transformation to 2.11, a phenomenon which was not observed 

for the other two analogues.  
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This work demonstrates that a ligand with a coordinatively inert ‘hinge’ spacer can be 

used to construct flexible silver(I) MOFs that display an induced fit towards guest molecules. 

Although subtle twisting and bending of the dpzm hinge was observed in the solid-state 

breathing phenomenon, the overall structural flexibility of these materials can be attributed to 

the weak Ag-N bonds and variable coordination number and geometry of silver(I). 

2.6. Experimental 

2.6.1. Synthesis of di-2-pyrazinylmethane (dpzm) 

A solution of 2-methylpyrazine (2.8) (2.31 mL, 25.2 mmol) in THF (35 mL) was added 

drop-wise to freshly prepared LDA (26.0 mmol) in THF (15 mL) at −78 °C under an 

atmosphere of argon. The resulting dark red solution was stirred for 1 h at −78 °C, and then 

cooled to −95 °C. 2-Chloropyrazine (2.6) (1.00 mL, 11.4 mmol) in THF (35 mL) was cooled 

to −78 °C and transferred via cannula to the solution of the anion. Once the addition was 

complete the dark mixture was stirred at −95 °C for 5 min. After this period, the cooling bath 

was removed and the reaction vessel was allowed to warm to room temperature, during which 

a colour change to deep purple was observed. After stirring for 15 min, water (50 mL) was 

added and the mixture was stirred for a period of 2 h during which a colour change to dark 

brown was observed. The mixture was concentrated under reduced pressure and repeatedly 

extracted with dichloromethane (5×50 mL) until the extracts were almost colourless. The 

organic extracts were combined and dried over MgSO4 and the solvent was evaporated under 

reduced pressure. The dark residue was twice extracted by adding hexane to the residue and 

refluxing for a period of 1.5 h. The extracts were combined and evaporated under reduced 

pressure, yielding an orange crystalline solid, which was sublimed under reduced pressure at 

110 – 120 °C (bath temperature) to afford dpzm as a pale yellow crystalline solid. (0.49 g, 

25%), mp: 61–63C; νmax (neat, cm
-1

) 3010, 1579, 1520, 1479, 1405; 
1
H NMR 

(300MHz/CDCl3):  8.64 (d, 2H, H3/H3ʹ), 8.52 (dd, 2H, J=2.5 Hz, H5/H5ʹ), 8.47 (d, 2H, 

J=2.5 Hz, H6/H6ʹ), 4.39 (s, 2H, CH2); 
13

C NMR (300MHz/CDCl3): δ 41.8, 143.1, 144.43, 

145.2, 154.0; Found: C 62.8, H 4.9, N 32.3, C9H8N4 requires: C 62.8, H 4.7, N 32.5.  
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2.6.2. Synthesis of silver(I) coordination polymers 

General Procedure for 2.9-2.15: 

A methanolic solution of the silver(I) salt (2 mL) was added drop-wise to a methanolic 

solution of dpzm (2 mL) resulting in an immediate precipitate. The solid was isolated under 

reduced pressure and washed with diethyl ether (10 mL). Crystals of the respective 

coordination polymers were obtained by slow vapour diffusion methods. In every case, the 

crystals were suitable for X-ray crystallography.  

{[Ag2(dpzm)(NO3)2]}n (2.9). AgNO3 (38.0 mg, 0.22 mmol) and dpzm (20.3 mg, 0.12 

mmol) were combined according to the general procedure. This afforded a white solid (47.0 

mg, 92%). Found C 25.0, H 1.7, 17.5, C18H16N11O9Ag3·¾H2O requires: C 24.9, H 2.0, N 

17.8%. Slow vapour diffusion of DCM into a solution of the white solid (13.2 mg, 0.03 

mmol) in DMSO (0.2 mL) yielded thick rod-shaped crystals which were washed with diethyl 

ether and dried in vacuo (10.1 mg, 86%); νmax (neat, cm
-1

) 1302 (s, N-O), 1380 (s, N-O), 1410 

(m, CH2), 1529 (w, C=C), 1589 (w, C=C); Found 21.4, 1.5, 16.3, C9H8N6O6Ag requires C 

21.1, H 1.6, N 16.4%.  

{[Ag(dpzm)]SO3CF3}n (2.10). AgSO3CF3 (30 mg, 0.12 mmol) and dpzm (30 mg, 0.17 

mmol) were combined according to the general procedure. The product was isolated as a 

white solid (36 mg, 72%). Found: C 28.3, H 1.9, 13.0, C10H8N4S1O3F3Ag1 requires C 28.0, H 

1.9, N 13.1%. Slow vapour diffusion DCM into a solution of the precipitate (10.5 mg, 0.02 

mmol) in DMSO (0.2 mL) yielded needle-shaped crystals (6.9 mg, 66%); νmax (neat, cm
-1

): 

1026, 1153, 1250 (s, OTf), 1409 (m, CH2), 1522 (w, C=C); Found: C 28.0, H 1.8, N 12.9, 

C10H8N4S1O3F3Ag1 requires C 28.0, H 1.9, N 13.1%.  

{[Ag(dpzm)]ClO4}n (2.11). AgClO4 (52.7 mg, 0.254 mmol) and dpzm (65.6 mg, 0.38 

mmol) were combined according to the general procedure. The product was isolated as a pale 

white solid (94.0 mg, 79%). Found C 31.0, H 2.3, N 15.9, C27H24N12Ag2Cl2O8 requires C 

30.9, H 2.3, N 16.0%. A portion of the precipitate (32.4 mg) was dissolved in 

acetonitrile/water (1:8) and the mixture was allowed to slowly evaporate until large rod-like 

crystals formed in the bottom of the vial. The crystals were washed with diethyl ether and 

dried under vacuum (15.0 mg, 57%); νmax (nujol, cm
-1

): 1074 (s, Cl-O), 1406, (s, CH2), 1519 

(w, C=C), 1594 (w, C=C); Found C 28.7, H 2.1, N 14.8, C9H8N4ClO4Ag requires: C 28.5, H 

2.1, N 14.8%.  
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{[Ag2(dpzm)3](ClO4)2}n (2.12). AgClO4 (23.0 mg, 0.11 mmol) and dpzm (29.0 mg, 0.17 

mmol) were combined according to the general procedure. The product was isolated as a 

white solid (33 mg, 64%). Slow vapour diffusion of DCM into a solution of the precipitate 

(11.5 mg, 0.02 mmol) in DMSO (0.2 mL) yielded block shaped crystals (7.9 mg, 66%); νmax 

(nujol, cm
-1

): 1091 (s, Cl-O), 1413 (m, CH2), 1523 (w, C=C), 1590 (w, C=C); Found C 34.8, 

H 2.7, N 17.3, C27H24N12Ag2Cl2O8·¼(CH2Cl2) requires: C 34.4, H 2.6, N 17.6%. 

{[Ag2(dpzm)3](PF6)2}n (2.13). AgPF6 (41.0 mg, 0.16 mmol) and dpzm (42.0 mg, 0.24 

mmol) were combined according to the general procedure. The product was isolated as a 

white solid (62 mg, 75%). Found C 31.6, H 2.4, N 16.3, C27H24N12Ag2P2F12 requires C 31.7, 

H 2.4, N 16.5%. Slow vapour diffusion of DCM into a solution of the precipitate (11.3 mg 

0.03 mmol) in DMSO (0.2 mL) yielded block shaped crystals which were washed with ether 

and dried in vacuo (7.7 mg, 68%); νmax (neat, cm
-1

): 827 (s, P-F), 1404 (m, CH2), 1523 (w, 

C=C); Found C 31.8, H 2.3, N 16.2, C27H24N12Ag2P2F12 requires C 31.7, H 2.4, N 16.5%.  

{[Ag3(dpzm)4](BF4)3}n (2.14). AgBF4 (32 mg, 0.15 mmol) and dpzm (40 mg, 0.23 mmol) 

were combined according to the general procedure. The product was isolated as a white solid 

(51 mg, 76%). Found: C 32.9, H 2.5, 16.9, C36H32N16Ag3B3F12·2(H2O) requires C 33.0, H 2.8, 

N 17.1%. Slow vapour diffusion of DCM into a solution of the precipitate (11.6 mg, 0.03 

mmol) in acetonitrile (0.2 mL) gave block shaped crystals (10.2 mg, 89%); νmax (neat, cm
-1

): 

1026 (s, B-F), 1407 (m, CH2), 1523 (w, C=C); Found: C 32.5, H 2.7, N 15.8, 

C45H40N20Ag4B4F16·(CH2Cl2) requires: C 32.0, H 2.5, N 16.2%.  

{[Ag3(dpzm)4](SbF6)3}n (2.15). AgSbF6 (46 mg, 0.13 mmol) and dpzm (35 mg, 0.20 

mmol) were combined according to the general procedure. The product was isolated as a 

white solid (58 mg, 78%). Found: C 25.4, H 1.9, N 13.0, C36H32N16F18Ag3Sb3 requires: C 

25.2, H 1.9, N 13.0%. Slow vapour diffusion of DCM into a solution of the precipitate (16.4 

mg, 0.03 mmol) in DMSO yielded block shaped crystals (12.6 mg, 77%); νmax (neat, cm
-1

): 

651 (s, Sb-F), 1402 (m, CH2), 1525 (w, C=C); Found: C 25.4, H 1.8, 12.9, 

C36H32N16F18Ag3Sb3 requires: C 25.2, H 1.9, N 13.0%.  

{[Ag(dpzm)DMSO]ClO4}n (2.16·xS). In a typical experiment, dpzm (61.3 mg, 0.36 

mmol) was combined with the AgClO4 (74.0 g, 0.36 mmol) and dissolved in DMSO (1 mL). 

This mixture was divided evenly between five separate vials. Slow vapour diffusion of EtOAc 

into the DMSO solution gave large colourless to pale yellow block-shaped crystals after 3 

weeks. The crystals were isolated and dried at room temperature (23 mg, 66% per vial – 

calculated from analysis); νmax (nujol, cm
-1

): 1048 (s, S=O), 1094 (s, Cl-O), 1407, (s, CH2), 

1520 (w, C=C), 1594 (w, C=C), 1747 (s, C=O); Found: C 28.7, H 3.2, N 11.6; 
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C9H8N4AgClO4·1.2(C2H6SO) requires: C 28.9, H 3.2 N 11.8%; 
1
H NMR (300 MHz/CD3CN): 

δ 1.20 (t, 3H, CH3), 1.97 (s, 3H, CH3), 2.50 (s, 3H, CH3) 4.06 (q, 2H, CH2), 4.36 (s, 2H, CH2), 

8.49 (dd, 2H, H5/H5ʹ), 8.53 (d, 2H, H6/H6ʹ), 8.73 (d, 2H, H3/H3ʹ), formula, based on 
1
H 

NMR spectroscopy: [Ag(dpzm)]ClO4·1.1(DMSO)·0.9(EtOAc). 

Spectral data of 2.16·xCH2Cl2 and 2.16·x(CH3)2CO 

2.16·xCH2Cl2: 
1
H NMR (300 MHz/CD3CN): δ 4.35 (s, 2H, CH2), 5.45 (s, 2H, CH2), 8.48 

(dd, 2H, H5/H5ʹ), 8.51 (d, 2H, H6/H6ʹ), 8.71 (d, 2H, H3/H3ʹ), formula, based on 
1
H NMR 

spectroscopy: [Ag(dpzm)]ClO4·1.2(CH2Cl2); νmax (nujol, cm
-1

): 733(s, C-Cl), 1091 (s, Cl-O), 

1269 (w, C-H), 1408 (s, CH2), 1521 (w, C=C), 1596 (w, C=C). 

2.16·x(CH3)2CO: 
1
H NMR (300 MHz/CD3CN): δ 2.09 (s, 3H, CH3), δ 4.36 (s, 2H, CH2), 

8.48 (dd, 2H, H5/H5ʹ), 8.52 (d, 2H, H6/H6ʹ), 8.71 (d, 2H, H3/H3ʹ), formula, based on 
1
H 

NMR spectroscopy: [Ag(dpzm)]ClO4·1.4(CH3)2CO; νmax (nujol, cm
-1

): 1092 (s, Cl-O), 1522 

(w, C=C), 1408 (s, CH2), 1596 (w, C=C), 1707 (C=O). 

The 
1
H NMR spectra of the following cycles were essentially unchanged (Appendix 2, 

Figure A2.1.), giving the formulae [Ag(dpzm)]ClO4·1.3(CH2Cl2) and 

[Ag(dpzm)]ClO4·1.5(CH3)2CO respectively.  

{[Ag(dpzm)DMSO]PF6}n (2.17·xS). In a typical experiment, dpzm (47.7 mg, 0.28 

mmol) was combined with the AgPF6 (70.0 mg, 0.28 mmol) and dissolved in DMSO (1 mL). 

This mixture was divided evenly between four separate vials. Slow vapour diffusion of 

EtOAc into the DMSO solution gave large colourless to pale yellow block-shaped crystals 

after 3 weeks. The crystals were allowed to dry at room temperature (23 mg, 66% per vial – 

calculated from analysis); νmax (nujol, cm
-1

): 836 (s, P-F), 1067 (s, S=O), 1409 (s, CH2), 1523 

(w, C=C), 1595 (w, C=C), 1746 (s, C=O); Found C 25.8, H 2.6, N 11.2, 

C9H8N4AgPF6·(C2H6SO) requires: C 26.25, H 2.8, N 11.1%; 
1
H NMR (300 MHz/CD3CN): δ 

1.20 (t, 3H, CH3), 1.97 (s, 3H, CH3), 2.50 (s, 3H, CH3) 4.06 (q, 2H, CH2), 4.36 (s, 2H, CH2), 

8.48 (dd, 2H, H5/H5ʹ), 8.52 (d, 2H, H6/H6ʹ), 8.71 (d, 2H, H3/H3ʹ), formula, based on 
1
H 

NMR spectroscopy: [Ag(dpzm)]PF6·1.0(DMSO)·0.9(EtOAc). 

Spectral data of 2.17·xCH2Cl2, 2.17·x(CH3)2CO,
 
and 2.17·xC7H8 

2.17·xCH2Cl2: 
1
H NMR (300 MHz/CD3CN): δ 4.35 (s, 2H, CH2), 5.45 (s, 2H, CH2), 8.48 

(dd, 2H, H5/H5ʹ), 8.51 (d, 2H, H6/H6ʹ), 8.70 (d, 2H, H3/H3ʹ), formula, based on 
1
H NMR 

spectroscopy: [Ag(dpzm)]PF6·1.7(CH2Cl2); νmax (nujol, cm
-1

): 736 (m, C-Cl), 843 (s, P-F), 

1070 (w, C-H), 1157 (w, C-H), 1418 (s, CH2), 1522 (w, C=C), 1621 (w, C=C). 
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2.17·xC7H8: 
1
H NMR (300 MHz/CD3CN): δ 2.33 (s, CH3), 4.35 (s, 2H, CH2), 7.12-7.28 

(m, 5H, CH), 8.48 (s, 4H, H5/H5ʹ, H6/H6ʹ), 8.66 (s, 2H, H3/H3ʹ), formula, based on 
1
H NMR 

spectroscopy: [Ag(dpzm)]PF6·1.9(C7H8); νmax (nujol, cm
-1

): 869 (s, P-F), 1423 (s, CH2), 1522 

(w, C=C), 1602 (w, C=C). 

2.17·x(CH3)2CO: 
1
H NMR (300 MHz/CD3CN): δ 2.16 (s, 3H, CH3), 4.35 (s, 2H, CH2), 

8.48 (dd, 2H, H5/H5ʹ), 8.52 (d, 2H, H6/H6ʹ), 8.72 (d, 2H, H3/H3ʹ), formula, based on 
1
H 

NMR spectroscopy: [Ag(dpzm)]PF6·2.1((CH3)2CO). νmax (nujol, cm
-1

): 731 (s, C-Cl), 843 (s, 

P-F), 1271 (w, C-H), 1410 (s, CH2), 1523 (w, C=C), 1712 (s, C=O). 

The 
1
H NMR spectra of following cycles with toluene and DCM were essentially 

unchanged (Appendix 2, Figure A2.4), giving the formulae [Ag(dpzm)]ClO4·1.5(CH2Cl2) 

and [Ag(dpzm)]ClO4·1.8(C7H8) respectively.  

{[Ag(dpzm)DMSO]BF4}n (2.18). In a typical experiment, dpzm (61 mg, 0.35 mmol) was 

combined with AgBF4 (69 mg, 0.35 mmol) in DMSO (1 mL). This mixture was divided 

evenly between five separate vials. Slow vapour diffusion of EtOAc into the DMSO solution 

gave large colourless to pale yellow block-shaped crystals after 3 weeks. The crystals were 

allowed to dry at room temperature (28 mg, 89% per vial – calculated from analysis); νmax 

(nujol, cm
-1

): 1050 (s, S=O, B-F), 1410, (s, CH2), 1522 (w, C=C), 1596 (w, C=C), 1746 (s, 

C=O); Found C 29.34, H 3.1, N 12.5, C9H8N4AgBF4·(C2H6SO) requires: C 29.7, H 3.2, N 

12.6; 
1
H NMR (300 MHz/CD3CN): δ 1.20 (t, 3H, CH3), 1.97 (s, 3H, CH3), 2.50 (s, 3H, CH3) 

4.05 (q, 2H, CH2), 4.35 (s, 2H, CH2), 8.48 (dd, 2H, H5/H5ʹ), 8.52 (d, 2H, H6/H6ʹ), 8.72 (d, 

2H, H3/H3’), formula based on 
1
H NMR spectroscopy: 

[Ag(dpzm)]BF4·1.0(DMSO)·1.0(EtOAc). 

Caution! Whilst no problems were encountered in the course of this work, perchlorate 

salts are strong oxidising agents and are potentially explosive. They should be handled on a 

small scale with appropriate care. 
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Chapter 3 

3. Flexible Metal-Organic Frameworks for Gas Separation 

3.1. Introduction 

The interesting solid-state flexibility of the silver(I) MOFs described in Chapter 2 

compelled us to expand this family of porous materials. One goal of this work, however, was 

to access materials with permanent porosity for the purpose of gas storage and separation. 

Permanent porosity was uncharacteristic of the silver(I) MOFs and thus attention shifted away 

from materials composed of comparatively weak Ag-N bonds and towards other transition 

metals capable of forming stronger metal-ligand bonds. In addition, the synthesis of a new 

methylene-hinged ligand incorporating anionic donors was targeted in order to access more 

chemically and thermally robust frameworks.  

3.1.1. Metal-organic frameworks for CO2 capture and separation 

In recent years, MOFs have shown tremendous potential for selective capture of CO2.
1, 2

 

As a result, experimental
1, 3

 and theoretical studies
4, 5

 concerning the CO2 separation 

capabilities of MOFs in pre-and post-combustion flue gas streams have been undertaken. A 

typical flue-stream gas composition includes 75% N2, 15% CO2, 5% H2O and 3% O2,
1
 

therefore the need for adsorbents that possess a high selectivity for CO2 over other gases is 

paramount. Currently, the state-of-the-art adsorbents most commonly employed in CO2 

sequestration are aqueous alkanolamine solutions, which capture CO2 based on a 

chemisorptive mechanism.
6
 Alkanolamine adsorbents, however, involve a high cost of 

regeneration as they typically exhibit enthalpies of adsorption in the range of -50 to -100 

kJ/mol.
7
 Shifting the focus from energy intensive alkanolamine absorbents to physisorptive 

materials is expected to provide a cost effective alternative.
8
 The separation performance

9-11
 

and physisorption capacity
12, 13

 of MOF materials have therefore been areas of intense study.  

The gas separation performance of many MOFs relies upon the high polarisability and 

quadrapole moment of CO2 compared to N2. As a result, extensive research has been 

undertaken to increase the polarity of the pore structure of MOFs in order to achieve a 

stronger and more selective adsorptive interaction with CO2.
1
 Successful strategies that have 

been employed include generation of exposed metal sites within the framework
13-16

 and 

implementation of Lewis basic sites through ligand design.
17-19

 Modification of the pore 

architecture of MOFs has also been achieved though post-synthetic approaches. For example, 
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ligand substitutions (ligand exchange)
20

 and modifications
21, 22

 have been carried out on 

existing MOF structures to access different functionality. Furthermore, impregnation of metal 

ions
23, 24

 or coordination of alkyl amines to unsaturated metal centres
25-27

 as methods of pore 

surface enhancement have also been areas of interest. Although these approaches have led to 

MOF materials with promising performance characteristics, their underlying mechanism 

relies on thermodynamic separation, which is related to the affinity of the pore surface for 

CO2. This often translates to high enthalpies of adsorption for CO2 and thus a high energy cost 

of regeneration. For example, MOFs post-synthetically functionalised with alkyl amines have 

shown enthalpies of adsorption as high as -96 kJ/mol.
26, 28

 A balance between enthalpy of 

adsorption, selectivity, and adsorption capacity must therefore be considered in order for 

MOFs to present a cost efficient choice over alkanolamine absorbents.
1, 3

  

To date, the MOF materials most efficient in CO2 separation are those containing a 

relatively polar surface with pore diameters tuned for the kinetic separation of CO2 from N2. 

Kinetic separation in this context relies on separating CO2 from N2 based on their kinetic 

diameters (CO2 = 3.30 Å, N2 = 3.68 Å). Commonly, MOFs with pore diameter close to 4 Å 

allow the efficient diffusion of CO2 whilst being essentially non-porous to N2.
9, 10, 29

 

Designing MOFs with specific pore-diameters can be difficult, particularly where the ligand 

of interest is novel; however using flexible linkers or MOF architectures known to possess a 

degree of elasticity has been advantageous in achieving this goal.
18, 29-31

 

3.1.2. Framework dynamicity of 2-D MOF materials 

One prominent class of structurally flexible MOFs that have been extensively studied for 

their dynamic porosity is that of 2-D layered structures.
32-34

 According to Kitawaga, many of 

these materials represent third generation micro-porous MOFs, exhibiting guest-induced 

recoverable collapse, reversible transformations, and reversible reformations.
35

 The 

dynamicity of these materials originates from the weak inter-layer interactions; most 

commonly π-π stacking
36, 37

 or hydrogen bonding.
38, 39

 In consideration of their structures, 2-D 

MOFs can be sub-divided into materials that contain either mutually eclipsed or staggered 

layers (Figure 3.1). The former are characteristic of high surface areas and are perhaps more 

desirable for gas storage, while the latter often display dynamic ‘gating’ upon gas 

adsorption.
32

 This ’gating’, or ‘opening’ of the structure is often triggered by 

adsorption/desorption of molecules that have a specific affinity for the framework, or are 

small enough to enter the pores and induce a structural change upon pore-filling. In 2-D 

MOFs, gating is usually manifested as inter-layer sliding
39

 or adsorption of molecules 

between the layers of the framework.
40-42

 In some cases, adsorption of molecules leads to 
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switching from a staggered to an eclipsed conformation.
43

 Gating materials have been studied 

in the context of gas separation, as the structural changes associated with gating are dependent 

upon the pressure of adsorption and nature of the adsorbate.
44, 45

 Although this phenomenon is 

fundamentally interesting, studies investigating the impact of gating on the separation 

performance of these materials in a mixed gas stream have not yet been carried out. It is 

expected that once the structure is ‘opened’, diffusion of a mixture of gas molecules will be 

permitted, thus diminishing the separation capability of the material.  

Not all 2-D materials, however, exhibit framework dynamicity; in some cases the inter-

layer interactions are strong enough to permanently hold the 2-D sheets in position. This can 

be advantageous – the separation capability of some rigid 2-D MOFs arises from the small 

pore apertures generated by a staggered arrangement.
46

 

 

Figure 3.1. Two commonly observed structural conformations of 2-D MOF materials. 

One challenge involved in the characterisation of 2-D MOFs is that the relative 

conformation of the 2-D layers is rarely preserved upon dynamic exchange or removal of 

pore-bound guests. Unless associated structural changes occur via a SC-SC process, the 

nature of solvent exchanged or desolvated forms is difficult to ascertain. In addition, 2-D 

MOF materials are notorious for suffering loss of crystallinity
47

 or becoming completely 

amorphous upon desolvation.
38, 48

 This class of materials therefore commonly requires a 

combination of analytical solid-state techniques to adequately understand their guest-induced 

behaviour. Nevertheless, the soft nature of 2-D MOFs has sparked interest in utilising their 

unique properties for applications that are not easily accessed by rigid materials.
49

 

3.1.3. Design of a new methylene-hinged ligand 

In the pursuit of synthesising more chemically robust and scalable MOF materials than 

those studied in Chapter 2, a development in ligand design was required. As discussed in 

Chapter 2, the susceptibility of dpzm to undergo oxidation was a drawback, which limited the 

study of this ligand (Chart 3.1a) to silver(I) materials. Although dpzm could be prepared in 

one step from commercially available precursors, the purification proved time-consuming and 
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the overall synthesis was low-yielding. Obtaining large quantities of dpzm for study was 

therefore a challenge.  

In consideration of different ligand architectures, derivatives of di-2-pyridylmethane 

(dpm) were avoided, as the synthesis and stability of these compounds suffer from similar 

drawbacks.
50

 In addition, there exist no examples of bridging ligands based on dpm where the 

bridging donors are substituents in the 4-position (Chart 3.1b). Attention therefore shifted 

towards the design and synthesis of a more stable and readily accessible ligand. In keeping 

with the theme of this thesis, the target ligand would possess both a methylene hinge and the 

capability to chelate to transition metals via a six-membered chelate ring. 

A more synthetically accessible and chemically stable precursor for the design of such a 

ligand is di-2-(1H-pyrazolyl)methane (dpym) (Chart 3.1c). In contrast to dpzm and dpm, the 

methylene hinge of dpym is chemically inert, owing to its lack of resonance charge 

stabilisation. Dpym has been widely investigated as a chelating ligand,
51

 both in metallo-

supramolecular chemistry
52-54

 and organometallic chemistry.
55-57

 There is however only one 

example of a symmetrical bridging ligand derived from this compound; Du and co-workers 

reported several MOFs composed of bis(3,5-dimethyl-4-(pyridin-4-yl)-1H-pyrazol-1-

yl)methane (Chart 3.1d) and various transition metals in two separate studies.
 58, 59

 Aside from 

this work, the coordination chemistry of symmetrical bis-pyrazolylmethane bridging ligands 

is an area yet to be explored. It was therefore proposed that a ligand derived from dpym 

which contains carboxylate bridging donors would provide a novel and interesting ligand for 

MOF synthesis, fulfilling the design criteria (Chart 3.1e). 

 

Chart 3.1 
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3.1.4. Scope of chapter 

This chapter describes the synthesis of two new C2 symmetric methylene-hinged ligands 

that incorporate di-pyrazolylmethane and carboxyphenyl moieties. The main focus of this 

chapter is on the synthesis and characterisation of structurally flexible MOF materials 

composed of Cu(II) or Cu(I) and ligands 3.3 or 3.4 (Scheme 3.1). Herein, four MOF materials 

are described and their synthesis, structure and properties are discussed. Apart from one 

example, the relevant materials under investigation are 2-D frameworks that display varying 

degrees of structural flexibility. Their solid-state behaviour was investigated by X-ray 

crystallography and X-ray powder diffraction methods, while gas adsorption measurements 

were carried out to analyse their porosity and to provide insight into their CO2/N2 separation 

performance. The MOF materials investigated in this chapter are presented individually. The 

conclusion of this chapter provides a comparison and summary of their properties. 

 

Scheme 3.1. i) DMF/EtOH/H2O/HNO3, 85 °C, 16 h; ii) DMF/EtOH/HNO3, 85 °C 16 h; 

iii) DMF/EtOH/H2O/HCl, 85 °C, 16 h, 25 °C 1 week. 

3.2. Synthesis of Ligands 

3.2.1. Synthesis of bis(4-(4-carboxyphenyl)-1H-pyrazolyl)methane (3.3) and bis(4-(4-

carboxyphenyl)-3,5-dimethyl-1H-pyrazolyl)methane (3.4). 

The synthesis of dpym was carried out according to those conditions set out by Potapov, 

and involved reacting pyrazole with dibromomethane under basic conditions.
60

 Iodination of 

dpym, also carried out according to a procedure described by Potapov and co-workers,
61

 

afforded compound 3.1 in 90% yield. With this compound in hand, conditions for a Suzuki 

coupling were devised by surveying appropriate literature.
62-64

 The Suzuki coupling of 3.1 and 
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4-carboxyphenyl boronic acid afforded bis(4-(4-carboxyphenyl)-1H-pyrazolyl)methane (3.3) 

in 69% yield. This sequence of reactions was also carried out with 3,5-dimethyl-1H-pyrazole 

to yield the tetra-methyl analogue, bis(4-(4-carboxyphenyl)-3,5-dimethyl-1H-

pyrazolyl)methane (3.4) in 76% yield (Scheme 3.2). The structure and purity of compounds 

3.3 and 3.4 were confirmed by NMR spectroscopy and elemental analysis. Unlike dpzm, both 

compounds were found to be highly stable to air, water and heat. Importantly, these 

compounds could be readily prepared on a multi-gram scale. 

 

Scheme 3.2. i) KOH, CH2Br2, DMSO, dpym: 86%, dmdpym: 83%; ii) HIO3, I2, 3.1: 90%, 

3.2: 89%; iii) Pd(PPh3)4, K2CO3, DMF, 3.3: 69%, 3.4: 76%. 

3.3. Synthesis and Study of {[Cu(3.3)H2O]}n (3.5) 

3.3.1. Synthesis of 3.5·xS 

Initially, solvothermal reaction conditions involving mixtures of Cu(NO3)2·2.5H2O and 

ligand 3.3 in DMF were investigated. Heating the reaction mixture at temperatures of 65 – 

100 °C yielded large amounts of poorly crystalline material. In a survey of existing literature, 

a report by Lin and colleagues described a series of isoreticular Cu(II) MOFs which were 

formed as large single crystals. Their conditions for MOF synthesis involved heating 

Cu(NO3)2 and respective ligands in a mixture of DMF/H2O/HNO3 at 85 °C.
65

 Reaction of 3.3 

with Cu(NO3)2·2.5H2O under these adapted conditions gave a homogenous crystalline sample 

in the form of blue crystals of MOF 3.5·xS (xS = as-synthesised) after 16 h (Scheme 3.1). It 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 83 

 

 

was essential to include at least 25% water in the synthesis of 3.5·xS to prevent the formation 

of another crystalline material. At the time, the structure of this unknown material could not 

be determined by X-ray crystallography due to the small size and non-singularity of the 

crystals. Although 3.5·xS could also be prepared in DMF with added water, addition of EtOH 

and HNO3 (70%, 2 drops) to the solvothermal reaction resulted in the formation of large and 

block-shaped blue crystals suitable for single-crystal X-ray crystallography. 

3.3.2. Structure of 3.5·xS 

3.5·xS crystallises in the orthorhombic space group Pnma, with half a molecule of 3.3, 

half a copper(II) atom, and half a water molecule in the asymmetric unit. The square 

pyramidal copper(II) centre (τ = 0) is coordinated by one chelating di-pyrazolylmethane unit, 

two monodentate carboxylate donors from two separate molecules of 3.3, and a single water 

ligand. This gives rise to a charge balanced 2-D framework with a puckered 4
4
 net (Figure 

3.2a) composed of chelating di-pyrazolyl moieties that bridge to adjacent copper atoms via 

the monodentante phenyl-carboxylate donors. An important feature of 3.5·xS is the eclipsed 

arrangement of the 2-D layers that gives rise to 1-D diamond-shaped channels along the a 

axis which span ~15×19 Å (Cu···Cu). While the structure has solvent accessible voids along 

the a axis (Figure 3.2a), the b and c axes of 3.5·xS are essentially close-packed (Figure 3.2b 

and c).  

The well-ordered water ligand is situated directly between the 2-D layers, with a Cu-O 

bond length of 2.301(3) Å and an O···Cu distance of 2.87 Å to the adjacent layer. While the 

former length is well within the normal range for a Cu-O bond,
66

 the latter distance is too long 

for the geometry of the Cu(II) centre to be considered octahedral. The hydrogen atoms of this 

water ligand were successfully located in the difference map, and clearly point towards the 

carbonyl oxygen atoms from an adjacent layer (Figure 3.2c). The average H···O distance is 

2.03 Å
b
 (O-H···O angle = 158°) which is within the range of a moderate hydrogen bond.

67
 

The eclipsed arrangement of the 2-D layers and formation of the 1-D channels is therefore 

supported by strong interlayer hydrogen bonding and the puckered arrangement of the layers. 

As a result of this interlayer hydrogen bonding, and the flexible chelating unit directly 

employed around the singular metal node, a degree of flexibility was anticipated for the MOF 

structure. 

                                                 
b
 Due to disorder of the phenyl-carboxylate moiety (modelled over two positions), the distance and angle of 

the hydrogen bond is given as an average of two values (2.00 and 2.06 Å, 162.9 and 153.1° respectively). 
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Figure 3.2. a) A view of the 1-D channels of 3.5·xS along the a axis. b) A view along the 

b axis; c) a view along the c axis. Hydrogen atoms of 3.3 removed for clarity. (d) A view of 

the square pyramidal copper(II) centre of 3.5·xS. Hydrogen bonds are shown by the red dotted 

lines. Selected bond lengths [Å] and angles [°]: Cu1-N1 2.013(2), Cu1-O28 1.9540(16), Cu1-

O1 2.302(3), N2-C1- 2ʹ 108.7(3), N1-Cu1- 1ʹ 87.72(12). 

3.3.3. Characterisation of 3.5 

Thermal gravimetric analysis (TGA) of 3.5·xS showed a 28% weight loss due to solvent 

trapped in the pores. The material appeared to be thermally stable up to 285 °C, after which a 

steep drop in weight indicated structural decomposition (Figure 3.3). Heating an acetone-

exchanged form (3.5·x(CH3)2CO) at 120 °C under high vacuum for 3 h yielded the activated 

sample, denoted as 3.5-ac (Scheme 3.3). During the activation procedure a distinct colour 

change from blue to green was observed in the crystalline material. Complete desolvation was 

confirmed by TGA and 
1
H NMR analysis of digested MOF samples, which showed minimal 

weight loss and absence of solvent-derived chemical shifts respectively. In addition, both 
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3.5·xS and 3.5-ac showed a very strong C-O stretch at 1375 and 1377 cm
-1

 respectively, 

suggesting that the monodentate coordination from the carboxylate donors of 3.3 is preserved 

after activation of the material. Combustion analysis of 3.5-ac was consistent with the 

formula obtained from the crystal structure of 3.5·xS (C21H16N4O5Cu)
c
. Based on this result, 

the yield of the material was calculated to be 82% (Scheme 3.3). 

 

Scheme 3.3. i) DMF/H2O/EtOH, 70% HNO3, 85 °C, 16h; ii) 120 °C, 3h, 10
-6

 Torr, 82%. 

While conditions had been established to activate 3.5·xS, an initial loss of 2.2% in the 

TGA trace of 3.5-ac (Figure 3.3) indicated that the material was prone to adsorption of 

moisture during analysis. This also pointed towards potential inaccuracies in the elemental 

analysis, as sample preparation was carried out under ambient conditions. It was imperative to 

determine whether the coordinated water molecule is retained during activation as this would 

significantly affect the understanding of the structure and properties of this material. 

Therefore, prior to repeating the analysis, the material was pre-heated to 100 °C. The second 

elemental analysis of 3.5-ac was consistent with the first, confirming retention of the 

coordinated water molecule in the activated material.  

                                                 
c
 In the refinement process, SQUEEZE was applied to the structure of 3.5·xS and thus the formula does not 

include solvent atoms. 
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Figure 3.3. TGA trace of a) 3.5·xS and b) 3.5-ac. The % weight loss is indicated for each 

trace. 

The purity of 3.5·xS was further confirmed by PXRD which revealed a good 

correspondence with the simulated pattern obtained from the X-ray crystal structure. The 

PXRD pattern of 3.5-ac however revealed an evident shift in the 2θ angle of the low angle 

peaks and diminished crystallinity (Figure 3.4). This made it difficult to obtain specific 

structural information from the PXRD pattern of the activated material. Nevertheless, the shift 

in 2θ angle of the low angle peaks indicates that the material has undergone a notable 

structural change to give the activated form. 
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Figure 3.4. Powder pattern overlay of 3.5 (Cu Kα = 1.5418 Å): a) simulated pattern of 

3.5·xS. b) 3.5·xS; c) 3.5-ac. 

3.3.4. Guest-induced flexibility of 3.5 

The activated sample, 3.5-ac, did not retain single crystallinity. As such, X-ray 

crystallography could not be used to elucidate the structure of this form. In order to 

investigate the guest-induced structural flexibility of 3.5, crystallographic studies were 

undertaken on a series of solvent-exchanged samples (Scheme 3.4). After exchange with 

various solvents, the crystals of 3.5 remained suitable for X-ray crystallography allowing for 

structural characterisation. 

 The solid-state structure of an acetone-exchanged sample, 3.5·x(CH3)2CO, revealed a 

lengthening of the a axis (inter-layer distance), shortening of the b axis, and lengthening of 

the c axis, relative to 3.5·xS. Similar changes to the b and c axis were observed for the water 

and ethanol-exchanged samples (3.5·xH2O and 3.5·xC2H5OH respectively), although in these 

instances, a reduction in length of the a axis was observed (Table 3.1). The most noticeable 

structural changes in all these solvent exchanged samples relate to the b and c axes; a change 

resembling a trellis-type movement and an overall structural contraction as indicated by the 

cell volume. This indicates that the MOF is indeed flexible and responds structurally to guest 

exchange along all three axes (Figure 3.5a). Interestingly, an even more severe change was 

observed when 3.5·xC2H5OH was heated to 85 °C (1 h), yielding a partially desolvated 

sample, 3.5-heated (Figure 3.5c). This form has a significantly reduced cell volume, due to a 

prominent trellis-like contraction involving shortening of the c axis and lengthening of the b 
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axis. In addition, a considerable contraction of the a axis also occurred, from 9.66 Å to 8.80 Å 

(Table 3.1), resulting in a shorter interlayer distance. 

 

Scheme 3.4 

Table 3.1. Crystallographic parameters of the solvent exchanged forms of 3.5. 

Form a (Å) b (Å) c (Å) Volume (Å
3
) 

3.5·xS 9.9995 19.2590 15.4339 2955.13 

3.5·x(CH3)2CO 10.2536 19.8774 14.8763 3032.01 

CIS
a
 0.2541 0.6184 -0.5576 76.88 

3.5·xH2O 9.4000 19.5102 14.7022 2696.32 

CIS -0.5995 0.2512 -0.7317 -258.81 

3.5·xC2H5OH 9.6611 20.3319 13.6276 2676.85 

CIS -0.3384 1.0729 -1.8063 -278.28 

3.5-heated 8.8000 20.7340 13.1100 2392.04 

CIS -1.1995 1.4750 -2.3239 -563.09 

a
CIS = Change in structure relative to 3.5·xS. 
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Figure 3.5. a) A plot of the crystallographic parameters of the solvent exchanged samples 

of 3.5; b) a space filling-representation of 3.5·xS viewed along the a axis; c) a space-filling 

representation of 3.5-heated viewed along the a axis. 

It is important to consider the implications of the closer interlayer distance in 3.5-heated 

(Table 3.1); the transformation of 3.5·xS to 3.5-heated occurs with a change in the 

coordination environment of the copper(II) centre from five-coordinate to a Jahn-Teller 

distorted octahedral geometry (Figure 3.6). As a consequence, the water ligand bridges the 2-

D layers (Cu1-O1 = 2.265(13) Å, O1-Cu1 = 2.40(2) Å) to form a 3-D structure that is 

reinforced by noticeably shorter and stronger hydrogen bonds (between the bridging water 

ligand and a carboxylate in the adjacent layer). The hydrogen bonds in 3.5-heated are 

shortened by ~0.3 Å relative to 3.5·xS giving an O-H···O distance of 1.73 Å (angle = 143°). 

Interestingly, the angle of the methylene hinge of 3.3 in 3.5-heated (94.2°) is considerably 

smaller in comparison to 3.5·xS (107.5°), indicating that the flexibility of the hinge can 

tolerate such a structural change. 
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Figure 3.6. The coordination environment of the copper(II) centre of a) 3.5·xS; b) 3.5-

heated. Red dotted lines denote hydrogen bonds. 

It was observed that the important Miller indices (011 and 020) of the simulated PXRD 

pattern of 3.5-heated match closely to that of 3.5-ac (Figure 3.7), indicating that 3.5-heated is 

a good structural model for the activated structure. It is important to note that peak broadening 

and diminished crystallinity is common for 2-D layered MOF materials and can result from 

shifts in the interlayer packing
32, 35

 which, in this case, may be attributed to the 2-D to 3-D 

transformation. The significant disorder and resulting poor diffraction observed for 3.5-heated 

(R1 = 19.4%, wR2 = 49.5%) is consistent with this. 

 

Figure 3.7. A comparison of the PXRD patterns (Cu Kα = 1.5418 Å) of a) 3.5-heated 

(simulated) and b) 3.5-ac. The important Miller indices (hkl = 011, 020) are shown. 
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As mentioned above, one goal of this work was to investigate MOF materials for gas 

separation. In consideration of this, attention was given to the important structural parameters 

of 3.5-heated. The structural changes of the b and c axis that gave the form 3.5-heated result 

in an evident narrowing of the pore aperture dimensions. The solvent-accessible pore surface 

was calculated using Materials Studio Package
d
 which revealed an evident reduction of the 

pore diameter (Figure 3.8a and b). Calculations on an energy-minimized form of 3.5-heated 

revealed that the material possesses a limiting pore diameter of 3.6 Å (pore size maxima of 

4.5 Å). This is a significant reduction from 3.5·xS, which has a limiting pore size diameter of 

6.7 Å.
e
 In the context of gas separation, 3.5-heated possesses pore diameters perfectly suited 

for CO2/N2 separation based on their respective kinetic diameters. 

 

Figure 3.8. a) The structure of 3.5·xS showing the solvent accessible pore surface with a 

3.3 Å probe; b) the structure of 3.5-heated showing the solvent accessible pore surface with a 

3.3 Å probe. 

To obtain further insight into the contraction process of 3.5, variable-temperature powder 

X-ray diffraction (VT PXRD) experiments were performed on both 3.5·xS and 

3.5·x(CH3)2CO, collecting data sets at 10 °C intervals. At first glance, a gradual shift of 

particular low angle peaks for 3.5·xS was observed upon heating, while 3.5·x(CH3)2CO 

showed an abrupt change above 40 °C. Indeed, after indexing the data sets it was evident that 

for 3.5·xS, the elongation and contraction of the b and c axis, respectively, occurred gradually 

across the entire temperature range. This is consistent with high-boiling-point solvent 

molecules being trapped in the pores upon contraction and being slowly released upon 

heating. Conversely, for 3.5·x(CH3)2CO, the same change of the cell parameters was 

                                                 
d
 The accessible void surface is determined based on a probe diameter of 3.3 Å which is equal to the kinetic 

diameter of CO2 using Atom Volumes and Surfaces tool within Materials Studio V6.0.0 from Accelrys Software 

Inc. 
e
 Energy minimisation of 3.5-heated and calculation of the pore diameter was carried out by Ravichandar 

Babarao (CSIRO Melbourne). 
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observed, however this occurred rapidly at temperatures above 40 °C, consistent with the 

volatility of the solvent guest (Figure 3.9a). Due to significant guest-induced changes in the 

framework, the data for 3.5·x(CH3)2CO could not be indexed at 50 °C. Importantly, changes 

in the b and c axis length result in an overall reduction of the cell volume (Figure 3.9b), a 

constriction of the pore diameter (as observed for 3.5-heated), and a reduction in the available 

space for gas adsorption. It is worth noting that the contraction of 3.5·x(CH3)2CO occurs to a 

greater degree than 3.5·xS, consistent with a greater degree of desolvation occurring in the 

former sample under the experimental conditions. The PXRD data was indexed for 

temperatures up to 140 °C, after which the crystallinity diminished and the activated 3-D form 

3.5-ac was obtained. At 140 °C the a axis was reduced by only ~0.33 Å indicating that at this 

point the water ligand remains coordinated to only one copper centre and the material has yet 

to undergo the 2-D-to-3-D transition. This transition takes place at temperatures above 140 °C 

under the experimental conditions (sealed capillary) and is accompanied by the associated 

reductions of long-range order. Although the b and c axes of 3.5-heated compare favourably 

with 3.5·x(CH3)2CO at 140 °C, the contraction of the a axis that has occurred in the former 

sample accounts for the difference in cell volume between these two forms (Figure 3.9b). It is 

therefore reasonable to suggest that this behaviour, along with secondary sphere effects, 

accounts for the colour change of the material observed during activation.  

 

Figure 3.9. a) The temperature dependant changes of the unit cell axes determined from 

indexing the VT PXRD data, open circles: 3.5·xS; filled circles: 3.5·x(CH3)2CO. Open and 

filled triangles represent the unit cell dimensions from the crystals structures of 3.5·xS and 

3.5-heated respectively. b) Temperature-dependant changes of the unit cell volume: open 

black circles: 3.5·xS; red circles: 3.5·x(CH3)2CO; open and filled triangles represent the cell 

volume from the crystal structures of 3.5·xS and 3.5-heated respectively. 
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3.3.5. Gas adsorption properties of 3.5-ac 

The N2 isotherm at 77 K revealed a negligible uptake and indicated that 3.5-ac is non-

porous to this adsorbate, (Appendix 3, Figure A3.1). Furthermore, no appreciable uptake of 

CO2 at 195 K was observed, confirming that the limiting pore diameter of the material is very 

close to the kinetic diameters of CO2 and N2. Nevertheless, the material was found to be 

porous to CO2 at 293 and 273 K, showing remarkably steep uptake to a maximum of 1.70 

mmol (38.12 cm
3
/g) and 1.85 mmol (41.59 cm

3
/g) respectively at 1200 mbar (Figure 3.10). At 

293 and 273 K, 3.5-ac was found to be essentially non-porous to N2, showing a maximum 

uptake of 0.099 mmol (2.22 cm
3
/g) and 0.28 mmol (6.23 cm

3
/g) at 1200 mbar, respectively. 

Interestingly, the uptake of CO2 at these temperatures is significantly greater than that 

measured at 195 K. A likely explanation is that the adsorbate molecules cannot enter the pores 

at 195 K due to large diffusion resistances, but at 293 and 273 K the additional thermal energy 

allows the molecules to overcome these resistances.
68, 69

 

 

Figure 3.10. CO2 and N2 isotherms of 3.5-ac measured at 293 K and 273 K. 

A BET (Brunauer-Emmett-Teller) surface area was calculated using the CO2 adsorption 

isotherm at 273 K according to the criteria detailed by Jagiello and colleagues.
70

 The 

calculated surface area of 155 m
2
/g compares well with the geometric surface area calculated 

for 3.5-heated of 175 m
2
/g. It is important to note that the surface area is usually calculated 

from gas adsorption isotherms measured at cryogenic temperatures; most commonly from the 

77 K N2 isotherm. In this case, the material is non-porous to N2 and CO2 at cryogenic 
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temperatures and thus requires less conventional methods of analysis. The pore size 

distribution obtained from the 273 K CO2 isotherm (Appendix 3, Figure A3.2) provides a 

limiting pore size diameter of 3.58 Å which matches favourably to that calculated from the 

single crystal structure of 3.5-heated (3.6 Å). Given the gas adsorption performance of this 

material, attention was given to obtaining an accurate enthalpy of adsorption of CO2. The 

virial method
71

 gave an initial calculated enthalpy of -36 kJ/mol, while the Clausius-

Clapeyron equation
72

 yielded a comparable enthalpy value of -34.6 kJ/mol at low coverage 

(Figure 3.11a). A Van’t Hoff plot
72

 gave the lowest initial enthalpy value, of -29.0 kJ/mol 

(Appendix 3, Figure A3.3). The moderate heat of adsorption is consistent with an absence of 

strong adsorption sites and can be rationalized by a constricted pore space facilitating 

interactions with the pore walls.  

NVT simulated annealing (Monte Carlo simulations at a constant number of particles N, 

volume V and temperature T) suggests that CO2 weakly interacts with multiple oxygen and 

hydrogen atoms that line the pore walls. In particular, the most notable interaction occurs 

between the oxygen atom of CO2 and the coordinated water molecule of the structure (Figure 

3.11b). The predicted heat of adsorption from NVT simulation was approximately -29.5 

kJ/mol, which is in excellent agreement with the value obtained from the Van’t Hoff plot.
f
 

These enthalpy values indicate a moderately strong physisorption of CO2, but remain well 

below the energy of a chemical bond (>-50 kJ/mol)
1
 which is desirable for effective CO2 

release and regeneration of the material.  

                                                 
f
 Surface area calculations and NVT simulations were performed by Dr Ravichander Babarao. Enthalpy 

calculation using the Van Hoff plot was carried out by Dr Matthew Hill (CSIRO Melbourne) 
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Figure 3.11. a) Enthalpy of adsorption of CO2 for 3.5-ac calculated using the virial 

method and the Clausius-Clapeyron equation. b) An enlarged view showing the location of 

CO2 in 3.5 identified from NVT simulated annealing. The distances between CO2 and the 

framework atoms are measured in angstroms. 

In light of the flexible nature of 3.5·xS, investigations were carried out to determine 

whether the activated material, 3.5-ac, responds structurally to gas adsorption at pressures 

relevant for post-combustion CO2 capture; i.e. whether adsorption of CO2 gas is accompanied 

by an expansion or gating of the structure. This would be undesirable – such a structural 

change would result in an increase of the pore diameter and essentially reduce the selectivity 

of this material in a mixed-gas stream. We therefore performed PXRD experiments on 3.5-ac 
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in the presence CO2.
g
 Remarkably, no change in the PXRD pattern of 3.5-ac was observed at 

1 bar of CO2 at room temperature. This indicates that that the material remains contracted, or 

in a ‘locked’ state, retaining its pore diameter upon adsorption of CO2 (Figure 3.12b). Similar 

experiments were performed by resolvating an activated sample with MeOH to determine 

whether solvent guests can re-open the material. The PXRD pattern of an activated sample 

that had been heated in a solution of MeOH at 85 °C was unchanged, indicating that the 

material remains ‘locked’, even with such forcing conditions (Figure 3.12c). The permanent 

locking of the structure can be explained by the 2-D to 3-D transformation and the increase in 

hydrogen bonding strength between the layers of the material. This is in stark contrast to the 

flexibility of the 2-D (as synthesised) form, which responds structurally to guest exchange. 

 

Figure 3.12: Powder pattern overlay of 3.5 (Cu Kα = 1.5418 Å): a) 3.5-ac; b) 3.5-ac at 1 

bar of CO2; c) A sample of 3.5-ac heated in MeOH for 24 hours at 85 °C.   

The exceptional CO2 uptake and marginal N2 uptake at 293 K prompted us to investigate 

the capacity for this material to preferentially adsorb CO2 over N2. From the single-

component isotherms, the wt% of CO2 (0.15 atm) and N2 (0.85 atm) was found to be 4.64% 

and 0.22%, respectively. This gives a selectivity, weighted for an approximate flue gas 

composition, of 117.  

The potential for a material to perform separations of a mixed gas stream can be estimated 

using ideal adsorbed solution theory (IAST). In terms of prediction, IAST gives the closest 

                                                 
g
 PXRD experiments of 3.5-ac in the presence of CO2 were carried out by Dr Matthew Hill. 
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approximation of binary gas selective adsorption performance based on data from single 

component isotherms.
73

 IAST calculations performed on 3.5 yield a selectivity for CO2/N2 

(15/85 wt% mixture) of 590 at 293 K and 1 atm.
h
 

Table 3.2 shows a comparison of the state-of-the-art MOF materials for CO2/N2 

separation. MOF 3.5 outperforms all but one of these materials, which was reported during 

the course of this work. Apart from UTSA-16, 3.5 is the only material in Table 2 that relies on 

a kinetic separation mechanism and lacks both unsaturated metal centres and notable Lewis 

basic groups. For example, the performance of MgMOF-74 arises from the high density of 

unsaturated metal centres present in the structure, while mmen-CuBTTri and PPN-6-

CH2DETA contain tethered alkyl amine groups. Although the latter two materials exhibit 

excellent separation performance, their underlying mechanism relies on chemisorption which, 

as discussed above, is associated with higher enthalpies of adsorption. The material UTSA-16 

has a relatively small pore diameter (3.3 × 5.4 Å) composed of Co(II)-citric acid clusters and 

thus a high density of exposed oxygen atoms along the walls of the pores. The best 

performing material, SIXSIF-3-Zn, contains highly polar SiF6
2−

 anions that interact 

favourably with CO2. It is important to note that although the separation capability of 3.5 is 

high, the uptake capacity of this material is moderate in comparison to high-surface-area 

materials such as MOF-74. The performance of 3.5 is no doubt related to the small pore 

apertures that the structure possesses, however the presence of the coordinated water ligand 

renders the pore surface with a degree of polarity. Notably, there has seldom been an example 

of a MOF material with H2O grafted functionality
74, 75

 that exhibits such a steep uptake of 

CO2 at low pressures. 

Table 3.2. Comparison of IAST calculated adsorption capacity and selectivity for 15/85 

wt % CO2/N2 mixture in different porous materials. 

Materials CO2 loading 

(mmol/g)
b 

N2 loading 

(mmol/g)
b 

Sads
c
 

 

Initial enthalpy 

of adsorption 

Qst (kJ/mol) 

Reference 

3.5
 1.04

a 
0.010

a 
590

a
 29 This work 

MgMOF-74 6.20 0.193 182
b 

39-47 Ref 14 

mmen-CuBTTri 2.22 0.038 329
b 

96 Ref 26 

PPN-6-CH2DETA 3.04 0.039 442
b 

52 Ref 27 

UTSA-16 2.37 0.043 315
b
 33 Ref 9 

SIXSIF-3-Zn   1818
d 

45 Ref 11 
a.
 Data collected at 293 K. 

b.
 296 K and 1 atm. 

c. 
15/85 wt% mixture at 296 K and 1 atm. 

d.
 10/90 wt% mixture at 298 K and 1 atm. 

                                                 
h
 IAST calculation were performed by Dr Ravichandar Babarao.  
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3.3.6. Summary of 3.5 

The 2-D MOF material 3.5 was successfully synthesised from a novel methylene hinged 

ligand (3.3) and copper(II) nitrate. X-ray crystallography and PXRD experiments revealed 

3.5·xS is structurally flexible along all three axes in response to guest exchange or removal. 

The crystal structure of a partially desolvated form, 3.5-heated, revealed a significant 

structural contraction, including a 2-D to 3-D transformation. Even though activation of the 

material was accompanied by a reduction of crystallinity, the simulated PXRD pattern of 3.5-

heated matched well to that of the activated form 3.5-ac, as indicated by the 2θ angle of the 

important Miller indices. The structural contraction of the sample was confirmed by VT 

PXRD, which showed a gradual lengthening of the b axis and shortening of the c axis, 

consistent with the changes observed in the solid-state structures. The trellis-like structural 

contraction and 2-D to 3-D transformation led to a limiting pore-diameter tuned for CO2/N2 

separation. In accordance with this, the material demonstrated a steep uptake of CO2 and a 

marginal uptake of N2 at 293 K. This was rationalised by the measured and calculated pore-

size diameter of 3.6 Å. Further insight was provided by NVT annealing simulations, which 

revealed that a CO2 molecule interacts weakly with the bridging water ligand inside the pores 

of the material. The capacity of this selectivity was investigated by IAST calculations which 

place 3.5 in the top echelon of porous materials for carbon capture. Furthermore, the relatively 

low enthalpy of adsorption of CO2 is likely to translate to a low energy penalty for 

regeneration. 

3.4. Synthesis and Study of {Cu2[Cu
II
(NO3)2(3.3)2](DMF)2}n (3.6) 

3.4.1. Synthesis of 3.6 

As mentioned earlier, it was necessary to include at least 25% water in the solvent 

mixture to obtain 3.5·xS. Excluding water (except adventitious water) from the solvent 

mixture, however, allowed for the formation of a new crystalline material. Reacting ligand 3.3 

with Cu(NO3)2·2.5H2O in a mixture of DMF, EtOH and a few drops of 70% HNO3 at 85 °C 

gave a green micro-crystalline material, denoted as 3.6·xS, in 65% yield. The crystals of 

3.6·xS were not suitable for X-ray crystallography due to their small size and inter-grown 

nature. Although the material was obtained in good yield and purity, other conditions were 

sought to obtain larger and more regular-shaped crystals of 3.6·xS. After screening various 

conditions, it was found that reacting 3.3 and Cu(NO3)2·2.5H2O in a mixture of DMF, EtOH 

and a few drops of acetic acid at 65 °C gives a low yield of thin plate crystals. These crystals 
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were not suitable for in-house X-ray sources and thus the structure of 3.6·xS was determined 

using synchrotron radiation. 

3.4.2. Structure of 3.6 

The MOF material 3.6·xS crystallises in the orthorhombic space group Pnma, with an 

asymmetric unit that contains two molecules of 3.3, four copper(II) centres (two on special 

positions), two coordinated DMF molecules, and two nitrate anions (one occupied over two 

symmetry related positions) (Figure 3.13). Two of the copper(II) centres form a dinuclear 

paddlewheel cluster capped by DMF ligands, while the other two copper(II) centres are 

octahedral and coordinated by two chelating bis-pyrazolylmethane moieties of 3.3 and two 

monodentate nitrate anions. 

 

Figure 3.13. A view of a) the octahedral copper(II) centre and b) the copper(II) 

paddlewheel node in 3.6·xS. c) A view of the 4
4
 net along the c-axis. Selected bond lengths 

[Å] and angles [°]: Cu-N1 2.004(3), Cu- 1ʹ 2.013(3), Cu1-O1 2.456(3), Cu2-O7 2.121(4), 

Cu3-O8 2.137(3), , N1-Cu1- 1ʹ 89.20(11).  

3.6·xS is a non-interpenetrated 2-D structure with a 4
4
 net topology comprised of two 

distinct four-connecting nodes (Figure 3.13c). The regular diamond-shaped windows span 

15.2×19.0 Å between octahedral copper(II) centres and Cu2 paddlewheel nodes respectively, 

giving pore windows comparable to 3.5·xS. The packing of 3.6·xS reveals that the 2-D layers 

are not eclipsed but staggered, resulting in the absence of any regular channels along the a, b, 

and c axes (Figure 3.14). The 2-D layers are held weakly in position by van der Waals 

interactions that occur between a coordinated DMF solvate molecule and a carbon atom 

(phenyl ring) of 3.3, with an interaction distance of 2.87 Å. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 100 

 

 

It is worth noting that while the crystal engineering of mixed metal and mixed ligand 

MOFs has been widely investigated,
76-78

 examples of MOFs comprised of two distinct metal 

nodes yet synthesised from only one type of metal salt and one type of ligand, albeit one with 

distinct coordination sites, are rare.  

 

Figure 3.14. a) A view of the staggered layers of 3.6·xS along the c axis. A view along b) 

the a axis and c) the b axis. Hydrogen atoms removed for clarity. 

3.4.3. Characterisation of 3.6 

The MOF material 3.6·xS displayed the expected N-O stretches at 1371 and 1301 cm
-1

 

confirming the presence of the nitrate anions in the bulk sample. TGA of 3.6·xS showed a 

steep weight loss due to solvent trapped in the pores with no obvious plateau (Figure 3.15). 

Solvent exchange with methanol resulted in a subtle colour change in the appearance of the 

material to a different shade of green. Further solvent exchange with DCM resulted in a 

colour change to olive green, indicating the accessibility of the axial sites of the copper 

paddlewheel for ligand exchange. Conditions required to obtain an activated form of 3.6 were 

investigated by subjecting various solvent exchanged samples to heat and vacuum. PXRD 

experiments and 
1
H NMR spectra of digested samples provided insight into the degree of 

crystallinity and desolvation respectively. It was found that heating a methanol-exchanged 
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sample at temperatures above 100 °C resulted in a dramatic loss of crystallinity. Evacuating a 

DCM-exchanged sample under more mild conditions (50 °C, overnight) was found to give 

highly crystalline and fully desolvated material, 3.6-ac (Scheme 3.5).  

 

Scheme 3.5. i) DMF/EtOH, 70% HNO3, 85 °C, 16h; ii) 50 °C, 16h, 10
-6

 Torr; iii) ambient 

conditions/humidity, 65%. 

The TGA trace of 3.6-ac showed a gradual weight loss of 8% up to 250 °C, at which 

point a steep drop in weight occurred indicating decomposition of the material (Figure 3.15). 

The 
1
H NMR spectrum of a digested sample of 3.6-ac did not show any chemical shifts due to 

solvent molecules, while elemental analysis gave the formula [Cu3(3.3)2(NO3)2]·3H2O. 

Indeed, exposing the activated sample to air resulted in an immediate colour change from 

olive green to light green, indicating coordination of the paddlewheel axial sites by water 

molecules. The weight loss of 8% that occurs up to 250 °C indicates that the water solvate 

molecules interact strongly with the framework, which may relate to a narrow pore diameter. 

Absorption of moisture by activated MOFs is common in the literature, especially for MOF 

materials composed of copper(II) paddlewheels.
13
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Figure 3.15. TGA trace of a) 3.6·xS and b) 3.6-ac. The % weight loss is shown for 3.6-ac 

before decomposition at ~250 °C. 

The PXRD of 3.6·xS was in good agreement with the simulated pattern, indicating phase 

purity for the bulk sample. The activated sample 3.6-ac, however, showed minor shifts of 2θ 

in the higher angle peaks, indicating a subtle structural adjustment (Figure 3.16). As 

previously mentioned, the shortest contact between the 2-D layers arises from a van der 

Waals interaction between an axially coordinated DMF ligand and a carbon atom of 3.3. 

Therefore, the observed structural change that occurs to give 3.6-ac likely originates from the 

loss of the DMF ligand, and thus, loss of this interlayer interaction.  

Re-examination of the structure with the paddlewheel DMF ligands removed (3.6·xS – 

DMF) reveals channels along the a and c axis. However, these channels span less than 3 Å
2
 

and are not likely to allow diffusion of N2 or CO2. Interestingly, removal of the DMF ligands 

(3.6·xS-DMF) also yields 1-D channels of moderate size along the 202 plane of the structure 

(Figure 3.17). With consideration of the van der Waals radii of surrounding atoms, the 

diameters of the 1-D channels measure approximately 4.0 × 6.5 Å. In addition, these channels 

are lined with unsaturated copper(II) metal sites which suggests this material may have an 

high affinity for CO2, given that the structure of 3.6·xS with DMF excluded may be a 

reasonable representation of 3.6-ac. 
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Figure 3.16. Powder pattern overlay of 3.6 (Cu Kα = 1.5418 Å): a) simulated pattern of 

3.6·xS. b) 3.6·xS; c) 3.6-ac. 

 

Figure 3.17. A view of hkl = 202 of the crystal structure of 3.6·xS with DMF molecules 

excluded.  
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3.4.4. Gas adsorption properties of 3.6-ac 

To evaluate the permanent porosity of 3.6-ac, N2 and CO2 isotherms were measured at 77 

K and 195 K respectively. The N2 isotherm revealed an uptake of only 3.2 cm
3
/g at P/Po = 

0.94, indicating the inability of this adsorbate to effectively permeate through the pores of the 

structure. In contrast, adsorption of CO2 at 195 K gave a type-I isotherm with a maximum 

uptake of 32.5 cm
3
/g at P/Po = 0.95 (Figure 3.18). The BET and Langmuir surface areas were 

calculated from the 195 K CO2 isotherm using the criteria detailed by Walton and Snurr,
79

 

giving values of 74.2 ± 1.7 m
2
/g and 110.0 ± 1.8 m

2
/g respectively. A noticeable hysteresis 

supports the presence of narrow pore apertures in the structure of 3.6-ac. Interestingly, the 

geometric surface area calculated for 3.6·xS (with paddlewheel solvent removed) amounts to 

2125 m
2
/g. Although this value is significantly higher than that measured, it does not take into 

account the structural changes that occur upon activation of the material. Furthermore, this 

geometric value includes channels which may not allow efficient diffusion of N2 or CO2 gas 

molecules. The low temperature isotherms indicate that this material does not undergo gating, 

which would be observed as a step in the isotherm. This may relate to the semi-puckered 

nature of the 2-D layers which, after removal of the paddlewheel solvent, may be governed by 

stronger interactions. 

 

Figure 3.18. 77 K N2 and 195 K CO2 isotherms of 3.6-ac. 
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The selective gas adsorption at cryogenic temperatures led us to investigate the uptake of 

CO2 and N2 at room temperature, and so to investigate the potential of this MOF in separation 

applications. At both 293 and 273 K, 3.6-ac adsorbs CO2 with a relatively steep uptake at low 

pressures, consistent with a material with a high density of unsaturated metal sites and narrow 

pore apertures.
15, 80

 The total uptake at these temperatures amounts to 1.0 mmol (22.7 cm
3
/g) 

and 1.2 mmol (26.8 cm
3
/g) at 1200 mbar respectively (Figure 3.19). These uptake capacities 

are considerable given the low surface area of the material. Interestingly, high surface area 

MOFs with unsaturated Cu
2+

 sites such as Cu-BTC,
81

 Cu-BTTri,
82

 and Nu-100,
13

 typically 

exhibit a linear uptake of CO2 at room temperature. This suggests that the ratio of internal 

pore volume to density of exposed metal sites is important for enhanced low pressure CO2 

adsorption. At 273 K, an expected linear uptake of N2 was observed, amounting to 0.13 mmol 

(3.0 cm
3
/g) at 1200 mbar (Figure 3.19). The low N2 uptake at 77 K, 273 K, and negligible 

uptake at 293 K suggests that the pore size of 3.6-ac is close to the kinetic diameter of N2. 

It is interesting to note that MOF materials with pore-diameters larger than the kinetic 

diameter of N2 can also display a restricted diffusion of N2; recently, Zhou and co-workers 

reported adsorption studies of a MOF with pore diameters that exceed 4.0 Å which does not 

allow the diffusion of N2 at room temperature.
10, 29

 The polarity of the surface is also likely to 

contribute to the effective diffusion of adsorbate gases. In the present case, the narrow 

channels of 3.6-ac are replete with unsaturated metal sites, which may to contribute to the 

poor diffusion of N2.  

 

Figure 3.19. CO2 and N2 isotherms of 3.6-ac at 293 K and 273 K. *The uptake of N2 at 

293 K was below the detection limit of the adsorption instrument. 
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The enthalpy of adsorption was calculated from the 293 and 273 K CO2 isotherms using 

the virial method, and afforded a value of -35.3 kJ/mol at low coverage (-36.1 kJ/mol using 

the Clausius-Clapeyron equation) (Figure 3.20). This is in the lower range of enthalpy values 

for MOFs with open metal sites, which typically range from -21 – 62 kJ/mol for CO2.
1, 83

 

However, the enthalpy is higher than other copper(II) MOFs in this class such as HKUST-1 (-

30 kJ/mol)
84

 and CuBTTri (-21 kJ/mol).
82

  

 

Figure 3.20. The enthalpy of adsorption of CO2 for 3.6-ac, calculated from the 293 and 

273 K isotherms via the virial method and Clausius-Clapeyron equation.  

 Due to the low surface area of 3.6-ac, the uptake capacity at room temperature (1.1 

mmol/g) is significantly lower than that of HKUST-1 and CuBTTri, which have a maximum 

uptake of 4.7 mmol and 3.8 mmol at 1200 mbar and 1100 mbar, respectively. The uptake at 

low pressures and overall capacity of 3.6-ac is comparable to the ethylenediamine-

functionalised form of CuBTTri (CuBTTri-en) which has a maximum uptake of 1.30 mmol at 

1100 mbar.
82

 Thus, a combination of small pores diameters and open metal sites can generate 

a MOF material that performs on par with Lewis base functionalised materials.  

3.4.5. Summary of 3.6 

MOF 3.6·xS was successfully synthesised from ligand 3.3 and copper(II) nitrate. 

Synchrotron radiation revealed the structure to be a 2-D material composed of two distinct 

Cu(II) metal nodes with a staggered arrangement of layers. Activation of 3.6·xS was 

accompanied by subtle structural changes which yielded a permanently porous material with a 
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relatively low surface area (BET = 74.2 m
2
/g). Nevertheless, 3.6-ac showed a favourable 

adsorption for CO2 over N2 at room temperature which was rationalised (though not 

investigated in detail) by a small pore diameter for the material and the presence of 

unsaturated Cu
2+

 metal sites. Furthermore, the moderate enthalpy of adsorption of CO2 (35.3 

kJ/mol) suggests a relatively strong interaction with the framework in comparison to 

previously reported Cu(II) MOFs with open metal sites. Although 3.6 did not exhibit notable 

structural flexibility, this work further demonstrates that a staggered arrangement of 2-D 

layers can be favourable for generating small pore apertures, and thus, a selective adsorption 

of CO2. 

3.5. Synthesis and Study of {[Cu(3.4)(H2O)]}n (3.7) 

3.5.1. Synthesis of 3.7·xS 

Interestingly, the pyrazole and phenyl rings of 3.3 were observed to be co-planar in the 

structure of 3.6·xS. In order to explore the topological transformation that would result from 

perturbing this structural feature, the tetra-methyl-substituted ligand 3.4 was investigated. 

This compound was found to be significantly more soluble than 3.3, thus, the solvothermal 

reaction conditions for MOF synthesis required modification. Ligand 3.4 was combined with 

Cu(NO3)2·2.5H2O in a mixture of DMF, water and ethanol. Addition of one drop of 32% HCl 

gave a yellow-coloured mixture, which was heated for 16 h in an oven pre-set to 85 °C. The 

reaction mixture was removed from the oven and allowed to stand at room temperature for 

one week. During this period, blue block-shaped crystals of 3.7·xS, suitable for X-ray 

crystallography, formed in 67% yield. It was later found that this material could also be 

synthesised with CuCl2.  

3.5.2. Structure of 3.7 

X-ray crystallography revealed that 3.7·xS crystallises in the monoclinic space group 

P21/n, with one molecule of ligand 3.4, one copper(II) centre, and one water ligand in the 

asymmetric unit. The square pyramidal copper atom (τ = 0.064) is coordinated by one 

chelating di-pyrazolylmethane unit, two monodentate carboxylate donors from two separate 

molecules of 3.4, and one water ligand. This gives rise to a 2-D structure with a 4
4
 net, with 

windows measuring 17 × 18 Å between the singular copper(II) nodes (Figure 3.12a). 

Although 3.7·xS contains the same composition as 3.5·xS, the 2-D layers are flat and in a 

staggered conformation. This difference relates to the hydrogen bonding that occurs within 

the layers of 3.7·xS, rather than between the layers (as observed in 3.5·xS); a carboxylate 

donor of 3.4 is directed towards the water ligand (of the same layer), with a O···H distance of 
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1.962 Å (O···H-O angle = 148°), consistent with a hydrogen bond of moderate strength 

(Figure 3.21b).
67

 The staggered arrangement of the layers results in an absence of channels 

along all three axes of the structure. In addition, there are no evident interactions between the 

layers of structure, indicating that the staggered conformation is weakly held. The closest 

interlayer interaction is that of a hydrogen bond between an oxygen atom of 3.4 and an 

aromatic hydrogen of 3.4 from an adjacent layer, with a distance of 2.44 Å (O···H-C angle = 

149°), consistent with a weak hydrogen bond.
67

  

 

Figure 3.21. a) A perspective view of the 4
4 

net of 3.7·xS (hkl = 101). b) A view of the 

square pyramidal copper(II) centre of 3.7·xS. Selected bond lengths (Å) and angles (°): N1-

Cu1 2.050(3),  1ʹ-Cu1 2.041(3), Cu1-O35 1.961(3), Cu1-O11 2.197(4), H11A-O36 1.962, 

N1-Cu1- 1ʹ 86.99(12). 

Figure 3.22 illustrates the staggered packing of 3.7·xS, which is clearer when viewed 

along the b axis and hkl = 101 (Figure 3.21b and d). The layers pack in three distinct 

conformations; layer 2 (blue) is offset, a mirror image, and rotated by 180° relative to layer 1 

(green). Layer 3 (red) and layer 1 (green) are eclipsed and have the same orientation, but are 

offset by one square unit relative to each other (Figure 3.22d). 
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Figure 3.22. A view of 3.7·xS along a) the a axis, b) the b axis, c) the c axis, and d) hkl = 

101. Each colour represents a separate 2-D layer. Hydrogen atoms omitted for clarity.   

3.5.3. Characterisation of 3.7 

The TGA trace of 3.7·xS showed a steep weight loss up to 150 °C followed by a gradual 

and small weight loss up to 285 °C (Figure 3.23), corresponding to the loss of water/ethanol 

molecules and DMF molecules from the pores of the material respectively. The total weight 

loss before decomposition of the structure (285 °C) is 68.8%, suggesting that the material is 

porous despite the absence of apparent channels in the structure. Heating a methanol-

exchanged sample at 110 °C for 1.5 h yielded an activated sample (3.7-ac) as a green 

crystalline powder (Scheme 3.6). The TGA trace of 3.7-ac showed an initial weight loss of 

7.1% followed by a plateau in weight % until decomposition of the material at 285 °C (Figure 

3.23). The initial weight loss of 7.1% occurs in the temperature range of activation (110
o
C) 

and is thus attributed to moisture being absorbed by the activated material. Elemental analysis 

supported this assertion; 3.7-ac analysed as [Cu(3.4)(H2O)]·1.5H2O. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 110 

 

 

 

Figure 3.23. TGA trace of a) 3.7·xS and b) 3.7-ac. The weight % loss is shown for both 

forms of the material before decomposition at ~285 °C. 

 

Scheme 3.6. i) DMF/EtOH/H2O, 32% HCl, 85 °C, 16 h; ii) 110 °C, 1.5 h, 10
-6

 Torr; iii) 

ambient pressure/humidity, 67%. 

The IR spectrum of 3.7-ac showed a peak characteristic of a C-O stretch at 1304 cm
-1

, 

indicating that the monodentate coordination of the carboxylate donors of 3.4 is preserved in 

the activated structure. While the PXRD pattern of 3.7·xS was in agreement with the 

simulated pattern, the PXRD of the 3.7-ac revealed minor shifts of the low angle peaks 

(relative to 3.7·xS), indicating that activation of the material is accompanied with a structural 
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change (Figure 3.24). In consideration of the large % weight loss in the TGA trace of 3.7·xS 

and the weak interactions between the layers, a structural change upon guest removal is not 

surprising. Unfortunately, the small crystal size of 3.7·xS made it difficult to study the solid-

state flexibility of this material by X-ray crystallography. Due to time constraints and efforts 

required elsewhere, the structure of the activated form, 3.7-ac, was not further investigated.  

 

Figure 3.24. Powder pattern overlay of 3.7 (Cu Kα = 1.5418 Å): a) simulated pattern of 

3.7·xS. b) 3.7·xS; c) 3.7-ac. 

3.5.4. Gas adsorption properties of 3.7-ac 

In consideration of the structure and solid-state behaviour of 3.7·xS, it was anticipated that 

the material may respond structurally towards gas adsorption. The N2 isotherm measured at 77 

K can be best described as type III, with a maximum uptake of 39.4 cm
3
/g (Figure 3.25a). In 

the low pressure region (>0.1 P/Po) the isotherm contains a subtle shoulder suggesting the 

formation of an adsorbed mono-layer. The convex shape of the isotherm between 0.2 – 0.7 

P/Po indicates a weak interaction of the adsorbate with the surface of the material, while the 

hysteretic desorption is indicative of a material with small pore diameters. Further 

investigations into the permanent porosity of 3.7-ac were carried out by measuring the CO2 

adsorption isotherm at 195 K. In contrast, this measurement revealed a significant uptake of 

CO2 (P/Po 0.98 = 245.3 cm
3
/g) with an isotherm shape closely resembling type I (Figure 

3.25a). The BET and Langmuir surface areas were estimated to be 635.9 ± 1.2 m
2
/g and 732.9 

± 11.4 m
2
/g respectively. Interestingly, three subtle shoulders can be clearly seen below 0.3 

P/Po (Figure 3.25b). This suggests that three (minor) structural changes occur in sequence, 
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progressively increasing the available space for adsorption. The most likely origin of this 

phenomenon is a subtle sliding movement of the layers, triggered by inclusion of the CO2 

guest. More importantly, the moderately high surface area suggests that this gradual 

movement occurs towards an eclipsing of the layers.  

 

Figure 3.25. a) 77 K N2 and 195 K CO2 isotherms of 3.7-ac. b) 195 K CO2 isotherm 

showing the three points of inflection below P/Po = 0.3. 

The CO2 adsorption isotherms measured at 273 and 295 K revealed a maximum uptake of 

1.48 mmol (33.3 cm
3
/g) and 2.42 mmol (54.3 cm

3
/g) at 1200 mbar. Interestingly, a marked 

step appears in both isotherms at 160 mbar and 560 mbar respectively (Figure 3.26). Flexible 

MOFs often display gating towards specific adsorbate molecules at high pressures
36

 or 

cryogenic temperatures.
42, 49

 Only a few examples exist however of MOF materials that 
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behave in this way at ambient pressures and temperatures.
45, 85

 At 295 K, the N2 uptake was 

below the detection limit of the instrument, while at 273 K, a linear uptake of N2 was 

observed amounting to 0.21 mmol (4.7 cm
3
/g) at 1200 mbar (Figure 3.26).  

 

Figure 3.26. CO2 and N2 isotherms of 3.7-ac at 295 K and 273 K. *The uptake of N2 at 

295 K was below the detection limit of the adsorption instrument. 

The favourable adsorption of CO2 and negligible adsorption of N2 at 273 and 293 K 

indicates that the pore diameters of 3.7-ac are again close to the kinetic diameter of N2 (3.68 

Å). This implies that the layers of the activated material are in a staggered conformation. A 

pore-size distribution however could not be obtained for 3.7-ac, and thus the observed 

selectivity for CO2 cannot be well rationalised. The gating behaviour observed in the 195, 

273, and 295 K CO2 isotherms indicates that the material responds structurally towards CO2 

via an inter-layer sliding mechanism. Therefore, a pore-size distribution for this structurally 

dynamic material may be difficult to obtain. 

The virial equation gave an initial enthalpy of adsorption of -38.8 kJ/mol, which 

compared well to the value obtained from the Clausius-Clapeyron equation (-38.2 kJ/mol) 

(Figure 3.27). These values are reasonably high, given that the material lacks both unsaturated 

metal centres and notable Lewis basic groups. As observed for MOF 3.5·xS, the coordinated 

water molecule may provide a strong interaction with CO2, resulting in the observed 

moderately high enthalpy of adsorption.
74, 75
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Figure 3.27. Enthalpy of adsorption of CO2 for 3.7-ac, calculated via the virial and 

Clausius-Clapeyron equation.  

3.5.5. Summary of 3.7 

The 2-D MOF, 3.7·xS, was successfully synthesised from ligand 3.4 and 

Cu(NO3)2·2.5H2O. X-ray crystallography of 3.7·xS revealed that the layered structure 

possesses a 4
4
 net composed of a singular square pyramidal copper(II) node with the same 

donor set as 3.5·xS. In contrast to 3.5·xS, the staggered layers of 3.7·xS lack notable inter-

layer interactions, and thus their conformation was not presered upon activation. The 

activated form, 3.7-ac, was found to be dynamically porous, although the origin of this 

porosity could not be determined with confidence due to the limited amount of experiments 

carried out. Nevertheless, based on other materials in the literature,
43

 the progressive gating 

behaviour observed in the 195 K CO2 isotherm suggests an guest-induced sliding mechanism, 

which coincides well with the fact that only weak interactions govern the position of the 

layers of 3.7·xS. Interestingly, the material did not respond structurally to N2, as indicated by 

the marginal uptake and mostly linear isotherms at 293, 273, and 77 K. Figure 3.28 illustrates 

the proposed structural changes of 3.7-ac that occur upon gas adsorption of CO2 and N2. 
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Figure 3.28. A summary of the guest dependant structural changes of 3.7-ac as predicted 

from the 195 K CO2 and 77 K N2 isotherms. 

3.6. Synthesis and Study of {Cu4[Cu
I
(3.4)2]2(NO3)2(EtOH)2(H2O)2}n (3.8) 

3.6.1. Synthesis of 3.8·xS 

It was initially hypothesised that using the sterically encumbered tetra-methyl analogue, 

3.4, would induce a permanent twist in the backbone of the ligand, and therefore promote a 

different geometrical arrangement. Reaction of 3.4 with Cu(NO3)2·2.5H2O in a mixture of 

DMF, water ethanol, and 70% HNO3 at 85 °C gave green rod-like crystals, suitable for X-ray 

crystallography, of {Cu4[Cu
I
(3.4)2]2(NO3)2(EtOH)2(H2O)2}n (3.8·xS) after 16 h. Due to the 

structural complexity and low density of the material, synchrotron radiation was required for 

single-crystal and powder diffraction experiments.  

3.6.2. Structure of 3.8·xS 

 3.8·xS crystallises in the monoclinic space group P21/c with a cell volume of 24480(2) 

Å
3
. The asymmetric unit contains six copper(II) centres which are present as part of two 

dinuclear paddlewheels motifs, and two tetrahedral copper centres (Figure 3.29). The latter 

were considered as Cu(I) centres, as a tetrahedral geometry is far more common for d
10

 

transition metals and elemental analysis supported the inclusion of only one nitrate anion per 

tetrahedral copper centre.
86

 Four molecules of ligand 3.4 complete the coordination 

requirements of the two copper(II) paddlewheel clusters, while each ligand chelates to a 
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tetrahedral copper(I) centre via its di-pyrazolyl methane motif (Figure 3.29). The coordination 

of the paddlewheel copper(II) centres are completed by ethanol molecules in the axial 

positions, but the nitrate counter-ions of the copper(I) centres could not be located in the 

difference map.  

 

Figure 3.29. A perspective view of the asymmetric unit of 3.8·xS. Hydrogen atoms 

removed for clarity. 

The two distinct metal nodes formed from the two separate donor groups of ligand 3.4 are 

similar to that observed in the 2-D structure of 3.6·xS, however the steric influence of the 

methyl groups of 3.4 disfavours the formation of an octahedral geometry and hence an 

entirely different structure is obtained. The paddlewheel motif and tetrahedral copper(I) atom 

both serve as four connecting nodes, leading to a self-interpenetrated tetranodal 4-connected 

3-D structure (Figure 3.30). Self-interpenetration is known though not commonly observed 

among MOF materials,
87, 88

 and no reports exist of such materials being permanently porous. 
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Figure 3.30. A perspective view of 3.8·xS along the a) a axis, b) c axis, and c) b axis. 

Hydrogen atoms removed for clarity. d) A topological representation of the tetranodal four-

connecting structure, approximately along the a axis, with the Cu(II) paddlewheel nodes in 

red and tetrahedral Cu(I) centres shown in blue.  

3.8·xS has a very low calculated density (0.890 cm
3
/g for the solvated material, 0.6 

cm
3
/g desolvated) and possesses distinct pores which can be seen along the a and b axes, 

while along the c axis, the structure is essentially close-packed (Figure 3.30). Interestingly, a 

high density of copper(II) paddlewheels line the border of the rhombus-shaped pores along 

the b axis (Figure 3.30d). Taking into account the van der Waals radii of surrounding atoms 

and excluding the solvate ligands coordinated to the paddlewheels, the pores along the b axis 

measure 7.8 × 11.6 Å. Using the same methodology, the three distinct pores along the a axis 

measure 3.6 × 3.9 Å, 5.0 × 8.8 Å, and 5.8 × 15.6 Å.  

Even though the location nitrate anions of the copper(I) centres could not be defined in 

the crystal structure, the geometry of the metal centres is consistent with copper(I) (Figure 

3.31). Table 3.3 shows the bond angles of the two distinct tetrahedral copper(I) centres in 

3.8·xS, which deviate subtly from one another. They compare favourably to the bond angles 
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of the Cu(I) complex [Cu(bpy)2]ClO4, where two symmetry-related bpy ligands chelate to a 

copper(I) centre with tetrahedral geometry.
89

 The major difference lies in the larger bite angle 

that the di-pyrazole donors (which form a six-membered chelate ring) of ligand 3.4 provide 

with respect to bpy (which forms a five-membered chelate ring). A strict tetrahedral geometry 

has all angles at ~109°; however chelating ligands such as these cannot provide such large 

bite angles, and thus the observed deviation from this ideal geometry.  

 

Figure 3.31. A view of a selected tetrahedral copper(I) centre. Selected bond lengths [Å] 

and angles [°]: Cu1-N1 2.0403(19), Cu1- 1ʹ 2.072(2), N2-C1- 2ʹ 111.7(2). Bond angles of 

the Cu(I) centre are listed in table 3.3. 

Table 3.3. A comparison of the bond angles of the copper(I) centres in 3.8·xS. 

Tetrahedral Cu(I) θ1 (°) θ2 (°) θ3 (°) θ4 (°) 

Cu1 94.97 104.56 90.93 114.47 

Cu2 94.22 111.38 94.41 104.99 

[Cu(bpy)2]ClO4
89

 81.50 109.70 81.50 127.10 

 

During synthesis of 3.8·xS an in-situ reduction of copper(II) occurs. Such reductions are 

not uncommon in the solvothermal synthesis of coordination polymers and have been 

observed with ligands such as bpy and di-2-pyridylamine.
90-92

 Methanol or ethanol can be 

responsible for the reduction of copper(II) under solvothermal conditions,
93, 94

 although 

sometimes the identity of the reducing agent can be unclear.
95

 In further examples, formation 

of the copper(I) assembly is reliant on the associated redox mediated modification of the 

ligand.
96, 97

 Nonetheless, examples of mixed valence Cu(II)/Cu(I) coordination polymers are 

rare,
98

 and a majority of these examples consist of CN
-
 or SCN

-
 co-ligands.

99, 100
 While 
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formation of the mixed-valence MOF material 3.8·xS occurs in a facile manner, under the 

same conditions the reduction of copper(II) was not observed with ligand 3.3 (MOF 3.6·xS). 

This suggests that this phenomenon may be driven by the geometric preferences induced by 

two di(3,5-dimethyl-1H-pyrazolyl)methane motifs of ligand 3.4. Based on literature and the 

yield of the reaction (63%), the identity of the reducing agent is likely to be ethanol. 

3.6.3. Characterisation of 3.8·xS 

The attractive structure of 3.8·xS led us to investigate methods of activation in order to 

carry out gas adsorption studies. The TGA trace revealed a 63.9% weight loss due to solvent 

evaporation up to 130 °C, after which the material was thermally stable up to 260C (Figure 

3.32). Interestingly, solvent exchange resulted in dramatic colour changes of the crystalline 

material; upon solvent exchange with DCM the colour of the crystals turned from green to 

royal blue, indicating the accessibility of the axial coordination sites of the copper(II) 

paddlewheels to solvent exchange. Heating a DCM-exchanged sample at 50 °C for 16 h gave 

the activated form, 3.8-ac, (Scheme 3.7) which was accompanied by a colour change (blue to 

light green) of the material. The TGA trace of 3.8-ac showed a weight loss of 2.7% which 

occurred below ~100 °C, suggesting absorption of moisture by the material during sample 

analysis (Figure 3.32). 

 

Figure 3.32. TGA trace of a) 3.8·xS and b) 3.8-ac. The % weight loss is shown for both 

forms of the material before decomposition at 260 °C. 
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Scheme 3.7. i) DMF/EtOH/H2O, 70% HNO3, 85 °C, 16h; ii) 50 °C, 16h, 10
-6

 Torr; iii) 

ambient pressure/humidity, 63%. 

3.8-ac analysed as [Cu3(3.4)2(NO3)]·3H2O, suggesting occupation of the paddlewheel 

axial sites by water ligands, presumably from exposure of the sample to air. Importantly, the 

composition obtained from elemental analysis could not be fitted to a formula containing two 

nitrate anions, confirming the in-situ reduction of copper(II) to copper(I). While PXRD 

confirmed the phase purity of 3.8·xS, the pattern of 3.8-ac indicated a significant structural 

change (Figure 3.33). The data showed a shift of the low angle Miller indices and a complete 

absence of higher angle diffraction, indicating that a significant structural change occurs upon 

activation. The diffraction of the single crystals of 3.8-ac was considerably weaker, and only 

occurred at very low angles of 2θ. Indexing the PXRD of 3.8-ac gave a concise solution for 

the unit cell: a = 33.63 Å, b = 7.66 Å, c = 17.78 Å,  = 91.27°, V = 4582.9 Å
3
, monoclinic P. 

This corresponds to a cell volume reduction of 81% (3.8·xS = 24480 Å
3
), indicating a 

dramatic structural change. However, the unit cell dimensions do not provide specific 

structural information and thus are difficult to interpret in regard to structure without 

speculation. 
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Figure 3.33. Powder pattern overlay of 3.8 (Synchrotron Kα = 0.802 Å): a) simulated 

pattern of 3.8·xS. b) 3.8·xS; c) 3.8-ac. 

3.6.4. Gas adsorption properties of 3.8-ac 

Initial gas adsorption measurements for 3.8-ac indicated that the material was essentially 

non-porous to N2 and marginally porous to CO2. Thus, different methods of activation were 

attempted to potentially access the original porosity displayed by the structure of 3.8·xS. 

Supercritical CO2 activation and freeze drying are known as effective methods to activate 

MOF materials with large pores.
101-103

 However, adsorption measurements revealed that 

activation via these methods did not yield any improvement in the gas uptake of 3.8-ac. This 

suggests that structural collapse occurs inevitably and irrespective of the activation method. 

Resolvation of 3.8-ac with various solvents did not regenerate the original structure indicating 

that this structural collapse is irreversible. A CO2 isotherm measured at 195 K revealed a type 

I shape with a maximum uptake of 44.2 cm
3
/g at P/Po = 0.99 (Figure 3.34). Based on the CO2 

isotherm the BET and Langmuir surface areas were estimated to be 149.3 ± 0.7 m²/g and 

198.7 ± 0.9 m²/g, respectively. These values are well below the calculated geometric surface 

area of 3.8·xS (~3000 m
2
/g) and, along with PXRD data, are consistent with the structural 

collapse occurring on activation.  
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Figure 3.34. 195 K CO2 isotherm of 3.8-ac. 

To assess the enthalpy of adsorption of CO2, isotherms were measured at 295 and 273 K. 

The CO2 uptake at these temperatures yielded linear isotherms, with maximum uptakes of 

0.94 mmol (21.1 cm
3
/g) and 1.15 mmol (25.7 cm

3
/g) at 1200 mbar, respectively (Figure 3.35). 

Given the low surface area of 3.8-ac, the linear uptake suggests the absence of unsaturated 

metal sites, which may have become inaccessible after the structural collapse. The relatively 

low initial enthalpy values obtained from the virial and Clausius-Clapeyron equation (-27.1 

kJ/mol, and -17.9 kJ/mol respectively) are in agreement with this. (Appendix 3, Figure A3.4). 

For this reason, nitrogen isotherms were not measured at room temperature, and the 

separation capacity of this material was not investigated. 
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Figure 3.35. 295 and 273 K CO2 isotherms of 3.8-ac. 

3.6.5. Summary of 3.8 

The 3-D MOF 3.8·xS was successfully synthesised from a mixture of ligand 3.4 and 

Cu(NO3)2·2.5H2O. X-ray crystallography of 3.8·xS revealed a self-interpenetrated structure 

composed of Cu(II) paddlewheels and tetrahedral Cu(I) centres coordinated by the distinct 

donor sets within 3.4. The in-situ reduction of Cu(II) to Cu(I) was confirmed by elemental 

analysis, and the reducing agent was proposed to be ethanol. Despite possessing large solvent-

accessible channels, activation of the material yielded a relatively non-porous form. The 

PXRD of 3.8-ac differed significantly from that of the as-synthesised material, revealing a 

structural collapse; consistent with the low porosity of 3.8-ac. Indexing the PXRD pattern of 

3.8-ac revealed that the symmetry of the material was preserved (monoclinic P) with dramatic 

reduction in cell volume (from 24480 Å
3 

to 4582.9 Å
3
). Nevertheless, the 195 K CO2 isotherm 

yielded a BET surface area of 149.3 m
2
/g, which amounts to ~5% of the calculated geometric 

surface area of 3.8·xS. While the structural flexibility could not be adequately characterised, 

the mixed Cu(II)/Cu(I) self-interpenetrated structure of 3.8·xS is fundamentally interesting 

nonetheless. 
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3.7. Comparison and Conclusion   

Four new MOF materials were successfully synthesised from Cu(NO3)2·2.5H2O and a 

new bis-pyrazolyl methane derived ligand (3.3 or 3.4). Depending upon the solvothermal 

conditions used, the structures formed were composed of either a singular metal node of 

mixed O- and N-donors, or two distinct metal nodes composed of O- or N-donors. In the 

former case, the square pyramidal copper(II) centre served as a four-connecting node. In the 

latter case, a dinuclear copper(II) paddlewheel motif and a mononuclear octahedral copper(II) 

or tetrahedral copper(I) centre served as four-connecting nodes. The bridging angle generated 

by the methylene-hinged ligands (3.3 and 3.4) was close to ~90°, which predominantly gave 

rise to 2-D structures with 4
4
 nets. A summary of the types of connectivities is illustrated in 

figure 3.36. While the 2-D structures from ligand 3.3 displayed co-planarity of the pyrazole 

and phenyl rings, in one instance, using the sterically encumbered tetra-methyl analogue 3.4 

resulted in dramatic twisting in the ligand backbone to give a 3-D self-interpenetrated 

structure. The formation of this assembly was accompanied with a Cu(II) to Cu(I) reduction, 

highlighting the need for alterations in the coordination geometry around the metal ion 

coordinated by more sterically encumbered donors.  

 

Figure 3.36. The 2-D net of a) 3.5; b) 3.7; and c) 3.6. 

All of the MOFs reported in this chapter exhibited differing degrees of guest-induced 

structural flexibility. Perhaps the most unique solid-state behaviour was observed in the 

eclipsed 2-D material, 3.5. In its 2-D form, the material exhibited typical third generation 

behaviour, where guest exchange resulted in structural changes along all three axes. Upon 

desolvation, a trellis-like contraction of the structure was observed, resulting in a reduction of 

the pore-diameter and available space for gas adsorption. This type of structural flexibility has 

been most commonly observed for 3-D MOF materials
104-106

 and is quite uncharacteristic of a 
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layered structure. Complete desolvation was accompanied by a 2-D to 3-D transformation, 

permanently yielding a rigid second generation material (Table 3.4). The flexible-to-rigid 

transition of 3.5 is quite rare; MOF materials commonly remain flexible after structural 

transformations or are able to be regenerated to the original form.
32, 33, 49

 The flexible-to-rigid 

transition of 3.5 was rationalised by the 2-D to 3-D transformation and an increased strength 

of hydrogen bonding within the structure.  

On the other hand, MOF 3.6 exhibited the least structural flexibility; the structural 

changes that occurred upon desolvation were negligible, and the gas adsorption isotherms 

indicated that the material was structurally rigid. With this in mind, 3.6 can be categorised as 

a second generation material. In contrast, the 2-D MOF 3.7 displayed dynamic structural 

changes upon gas adsorption, exhibiting a guest dependant gating towards CO2 – 

characteristic of a third generation material. Finally, the 3-D self-interpenetrated material, 3.8, 

was found to undergo an irreversible structural collapse upon desolvation to yield an 

unknown crystalline material; a type of behaviour which can best be related to a first 

generation material.   

Table 3.4. A summary of the structure types and generation according to Kitagawa 

MOF material Structure Generation according 

to Kitagawa
34

 

3.5 2-D eclipsed 3
rd

/2
nd

 

3.6 2-D staggered 2
nd

 

3.7 2-D staggered 3
rd

 

3.8 3-D self interpenetrated 1
st
 

 

Figure 3.37 illustrates the room temperature CO2 isotherms of the MOFs studied in this 

chapter. The material with the most attractive CO2 uptake is certainly 3.5, which also shows 

an unmatched uptake in the low pressure region. The separation capacity of this material was 

investigated by IAST calculations, which placed it second-best in terms of CO2/N2 selectively 

with respect to other porous materials in the literature. The other MOFs in this chapter were 

unsuitable to warrant comprehensive investigation in this regard, predominantly due their low 

adsorption capacity or immeasurable N2 uptake at 293 K. In the low pressure region, MOF 3.6 

is rated second to 3.5 in terms of CO2 uptake, followed by 3.7 and 3.8. Above 700 mbar, 

however, the overall adsorption capacity of 3.7 exceeds that of 3.6 due to the structural gating 

of the material.  
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Figure 3.37. Room temperature CO2 isotherms of the MOF materials investigated in this 

chapter. Isotherms of 3.5 and 3.6 were measured at 293 K, while the isotherms of 3.7 and 3.8 

were measured at 295 K. 

In summary, this chapter has described the solid-state flexibility and gas adsorption 

properties of four MOF materials that utilise a new ‘hinged’ ligand containing a bis-

pyrazolylmethane and carboxyphenyl moiety. This work also demonstrates that the methylene 

hinged backbone impacts favourably upon structural flexibility, generating dynamic and 

structurally robust MOF materials with an attractive CO2/N2 separation capability. 

3.8. Experimental 

3.8.1. Synthesis of Ligands 

Bis(4-(4-carboxyphenyl)-1H-pyrazolyl)methane (3.3). Bis(4-iodo-1H-pyrazol-1-

yl)methane (1.01 g, 2.53 mmol), 4-carboxyphenylboronic acid (1.26 g, 7.60 mmol) and an 

aqueous solution of K2CO3 (5.00 g, 30 mL distilled water) were combined in DMF (135 mL). 

After degassing the mixture with Ar for 30 minutes, Pd(PPh3)4 (0.442 g, 0.38 mmol, 0.15 

equiv.) was added. The resulting mixture was further degassed for 30 minutes and then heated 

at 90
o
C for 20 h. Upon cooling to room temperature, distilled water (200 mL) was added and 

the reaction mixture filtered. The resulting solution was washed with DCM (5 x 50 mL) and 

acidified with 20% HNO3 (pH = 3) to afford a precipitate which was isolated under reduced 

pressure. The solid was washed with distilled water followed by ethanol and dried at 130 °C 

to give a white solid of 3.3 (0.68 g, 69%); mp: 350 – 352 °C (decomposes); νmax (neat, cm
-1

): 
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1701 (C=O), 1613 (C=N), 1568 (C=C), 1508 (C=C); Found: C 64.2, H 4.0, N 14.4, 

C21H16N4O4·0.25H2O requires: C 64.2 H 4.2 N 14.3%; 
1
H NMR (300 MHz/DMSO): 6.47 (s, 

2H, CH2), 7.72 (d, 4H, H2ʹ/H6ʹ), 7.91 (d, 4H, H3ʹ/H5ʹ), 8.09 (s, 2H, H3 or H5), 8.56 (s, 2H, 

H3 or H5), 12.8 (s, br, 2H, CO2H); 
13

C NMR (150 MHz/DMSO): δ 65.0, 122.0, 125.0, 128.4, 

128.6, 130.0, 136.3, 138.3, 167.0. 

Bis(4-(4-carboxyphenyl)-3,5-dimethyl-1H-pyrazolyl)methane (3.4). Bis(4-iodo-3,5-

dimethyl-1H-pyrazol-1-yl)methane (1.50 g, 3.29 mmol), 4-carboxyphenylboronic acid (1.64 

g, 9.88 mmol) and aqueous K2CO3 (6.60 g, 38 mL distilled water) were combined in DMF 

(180 mL). After degassing the mixture with Ar for 30 minutes, Pd(PPh3)4 (0.57 g, 0.49 mmol, 

0.15 equiv.) was added. The resulting mixture was further degassed for 30 minutes and then 

heated at 90 
o
C for 20 h. The workup and isolation were analogous to that of compound 3.3. 

This afforded compound 3.4 as a white solid (1.12 g, 76%); mp: 281 – 282 °C; νmaxcm
-1

(neat): 

1687 (C=O), 1608 (C=N), 1550 (C=C), 1478 (C=C);
 

Found C 67.5, H 5.5, N 12.7, 

C25H24N4O4 requires: C 67.6, H 5.4, N 12.6%; 
1
H NMR (600 MHz/DMSO): δ 2.13 (s, 6H, 

CH3), 2.47 (s, 6H, CH3), 6.27 (s, 2H, CH2), 7.39 (d, 4H, H2ʹ/H6ʹ), 7.97 (d, 4H, H3ʹ/H5ʹ), 

12.87 (s, br, 2H, CO2H); 
13

C NMR (150 MHz/DMSO): δ 10.1, 12.6, 59.5, 118.2, 128.4, 

129.0, 129.5, 137.6, 137.9, 145.6, 167.1; m/z 444.9 (MH
+
).  

3.8.2. Synthesis of metal-organic-frameworks 

{[Cu(3.3)(H2O)]}n (3.5). In a screw cap vial, Cu(NO3)2.2.5H2O (36.3 mg, 0.16 mmol) 

was combined with 3.3 (41.5 mg, 0.11 mmol) and dissolved in a mixture of DMF (2 mL), 

distilled water (0.5 mL), ethanol (0.5 mL) and 2 drops of 70% HNO3. The resulting mixture 

was heated at 85 °C for 16 h, giving blue block-like crystals suitable for X-ray 

crystallography. The crystals were soaked in acetone or methanol (× 8) and dried at 120 °C 

under high vacuum for 3 h to yield a green crystalline powder (40.8 mg, 82%, based on 

analysis); νmax(neat, cm
-1

): 3125 (w, C-H), 2800-3300 (br, OH), 1608 (m, C=O), 1581 (m, 

C=C), 1545 (m, C=C), 1377 (s, C-O); Found C 53.40, H 3.43, N 12.23, C21H16N4O5Cu 

requires: C, 53.90, H, 3.45, N 11.97%.   

{Cu2[Cu
II

(NO3)2(3.3)2](DMF)2}n (3.6). In a screw cap vial, Cu(NO3)2.2.5H2O (27.3 mg, 

0.12 mmol) was combined with 3.3 (29.5 mg, 0.08 mmol) and dissolved in a mixture of DMF 

(3 mL), ethanol (1 mL) and 4 drops of 70% HNO3. The resulting mixture was heated at 85 
o
C 

for 16 hours, giving crystalline powder. The crystals were washed in DMF (× 3), methanol (× 

8), and DCM (× 8), after which they were dried under N2 and heated at 50 
o
C under vacuum 

overnight (28.2 mg, 65%, based on analysis); νmax(neat, cm
-1

): 3122 (w, C-H), 1611 (s, C=O), 

1509 (w, C=C), 1371 (s O-NO), 1301 (s, O-NO); Found C 43.44, H 3.0, N 12.1, 
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C42H28N10O14Cu3·3H2O requires C 44.2, H 3.0, N 12.3. Crystals suitable for x-ray 

crystallography were grown from a mixture of DMF (1.5 mL), EtOH (1 mL), and AcOH (2 

drops). 

{[Cu(3.4)(H2O)]}n (3.7). In a screw cap vial, CuCl2 (20.0 mg, 0.12 mmol) and 3.4 (22.8 

mg, 0.05 mmol) were combined and dissolved in a mixture of DMF (3 mL), water (0.5 mL), 

ethanol (0.5 mL), and one drop of 32% HCl. The mixture was heated ay 85
 o

C for 16 h. The 

mixture was left to stand for one week at room temperature affording small blue crystals. The 

crystals were washed with methanol (× 8) and evacuated at 110 °C for 1.5h to yield a light 

blue powder (18.3 mg, 67%, based on analysis); νmax(neat, cm
-1

): 3250 – 3522 (br, H2O), 1605 

(m, C=O), 1583 (m, C=C), 1544 (m, C=C), 1374 (s, C-O), 1304 (s); Found C 54.2, H 4.9, N 

10.1, C25H24N4O5Cu·1.5H2O requires C 54.5, H 4.9, N 10.2. 

{Cu4[Cu
I
(3.4)2]2(NO3)2(EtOH)2(H2O)2}n (3.8). In a screw cap vial, Cu(NO3)2.2.5H2O 

(25.5 mg, 0.11 mmol) was combined with 3.4 (20.1 mg, 0.05 mmol) and dissolved in a 

mixture of DMF (4 mL), distilled water (0.8 mL), ethanol (1.6 mL) and 2 drops of 70% 

HNO3. The resulting mixture was heated at 85 
o
C for 16 hours, giving teal rod-like crystals 

suitable for X-ray crystallography. The crystals were washed with methanol (× 8) followed by 

DCM (× 8), after which they were dried under N2 and heated at 50 
o
C under vacuum 

overnight (17.0 mg, 63% based on analysis); νmax(neat, cm
-1

): 1610 (m, C=O), 1584 (m, 

C=C), 1509 (w, C=C), 1400 (s, O-NO), 1301 (s, O-NO); Found C 50.0, H 4.4, N 10.4. 

C50H48N9O11Cu3·3H2O requires: C 50.3, H 4.4, N 10.6.  

3.9. References  

1. K. Sumida, D. L. Rogow, J. A. Mason, T. M. McDonald, E. D. Bloch, Z. R. Herm, T.-

H. Bae and J. R. Long, Chem. Rev., 2011, 112, 724-781. 

2. Y.-S. Bae and R. Q. Snurr, Angew. Chem., Int. Ed., 2011, 50, 11586-11596. 

3. J.-R. Li, Y. Ma, M. C. McCarthy, J. Sculley, J. Yu, H.-K. Jeong, P. B. Balbuena and 

H.-C. Zhou, Coord. Chem. Rev., 2011, 255, 1791-1823. 

4. A. O. Yazaydın, R. Q. Snurr, T.-H. Park, K. Koh, J. Liu, M. D. LeVan, A. I. Benin, P. 

Jakubczak, M. Lanuza, D. B. Galloway, J. J. Low and R. R. Willis, J. Am. Chem. Soc., 

2009, 131, 18198-18199. 

5. Q. Yang, C. Zhong and J.-F. Chen, J. Phys. Chem. C, 2008, 112, 1562-1569. 

6. G. T. Rochelle, Science, 2009, 325, 1652-1654. 

7. E. Blanchon le Bouhelec, P. Mougin, A. Barreau and R. Solimando, Energy Fuels, 

2007, 21, 2044-2055. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 129 

 

 

8. R. S. Haszeldine, Science, 2009, 325, 1647-1652. 

9. S. Xiang, Y. He, Z. Zhang, H. Wu, W. Zhou, R. Krishna and B. Chen, Nat. Commun., 

2012, 3, 954. 

10. J.-R. Li, J. Yu, W. Lu, L.-B. Sun, J. Sculley, P. B. Balbuena and H.-C. Zhou, Nat. 

Commun., 2013, 4, 1538. 

11. P. Nugent, Y. Belmabkhout, S. D. Burd, A. J. Cairns, R. Luebke, K. Forrest, T. Pham, 

S. Ma, B. Space, L. Wojtas, M. Eddaoudi and M. J. Zaworotko, Nature, 2013, 495, 

80-84. 

12. A. R. Millward and O. M. Yaghi, J. Am. Chem. Soc., 2005, 127, 17998-17999. 

13. O. K. Farha, O. A. Yazaydın, I. Eryazici, C. D. Malliakas, B. G. Hauser, M. G. 

Kanatzidis, S. T. Nguyen, R. Q. Snurr and J. T. Hupp, Nat. Chem., 2010, 2, 944-948. 

14. D. Britt, H. Furukawa, B. Wang, T. G. Glover and O. M. Yaghi, Proc. Natl. Acad. 

Sci., 2009, 106, 20637-20640. 

15. P. D. C. Dietzel, V. Besikiotis and R. Blom, J. Mater. Chem., 2009, 19, 7362-7370. 

16. W. Zhou, H. Wu and T. Yildirim, J. Am. Chem. Soc., 2008, 130, 15268-15269. 

17. J. An, S. J. Geib and N. L. Rosi, J. Am. Chem. Soc., 2009, 132, 38-39. 

18. P.-Q. Liao, D.-D. Zhou, A.-X. Zhu, L. Jiang, R.-B. Lin, J.-P. Zhang and X.-M. Chen, 

J. Am. Chem. Soc., 2012, 134, 17380-17383. 

19. R. Vaidhyanathan, S. S. Iremonger, K. W. Dawson and G. K. H. Shimizu, Chem. 

Commun., 2009, 5230-5232. 

20. B. J. Burnett, P. M. Barron, C. Hu and W. Choe, J. Am. Chem. Soc., 2011, 133, 9984-

9987. 

21. S. J. Garibay, Z. Wang, K. K. Tanabe and S. M. Cohen, Inorg. Chem., 2009, 48, 7341-

7349. 

22. K. K. Tanabe and S. M. Cohen, Chem. Soc. Rev., 2011, 40, 498-519. 

23. Y.-S. Bae, B. G. Hauser, O. K. Farha, J. T. Hupp and R. Q. Snurr, Microporous 

Mesoporous Mater., 2011, 141, 231-235. 

24. E. D. Bloch, D. Britt, C. Lee, C. J. Doonan, F. J. Uribe-Romo, H. Furukawa, J. R. 

Long and O. M. Yaghi, J. Am. Chem. Soc., 2010, 132, 14382-14384. 

25. S. Couck, J. F. M. Denayer, G. V. Baron, T. R my, J. Gascon and F. Kapteijn, J. Am. 

Chem. Soc., 2009, 131, 6326-6327. 

26. T. M. McDonald, D. M. D'Alessandro, R. Krishna and J. R. Long, Chem. Sci., 2011, 2, 

2022-2028. 

27. W. Lu, J. P. Sculley, D. Yuan, R. Krishna, Z. Wei and H.-C. Zhou, Angew. Chem., Int. 

Ed., 2012, 51, 7480-7484. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 130 

 

 

28. T. M. McDonald, W. R. Lee, J. A. Mason, B. M. Wiers, C. S. Hong and J. R. Long, J. 

Am. Chem. Soc., 2012, 134, 7056-7065. 

29. M. Wriedt, J. P. Sculley, A. A. Yakovenko, Y. Ma, G. J. Halder, P. B. Balbuena and 

H.-C. Zhou, Angew. Chem., Int. Ed., 2012, 51, 9804-9808. 

30. N. A. Ramsahye, G. Maurin, S. Bourrelly, P. L. Llewellyn, T. Loiseau, C. Serre and 

G. Ferey, Chem. Commun., 2007, 3261-3263. 

31. L. Hamon,  . L. Llewellyn, T. Devic, A. Ghoufi, G. Clet, V. Guillerm, G. D. 

 irngruber, G. Maurin, C. Serre, G. Driver, W. Van Beek, E. Jolima tre, A. Vimont, 

M. Daturi and G. r. F rey, J. Am. Chem. Soc., 2009, 131, 17490-17499. 

32. S. Kitagawa, R. Kitaura and S.-i. Noro, Angew. Chem., Int. Ed., 2004, 43, 2334-2375. 

33. S. Kitagawa and K. Uemura, Chem. Soc. Rev., 2005, 34, 109-119. 

34. S. Kitagawa and R. Matsuda, Coord. Chem. Rev., 2007, 251, 2490-2509. 

35. K. Uemura, R. Matsuda and S. Kitagawa, J. Solid State Chem., 2005, 178, 2420-2429. 

36. R. Kitaura, K. Seki, G. Akiyama and S. Kitagawa, Angew. Chem., Int. Ed., 2003, 42, 

428-431. 

37. X.-M. Liu, R.-B. Lin, J.-P. Zhang and X.-M. Chen, Inorg. Chem., 2012, 51, 5686-

5692. 

38. K. Uemura, S. Kitagawa, M. Kondo, K. Fukui, R. Kitaura, H.-C. Chang and T. 

Mizutani, Chem. Eur. J., 2002, 8, 3586-3600. 

39. D. Li and K. Kaneko, Chem. Phys. Lett., 2001, 335, 50-56. 

40. P. Kanoo, G. Mostafa, R. Matsuda, S. Kitagawa and T. Kumar Maji, Chem. Commun., 

2011, 47, 8106-8108. 

41. A. Kondo, H. Noguchi, S. Ohnishi, H. Kajiro, A. Tohdoh, Y. Hattori, W.-C. Xu, H. 

Tanaka, H. Kanoh and K. Kaneko, Nano Lett., 2006, 6, 2581-2584. 

42. A. Kondo, H. Noguchi, L. Carlucci, D. M. Proserpio, G. Ciani, H. Kajiro, T. Ohba, H. 

Kanoh and K. Kaneko, J. Am. Chem. Soc., 2007, 129, 12362-12363. 

43. K. Biradha, Y. Hongo and M. Fujita, Angew. Chem., Int. Ed., 2002, 41, 3395-3398. 

44. P. Kanoo, R. Sambhu and T. K. Maji, Inorg. Chem., 2010, 50, 400-402. 

45. H.-S. Choi and M. P. Suh, Angew. Chem., Int. Ed., 2009, 48, 6865-6869. 

46. B. Liu, L. Hou, Y.-Y. Wang, H. Miao, L. Bao and Q.-Z. Shi, Dalton Trans., 2012, 41, 

3209-3213. 

47. E.-Y. Choi, L. D. DeVries, R. W. Novotny, C. Hu and W. Choe, Cryst. Growth Des., 

2009, 10, 171-176. 

48. K. Uemura, S. Kitagawa, K. Fukui and K. Saito, J. Am. Chem. Soc., 2004, 126, 3817-

3828. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 131 

 

 

49. S. Horike, S. Shimomura and S. Kitagawa, Nat. Chem., 2009, 1, 695-704. 

50. D. M. Alessandro, R. F. Keene, P. J. Steel and C. J. Sumby, Aust. J. Chem., 2003, 56, 

657-664. 

51. C. Pettinari, C. Santini, D. Leonesi and P. Cecchi, Polyhedron, 1994, 13, 1553-1562. 

52. J. Xia, Z.-j. Zhang, W. Shi, J.-f. Wei and P. Cheng, Cryst. Growth Des., 2010, 10, 

2323-2330. 

53. X.-Y. Chen, W. Shi, J. Xia, P. Cheng, B. Zhao, H.-B. Song, H.-G. Wang, S.-P. Yan, 

D.-Z. Liao and Z.-H. Jiang, Inorg. Chem., 2005, 44, 4263-4269. 

54. L. Zhang, P. Cheng, L.-F. Tang, L.-H. Weng, Z.-H. Jiang, D.-Z. Liao, S.-P. Yan and 

G.-L. Wang, Chem. Commun., 2000, 0, 717-718. 

55. L. D. Field, B. A. Messerle, M. Rehr, L. P. Soler and T. W. Hambley, 

Organometallics, 2003, 22, 2387-2395. 

56. O. Juanes, J. de Mendoza and J. C. Rodriguez-Ubis, J. Organomet. Chem., 1989, 363, 

393-399. 

57. C. M. Wong, K. Q. Vuong, M. R. D. Gatus, C. Hua, M. Bhadbhade and B. A. 

Messerle, Organometallics, 2012, 31, 7500-7510. 

58. M. Du, X.-G. Wang, Z.-H. Zhang, L.-F. Tang and X.-J. Zhao, CrystEngComm, 2006, 

8, 788-793. 

59. M. Du, Z.-H. Zhang, X.-G. Wang, L.-F. Tang and X.-J. Zhao, CrystEngComm, 2008, 

10, 1855-1865. 

60. A. S. Potapov and A. I. Khlebnikov, Polyhedron, 2006, 25, 2683-2690. 

61. A. S. Potapov, A. I. Khlebnikov and S. F. Valisevskii, Russ. J. Org. Chem., 2006, 42, 

1368-1373. 

62. Y. Qian, M. Hamilton, A. Sidduri, S. Gabriel, Y. Ren, R. Peng, R. Kondru, A. 

Narayanan, T. Truitt, R. Hamid, Y. Chen, L. Zhang, A. J. Fretland, R. A. Sanchez, K.-

C. Chang, M. Lucas, R. C. Schoenfeld, D. Laine, M. E. Fuentes, C. S. Stevenson and 

D. C. Budd, J. Med. Chem., 2012, 55, 7920-7939. 

63. T. A. Khan, S. Kumar, C. Venkatesh and H. Ila, Tetrahedron, 2011, 67, 2961-2968. 

64. E. D. Anderson and D. L. Boger, J. Am. Chem. Soc., 2011, 133, 12285-12292. 

65. X. Lin, I. Telepeni, A. J. Blake, A. Dailly, C. M. Brown, J. M. Simmons, M. Zoppi, G. 

S. Walker, K. M. Thomas, T. J. Mays,  . Hubberstey,  . R. Champness and M. 

Schr der, J. Am. Chem. Soc., 2009, 131, 2159-2171. 

66. I. M. Procter, B. J. Hathaway and P. Nicholls, J. Chem. Soc., A: Inorg. Phys. Theor., 

1968, 1678-1684. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 132 

 

 

67. G. R. Desiraju and T. Steiner, The Weak Hydrogen bond: In Structural Chemistry and 

Biology, Oxford University Press, United States, New York, 2001. 

68. A. L. Myers and J. M. Prausnitz, AIChE Journal, 1965, 11, 121-127. 

69. J.-H. Moon, Y.-S. Bae, S.-H. Hyun and C.-H. Lee, J. Membr. Sci., 2006, 285, 343-

352. 

70. J. Jagiello and M. Thommes, Carbon, 2004, 42, 1227-1232. 

71. L. Czepirski and J. Jagiello, Chem. Eng. Sci., 1989, 44, 797-801. 

72. S. Himeno, T. Komatsu and S. Fujita, J. Chem. Eng. Data, 2005, 50, 369-376. 

73. Y.-S. Bae, O. K. Farha, J. T. Hupp and R. Q. Snurr, J. Mater. Chem., 2009, 19, 2131-

2134. 

74. P. L. Llewellyn, S. Bourrelly, C. Serre, Y. Filinchuk and G. Férey, Angew. Chem., Int. 

Ed., 2006, 45, 7751-7754. 

75. A. O. Yazaydın, A. I. Benin, S. A. Faheem,  . Jakubczak, J. J. Low, R. R. Willis and 

R. Q. Snurr, Chem. Mater., 2009, 21, 1425-1430. 

76. P. Lightfoot and A. Snedden, J. Chem. Soc., Dalton Trans., 1999, 3549-3551. 

77. Y.-S. Bae, K. L. Mulfort, H. Frost, P. Ryan, S. Punnathanam, L. J. Broadbelt, J. T. 

Hupp and R. Q. Snurr, Langmuir, 2008, 24, 8592-8598. 

78. M. Du, X.-J. Jiang and X.-J. Zhao, Inorg. Chem., 2007, 46, 3984-3995. 

79. K. S. Walton and R. Q. Snurr, J. Am. Chem. Soc., 2007, 129, 8552-8556. 

80. S. R. Caskey, A. G. Wong-Foy and A. J. Matzger, J. Am. Chem. Soc., 2008, 130, 

10870-10871. 

81. P. Aprea, D. Caputo, N. Gargiulo, F. Iucolano and F. Pepe, J. Chem. Eng. Data, 2010, 

55, 3655-3661. 

82. A. Demessence, D. M. D’Alessandro, M. L. Foo and J. R. Long, J. Am. Chem. Soc., 

2009, 131, 8784-8786. 

83. C. R. Wade and M. Dinca, Dalton Trans., 2012, 41, 7931-7938. 

84. Q. Min Wang, D. Shen, M. Bülow, M. Ling Lau, S. Deng, F. R. Fitch, N. O. Lemcoff 

and J. Semanscin, Microporous Mesoporous Mater., 2002, 55, 217-230. 

85. B. Xiao, P. J. Byrne, P. S. Wheatley, D. S. Wragg, X. Zhao, A. J. Fletcher, K. M. 

Thomas, L. Peters, J. S. O. Evans, J. E. Warren, W. Zhou and R. E. Morris, Nat. 

Chem., 2009, 1, 289-294. 

86. J. Cirera, P. Alemany and S. Alvarez, Chem. Eur. J., 2004, 10, 190-207. 

87. S.-Y. Wan, Y.-T. Huang, Y.-Z. Li and W.-Y. Sun, Microporous Mesoporous Mater., 

2004, 73, 101-108. 



Chapter 3 Flexible Metal-Organic Frameworks for Gas Separation 133 

 

 

88. J. Yang, B. Li, J.-F. Ma, Y.-Y. Liu and J.-P. Zhang, Chem. Commun., 2010, 46, 8383-

8385. 

89. M. Munakata, S. Kitagawa, A. Asahara and H. Masuda, Bull. Chem. Soc. Jpn., 1987, 

60, 1927-1929. 

90. J. Y. Lu, B. R. Cabrera, R.-J. Wang and J. Li, Inorg. Chem., 1998, 37, 4480-4481. 

91. J. Y. Lu, B. R. Cabrera, R.-J. Wang and J. Li, Inorg. Chem., 1999, 38, 4608-4611. 

92. O. M. Yaghi and H. Li, J. Am. Chem. Soc., 1995, 117, 10401-10402. 

93. S. M. F. Lo, S. S. Y. Chui, L.-Y. Shek, Z. Lin, X. X. Zhang, G.-h. Wen and I. D. 

Williams, J. Am. Chem. Soc., 2000, 122, 6293-6294. 

94. S. Banthia and A. Samanta, Inorg. Chem., 2004, 43, 6890-6892. 

95. J. Y. Lu, Coord. Chem. Rev., 2003, 246, 327-347. 

96. A. Banisafar and R. L. LaDuca, Inorg. Chim. Acta., 2011, 373, 295-300. 

97. G.-P. Yong, Y.-M. Zhang and B. Zhang, CrystEngComm, 2012, 14, 8620-8625. 

98. H. Zhao, Z.-R. Qu, Q. Ye, X.-S. Wang, J. Zhang, R.-G. Xiong and X.-Z. You, Inorg. 

Chem., 2004, 43, 1813-1815. 

99. D. Sadhukhan, C. Rizzoli, E. Garribba, C. J. Gomez-Garcia, A. Yahia-Ammar, L. J. 

Charbonniere and S. Mitra, Dalton Trans., 2012, 41, 11565-11568. 

100. F. Xu, T. Tao, K. Zhang, X.-X. Wang, W. Huang and X.-Z. You, Dalton Trans., 2013, 

42, 3631-3645. 

101. A. P. Nelson, O. K. Farha, K. L. Mulfort and J. T. Hupp, J. Am. Chem. Soc., 2008, 

131, 458-460. 

102. O. K. Farha and J. T. Hupp, Acc. Chem. Res, 2010, 43, 1166-1175. 

103. L. Ma, A. Jin, Z. Xie and W. Lin, Angew. Chem., Int. Ed., 2009, 48, 9905-9908. 

104. L. D. DeVries, P. M. Barron, E. P. Hurley, C. Hu and W. Choe, J. Am. Chem. Soc., 

2011, 133, 14848-14851. 

105. C. Serre, F. Millange, C. Thouvenot, M. Noguès, G. Marsolier, D. Louër and G. 

Férey, J. Am. Chem. Soc., 2002, 124, 13519-13526. 

106. D. N. Dybtsev, H. Chun and K. Kim, Angew. Chem., Int. Ed., 2004, 43, 5033-5036. 

 



134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



135 

 

 

 

 

 

 

Chapter 4 

 

 

Flexible Metal-Organic 

Frameworks from Co(II), 

Ni(II), and Mn(II) 

 

 
4. Flexible Metal-Organic Frameworks from Co(II), Ni(II), and 

Mn(II) 

 
 

 

 

 

 

 

 

 



136 

 

 

 

 

 

 

 

 

 



Chapter 4 Flexible Metal-Organic Frameworks from Co(II), Ni(II) and Mn(II)  137 

 

 

Chapter 4 

4. Flexible Metal-Organic Frameworks from Co(II), Ni(II), and 

Mn(II) 

4.1. Introduction 

A key strategy in accessing MOF materials tailored towards specific applications is to 

integrate additional chemical functionality into their structures.
1, 2

 The ability to deliberately 

modify the internal pore environment allows for tuning of the interactions and reactivity of 

the framework towards specific guest species. Some of the approaches used in achieving this 

goal include utilising functionalised ligands
3-5

 or active metal nodes as building blocks.
6-8

 

This strategy relies on pre-instalment of functionality prior to or during MOF synthesis, and 

has afforded MOFs with exceptional catalytic and gas separation properties.
9-11

 It is important 

to note that using functionalised ligands presents certain limitations that impede on the 

capacity to synthesise MOF materials. This is particularly true for functionalities such as -OH, 

-NH2, -COOH, and N-donors, which can interfere with formation of the SBU, or are not 

compatible with the usual synthetic conditions.
7
 Once functionality is incorporated into a 

MOF however it can be used as an anchor for post-synthetic modification (PSM) and further 

fine-tuning the pore environment. PSM typically involves chemical,
12-14

 photochemical,
15-18

 

or thermal
19, 20

 modification of existing MOF structures and has been a successful strategy in 

achieving materials with enhanced properties.
1, 2, 21

 

4.1.1. Post-synthetic grafting of metal ions into MOFs 

With the appropriate functionality, MOFs can be used as a support for catalytically active 

metal ions. Incorporating ligands with unbound donors into MOF materials however remains 

a challenge; as highlighted above, ligands with multiple donors can often interfere with the 

formation of the desired MOF in the initial synthesis or become involved in coordination that 

leads to the formation of a structure. One way of overcoming the former limitation has been 

to carry out covalent PSM on MOFs to synthetically alter the organic link for metal binding 

(Figure 4.1a). Although this approach allows for controlled synthesis of the desired 

framework, covalent PSM modifications are rarely quantitative,
22

 which can limit the extent 

of subsequent metalation.
23-25

 In addition, covalent PSM reactions often impact negatively on 

the single crystallinity of the material and are limited to mild synthetic conditions that ensure 

preservation of long range order.
23, 26

 Other variations of this approach include covalent PSM 
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with an already bound metal ion reagent, thereby relying on the covalent reaction to dictate 

the amount of incorporated species. The reported yields for such reactions are low and range 

from 10% to 40%.
27, 28

 

 

Figure 4.1. Approaches to incorporate catalytically active metal ions into MOF materials; 

a) introducing a metal binding site by covalent PSM; b) using metallo-ligands in MOF 

synthesis; c) reacting hard metal ions with ligands that possess a combination of hard and soft 

donors. Method a) and c) allow for post-synthetic metal grafting. 

The use of particular organic ligands that incorporate porphyrin or salen moieties (Chart 

4.1a and b) has been another strategy in achieving MOFs replete with active metal ions. The 

use of these types of ligands is attractive because both porphyrin and salen metallo-

derivatives are well studied in catalysis and proven to complex a variety of metal ions.
29-32

 

This approach however often involves using metallo-ligands in MOF assembly (Figure 

4.1b),
33-36

 or in-situ metalation,
37

 rather than post-synthetic metal grafting, limiting their 

potential for widespread catalytic properties.  
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Chart 4.1 

A less common but very effective strategy for the generation of metal binding sites in 

MOFs is exploiting hard-soft acid-base (HASB) theory in coordination chemistry (Figure 

4.1c). Yaghi and Long utilised the ligand 2,2'-bipyridine-5,5'-dicarboxylic acid (Chart 4.1c) 

which contains a borderline soft chelator bpy donor (strong π-accepting character) and hard 

carboxylate donors (σ-donor). Combining this ligand with the hard metal Al
3+

 resulted in 

preferential coordination by the carboxylate donors leaving the bpy moiety free for post-

synthetic metal grafting. 80-97% of the bpy sites could be metalated by soaking crystals of 

the MOF in a solution of PdCl2 or Cu(BF4)2.
38

 Utilising hard metal ions in MOF synthesis 

however often yields crystalline powders, and as with this example, precise structural 

information is difficult to obtain. 
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The majority of published studies that describe post-synthetic metal grafting in MOF 

materials suffer from a lack of characterisation with respect to the coordination environment 

of the grafted metal ion.
23, 27, 36, 39-41

 Although elemental analysis and Energy-dispersive X-ray 

spectroscopy (EDX) can identify the extent of metalation, they do not provide information on 

the location of the metal ion or its coordination environment. Extended X-ray Absorption Fine 

Structure (EXAFS) have been utilised to address this point,
26, 38

 though this technique also 

presents limitations, especially when dealing with an unusual coordination sphere. X-ray 

crystallography is thus the most useful analytical technique in this regard, though is limited by 

non-singularity of the crystals. Structural elucidation of the metalated species is extremely 

important in understanding the underlying catalytic function of the MOF material, which is 

often assumed based on known chemistry. This assumption is unreliable, as the chemistry that 

occurs in the confined space of a MOF differs significantly from that in solution, and is 

heavily influenced by surrounding atoms of the framework.
42-44

 

4.1.2. Scope of chapter 

This chapter furthers the coordination chemistry of ligands 3.3 and 3.4 in MOF materials 

composed of Co(II), Ni(II), or Mn(II). The first section of this chapter describes the structure 

and properties of two isostructural Co(II) and Ni(II) MOFs. The second segment of this 

chapter focuses on a MOF material composed from Mn(II) and ligand 3.4 (Chart 4.1d) that 

contains non-coordinated pyrazole donors which can post-synthetically bind metal-ions. The 

solid-state flexibility, post-synthetic metalation, and gas adsorption properties of this material 

are described. 

4.2. Synthesis and Study of Co(II) and Ni(II) MOFs  

4.2.1. Synthesis of Co(II) and Ni(II) MOFs 

When ligand 3.3 was combined with Co(NO3)2·6H2O, under the conditions used to 

synthesise MOF 3.5 (DMF, water, ethanol and 1 drop of 70% HNO3, 85 °C), no solid material 

formed in the reaction mixture. Repeating the reaction with a lower dilution of HNO3 (1 M) 

however yielded maroon crystals of {[Co(3.3)(H2O)(C2H5OH)}n (4.1) after 1 day. Combining 

Ni(NO3)2·6H2O and 3.3 under the same conditions yielded {[Ni(3.3)(H2O)(C2H5OH)]}n (4.2) 

as light blue crystals. The crystals of 4.1 and 4.2 were suitable for X-ray crystallography, and 

thus structural characterisation was carried out. Although PXRD confirmed the bulk purity of 

4.1 and 4.2 (Figure 4.3), repeated attempts to reproduce these materials for further analysis 

were unsuccessful. Further efforts to synthesise 4.1 or 4.2 were undertaken by using different 

salts of Co(II) or Ni(II) and different reaction conditions, however these experiments were 
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unfruitful. In attempts to find reaction conditions to synthesise 4.1, another crystalline 

material was identified and analysed by X-ray crystallography. Heating Co(NO3)2·6H2O and 

3.3 in a mixture of DMF, EtOH, water, and 4 drops of glacial AcOH at 65 °C for three days 

gave large maroon crystals of {[Co(3.3)(H2O)2]}n (4.3·xS) in 52% yield. Combining 

Ni(NO3)2·6H2O with ligand 3.3 under the same conditions gave teal crystals of 

{[Ni(3.3)(H2O)2]}n (4.4·xS) in 59% yield. X-ray crystallography revealed that 4.3·xS and 

4.3·xS are isostructural. Both of these materials were readily reproducible and elemental 

analysis of each material was consistent with the respective crystallographic formula. 

 

Scheme 4.1. i) DMF/EtOH/1 M HNO3, 85 °C, 1 day; ii) DMF/EtOH/H2O/AcOH, 65 °C, 

3 days. 

4.2.2. Structure of 4.1 and 4.2 

4.1 and 4.2 are  two-fold interpenetrated 2-D layered materials with 4
4 

nets. The inclined 

interpenetration of the 2-D sheets however results in a packing that is essentially 3-D. The 

isostructural MOFs both crystallise in the orthorhombic space group Ima2, and contain half of 

the formula [M(3.3)(H2O)(C2H5OH)] (M = Co
2+

 or Ni
2+

) in the asymmetric unit. The 

octahedral metal centres are composed of two N-donors from a chelating bi-pyrazolyl moiety, 

two monodentate carboxylate donors, a water ligand, and an ethanol ligand. In the case of 4.1, 

the water ligand, metal ion, and CH2 of the ethanol ligand lie on a centre of inversion. The 

CH3 of the ethanol ligand is thus half-occupied over two symmetry related positions. 4.2 

differs from 4.1 in that the entire alkyl chain of the ethanol ligand is half-occupied over two 

symmetry related positions (Figure 4.2a and b). Although the connectivity of the 4
4
 net

 
is 

analogous to that of the previously described Cu(II) MOF 3.5, the octahedral geometry of the 

metal atom and ‘flat’ conformation of the 2-D layers disfavour an eclipsed packing. Due to 
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the two-fold interpenetration, the structures of 4.1 and 4.2 are close-packed and do not contain 

any solvent accessible channels (Figure 4.2).  

 

Figure 4.2. a) A view of the coordination sphere of the Co(II) centre of 4.1. Selected 

bond lengths [Å] and angles [°]: Co1-N1 2.152(5), Co-O1 2.055(8), Co1-O2 2.022(8), Co1-

O28 2.081(5), N1-Co1-N1' 83.3(3). b) A view of the coordination sphere of the Ni(II) centre 

of 4.2. The hydrogen atoms of the water ligand could not be located in the difference map. 

Selected bond lengths [Å] and angles [°]: Ni1-N1 2.102(5), Ni1-O1 2.038(9), Ni1-O2 

2.004(8), Ni1-O28 2.051(4), N1-Ni1-N1' 85.0(3). c) A perspective view of the 4
4 

net of a 

single layer; d) space-filling model along the c axis; e) space filling model along the a axis. 

The structures of 4.1 and 4.2 are stabilised by weak π-π stacking between two benzyl 

rings of ligand 3.3 from two separate layers, with centroid-centroid distances of 3.99 and 3.98 

Å respectively. 
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4.2.3. Characterisation of 4.1 and 4.2 

The purity of both materials was confirmed by PXRD, which showed an excellent 

correlation between the experimental patterns and those simulated from the respective crystal 

structure (Figure 4.3). Due to the difficulty in reproducing these MOFs, no further analysis 

was undertaken.  

 

Figure 4.3. Powder pattern overlay of 4.1 and 4.2 (Cu Kα = 1.5418 Å): a) 4.1 

(simulated); b) 4.1; c) 4.2 (simulated); d) 4.2. 

4.2.4. Structure of 4.3 and 4.4 

The Co(II) and Ni(II) MOFs, 4.3·xS and 4.4·xS, are isostructural and are also considered 

together. These materials are 2-D frameworks with 4
4
 nets identical to that of 4.1 and 4.2. In 

contrast, the 2-D layers are not interpenetrated, but stack with a subtle offset to each other. 

Both materials crystallise in the orthorhombic space group Pnma with essentially the same 

asymmetric unit as 4.1/4.2; half of a molecule of 3.3 and half of an octahedral metal centre 

composed from 3.3 and two water ligands. The metal centre possesses an octahedral geometry 

and is composed of two pyrazole donors, two monodentate carboxylate donors, and two water 

ligands located in the axial positions.  
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Figure 4.4. a) A view of the coordination sphere of the Co(II) metal centre in 4.3·xS. 

Selected bond lengths [Å] and angles [°]: Co1-N1 2.1539(16), Co1-O1 2.116(2), Co1-O2 

2.057(2), Co1-O28 2.0775(13), N1-Co1-N1' 85.58(8). b) A view of the coordination sphere of 

the Ni(II) metal centre in 4.4·xS. Selected bond lengths [Å] and angles [°]: Ni1-N1 

2.0978(16), Ni1-O1 2.081(2), Ni1-O2 2.046(2), Ni1-O28 2.0441(13), N1-Ni1- 1ʹ 86.80(8). 

c) A view of the hydrogen bonding interactions (red dashed lines) between two metals 

centres. d) A view of the structure along the a axis; e) a space-filling model viewed along the 

c axis, showing the ‘puckered’ nature of the layers; a space-filling model viewed along the a 

axis. 

The hydrogen atoms of both water ligands were successfully located in the difference 

map which revealed their participation in hydrogen bonding occurring within and between the 

2-D layers. Within the layers, the hydrogen atoms of one water ligand (H1A) point towards an 
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adjacent carbonyl oxygen (O28) atom of a coordinated carboxylate donor (Figure 4.4a). The 

hydrogen bonding interaction between H1A and O28 measures 1.953 Å for 4.3·xS and 1.978 

Å for 4.4·xS. The other water ligand (O2) hydrogen bonds to a pair of carbonyl oxygen atoms 

from a separate layer (Figure 4.4c), with a distance of 1.977 Å for 4.3·xS and 1.978 Å for 

4.4·xS. Similar to the Cu(II) MOF 3.5, the 2-D sheets of 4.3·xS and 4.4·xS are ‘puckered’ and 

are stabilised by a chain of strong hydrogen bonds. The 2-D sheets however are not perfectly 

eclipsed owing to the octahedral metal centres which align along the a axis in a ‘zig-zag’ 

conformation. While the structure is close-packed along the b and c axes, 1-D micro-porous 

channels can be seen along the a axis (Figure 4.4d and e). When taking into consideration the 

van der Waals radii of surrounding atoms, these channels measure approximately 3.9 × 6.0 Å. 

Interestingly, 4.3·xS and 4.4·xS have the same 4
4 

net connectivity as the interpenetrated 

analogues 4.1 and 4.2. Control over interpenetration of these structures is achieved through 

modification of the reaction conditions. Although the concentration and co-solvents are 

important parameters,
45

 in this case, a higher temperature (85 °C) leads to an interpenetrated 

framework, while a lower temperature (65 °C) gives a non-interpenetrated structure. This 

trend is consistent with work reported by Zaworotko and co-workers, who also observed that 

lower temperatures favour the formation of a non-interpenetrated framework.
46

 Interestingly, 

the opposite trend has been observed for other MOF materials, where lower temperatures 

favour a greater degree of interpenetration.
47

 Although temperature has a notable impact on 

structural interpenetration, there appears to be no particular regulation to this phenomenon. 

By comparison, the metal nodes of 4.1 and 4.2 are coordinated by a water and an ethanol 

ligand, whereas the non-interpenetrated structures 4.3·xS and 4.4·xS contain two water ligands 

in the axial coordination sites. Accordingly, there is a greater extent of (and notably stronger) 

hydrogen bonding in the latter structures which may favour a layered packing instead of an 

interpenetrated structure. Thus, the reaction conditions are responsible for the composition of 

the metal node which in turn dictates interpenetration of the layers. 

4.2.5. Characterisation of 4.3 and 4.4 

The purity of 4.3·xS and 4.4·xS were confirmed by PXRD, which revealed a good 

correspondence between the crystalline samples and the respective simulated patterns (Figure 

4.5). Furthermore PXRD indicated that the interpenetrated phase (4.1 and 4.2) was completely 

absent, indicating that the synthetic conditions were successful in providing a phase-pure 

sample.  
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Figure 4.5. Powder pattern overlay of 4.3·xS and 4.4·xS (Cu Kα = 1.5418 Å): a) 4.3·xS 

(simulated); b) 4.3·xS; c) 4.4·xS (simulated); d) 4.4·xS.  

TGA was performed on the as-synthesised samples (4.3·xS and 4.4·xS) to investigate their 

thermal stability and desolvation behaviour, and thus determine appropriate activation 

conditions. It was also of interest to determine whether the coordinated water ligands can be 

removed from the structure, or whether they remain integral for structural stability. This 

would be observed as distinct step in weight % loss due to their distinct chemistry compared 

to the pore-bound solvent. Both materials behaved similarly, showing an initial weight loss up 

to 110 °C followed by a plateau step and a further weight loss (total of ~32%) before 

decomposition at 360 °C (Figure 4.6). TGA was also performed on methanol-exchanged 

samples of the respective materials. For 4.3·xCH3OH,
 
a two-step weight loss of 7.0% over a 

temperature range of 110 – 220 °C was observed. 4.4·xCH3OH
 
showed a one-step weight loss 

of 8.2% over a temperature range 165 – 240 °C (Figure 4.6). The loss of two water molecules 

from the structure of these materials amounts to 7.5%, which corresponds well to the weight 

% losses observed for both materials. This suggests that the coordinated water molecules can 

indeed be removed without perturbing the structural integrity of the material. The observed 

colour changes of the respective samples after the stepped weight loss support this assertion. 

After 220 °C, the colour of 4.3·xCH3OH changed to deep blue, whereas at a similar 

temperature 4.4·xCH3OH changed to a light brown/yellow colour, consistent with a six-
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coordinate to four-coordinate change in geometry occurring around the respective metal 

centres.
48

  

 

Figure 4.6. TGA traces of a) 4.3·xS; b) 4.4·xS; c) 4.3·xCH3OH; d) 4.4·xCH3OH. 

Elemental analysis was performed on methanol-exchanged samples pre-heated to 250 °C. 

Both samples analysed with at least two water molecules as part of the formula, suggesting 

that while the water ligands can be removed at high temperatures, the structure thereafter 

adsorbs moisture upon exposure to air. PXRD was performed on 4.3·xCH3OH and 

4.4·xCH3OH prior to and after the loss of the water ligands. PXRD of samples heated to 100 

°C revealed that a structural change occurs with preservation of crystallinity (Figure 4.8b). 

Due to the structural similarities of these materials with MOF 3.5, it is reasonable to suggest 

that a trellis-like contraction takes place upon initial desolvation. When the same samples 

were heated to 250 °C however PXRD revealed a notable reduction in crystallinity and an 

absence of high angle diffraction (Figure 4.7c and d). As indicated by the X-ray structure, the 

intra- and inter-layer hydrogen bonding interactions of the water ligands contribute 

significantly to stabilisation of the structure. Thus, removal of these ligands is consistent with 

loss of long range order for the material. Due to time constraints, further studies were carried 

out only on the Ni(II) MOF 4.4. Investigations to obtain an activated material (4.4-ac) were 

carried out by performing 
1
H NMR digestions of samples of 4.4·xCH3OH pre-heated to 

various temperatures. This revealed that complete desolvation (absence of chemical shifts 

corresponding to methanol) is achieved only above 250 °C, even when the sample is heated 
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under high vacuum. Difficulty in quantitatively removing the solvent at lower temperatures is 

consistent with the material possessing a small pore-diameter. 

 

Figure 4.7. Powder pattern overlay of 4.3 and 4.4 (Cu Kα = 1.5418 Å): a) 4.3·xS; b) 

4.3·xCH3OH treated at 100 °C; c) 4.3·xCH3OH treated at 250 °C; d) 4.4·xCH3OH treated at 

250 °C. The PXRD of 4.4·xS
 
and 4.4·xCH3OH

 
treated at 100 °C are analogous to a) and b) 

respectively. 

4.2.6. Gas adsorption properties of 4.4-ac 

Measurement of the N2 isotherms at 77, 273 and 293 K revealed the material was 

essentially non-porous, with uptakes below the detection limit of the adsorption instrument. In 

addition, no appreciable uptake of CO2 was observed. At 293 K, the maximum uptake of CO2 

was 0.63 mmol/g (14.3 cm
3
/g), indicating the pore-diameter is of a size accessible to CO2. 

Because precise structural information could not be obtained for 4.4-ac, no additional 

adsorption isotherms were measured. Due to the already narrow pore-diameter of 4.4·xS
 
(3.9 

× 6.0 Å), the structural contraction (as indicated by PXRD, Figure 4.7b) that gives the 

adsorbing form, 4.4-ac, may yield a material with limiting pore dimensions approaching that 

of CO2. The negligible uptake of N2 and evident hysteresis in the 293 K CO2 isotherm 

supports this assertion (Figure 4.8).  
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Figure 4.8. 293 K CO2 isotherm of 4.4-ac. 

4.2.7. Summary of 4.1 – 4.4 

Four structurally related MOFs were successfully synthesised from ligand 3.3 and either 

Co(NO3)2 or Ni(NO3)2. The first MOFs investigated (4.1 and 4.2) were synthesised by heating 

the metal and ligand in a solvent mixture of DMF, EtOH, and 1 M HNO3 at 85 °C. This 

yielded a structure composed of interpenetrated 4
4
 nets for both Co(II) and Ni(II). The MOFs 

were composed of a singular octahedral metal node containing both N-donors and O-donors 

from ligand 3.3, a water ligand, and an ethanol ligand. Although PXRD confirmed that 4.1 

and 4.2 were phase-pure, the synthetic reproducibility of these materials was a roadblock to 

undertaking further characterisation. The second conditions investigated involved heating the 

metal and ligand in solvent mixtures of DMF, H2O, EtOH, and AcOH at 65 °C. This yielded a 

phase-pure non-interpenetrated 2-D structure with either Co(II) or Ni(II). The layers were 

slightly offset relative to one another, giving narrow pore-diameters of 3.9 × 6.0 Å. The 

PXRD pattern of a partially desolvated sample revealed a different crystalline phase, 

suggesting the material is structurally flexible. The coordinated solvate molecules around the 

metal centre could be removed by heating the material up to ~250 °C, although this was 

accompanied with a loss of crystallinity. Gas adsorption studies of the Ni(II) analogue, 4.4-ac, 

revealed that the material was non-porous to N2 and sparingly porous to CO2, supporting the 

occurrence of a structural contraction on desolvation. The two sets of MOF structures 

described further the understanding of the coordination chemistry of ligand 3.3 and 

demonstrate the sensitivity of reaction conditions towards interpenetration. 
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4.3. Synthesis and Study of {[Mn3(3.4)2(3.4ʹ)]}n (4.5) 

The MOF materials described up to this point contained metal nodes composed of either 

mixed (3.5, 3.7, 4.1 – 4.4) or distinct donors (3.6, 3.8) from ligands 3.3 or 3.4. In the latter 

case, N- or O-donors contributed to the composition of two distinct metal nodes. One 

curiosity concerning these ligands was whether exclusive coordination by the carboxylate 

donors over the pyrazole donors is possible. This would leave the pyrazole donors vacant for 

potential post-synthetic metal binding, opening the way for a material with catalytic 

properties. In coordination chemistry, Mn(II) is a hard metal and prefers to form metal-ligand 

bonds of more ionic rather than covalent character. Therefore, Mn(II) should prefer 

coordination of the highly electronegative carboxylate donors over softer pyrazole donors 

with ligands 3.3/3.4.  

There is a significant literature precedent regarding coordination polymers composed of 

polynuclear Mn(II) SBUs. Although the formation of polynuclear Mn(II) nodes is favoured 

by carboxylate donors, many examples exist of Mn(II) clusters composed of mixed N- and O-

donors.
49-51

 Some of the most common are dinuclear
52, 53

 and trinuclear
54-56

 Mn(II) SBUs, 

although higher order polynuclear clusters have also been reported.
57, 58

 Due to the oxophilic 

nature of Mn(II), it was anticipated that ligands 3.3/3.4 could be used to synthesise a MOF 

containing non-coordinated pyrazole donors. 

4.3.1. Synthesis of 4.5·xS 

Under all of the conditions investigated, reaction of Mn(II) salts with ligand 3.3 did not 

yield crystalline material. Attention was thus shifted to the more soluble tetra-methyl ligand, 

3.4. Heating a DMF mixture of MnCl2 and 3.4 (1.5:1 ratio) at 100 °C for 24 h yielded a 

phase-pure micro-crystalline material. Heating a similar metal-ligand mixture at 100 °C in 

DMF with added water (2:1 ratio) yielded crystals of 4.5·xS as colourless rhombus-shaped 

plates, suitable for X-ray crystallography. 4.5·xS could be synthesised at temperatures ranging 

from 85 °C to 120 °C, although the best quality crystals were obtained after 48 h at 100 °C. 

The synthesis of 4.5·xS was highly reproducible, and gave phase-pure samples as indicated by 

PXRD. 

 

Scheme 4.2. i) 2:1 DMF/H2O, 85 °C, 48 h. 
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4.3.2. Structure of 4.5·xS 

4.5·xS crystallises in the triclinic space group P-1
i
, with three molecules of 3.4 and two 

halves of a trinuclear Mn(II) node in the asymmetric unit. Crystals of 4.5·xS could also be 

isolated in the monoclinic space group P21/m, however, the structure contained a significant 

amount of disorder which was difficult to resolve. A view of the trinuclear SBU provided in 

figure 4.9 shows that the linear structure includes a central octahedral Mn(II) atom (Mn2) 

located on a crystallographic centre of inversion. The coordination sphere of this atom is 

composed of six oxygen atoms from six carboxylate donors of 3.4, three of which are 

symmetry related. The central manganese is flanked by two symmetry related manganese 

atoms (Mn1, Mn1A) which possess a distorted octahedral geometry. The coordination sphere 

of these terminal Mn(II) atoms is composed of four oxygen atoms from one bidentate and two 

monodentate carboxylate donors. The remaining two positions are filled by two N-donors 

from the pyrazole moiety of 3.4. The distorted geometry of the terminal Mn(II) atoms arises 

from the short bite angle provided by the bidentate carboxylate donor (O25-Mn1-O26 = 

56.6°), which chelates with bond lengths of 2.219(3) and 2.419(4) Å while bridging to the 

central Mn(II) atom (Mn2) (Figure 4.9a). The Mn atoms are separated by a distance 3.63 Å, 

which is outside the range of a Mn-Mn bond,
59, 60

 and indicative of a very weak interaction.  

The Mn3 SBU acts as an eight-connecting node, with two ligands of 3.4 acting as three-

connecting nodes, and one as a two-connecting node. The latter bridges between individual 

trinuclear nodes only via the carboxylate donors and contains non-coordinated pyrazole 

donors which are in a twisted conformation (Figure 4.9b). This ligand is distinguished as 3.4ʹ 

in further discussions. 

                                                 
i
 PLATON could not transform the data in P-1 into a higher symmetry space group. 
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Figure 4.9. a) A perspective view of the trinuclear Mn(II) node with the hydrogen atoms 

and benzyl moieties of 3.4 omitted for clarity. Selected bond lengths [Å] and angles [°]: Mn1-

Mn2 3.63, Mn1-N11 2.251(4), Mn-N31 2.322(4), Mn1-O25 2.419(4), Mn1-O26 2.219(3), 

Mn1-O45 2.123(4), Mn1-O65 2.087(4), Mn2-O26 2.263(4), Mn2-O66 2.147(3), N31-Mn1-

N11 80.16(14). b) A view along the b axis of the non-coordinated ligand 3.4ʹ bridging 

between two trinuclear Mn(II) nodes (polyhedral representation). Selected bond angles [°]: 

N52-C2-N72 111.3(7). 

The 3-D structure of 4.5·xS can be best described as a layered structure pillared by ligand 

3.4ʹ which bridges only via the O-donors (4.10a). The 3-D structure contains irregular-shaped 

1-D channels along the b axis with windows that measure 4.6 × 6.0 Å when considering the 

van der Waals radii of surrounding atoms. The structure also contains channels along the a 

axis, although the smallest dimension of these is ~1 Å, which is too narrow to allow diffusion 

of solvent or gas molecules (Figure 4.10 b and c). The structure is essentially close packed 

along the c axis, thus, the porosity of the material is likely to originate from the channels 

along the b axis. 
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Figure 4.10. a) The structure of 4.5·xS viewed along the b axis. The structure is 

simplified into 2-D layers of [Mn3(3.4)2] (highlighted yellow), pillared by ligand 3.4ʹ 

(highlighted green). b) A space-filling representation of the structure along the b axis, 

showing the 1-D channels; c) a space-filling representation along the a axis. 

The trinuclear [Mn3O12N4] node that comprises 4.5·xS is known, and discrete complexes 

of this cluster have previously been studied from the viewpoint of magnetism and catalysis.
61-

64
 Only one report exists of this node being used as a building block in coordination polymers. 

He and colleagues reported that bpy and 2-aminoterephthalic acid form the [Mn3O12N4] SBU 

with Mn(II) to give a 2-D coordination polymer.
65

 In the present case, three ligands of 3.4 

provide six carboxylate donors (12 oxygen atoms) and three bi-pyrazolyl methane donors (6 

nitrogen atoms) to form 4.5·xS. Only four nitrogen atoms are required for the [Mn3O12N4] 

SBU, and due to this mismatch, the structure of 4.5·xS is lined with vacant pyrazole donors 

and thus potential metal-binding sites.  
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4.3.3. Characterisation of 4.5·xS 

The TGA trace of 4.5·xS showed a steep weight loss of 64% across the temperature range 

of 30 – 210 °C due to H2O/DMF solvent being lost from the pores of the material. A plateau 

in weight % was observed from 210 °C to 410 °C, indicating that the MOF is thermally stable 

across this temperature range (Figure 4.11). Therefore, the carboxylate and pyrazole donors 

that make up the trinuclear Mn(II) SBU represent strong metal-ligand bonds, conferring a 

high thermal stability for the framework. A methanol-exchanged (4.5·xCH3OH) could be 

readily activated by heating at 100 °C under dynamic vacuum for 1 h (Scheme 4.3). The 
1
H 

NMR spectrum of a digested sample revealed an absence of chemical shifts due to solvent, 

confirming complete desolvation of the sample. The bulk purity of the activated form, 4.5-ac, 

was confirmed by elemental analysis, which gave the formula [Mn3(3.4)2(3.4ʹ)]·2.25H2O. As 

observed in the previous chapter, adsorption of moisture by activated MOF samples occurs 

upon exposure to air. The TGA trace of 4.5-ac confirmed this, with an initial weight loss of 

4%, corresponding to 3.5 H2O molecules (Figure 4.11). 

 

Figure 4.11. TGA trace of a) 4.5·xS and b) 4.5-ac. Weight % losses are indicated for the 

respective traces. 
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Scheme 4.3. i) DMF/H2O 2:1, 100 °C, 48 h; ii) 100 °C, 1 h, 10
-6

 Torr, 66%. 

The PXRD pattern of 4.5·xS was in good agreement with the simulated pattern, indicating 

4.5·xS is phase-pure (Figure 4.12). It is worth noting that the two possible symmetries of 

4.5·xS (P-1 or P21/m) may account for any minor discrepancies between the PXRD pattern of 

4.5·xS and the simulated pattern. On the other hand, the PXRD pattern of 4.5-ac revealed a 

completely different crystalline phase, indicating that the material undergoes a structural 

transformation on activation. 

 

Figure 4.12. Powder pattern overlay of 4.5 (Cu Kα = 1.5418 Å): a) 4.5·xS (simulated); b) 

4.5·xS; c) 4.5-ac. 
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The crystals of 4.5-ac appeared cracked and of irregular shape. Nevertheless, a single 

crystal suitable for X-ray crystallography was found from within the sample allowing 

structural elucidation of the activated form. X-ray analysis of 4.5-ac revealed that the overall 

3-D structure has been preserved, although a prominent structural contraction has occurred 

with a change in symmetry (Figure 4.13a and b).  

 

Figure 4.13. a) The structure of 4.5·xS viewed along the b axis, provided for comparison; 

b) the structure of 4.5-ac viewed along the a axis. c) Ligand 3.4ʹ in 4.5·xS, selected lengths 

[Å] and angles [°]: C64-C84 15.39, C64-C2-C84 112.0. d) Ligand 3.4ʹ in 4.5-ac, selected 

lengths [Å] and angles [°]: C64-C64A 13.79, C64-C2-C64A 97.5. 

4.5-ac crystallises in the monoclinic space group C2/c, with half of the trinuclear Mn(II) 

node, ligand 3.4, and half of ligand 3.4ʹ in the asymmetric unit. The trinuclear Mn(II) node is 

essentially unchanged, although subtle differences in bond lengths and a shorter Mn-Mn 

separation (3.58 Å) are apparent. The contraction of the structure owes to flexibility of both 

3.4ʹ and 3.4. In the case of ligand 3.4ʹ, the bond angle of the methylene hinge is preserved; 

however the ligand backbone has undergone a notable twist, resulting in a sharper angle 

between the methylene hinge and the bridging carboxylate donors. The distance between the 

carboxylate donors of 3.4ʹ measures 13.6 Å (C64-C64A), a decrease of 1.6 Å relative to 3.4ʹ 

in 4.5·xS (Figure 4.13c and d). This results in a closer proximity of the layers (Figure 4.13b) 

which essentially yields a close-packed structure. 
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Ligand 3.4, which coordinates to the terminal Mn(II) atoms via the pyrazole donors, has 

also undergone a structural twist. The distance between the carboxylate donors (C24 and C44) 

measures 13.7 Å, a decrease of 1.3 Å relative to 3.4 in 4.5·xS. In addition, the angle around 

the methylene hinge has increased from 109.6(4) to 112.4(6)°, giving an overall C21-C1-C44 

angle of 95.5° for the ligand (Figure 4.14c and d). The conformational changes within the 2-D 

layers represent a trellis-like expansion (Figure 4.14a and b), although twisting of the 

[Mn3O12N4] SBU results in an overall shorter distance between these nodes. 

 

Figure 4.14. a) A perspective view a 2-D layer of 4.5·xS, ligand 3.4ʹ (connection to give a 

3-D structure) omitted for clarity. b) A perspective view of 4.5-ac, ligand 3.4ʹ omitted for 

clarity. c) Ligand 3.4 in 4.5·xS, selected lengths [Å] and angles [°]: C24-C44 15.03, C24-C1-

C44 108.6; d) ligand 3.4 in 4.5-ac, selected lengths [Å] and angles [°]: C24-C44 13.66, C24-

C1-C44 95.5. 

The structural contraction of 4.5 was confirmed by PXRD which showed an excellent 

agreement between the pattern of the bulk sample of 4.5-ac and the simulated pattern (Figure 

4.15). When 4.5-ac was soaked in methanol or DMF, the structure did not regain the original 

open form, suggesting a permanent contraction. Due to time constraints, the reversibility of 

this transformation was not further investigated.  
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Figure 4.15. Powder pattern overlay of 4.5 (Cu Kα = 1.5418 Å): a) 4.5-ac (simulated); b) 

4.5-ac. 

4.3.4.  Gas adsorption properties of 4.5-ac 

Despite of the close-packed structure of 4.5-ac, gas adsorption measurements were 

undertaken to investigate whether an ‘opening’ of the structure is possible. The 77 K  2 

isotherm can be best described as type I, with estimated BET and Langmuir surface areas of 

711.1 ± 6.8 m²/g and 1089.5 ± 2.8 m²/g respectively (Figure 4.16). Interestingly, the isotherm 

displays a step in the low pressure region, which was reproducible over multiple samples. 

Based on literature precedence
66

 and the conformational freedom of ligand 3.4ʹ, the origin of 

this step may relate to a twist of ligand and concomitant pore opening. It is also worth noting 

that the experiment was performed with 5 cm
3
/g incremental dosing of N2. The first 

adsorption point was measured at P/Po = 0.0013, which is a relatively high pressure for a 

micro-porous material. This suggests that an initial gating phenomenon occurs at low 

pressure, below which the structure may have limited porosity. Due to unusually long 

equilibration times, adsorption data at pressures below P/Po = 0.0013 could not be obtained. 

The confirmed permanent porosity of 4.5-ac provides evidence for an initial, very low 

pressure, structural expansion, as geometric calculations indicate that 4.5-ac does not contain 

any accessible surface area. Due to adsorption at unusually high pressures and deviation from 

a normal type I isotherm, a sensible pore-size distribution could not be obtained from this 

isotherm. 

The gating behaviour of 4.5-ac was further investigated by measuring the CO2 uptake at 

195 K. This measurement yielded a type I isotherm which also contains an evident step in the 
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adsorption profile, though occurring at a slightly higher pressure compared to the 77 K N2 

isotherm (Figure 4.16). The first adsorption data point measured at P/Po = 6.1×10
-5

 indicates 

that CO2 opens the structure at a lower pressure than N2. In the desorption profile, both N2 

and CO2 isotherms display a hysteresis which was and reproducible in subsequent 

measurements of the same sample. This suggests that gas adsorption/desorption involves a 

pressure dependant pore opening/closing process.
67

  

 

Figure 4.16. N2 and CO2 isotherms of 4.5-ac measured at 77 K and 195 K respectively. 

An expanded view of the low pressure region is provided. 

Isotherms with well-resolved steps have been observed for many MOF materials, and are 

characteristic of structural flexibility.
68-71

 It is difficult to relate adsorption steps to specific 

structural changes however without performing simultaneous gas adsorption/PXRD 

experiments. In the case of 4.5-ac, the structural flexibility could not be adequately 

characterised, although the BET surface area (711 m
2
/g) is well below the geometric surface 

area of 4.5·xS (1340 m
2
/g) suggesting that the structure does not open to the extent of 4.5·xS. 

CO2 and N2 isotherms were measured at room temperature to investigate the capacity and 

potential selectivity of this material for CO2 over N2. At 295 and 273 K, 4.5-ac adsorbs CO2 

with a moderately steep uptake with a maximum of 2.31 mmol/g (51.86 cm
3
/g) and 3.08 

mmol/g (67.61 cm
3
/g) at 1200 mbar respectively. Conversely, 4.5-ac showed a relatively low 

uptake of N2 at 295 K and 273 K, with a maximum uptake of 0.15 mmol/g (3.36 cm
3
/g) and 

0.38 mmol/g (8.48 cm
3
/g) at 1200 mbar respectively (Figure 4.17). The selective uptake of 
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CO2 observed for 4.5-ac likely relates to the Lewis base functionality (exposed pyrazoles) of 

the material, which is consistent with other reported MOF materials.
72, 73

 

 

Figure 4.17. CO2 and N2 isotherms of 4.5-ac at 295 K and 273 K. 

The initial enthalpy of adsorption was calculated from the 295 and 273 K CO2 isotherms 

using the virial method and Clausius-Clapeyron equation. The virial method yielded an initial 

enthalpy of -19.0 kJ/mol, which quickly increased to a maximum of -25.4 kJ/mol at a 

normalised uptake of 10 cm
3
/g. On the other hand, the Clausius-Clapeyron equation gave a 

value of -28.0 kJ/mol (Appendix 4, Figure A4.1). These relatively low values indicate that 

pyrazole donors do not have a significant interaction with CO2, as the typical enthalpy range 

for Lewis base-functionalised MOF materials is -45 to -96 kJ/mol.
72

 

4.3.5. Post-synthetic metalation of 4.5 

Post-synthetic metalation studies were carried out with cobalt(II) chloride due to its 

intense colour and chemochromic behaviour.
74, 75

 The accessibility of the chelating bis-

pyrazole units was thus investigated by soaking crystals of 4.5 in a methanol solution of 

CoCl2·6H2O. At room temperature, the pink colour of the CoCl2 solution indicated that the 

presence of the [Co(H2O)6]
2+

 species is favoured.
76

 After 3 days at room temperature, the 

CoCl2 solution was exchanged for fresh methanol solvent. Unfortunately, the crystals of 4.5 

remained colourless, indicating that metalation does not occur under these conditions. Heating 

4.5 in a solution of CoCl2·6H2O at 65 °C however yielded blue crystals of 

4.5·CoCl2·xCH3OH after 16 h. This suggests that the tetrahedral [CoCl4]
2-

 species obtained 
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by heating the solution can enter the pores of 4.5 more readily than the [Co(H2O)6]
2+

 species. 

Upon removal of the crystals from the solution, an immediate colour change to pale pink was 

observed, indicating a change in the coordination sphere of the Co(II) metal centre. 

Remarkably, the crystals of the metalated material were suitable for X-ray crystallography, 

thus, structural characterisation was carried out. For subsequent experiments, crystals of 

4.5·CoCl2·xCH3OH were washed several times with fresh methanol in order to remove pore-

bound Co(II) salts. It should noted that leaving crystals of 4.5·CoCl2·xCH3OH in fresh 

methanol for extended periods resulted in slow de-metalation, as indicated by the pale pink 

colour of the methanol solution, consistent with the labile nature of Co(II). 

4.3.6. Structure of 4.5·Co(H2O)4Cl2·xCH3OH 

Pink crystals of 4.5·Co(H2O)4Cl2·xCH3OH crystallise in the monoclinic space group 

P21/m, with half of a trinculear Mn(II) cluster, ligand 3.4, and half of [Co(3.4ʹ)(H2O)4] in the 

asymmetric unit. The symmetry and framework dimensions of 4.5 are preserved and are 

comparable to that of 4.5·xS. Remarkably, the pyrazole rings of ligand 3.4ʹ have switched 

from an anti to a syn conformation, and chelate to the Co(II) atom (Figure 4.18). The 

octahedral Co(II) metal centre is situated on a mirror plane, and contains four water ligands 

with bond lengths ranging from 2.051(5) Å to 2.162(7) Å. The remaining coordination sites 

are occupied by two pyrazole donors from 3.4ʹ, with a Co-N bond length of 2.158(4) Å. The 

U(equiv) parameter assigned to Co(II) atom and surrounding water ligands compare well to 

that of the framework atoms, consistent with a high occupancy of the metalated complex. The 

chloride anion was located over three positions which were assigned based on location and 

chemical sensibility of the structural model. 

The X-ray crystallographic elucidation of the post-synthetically grafted metal ion in 4.5 is 

an exceptional feat with regard to PSM reactions of MOF materials. Such reactions rarely 

proceeds in a SC-SC fashion and almost always associate with a diminished crystal quality.
22

 

Post-synthetic metal insertion in MOFs is no exception, and only two recent reports present a 

crystal structure of a metalated MOF. Cohen and co-workers recently reported a site-selective 

cyclometalation of Rh(I) and Ir(I) in a MOF lined with 2-phenylpyridine moieties.
77

 The 

crystal structure of the metalated material revealed 6% and 7.5% occupancy of the respective 

metal ion over two crystallographically equivalent positions. The low electron density 

corresponding to the metalated species was insufficient to elucidate the identity and position 

of surrounding ligands, thus the coordination number and geometry of the Rh(I) or Ir(I) metal 

atom could not be ascertained. 



Chapter 4 Flexible Metal-Organic Frameworks from Co(II), Ni(II) and Mn(II)  162 

 

 

 

Figure 4.18. a) The structure of 4.5·Co(H2O)4Cl2·xCH3OH viewed along the c axis. 

Chloride anions removed for clarity. b) A view of ligand 3.4ʹ in 4.5·Co(H2O)4Cl2·xCH3OH 

showing the octahedral Co(II) metal centre. Selected bond lengths [Å] and angles [°]: Co1-O1 

2.123(4), Co1-O2 2.162(7), Co1-O3 2.051(5), Co1-N51 2.158(4), O2-Co1-O3 172.2(3), N51-

Co1-O1 176.89(17), O1-Co1-O2 83.90(18), N51-Co1-N51A 85.5(2).  

Another example of a post-synthetic metalation characterised by X-ray crystallography 

was reported by Hardie and co-workers.
78

 In this study, a self-interpenetrated Zn(II) MOF 

lined with open bpy sites was soaked in a solution of CuCl2, which resulted in the solvo-

reduction of Cu(II) and uptake of a Cu(I) atom into a chelate pocket formed by two bpy units 

of the framework. X-ray crystallography and EDX confirmed 30% occupation of the 

tetrahedral Cu(I) atom within the framework. EDX also revealed an additional 30% of CuCl2 

present in the channels of the material that could not be removed by solvent exchange with 

fresh DMF.
78

 In this example, the coordination sphere of the Cu(I) atom could be easily 

elucidated as it consisted of fully occupied donors from the framework of the material. The 

present example of MOF 4.5, is the first to allow X-ray crystallography to accurately 

elucidate the coordination sphere of a metalated species that includes non-framework donors. 

This no-doubt relates to the high occupancy of the Co(II) species and surrounding water 

ligands in the site specific bis-pyrazolyl chelate pocket. 
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Using the cryo-stream of the X-ray diffractometer, a single crystal of 

4.5·Co(H2O)4Cl2·xCH3OH was heated from 150 K to 298 K. The colour change from pink to 

blue (Figure 4.19) indicated that the Co(II) atom switches from an octahedral (Oh) to 

tetrahedral (Th) geometry in response to heat.
76, 79

 The most likely coordination environment 

of the Co(II) atom would constitute of two pyrazole donors from 3.4 and two chloride anions. 

Unfortunately, the single crystallinity of the crystal at 298 K (Figure 4.19b) was not preserved 

and only low angle diffraction was observed. Repeated attempts to obtain a crystal structure 

of the blue form of the crystals were unfruitful due to poor diffraction. Structure 

determination of 4.5·CoCl2 was eventually successful with synchrotron radiation; a data 

collection was performed on a crystal of 4.5·Co(H2O)4Cl2·xCH3OH heated at 100 °C. 

 

Figure 4.19. a) A photo of a crystal of 4.5·Co(H2O)4Cl2·xCH3OH at 150 K under N2; b) 

a photo of the same crystal heated to 298 K under N2. 

4.3.7. Structure of 4.5·CoCl2·xCH3OH 

The geometric transition of the Co(II) atom is not accompanied with a change in 

symmetry for the MOF; 4.5·CoCl2 crystallises in the monoclinic space group P21/m with a 

similar asymmetric unit to that of 4.5·Co(H2O)4Cl2·xCH3OH. X-ray crystallography 

confirmed the proposed transition, showing a well resolved Co(II) centre with a tetrahedral 

geometry. As anticipated, the coordination sphere is composed from two pyrazole donors 

from 3.4ʹ and two chloride ligands. There is significant disorder in the structure of 4.5·CoCl2, 

particularly in the donor atoms surrounding the Co(II) centre, consistent with the temperature 

of the data collection (100 °C). The accuracy of the bond lengths of the respective donors is 

therefore imprecise as seen by the significant standard deviations (Figure 4.20). Nevertheless, 

the Co-Cl and Co-N bond lengths and angles around the Co(II) atom are reasonable for a 

tetrahedral geometry. Remarkably, the bis-pyrazole moiety of ligand 3.4ʹ has undergone a 

significant rotation resulting in the Co(II) atom facing the opposite side of the pore when 

viewing the structure along the c axis (Figure 4.20a and b). The aggressive method used to 

desolvate the crystal (heating at 100 °C) and the associated solid-state rotation of 3.4ʹ may 

account for some loss of long range order in the crystal. After the conclusion of this Ph D 
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work, it was found that performing the metalation reaction in dry acetonitrile resulted in deep 

blue crystals of 4.5·CoCl2·xCH3CN that were of better quality for X-ray crystallography.
j
  

 

Figure 4.20. a) The structure of 4.5·Co(H2O)4Cl2·xCH3OH viewed along the c axis, 

provided for comparison. Chloride anions removed for clarity. b) The structure of 4.5·CoCl2 

viewed along the c axis. c) A view of ligand 3.4ʹ in 4.5·CoCl2 showing the tetrahedral Co(II) 

metal centre. Selected bond lengths [Å] and angles [°]: Co-N51 2.07(4), Co-Cl1 2.16(2), Co-

Cl2 2.200(15), Cl1-Co1-Cl2 116.5(8), N51-Co1-Cl2 107.0(12), N51-Co1- 51ʹ 94(3). 

Again, the fundamental limitation regarding this level of structural characterisation in a 

MOF is maintenance of long-range order within the crystal. In the present case, retention of 

long-range order subsequent to the post-synthetic metalation and Oh - Td transformation is 

likely to be aided by the inherent structural flexibility of the MOF. X-ray characterisation of 

an inorganic transformation involving a post-synthetically grafted metal ion is unprecedented 

in regard to MOF materials. The thermo- and solvo-chromic nature of the metalated species is 

completely consistent with the known chemistry of CoCl2 in solution. The considerable solid-

state rotation of ligand 3.4ʹ that occurs during this transition however is unusual to observe. 

Dynamic ligand rotations in the solid-state are known in MOF materials and can occur in the 

presence of solvent guests or metal ions.
78, 80

 In this case, the entire bis-pyrazolyl moiety of 

                                                 
j
 This was realised through work carried out by Dr Alexandre Burgun. 



Chapter 4 Flexible Metal-Organic Frameworks from Co(II), Ni(II) and Mn(II)  165 

 

 

ligand 3.4ʹ ‘flips’, which may relate to the water/chloride exchange mechanism involved in 

the geometry change of the Co(II) atom.  

4.3.7. Characterisation of 4.5·Co(H2O)4Cl2 

The TGA trace of 4.5·Co(H2O)4Cl2·xCH3OH showed a steep weight loss of 28% up to 

100 °C, attributed to MeOH solvent molecules being lost from the pores of the material 

(Figure 4.21a). Heating 4.5·Co(H2O)4Cl2·xCH3OH at 100 °C for 1 h under vacuum yielded 

an activated sample, 4.5·CoCl2-ac, as blue crystals. The TGA trace of 4.5·CoCl2-ac showed 

an initial weight loss of 3%, corresponding exactly to three water molecules (Figure 4.21b). 

Interestingly, both 4.5·Co(H2O)4Cl2·xCH3OH and 4.5·CoCl2-ac are thermally stable up to 

~360 °C, which is lower than that of the as-synthesised sample 4.5·xS (ca. 410 °C). This 

indicates that despite the strong Mn-O/Mn-N bonds, the framework stability hinges somewhat 

on the newly formed Co-N bonds. 

 

Figure 4.21. TGA trace of a) 4.5·Co(H2O)4Cl2·xCH3OH; b) 4.5·CoCl2-ac. Weight % 

losses are indicated for the respective traces. 

The equilibrium between the (Oh) and tetrahedral (Td) geometry of the Co(II) ion could be 

clearly observed by the colour changes of the crystals. In methanol, the crystals of 

4.5·Co(H2O)4Cl2·xCH3OH appeared generally blue in colour, indicative of the Td geometry 

of the Co(II) atom. The preference for a Td geometry relates to the fact that methanol is a poor 

ligand compared to water. It is important to note that the methanol used in these experiments 

was not anhydrous; some portion of the sample therefore was likely to contain Co(II) in Oh 
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geometry. As observed during X-ray analysis, the crystals turned pale pink upon exposure to 

air and thus an X-ray structure of the Td form was a challenge to obtain. The activated sample, 

4.5·CoCl2-ac, appeared intensely blue, indicating that the Td form is favoured in the absence 

of solvent. This is consistent with the blue appearance of the anhydrous CoCl2 metal salt. 

Upon soaking crystals of 4.5·CoCl2-ac in water, an immediate colour change from blue to 

pink was observed, indicative of a transition of the Co(II) atom to an Oh geometry. In 

addition, exposing crystals of 4.5·CoCl2-ac to air for three weeks resulted in a gradual colour 

change from blue to purple, signifying a gradual transition to the Co(II) atom to the Oh 

species. Elemental analysis of 4.5·CoCl2-ac was in agreement with this, analysing as 

[Mn3(3.4)2Co(3.4ʹ)(H2O)4]Cl2·3H2O while also supporting quantitative metalation. 

4.5·CoCl2-ac was further analysed by Energy-dispersive X-ray spectroscopy (EDX) to 

further confirm the degree of metalation. Analysis was carried on single crystals and larger 

regions of the sample (that contained multiple crystals). In all cases, the atomic % ratio of 

Mn:Co was approximately 3:1, consistent with quantitative metalation. For single crystals and 

regions of the sample, the average metalation was calculated as 108% and 102% respectively. 

Although the material was washed numerous times with fresh solvent, the possibility of a 

residue of free pore-bound CoCl2 cannot be ruled out. Another reason for >100% metalation 

is limited metal exchange of Mn(II) for Co(II) in the SBU of the MOF. This is not surprising, 

as metal ions in the structural nodes of some MOFs are known to undergo exchange upon 

exposure to different metal ion solutions.
81, 82

   

The phase purity of 4.5·Co(H2O)4Cl2·xCH3OH was confirmed by PXRD which showed 

an excellent agreement between the bulk sample and the simulated pattern (Figure 4.22). 

Interestingly, the PXRD of 4.5·CoCl2-ac revealed a good match with the pattern of 

4.5·Co(H2O)4Cl2·xCH3OH, indicating that the activated sample retains the original open 

structure (Figure 4.22c). This is in stark contrast to the non-metalated material, which is 

flexible and undergoes a structural contraction upon activation (Figure 4.22d).  
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Figure 4.22. Powder pattern overlay of 4.5 (Cu Kα = 1.5418 Å): a) 

4.5·Co(H2O)4Cl2·xCH3OH (simulated); b) 4.5·Co(H2O)4Cl2·xCH3OH; c) 4.5·CoCl2-ac; d) 

4.5-ac provided for comparison. 

Elemental analysis and EDX spectroscopy were consistent with a 100% occupancy of the 

Co(II) atom as indicated from the refinement of the X-ray data. Thus, 4.5·CoCl2 is a rare 

example of quantitative post-synthetic metalation in a MOF material. Yaghi and co-workers 

reported quantitative post-synthetic metalation of a MOF in a two separate studies.
26, 38

 In 

both examples, elemental analysis was the only basis for their assertion, which notably, did 

not correlate particularly well to the expected formula. It is rationalised that the high yield of 

metalation for 4.5 relates to the structural flexibility and the arrangement/distribution the bis-

pyrazole chelate sites within the framework. In addition to this, the remarkable flexibility of 

ligand 3.4ʹ allows for structural adjustments without significant strain on the framework. In 

contrast to other examples,
23, 24

 4.5 contains evenly distributed metal binding sites; one bis-

pyrazolyl moiety per pore (when viewing along the b axis). Along with the fluent structural 

adjustments of the framework, introduction of a metal guest into the pores is likely to 

associate with a low degree of steric congestion in comparison to other MOF materials that 

contain a higher degree of metal binding sites per pore.
36, 38, 41
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4.3.8. Gas adsorption properties of 4.5·CoCl2-ac 

Gas adsorption experiments were carried out in order to investigate the permanent 

porosity of the post-synthetically metalated material. From the PXRD of 4.5·CoCl2-ac, it was 

anticipated that the metalated material would behave differently to 4.5-ac, owing to its open 

structure. Indeed, measurement of the N2 uptake at 77 K yielded a type I isotherm with a 

calculated BET and Langmuir surface areas of 1045.4 ± 1.6 m²/g and 1177.2 ± 1.4 m²/g 

respectively. As anticipated, the isotherm no longer contains a step, and is characteristic of a 

rigid micro-porous framework (Figure 4.23). Using the dosing method, the first adsorption 

point of 5 cm
3
/g was measured at P/Po = 5 ×10

-7
, which is significantly lower compared to 

4.5-ac (ca. P/Po = 0.0013) and supports that 4.5·CoCl2-ac is an open structure that readily 

permits diffusion of N2 at low pressures. It is worth noting that every example of a post-

synthetic metalation results in a decrease in surface area. In this case, the higher surface area 

of 4.5·CoCl2-ac (1045 m
2
/g) with respect to 4.5-ac (711 m

2
/g) relates to a ‘locking’ effect 

provided by the post-synthetically metalated Co(II) atom, preventing structural contraction 

from occurring on desolvation of the sample. The pore-size distribution obtained from the 77 

K N2 isotherm (Appendix 4, Figure A4.3) indicates that there are two predominant pores 

measuring 5.9 Å and 3.9 Å in diameter respectively. As indicated by crystal structure of 

4.5·CoCl2-ac, these match well to the dimensions of the pores along the c and a axis 

respectively. 

The CO2 uptake at 195 K also revealed a type I isotherm, with a maximum uptake of 

209.8 cm
3
/g at P/Po = 0.98 (Figure 4.23). Again, the absence of a step in the adsorption 

isotherm indicates that the material no longer undergoes a pressure dependant gating, and 

further confirms the structural rigidity of 4.5·CoCl2-ac. 
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Figure 4.23. N2 and CO2 isotherms of 4.5·CoCl2-ac measured at 77 K and 195 K 

respectively. 

The CO2 isotherms measured at room temperature reveal that the metalated material has 

an overall greater capacity for CO2 compared to 4.5-ac. The 295 and 273 K isotherms were 

relatively linear in shape with a maximum uptake of 3.78 mmol/g (84.72 cm
3
/g) and 5.50 

mmol/g (123.31 cm
3
/g) at 1200 mbar respectively (Figure 4.24). At the respective 

temperatures, this amounts to an increase of 63% and 82% in the CO2 adsorption capacity 

relative to 4.5-ac. An increase in capacity is consistent with the rigid and open structure of 

4.5·CoCl2-ac relative to the flexible structure of 4.5-ac, which presumably undergoes gradual 

expansion upon gas adsorption. Interestingly, the selectivity for CO2 is maintained in the 

metalated form 4.5·CoCl2-ac. At 295 and 273 K, 4.5·CoCl2-ac adsorbs N2 up to a maximum 

of 0.27 mmol/g (6.17 cm
3
/g) and 0.47 mmol/g (10.49 cm

3
/g) at 1200 mbar respectively 

(Figure 4.24). At the respective temperatures, this amounts to an 80% and 23% increase in 

capacity for N2 adsorption relative to 4.5-ac. Although the N2 uptake at 295 K has almost 

doubled, the increase in N2 capacity at 273 K is only marginal. Therefore, post-synthetic 

metalation impacts favourably on the capacity of the material and CO2/N2 selectivity, as 

indicated by the single point isotherms. 
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Figure 4.24. CO2 and N2 isotherms of 4.5·CoCl2-ac measured at 295 K and 273 K. 

Although metalation increases the capacity for CO2 adsorption, the enthalpy of adsorption 

of CO2 remains similar. From the 295 and 273 K CO2 isotherms, the virial method gave an 

initial value of -26.8 kJ/mol while Clausius-Clapeyron equation gave a value of -26.3 kJ/mol 

(Appendix 4, Figure A4.2). This indicates that metalation itself (and the CoCl2 moiety in 

particular) does not enhance CO2 adsorption within the material. 

4.3.9. Metalation of 4.5 with other transition metals 

To further demonstrate the versatility of this material, crystals of 4.5 were exposed to 

solutions of different metal ions. After the reaction, the respective crystals were washed with 

fresh solvent to remove non-metalated metal species and analysed by EDX. In the case of 

CuCl2, the crystals changed from colourless to green after 3 h at room temperature. 

Unfortunately, these crystals were severely cracked and were not suitable for X-ray 

crystallography. Nevertheless, EDX analysis indicated quantitative metalation of Cu(II) 

(Table 4.1). Metalation with NiCl2 was performed by heating the crystals of 4.5 in the metal 

ion solution at 85 °C for 3 days. After this period the crystal appeared teal in colour, and EDX 

revealed 84% metalation based on the atomic ratios of Mn(II) and Ni(II). Metalation PdCl2 

and [Rh(CO)2Cl]2 were the most successful, giving close to quantitative yields without 

perturbing the single crystallinity of the sample, allowing for structural characterisation by X-

ray crystallography (Table 4.1).
k
 

                                                 
k
 Metalation and X-ray crystallographic studies of PdCl2 and [Rh(CO)2Cl]2 were performed by Dr 

Alexandre Burgun, and are thus not reported in this thesis. 
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Table 4.1. Metalation of 4.5 with different metal salts 

Metal salt Conditions % Metalation 

(EDX)* 

Crystal structure 

CoCl2·6H2O MeOH, 65 °C, 16 h 105  (Oh & Td) 

CuCl2 MeOH, r.t, 16 h  102  

NiCl2 MeOH, 85 °C, 3 days 84  

PdCl2
c
 CH3CN, r.t, 3 days 99  

Ru(DMSO)4Cl2 MeOH, 65 °C, 16 h 74  

[Rh(CO)2Cl]2
c
 CH3CN, r.t, 3 days 98  

* Percentages are averaged from single crystals and areas. 

Due to time constraints, further characterisation and investigations into other metal 

species was not carried out. The varying extent of metalation and the need to alter reaction 

conditions suggest that each metal salt exhibits unique coordination chemistry within the 

MOF material. The high metal loadings indicate that 4.5 can efficiently accommodate 

different metal species, and in some cases, in a SC-SC manner. Although quantitative 

metalation was not observed in every case, these studies demonstrate that MOF 4.5 can be 

potentially used for a wide range of catalytic reactions. 

4.3.10. Summary for 4.5 

The exceptionally flexible Mn(II) MOF (4.5·xS) was synthesised by the combination of a 

hard metal and a ligand possessing both hard (carboxylate) and soft (pyrazole) donors. This 

gave rise to a 3-D non-interpenetrated framework comprised of [Mn3N4O12] nodes and ligand 

3.4. Six nitrogen donors and twelve oxygen donors were provided by 3.4 in the M3L3 

composition, resulting in a MOF material lined with accessible pyrazole donors. Activation of 

the material resulted in a SC-SC structural transformation to a close-packed structure (Figure 

4.25) which was successfully elucidated by X-ray crystallography. Notable twisting of the 

ligand was observed in the solid-state structure of 4.5-ac, especially in the coordinatively 

unsaturated ligand, 3.4ʹ. In addition, the crystal structure of 4.5-ac suggested that only a 

structural ‘opening’ should allow diffusion of any guests into the structure. The reversible 

flexibility of the material was demonstrated by the gas adsorption measurements which 

revealed a gated adsorption in both 77 K N2 and 195 K CO2 isotherms and a BET surface area 

of 711 m
2
/g.  



Chapter 4 Flexible Metal-Organic Frameworks from Co(II), Ni(II) and Mn(II)  172 

 

 

 

Figure 4.25. A summary of the solid-state behaviour and post-synthetic metalation of 4.5. 

The accessibility of the pyrazole donors was confirmed by post-synthetically grafting 

CoCl2 into the MOF. This reaction occurred in a SC-SC fashion, allowing for direct 

elucidation of the metalated species within the MOF by X-ray crystallography. This revealed 

that the pyrazole donors of 3.4ʹ twist from an anti to a syn conformation and thus chelate the 

Co(II) atom. Under the reaction conditions, 4.5·Co(H2O)4Cl2·xCH3OH (Oh Co
2+

) was 

isolated as pink crystals. By simply heating the material, an inorganic transformation occurred 

to give 4.5·CoCl2-ac (Td Co
2+

) as blue crystals (Figure 4.25). This was also a SC-SC process, 

and X-ray crystallography was used to confirm the tetrahedral geometry of the Co(II) centre. 

The Oh - Td transformation of the Co(II) centre was accompanied by a notable rotation of 

ligand 3.4ʹ, further showcasing the flexibility of the framework and its ability to structurally 

adapt towards different geometries of the metal ion guest. In contrast to the non-metalated 

material (4.5·xS), activation of 4.5·Co(H2O)4Cl2·xCH3OH was not accompanied by 

framework distortion, but gave an ‘open’ structure (4.5·CoCl2-ac). This material exhibited 

type I adsorption isotherms for both N2 at 77 K and CO2 at 195 K (BET surface area = 1177 

m
2
/g), indicative of a material that does not undergo structural changes upon gas adsorption. 

4.5·CoCl2-ac also exhibited a greater capacity for CO2 adsorption at room temperature 

relative to 4.5-ac. Thus, the post-synthetic metalation of 4.5 was fully characterised by X-ray 

crystallography and demonstrated to enhance the gas adsorption properties of the material. 

Investigations into the properties of 4.5·CoCl2-ac as a catalyst is a future goal. 
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4.4. Conclusion 

This chapter has provided further insight into the coordination chemistry of the bis(4-(4-

carboxyphenyl)-1H-pyrazolyl)methane ligands (3.3 and 3.4) by demonstrating their versatility 

as building blocks for Co(II), Ni(II) and Mn(II) MOFs. For the Co(II) and Ni(II) MOFs 

(constructed from ligand 3.3), interpenetration of the 2-D 4
4
 nets was associated with the 

ligand composition around the metal node, which was dependant on the synthetic conditions. 

While the static interpenetrated structures (4.1 and 4.2) did not display any solvent accessible 

porosity, the non-interpenetrated analogues (4.3·xS and 4.4·xS) displayed a degree of 

structural flexibility but with limited porosity. According to Kitagawa’s classification,
83

 the 

latter materials may represent third generation MOFs, although the reversibility of their 

structural contraction would need to be investigated.  

The interest in preparing materials capable of post-synthetic metal binding is an area that 

continues to receive attention from a number of groups working with MOFs and catalysis. 

The ability to unequivocally characterise the coordination sphere of a post-synthetically 

grafted metal ion provides unprecedented insight and understanding into the potential 

catalytic properties of a material. The highlight of this chapter was the remarkable flexibility 

and metal binding capability of a Mn(II) MOF constructed from ligand 3.4. This material can 

be best described as a third generation MOF,
83

 as some reversibility of the structural 

contraction was demonstrated by the gated gas adsorption. However, the remarkable 

properties of 4.5 with regards to metal-binding are unprecedented. As demonstrated by the Oh 

to Td transformation of the metalated Co(II) atom, 4.5 can be used as a platform to study 

inorganic transformations. The potential to follow a catalytic reaction by X-ray 

crystallography is yet to be investigated. The demonstrated permanent porosity of 4.5·CoCl2 

and the ability to introduce different metal species allows for tailoring of the material as a 

catalyst for specific reactions in solution or gas phase. As demonstrated in chapter 2 and 3, 

using these types of methylene-hinged compounds as ligands is a proven strategy to access 

flexible MOFs with exceptional properties. 
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4.5. Experimental 

4.5.1. Synthesis of metal-organic frameworks 

{[Co(3.3)(H2O)(C2H5OH)]}n (4.1). In a screw cap vial, Co(NO3)2.6H2O (14.1 mg, 0.048 

mmol) and 3.3 (16.0 mg, 0.041 mmol) were combined in a mixture of DMF (1.5 mL), ethanol 

(0.5 mL), and 2 drops of HNO3 (1 M). Heating the mixture at 85 °C for 1 day yielded small 

maroon block crystals. Although the sample was phase-pure (as indicated by PXRD), 

repeated attempts to reproduce for further analysis was unsuccessful, and led to the formation 

of a mixture of 4.3 and other impurities.  

{[Ni(3.3)(H2O)(C2H5OH)]}n (4.2). In a screw cap vial, Ni(NO3)2.6H2O (15.0 mg, 0.050 

mmol) and 3.3 (16.5 mg, 0.043 mmol) were combined in a mixture of DMF (1.5 mL), ethanol 

(0.5 mL), and 2 drops of HNO3 (1 M). Heating the mixture at 85 °C for 1 day yielded small 

teal rod-like crystals. Although the sample was phase-pure (as indicated by PXRD), repeated 

attempts to reproduce for further analysis was unsuccessful, and led to the formation of a 

mixture of 4.4 and other impurities.  

{[Co(3.3)(H2O)2]}n (4.3·xS). In a screw cap vial, Co(NO3)2.6H2O (20.2 mg, 0.069 mmol) 

and 3.3 (23.0 mg, 0.059 mmol) were combined and dissolved in a mixture of DMF (3 mL), 

water (1 mL), ethanol (1 mL) and 4 drops of glacial acetic acid. The mixture was heated at 

65
o
C for 3 days resulting in maroon block crystals. The crystals were washed in DMF (3 x) 

and methanol (5 x) and heated to 260 °C for 5 mins (14.7 mg, 52%); νmax(neat, cm
-1

): 2896 – 

3350 (br, O-H), 1612 (w, C=C), 1579 (m, C=C), 1526 (m, C=C), 1371 (s, C-O); Found C 

52.7, H 3.7, N 11.8, C21H18N4O6Co requires: C 52.4, H 3.8, H 11.6. 

{[Ni(3.3)(H2O)2]}n (4.4·xS). In a screw cap vial, Ni(NO3)2.6H2O (20.1 mg, 0.069 mmol) 

and 3.3 (22.0 mg, 0.057 mmol) were combined and dissolved in a mixture of DMF (3 mL), 

water (1 mL), ethanol (1 mL) and 4 drops of glacial acetic acid. The mixture was heated at 

65
o
C for 3 days resulting in teal block crystals. The crystals were washed in DMF (3 x) and 

methanol (5 x) and heated to 260 °C for 5 mins. (16.5 mg, 59%); νmax(neat, cm
-1

): 2891 – 

3301 (br, O-H), 3104 (w, C-H), 1610 (m, C=O), 1582 (m, C=C), 1535, (m, C=C), 1380 (s, C-

O); Found C 51.0, H 3.9, N 11.4, C21H18N4O6Ni·0.75H2O requires: C 50.1, H 4.0, N 11.3. 

{[Mn3(3.4)2(3.4ʹ)]}n (4.5·xS). In a screw cap vial, MnCl2.4H2O (24.7 mg, 0.12 mmol) and 

3.4 (31.6 mg, 0.07 mmol) were combined and dissolved in DMF (4 mL) and water (2 mL). 

The mixture was heated at 100 
o
C for 2 days resulting in colourless rhombus shaped crystals. 

The crystals were washed in DMF (3 x) and methanol (5 x) and heated under vacuum at 

100
o
C for 1 h (24.0 mg, 66% based on analysis); νmax(neat, cm

-1
): 1606 (s, C=O), 1555 (m, 
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C=C), 1508(w, C=C), 1406, (s); Found C 58.8, H 4.7, N 11.0, C75H66N12O12Mn3·2.25H2O 

requires C 58.8, H 4.6, N 11.0. 

{[Mn3(3.4)2Co(3.4ʹ)Cl2)]}n (4.5·CoCl2). The as-synthesised material, 4.5·xS (24.0 mg), 

was solvent exchanged with methanol, replenishing the solvent 7 times and allowing to stand 

10 minutes in between each wash. CoCl2 (30.0 mg) was added to the vial containing 

4.5·xCH3OH and the resulting mixture was placed in an oven pre-set at 65 °C and allowed to 

stand overnight. The blue mixture was then allowed to cool to room temperature, and the 

solvent was exchanged for fresh methanol (7 times). The solvent was decanted, and the wet 

crystals were subject to a flow of N2 for 1 h. The material was then heated at 100 °C under 

vacuum for 1 h. νmax(neat, cm
-1

): 1606 (s, C=O), 1549 (m, C=C), 1509 (m, C=C), 1405 (s), 

1304 (s); Found C 51.6, H 4.8, N 9.6, C75H66N12O12Mn3CoCl2·7H2O requires C 51.5, H 4.6, 

N 9.6.  
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Chapter 5 

5. Methylene-hinged Compounds in the Synthesis of Fused 

Heterocycles
l
 

5.1. Introduction 

Throughout this body of work it has been demonstrated that methylene-hinged 

compounds serve as versatile ligands for the synthesis of flexible metal-organic frameworks. 

Methylene-hinged compounds however are also useful synthetic precursors for the synthesis 

of fused aromatic heterocycles owing to the acidity of the methylene hinge and their ability to 

stabilise a negative charge. 

5.1.1.  Fused aromatic heterocycles 

The development of versatile and efficient strategies to realise the synthesis of fused 

aromatic heterocycles is of major importance due to their wide-spread use in coordination 

chemistry
1
 and supramolecular assemblies.

2-4
 Fused heterocycles have also been considered 

for their biological activity,
5, 6

 as light harvesting dyes,
7-9

 and as ligands in catalytic 

materials.
10

 For example, hexaazatriphenylene (HAT) (Chart 5.1) has attracted considerable 

attention over the past decade due to its ability to chelate three metal centres and form a 

variety of interesting metallo-supramolecular assemblies.
2
 Due to their π-conjugated planar 

structures, derivatives of HAT have also been utilised in coordination complexes capable of 

DNA intercalation
11, 12

 and subsequent electron transfer reactions.
13, 14

 

 

Chart 5.1 

The synthesis and coordination chemistry of compounds containing a fused pyrazino[2,3-

b]indolizine (5.1) or indolizino[2,3-b]quinoxaline core (5.2) (Chart 5.2) has been somewhat 

overlooked. These compounds represent novel alternatives for highly conjugated and planar 

compounds such as HAT, and may be of use in related applications. Furthermore, fused 

                                                 
l
 A foldout page at the back of this thesis contains the structure and numbering of the compounds discussed 

in this chapter. 
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heterocylic compounds such as these are known for their interesting optical properties
15,

 
16

 

and have been utilised as ligands in coordination complexes that can efficiently absorb light 

over a broad range of wavelengths.
17, 18

 It is worth noting that the pyrazino[2,3-b]indolizine 

core bears structural similarities to the [3ʹ,2:4,5ʹ]pyrrolo[1,2-c]pyrimidine core of Variolin B. 

Variolin B is a natural product isolated from Antarctic sponge, Kirkpatricka varialosai, and 

has shown potent anti-tumour activity.
5, 19

 Consequently, heterocyclic compounds with 

similar core structures may also display interesting biological activity. 

 

Chart 5.2 

5.1.2. Previous synthetic work 

Although the synthesis of Variolin B and related alkaloids has been an area of intense 

study,
5, 20, 21

 there are only a hand-full of examples describing the synthesis of compounds 5.1 

and 5.2. One of the first synthetic routes to a derivative of 5.1 was described in 1992 by 

Volovenko,
22

 where a reaction between 2,3-dichloropyrazine (5.6) and an active methylene 

precursor led to the condensed aza-heterocycle 5.3 (Scheme 5.1). The formation of the fused 

core relied on deprotonation of the methylene compound by t-BuOK, nucleophilic attack on 

5.6, and subsequent intra-molecular cyclisation through the quinoline moiety. Volovenko and 

co-workers later described the synthesis of the indolizino[2,3-b]quinoxaline core and other 

derivates using a similar approach.
23

   

 

Scheme 5.1. i) K2CO3, t-BuOK, DMF. 

In 2000, Kalinin and colleagues reported an alternate route to the indolizino[2,3-

b]quinoxaline core.
24

 Reacting precursor 5.4 with an excess of pyridine for 4 days afforded 

the fused product 5.5 in 21% yield (Scheme 5.2). It was proposed that the product formed 
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through an intra-molecular cyclisation of a di-substituted intermediate – deprotonation at the 

benzyl carbon and subsequent nucleophilic attack on the adjacent pyridinium substituent. The 

extended reaction period and relatively low yield were limitations in obtaining compound 5.5 

in large quantities. 

 

Scheme 5.2. i) 96 h room temperature, 3 h reflux, 21%. 

A useful precursor in the synthesis of novel heterocycles is the methylene-hinged 

compound di-2-pyridylmethane (dpm). In the presence of a strong base such as n-BuLi, dpm 

is readily deprotonated, forming a stable anionic species.
25

 This anion can undergo subsequent 

nucleophilic substitution reactions efficiently to form new C-C bonds.
26-29

 Using this strategy 

a more facile route to the indolizino[2,3-b]quinoxaline core was reported in 2008 by Sumby.
30

 

Reacting the dpm lithium species with 2,3-dichloropyrazine (5.6), or 2,3-dichloroquinoxaline 

(5.7), led to the fused pyrazino[2,3-b]indolizine or indolizino[2,3-b]quinoxaline core. Due to 

the symmetry of the methylene bi-aryl precursor, the structures possessed a pendant 2-pyridyl 

substituent in the 5 position. An attractive feature of this route is the commercial availability 

or ease of synthesis of the precursor compounds. Furthermore, this reaction proceeds in one-

pot with moderate to good yields. By adopting this approach, three compounds were 

synthesised: 5-(2-pyridyl)pyrazino[2,3-b]indolizine (5.11), 5-(2-pyridyl)indolizino[2,3-

b]quinoxaline (5.12), and 8,9-dimethyl-5-(2-pyridyl)indolizino[2,3-b]quinoxaline (5.13) 

(Scheme 5.3). Similar to the previous studies described by Volovenko and Kalinin, the fused 

core was formed by virtue of an intra-molecular nucleophilic aromatic cyclisation. In the 

study reported by Sumby, it was postulated that cyclisation proceeds through a di-substituted 

(5.9) rather than a mono-substituted intermediate (5.10), as the isolated products were 

obtained in improved yields when two equivalents of the dpm anion were used.
30

 This 

hypothesis was supported by the isolation of compound 5.9, which could be readily cyclised 

by conventional heating, or under acid-catalysed conditions (Scheme 5.3). These compounds 

were also investigated as chelating ligands in discrete coordination complexes. Due to the 

azine nitrogen (N6) of the core structure and the N-donor heterocycle in the 5-position ( 2ʹ), 

these compounds chelate transition metal ions through a six-membered chelating ring.  
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Scheme 5.3. i) n-BuLi, -78 °C, THF; ii) Δ or CHCl3/CF3COOH or silica/DCM. 

5.1.3. Scope of chapter 

In this chapter methylene hinged bi-aryl compounds are used as synthetic precursors to a 

class of fused aromatic heterocycles which contain either a pyrazino[2,3-b]indolizine or 

indolizino[2,3-b]quinoxaline core. Following the strategy described by Sumby,
30

 eleven new 

compounds were synthesised, and the reaction intermediates of some of these compounds 

were isolated and characterised. This chapter also explores the structural and chemical 

influence of the precursors on the formation of these compounds. In light of their likely 

coordination chemistry, the structural features and conformation of the pyrazino[2,3-

b]indolizine and indolizino[2,3-b]quinoxaline compounds are discussed. Due to the structural 

similarities of these compounds to Variolin B, the biological properties of several compounds 

were assessed. 
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5.2. Synthesis of Precursors 

5.2.1. Synthesis of methylene-hinged compounds 

To diversify the structures of the fused products, bi-aryl methylene-bridged precursors 

were chosen that possessed electron rich and electron poor heterocyclic rings. Thus, three 

methylene-hinged precursors were synthesised, 2-((3,5-dimethyl-1H-pyrazol-1-

yl)methyl)pyridine (5.14), 2-((1H-pyrazol-1-yl)methyl)pyridine (5.20) and di-2-

pyrazinylmethane (dpzm) (Scheme 5.4). Precursors bearing a pyrazole ring were synthesised 

according House
31

 from 2-(chloromethyl)pyridine and either 1H-pyrazole or 3,5-dimethyl-

1H-pyrazole (the synthesis of dpzm is described in chapter 2).  

 

Scheme 5.4. i) 40% t-BuNOH, 40% NaOH; ii) LDA, THF, -78 °C. 

5.2.2. Synthesis of quinoxaline precursors 

While 2,3-dichloropyrazine (5.6) and 2,3-dichloroquinoxaline (5.7) are commercially 

available, 6,7-dimethyl-2,3-dichloroquinoxaline (5.8) is not. Due to the ease of synthesis, 

compounds 5.7 and 5.8 were prepared according to established literature procedures without 

modification.
32, 33

 In addition, 6,7-dinitro-2,3-dichloroquinoxaline (5.25) was prepared via a 

nitration of compound 5.7; a procedure described by Cheeseman.
34

 Compound 5.6 and 5.25 

were stored away from moisture, as slow conversion to the dione species was observed to 

occur after a period several months.  
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5.3. Synthesis of Electron Rich Compounds  

5.3.2. Fused heterocyclic compounds with a pendant 3,5-dimethy-1H-pyrazole ring
m

 

The one-pot reaction of 5.14 with 5.7 or 5.8 gave two new compounds, namely, 5-(3,5-

dimethyl-1H-pyrazol-1-yl)indolizino[2,3-b]quinoxaline and 5-(3,5-dimethyl-1H-pyrazol-1-

yl)-8,9-dimethylindolizino[2,3-b]quinoxaline (5.17 and 5.18) in 89% and 73% yield 

respectively (Scheme 5.5). These compounds were isolated as purple solids and melted close 

to the temperature ranges of the previously reported compounds.
30

 In addition, the distinct 

multiplicities and chemical shifts in the 
1
H NMR spectra of these compounds corresponded 

well to the previously reported compounds. Even though an unsymmetrical methylene 

precursor was involved in this reaction, cyclisation of the respective intermediates occurred 

only through the pyridine ring. Cyclisation by the more nucleophilic pyrazole ring would give 

rise to a less stable (charged) product, and is thus unfavourable. While spontaneous 

cyclisation of the respective intermediates was observed for 5.17 and 5.18, in the case of the 

compound expected to possess a pyrazino[2,3-b]indolizine core (5.16), the typical reaction 

conditions did not yield the desired product but rather a mono-substituted compound (5.15) in 

75% yield (Scheme 5.5). Both 
1
H NMR spectroscopy and elemental analysis were consistent 

with this structure, while mass spectrometry gave an MH
+
 peak consistent with the expected 

product (5.16), indicating cyclisation of 5.15 occurs upon ionisation. After the isolation of 

compound 5.15, conditions were sought to induce its cyclisation to 5.16. Previously it had 

been demonstrated that a di-substituted intermediate could be cyclised under reflux conditions 

with TFA as a acid catalyst.
30

 In the case of 5.15, however, the conversion was found to be 

slow, and a 
1
H NMR spectrum of the reaction mixture revealed only 80% conversion after 4 

days. Therefore, this reaction was carried out under microwave irradiation, which is known to 

accelerate these types of reactions.
35

 Reacting 5.15 in acetonitrile with TFA at 80 °C gave the 

fused product in small quantities after several minutes as indicated by a 
1
H NMR spectrum of 

the reaction mixture. Complete conversion was observed within 15 minutes at elevated 

temperatures (>150 °C), however the 
1
H NMR spectrum of the isolated product also showed 

signals corresponding to possible by-products formed from decomposition. At the optimum 

temperature of 140 °C, reaction of 5.15 in acetonitrile/TFA gave clean conversion (99%) to 

product 5.16 after 1.5 hours, which was isolated as a bright red solid in 77% yield. The 

distinct signals in the 
1
H NMR spectrum of 5.16 were consistent with the expected product. 

                                                 
m
 Compound 5.16 was the work of an Honours project carried out by Stephanie Derwent-Smith, who 

provided insight into the intermediate compound 5.15. Compounds 5.17 and 5.18 were first synthesised as part 

of an Honours project by the candidate. The full characterisation and improved yields of compounds 5.16 – 5.18 

and their intermediates are original work. 
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Scheme 5.5. i) n-BuLi, THF, -78°; 5.15: 75%, 5.17: 89%, 5.18: 73%; ii) CH3CN, TFA, 

microwave, 77%. 

5.3.2. Investigation of intermediates 

In the original report into 5.11 – 5.13, no distinction was made with regard to the 

reactivity of the precursors; all reactions were carried out with the same conditions.
30

 In the 

present case, the in-situ cyclisation of the respective intermediates to compounds 5.17 and 

5.18 was observed to occur, however compound 5.16 could not be isolated under reflux 

conditions. These observations prompted us to isolate the reaction intermediates and 

investigate their reactivity. In the case of compound 5.15, the lack of reactivity was initially 

attributed to possible steric hindrance caused by the methyl groups of the 3,5-dimethyl-1H-

pyrazole ring. To investigate the structure and conformation of 5.15, single crystals suitable 

for X-ray crystallography were grown by standing a diethyl ether solution of 5.15 at -20 °C 

for 24 h. Compound 5.15 crystallises in the monoclinic space group P21/c, with one molecule 

in the asymmetric unit. The X-ray structure of 5.15 shows a possible origin of this steric 

hindrance, whereby the methyl substituents of the pyrazole ring may impede access to the 

adjacent electrophilic position by incoming nucleophiles or intra-molecular cyclisation 

(Figure 5.1).  
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Figure 5.1. a) A perspective view of the X-ray crystal structure of 5.15; b) a space-filling 

model of 5.15 showing possible origin of the steric hindrance. 

Further investigations of the reactivity of these compounds involved the isolation of 

intermediates to compounds 5.17 and 5.18. After reaction of the anion of 5.14 with 5.7, a 

small portion of the reaction mixture was quenched at room temperature and analysed by 
1
H 

NMR spectroscopy prior to heating. The 
1
H NMR spectrum revealed the cyclised product 

5.17 as the major species, along with starting material (5.14), and other aromatic shifts 

corresponding to very small quantities of possible intermediates. For the reaction between 

5.14 and the methylated analogue 5.8 however, the 
1
H NMR spectrum revealed cyclised 

product 5.18 as the minor species, with other peaks in the aromatic region corresponding to 

the proposed intermediates. The difference in the amount of cyclised product (5.17 vs. 5.18) 

present under these conditions indicates that the electron donating methyl substituents 

increase the energy required for the intermediates to undergo cyclisation. Further studies were 

undertaken by repeating the reaction between 5.14 and 5.7 in a 1:1 ratio, and quenching the 

mixture at -78 °C after 30 min. The major compound in the reaction mixture was isolated as a 

white solid, and crystals suitable for X-ray crystallography were grown by standing a diethyl 

ether solution of the compound at -20 °C.  

X-ray crystallography revealed this compound to be the mono-substituted species 5.19 

(Figure 5.2). Compound 5.19 crystallises in the orthorhombic space group Pna21 with one 

molecule in the asymmetric unit. The solid-state structure of 5.19 also suggests the methyl 

groups of the 3,5-dimethylpyrazole ring may hinder cyclisation of the molecule, although it 

should be noted this substituent can be directed away from the chlorine atom by rotation 

about the newly formed carbon-carbon bond. The purity of the sample was confirmed by 
1
H 

and 
13

C NMR spectroscopy which showed chemical shifts consistent with this type of 
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structure. In addition, the elemental analysis fitted exactly to the formula of the compound. It 

is worth noting that 5.19 was consistently present in large quantities (as indicated by 
1
H NMR 

spectroscopy) even when the reaction was performed with two equivalents of compound 5.14, 

indicating that the formation of 5.19 is not dependant on reactant stoichiometry. 

 

Figure 5.2. a) A perspective view of the X-ray crystal structure of 5.19; b) a space-filling 

model of 5.19 showing possible origin of the steric hindrance. 

Upon heating compound 5.19 above its melting point, a colour change from white to 

purple was observed, indicating a heat driven cyclisation to product 5.18. This was confirmed 

by the 
1
H NMR spectrum of this sample, which was consistent with the spectrum of 5.18. 

However, a sample of the mono-substituted pyrazine analogue 5.15 did not change to a red 

colour when heated above its melting point, indicating the need for acid-catalysed conditions 

to induce cyclisation. 

Therefore, the slow conversion of compound 5.15 can be attributed, in some part, to the 

steric hindrance about the 3,5-1H-dimethylpyrazole ring, which may hinder cyclisation and/or 

further substitution by a second equivalent of 5.14. It is evident that the mono-substituted 

quinoxaline intermediates require less energy to undergo intra-molecular cyclisation, and this 

can occur without the need of acid catalysis. Since the compounds (5.15 and 5.19) posses the 

same degree of steric hindrance, the greater reactivity of compound 5.19 over 5.15 can be 

attributed to greater resonance stabilisation provided by the quinoxaline ring with respect to 

the pyrazine ring. Although a di-substituted compound was previously shown to be the likely 

intermediate,
30

 the studies carried out here indicate that cyclisation occurs through the mono-

substituted intermediates en-route to compounds 5.16 – 5.18. 
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5.3.3.  Fused heterocyclic compounds with a pendant 1H-pyrazole ring 

The next methylene-hinged compound utilised was 2-((1H-pyrazol-1-yl)methyl)pyridine 

(5.20). Reaction between 5.20 and 5.6 – 5.8 was expected to yield a similar series of 

compounds to 5.16 – 5.18, differing only in the heterocyclic substitution at the 5 position of 

the core (Scheme 5.6). The difficulty of inducing compound 5.15 to cyclise provoked us to 

investigate the formation of the pyrazino[2,3-b]indolizine core first for this series of 

compounds. It was hypothesised that the absence of steric hindrance would allow facile 

formation of the pyrazino[2,3-b]indolizine core. Carrying out the reaction under normal 

conditions however did not produce the expected red colour of the cyclised product, even 

after heating the reaction mixture at reflux for 24 h. A pale brown solid was isolated after the 

reaction mixture was subject to a standard work-up, and analysed by 
1
H NMR spectroscopy. 

The chemical shifts and number of signals were similar to that of 5.15, suggesting that the 

product of the reaction was a mono-substituted compound. Single crystals of this compound 

were grown in the same way as for 5.15 (from diethyl ether at -20 °C) and X-ray 

crystallography revealed the identity to be the mono-substituted compound (5.21) (Figure 

5.3). Compound 5.21 crystallises in the monoclinic space group P21/c, with both R and S 

isomers in the asymmetric unit.  

 

Figure 5.3. a) A perspective view of the X-ray crystal structure of 5.21; b) a space-filling 

model of 5.21. 

Heating compound 5.21 beyond its melting point did induce cyclisation (as indicated by 

the colour of the sample), indicating the need for more forceful conditions. The cyclised 

product, 5-(1H-pyrazol-1-yl)pyrazino[2,3-b]indolizine (5.22), was obtained in 46% yield by 

reacting the crude compound 5.21 in acetonitrile/TFA under microwave irradiation. In the 

same two-step procedure, 5.20 was reacted with 5.7 or 5.8 to give 5-(1H-pyrazolyl)-
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indolizino[2,3-b]quinoxaline (5.23) and 8,9-dimethyl-5-(1H-pyrazolyl)-indolizino[2,3-

b]quinoxaline (5.24) in 52% and 53% yield respectively (Scheme 5.6). Although cyclisation 

was observed to occur upon reflux for these compounds, carrying out the reaction in two-

steps (initial reaction, workup, following by microwave conditions) reduced the overall 

reaction time and gave products of a higher purity compared to the conventional conditions. 

 

Scheme 5.6. i) n-BuLi, THF, -78°; ii) CH3CN, TFA, microwave, 5.22: 46%, 5.23: 52%, 

5.24: 53%. 

Based on the reactivity of compound 5.21, the potential steric hindrance of the 3,5-

dimethyl-1H-pyrazole ring in compounds 5.16 – 5.18 does not, therefore, significantly affect 

the cyclisation of the respective intermediates. As compound 5.21 is the major intermediate 

en-route to compound 5.22, this suggests that compounds 5.23 and 5.24 also form through 

cyclisation of a mono-substituted intermediate – however, it is possible that there is some 

quantity of di-substituted intermediates present. Nevertheless, the similar reactivity of mono-

substituted compounds 5.15 and 5.21 implies that this set of compounds (5.22 – 5.24) forms 

through cyclisation of the mono-substituted intermediate. 
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5.4. Synthesis of Electron Deficient Compounds 

5.4.1. Fused heterocyclic compounds with nitro-functionalisation
n
 

The first approach investigated to synthesise electron deficient indolizino[2,3-

b]quinoxaline compounds involved utilisation of a quinoxaline precursor with electron 

withdrawing substituents. 6,7-Dinitro-2,3-dichloroquinoxaline (5.25) and dpm were chosen 

due to their synthetic accessibility and known reactivity; the target compound (Figure 5.4) 

was expected to form readily due to the electron deficiency of the quinoxaline core aiding 

cyclisation of the respective intermediates. 

 

Figure 5.4. The target compound: 8,9-dinitro-5(pyrid-2-yl)-indolizino[2,3-b]quinoxaline. 

Reaction of the dpm anion with compound 5.25 gave an unexpected dark grey coloured 

reaction mixture, suggesting the desired product was not forming. Initially, it was difficult to 

elucidate the identity of the compounds formed by 
1
H NMR spectroscopy, which indicated 

the reaction mixture contains several different species. TLC revealed the presence of four 

compounds; a dark grey streak, a band corresponding to dpm, a teal band, and a dark blue 

band. After determining the appropriate elution solvent, two coloured compounds were 

separated by column chromatography and isolated as teal and blue solids, in 8% and 7% yield 

respectively. The 
1
H NMR spectrum of the dark band was not consistent with a compound 

containing a fused indolizino[2,3-b]quinoxaline core, and thus, further analysis of this 

compound was not undertaken. The 
1
H NMR spectra of the teal and blue solids were very 

similar, containing the same number of signals but differing subtly in chemical shift. 

Furthermore, both compounds gave a mass peak of 510.3 [MH
+
]. The 

1
H NMR spectra 

suggested that the structure of these compounds contains a 5-(2-pyridyl)indolizino[2,3-

b]quinoxaline moiety, and an additional substituent. Based on the chemicals shifts in the 
1
H 

NMR spectrum and mass spectrometry of the respective compounds, this substituent was 

proposed to be dpm. Nitro substituents are known to act as effective leaving groups in 

nucleophilic substitutions.
36

 However, similar systems containing di-nitro substituents can 

also undergo a cine addition in the presence of a strong base.
31, 32

 As the structural position of 

                                                 
n
This study was first attempted as part of an Honour project of the candidate. Full characterisation, 

improved yields, and the identity of compounds 5.26 and 5.27 are original work. 
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the proposed dpm substituent could not be determined by NMR spectroscopy, growth of 

crystals of these compounds was attempted. Single crystals of the teal coloured compound 

were grown by slow evaporation of a DCM solution. A selected crystal was analysed by X-

ray crystallography, which confirmed the 5-(2-pyridyl)indolizino[2,3-b]quinoxaline 

compound contains a dpm substituent, albeit in the 7 position (Figure 5.6), consistent with a 

cine addition. Compound 5.26 crystallises in the triclinic space group P-1 with one molecule 

of the compound in the asymmetric unit. The pendant pyridine ring (attached to C5) is almost 

co-planar to the indolizino[2,3-b]quinoxaline core, with a twist of only 5.8° (C5A-C5-C21-

C26). This orientation is likely due to a weak electrostatic interaction between N2' and H4. 

The dpm substituent is rotated away from the pyridine ring (Figure 5.6b), with the methylene 

CH hydrogen in close proximity to H6' of the pyridine ring (H···H = 3.00 Å). This interaction 

however, was not observed in the 2-D NOESY and ROESY spectrum. Instead a distinct 

correlation between the methylene CH (dpm substituent) and H8 was observed, allowing the 

unambiguous assignment of H8 and H10. This suggests that the dpm substituent is orientated 

differently in solution compared to the solid-state structure. 

 

Figure 5.6. a) A perspective view of the crystal structure of 5.26 showing the planar 

indolizino[2,3-b]quinoxaline core; b) a perspective view of 5.26 showing the out-of-plane 

twist of the dpm substituent.
 

Unfortunately, crystals suitable for X-ray crystallography could not be obtained for the 

blue-coloured isomer 5.27. Nevertheless, the crystal structure of compound 5.26 suggests that 

5.27 possesses the dpm substituent in the 10 position (Scheme 5.7). It is unclear however 

whether the cyclisation takes place before the cine addition of dpm or afterwards. A 

correlation was also observed between the methylene CH and H9 in the NOESY and ROESY 

spectrums of 5.27, allowing the unambiguous assignment of H7 and H9. Therefore, a cine 

addition of the dpm anion (nucleophilic attack adjacent to the leaving group) accounts for the 

formation of these compounds, and likely proceeds through a benzyne intermediate.
37

 Due to 
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the low yield of the reaction, compounds 5.26 and 5.27 were not synthesised in large 

quantities, and were not subject to further study in this work. 

Scheme 5.7. i) n-BuLi, THF, -78°, 5.26: 8%, 5.27: 7%. 

5.4.2. Fused heterocyclic compounds with a pendant pyrazine ring
o
  

To further explore the versatility of this reaction, dpzm, (described in chapter 2) was 

utilised as the methylene bi-aryl precursor. Accordingly, a different type of core structure was 

anticipated to form from the combination of dpzm and 5.6 – 5.8; either an pyrrolo[1,2-a:4,5-

b]dipyrazine or pyrazino[1,2-a]pyrrolo[2,3-b]quinoxaline core. This type of core structure has 

been previously encountered by Anderson and colleagues,
38

 although synthesised via a 

different route. Access to the dpzm anion was first examined with LDA as the base, due to 

the propensity of n-BuLi to act as a nucleophile in the presence of pyrazine derivatives.
39

 

LDA has been widely used for deprotonation of pyrazine derivatives
40, 41

 as it is a strong base 

but a relatively weak nucleophile. Upon addition of LDA to a solution of dpzm in THF, an 

immediate colour change to dark purple was observed, indicating the formation of the dpzm 

anion. Reaction of this anion with either 5.7 or 5.8 afforded compounds 5.29 and 5.30 as 

purple solids in 35% and 36% yield respectively. Given these low yields, the reaction was 

attempted with n-BuLi as the base, which afforded compounds 5.29, and 5.30 in much 

improved yields of 67%, and 69%, respectively (Scheme 5.8). This suggests that 

deprotonation of the acidic methylene hydrogen of dpzm by n-BuLi is favoured over 

nucleophilic addition to the pyrazine ring. The absence of any addition products in the 
1
H 

NMR spectrum of the reaction mixture is supportive of this. The improved yield of 

compounds 5.29 and 5.30 suggests that n-BuLi forms a more nucleophilic lithium-dpzm 

complex in solution than LDA. Surprisingly, synthesis of the compound possessing the 

smaller core (5.28) proceeded without the difficulties previously encountered for compounds 

                                                 
o
 Compound 5.28 was first isolated by Stephanie Derwent-Smith as part of an Honours project. Full 

characterisation and improved yields are original work. 
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containing a pyrazino[2,3-b]indolizine core; complete cyclisation was observed after a reflux 

period of 20 h, affording the desired compound in 58% yield (Scheme 5.8).  

 

Scheme 5.8. i) n-BuLi, THF, -78°, 5.28: 58%, 5.29: 58%, 5.30: 69%. 

Therefore, three new compounds (5.28 – 5.30) were synthesised from dpzm and isolated 

as red and purple solids respectively. Microwave irradiation was not utilised with this set of 

compounds, as the conventional synthesis proceeded in a facile manner and yielded products 

of high purity. The intermediates of this series of compounds were not investigated, as the 

precursor dpzm was required for other studies. The greater reactivity of the intermediates en-

route to 5.28, in comparison to the pyrazolyl substituted compounds 5.16 and 5.22, can be 

attributed to the greater concentration of the heterocyclic nucleophile (the pendant azine ring) 

around the electrophilic chloro-pyrazine core. Whether the mono-substituted (two 

nucleophiles) or di-substituted (four nucleophiles) intermediate predominates in this reaction, 

there will be twice as many reactive nucleophiles available for the intra-molecular cyclisation 

due to the symmetry of the bi-heterocyclic methylene precursor, dpzm.  

5.5. Solid-State Structure and Properties 

5.5.1. Structure and conformation 

The structure and purity of compounds 5.16 – 5.18, 5.22 – 5.24, and 5.28 – 5.30 was 

confirmed by elemental analysis, mass spectrometry, and 
1
H NMR spectroscopy. These 

analyses were all consistent with structures containing a pyrazino[2,3-b]indolizine or 

indolizino[2,3-b]quinoxaline (or related) core. Furthermore, 2-D NMR spectroscopy was used 

to assign all the hydrogen signals. A distinctive feature in the 
1
H NMR spectra of these 

compounds is the chemical shifts and multiplicities of H1 – H4. Therefore, along with the 

intense colour of these compounds, the formation of the conjugated core is easily confirmed. 

In addition, the chemical shift of H4 can give a good indication of the relative twist of the 

pendant ring (in the 5 position), as it can be shielded (or deshielded) by the adjacent π-system 

of the pendant ring. For example, the chemical shift of H4 in compound 5.26 is significantly 

downfield (δ 9.17) due to the co-planarity of the pendant pyridine ring with the core of the 
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molecule (Figure 5.6). In the 
1
H NMR spectra of compounds 5.16 – 5.18, H4 was observed to 

be significantly upfield (~δ 7.5) relative to compound 5.26 (Table 5.1). Therefore, it can be 

deduced that the pendant 3,5-dimethyl-1H-pyrazole ring of compounds 5.16 – 5.18 is in a 

twisted conformation. This most likely relates to the steric hindrance between H4 and the 

methyl groups of the 3,5-dimethyl-1H-pyrazole ring. The downfield shift of H4 in compounds 

5.11 – 5.13 (previously reported), 5.27, and 5.28 – 5.30 (δ ~9.0 – 10.5) indicates co-planarity 

of the pendant ring with the core of the structure. The greater downfield shift of H4 in 

compounds 5.28 – 5.30 can be further attributed to the inductive effect of the adjacent 

nitrogen in the ring structure. The relatively upfield shift of H4 in the 
1
H NMR spectrum 

compounds 5.22 – 5.24 suggests a slight twist of the ring, although it should be noted that a 

pyrazole ring has a lesser deshielding effect (compared to a pyridine ring) due to its electron 

rich nature. Nevertheless, unlike compounds 5.16 – 5.18, the pendant pyrazole ring of 

compounds 5.22 – 5.24 is expected to rotate without restriction.  

Table 5.1. Chemical shift of H4 in the compounds studied. 

Compound Pendant ring H4 (δ) Compound Pendant ring H4 (δ) 

5.11
†
  

 

pyridine 

9.02 5.22  

1H-pyrazole 

8.26 

5.12
†
 9.09 5.23 8.29* 

5.13
†
 

5.26 

5.27 

9.05 

9.17 

9.12 

5.24 8.23 

5.16  

3,5-dimethyl-1H-

pyrazole 

7.52 5.28  

pyrazine 

10.18 

5.17 7.49 5.29 10.50 

5.18 7.45 5.30 10.41 

 † 
Previously reported. 

* H4 is overlapping with H7. 

To gain insight into the solid-state conformation of these compounds, attempts were 

made to grow single crystals of the nine new compounds. Crystals suitable for X-ray 

crystallography of 5.17 were obtained by slow evaporation of a 1:1 DCM/methanol solution. 

Compound 5.17 crystallises in the monoclinic space group P21/c, with one molecule present 

in the asymmetric unit (Figure 5.7). The solid-state structure shows the pendant 3,5-dimethyl-

1H-pyrazole ring twisted by 58° (C5A-C5-N1ʹ-C5ʹ) with respect to the planar indolizino[2,3-

b]quinoxaline core, consistent with the predictions made by 
1
H NMR spectroscopy. In 

addition, the pendant ring is also twisted away from N6, where the compound would most 

likely chelate metal ions. These observations suggest that compounds 5.16 – 5.18 may not be 
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able to chelate metal centres, although the twist of the pendant 3,5-dimethyl-1H-pyrazole ring 

may be reduced in the presence of a metal centre.  

 

Figure 5.7. a) A perspective view of the crystal structure of 5.17 showing the planar 

indolizino[2,3-b]quinoxaline core; b) a view of 5.17 core showing the out-of-plane twist of 

the pyrazole ring. 

Single crystals of 5.29 were obtained by slow evaporation of a chloroform solution. 

Compound 5.29 crystallises in the monoclinic space group Cc with one molecule in the 

asymmetric unit. In contrast to 5.17, the solid-state structure of 5.29 reveals the expected near 

co-planarity of the pendant pyrazine ring with a twist of only 5.8° with respect to the 

pyrazino[1,2-a]pyrrolo[2,3-b]quinoxaline core (Figure 5.8). Due to a possible electrostatic 

interaction between N2' and H4, the pendant pyrazine ring is aligned opposite to the 

conformation where the compound is expected to chelate to metal centres, although this may 

be overcome in the presence of a metal ion. 

 

Figure 5.8. a) A perspective view of the crystal structure of 5.29 showing the planar 

pyrazino[1,2-a]pyrrolo[2,3-b]quinoxaline core; b) a top view of 5.29 showing the co-planarity 

of the pendant pyrazine ring. 
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Despite repeated efforts, crystals suitable for X-ray crystallography could not be obtained 

for compounds 5.22 – 5.24. Nevertheless the chemical shift of H4 and absence of steric 

hindrance in these compounds suggests that the pendant pyrazole ring is free to rotate, and 

may approach co-planarity with the fused core in the presence of a metal ion. Similarly, 

compounds 5.28 – 5.30 are likely to chelate metal centres in the same way as previously 

reported compounds (5.11 – 5.13), although it should be noted that the extra two nitrogens of 

these compounds may favour the formation of coordination polymers instead of discrete 

assemblies. 

5.5.2. Properties 

All of the compounds studied in this chapter gave intensely coloured solutions with high 

molar absorptivities (3200 – 4800 M
-1

cm
-1

) when dissolved in chloroform. Compounds 

containing the pyrazino[2,3-b]indolizine core appeared orange or red in colour, while those 

containing an indolizino[2,3-b]quinoxaline core were purple or violet in colour. A subtle red-

shift in λmax was observed for compounds containing methyl substituents in the 8 and 9 

positions of the core. The electron donating nature of the methyl substituents was more 

evident for compounds 5.16 – 5.17 which were red-shifted 23 to 37 nm relative to compounds 

5.22 – 5.24 (Table 5.2). Despite being more electron deficient in nature, compounds 5.28 – 

5.30 did not appear blue shifted relative to the compounds previously reported, 5.11 – 5.13. 

Similarly, compounds containing an electron rich pyrazole ring (5.22 – 5.24) did not appear 

significantly red-shifted relative to compounds 5.11 – 5.13. This suggests that the pendant 

heterocyclic ring does not impact significantly on the electronic properties of the molecule. 

Rather, the substituents on the quinoxaline moiety of the core have a more dramatic effect, as 

observed for compounds 5.27 and 5.28. Interestingly, nearly all of the compounds possessing 

a six-membered pendant heterocycle contain an obvious shoulder in the UV-visible 

absorption spectrum, while compounds containing a five-membered ring do not exhibit this 

feature (Table 5.2). Although the reason for this was not investigated in this work, it does 

suggest that the nature of the pendant ring does have some effect on the electronic properties 

of the molecule. 
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Table 5.2. UV absorption data of the fused heterocyclic compounds studied in this 

chapter. 

Compound Core Pendant ring λmax (sh.)
#
 (nm) ε (M

−1
 cm

−1
) 

5.11
†
 A  

pyridine 

465 (490) 3800 

5.12
†
 B 539 (573) 2900 

5.13
†
 C 532 (566) 2900 

5.16 A  

3,5-dimethyl-1H-

pyrazole 

452 4010 

5.17 B 527 4620 

5.18 C 524 4800 

5.22 A  

1H-pyrazole 

475 3210 

5.23 B 564 3810 

5.24 C 555 3360 

5.28 A  

pyrazine 

464 (491) 4200 

5.29 B 536 (573) 4760 

5.30 C 531 (567) 4680 

5.26   

pyridine 

421 (613) 3280 

5.27  614 3270 

# 
The number in brackets is the wavelength λmax of the shoulder. 

A: pyrazino[2,3-b]indolizine; B: indolizino[2,3-b]quinoxaline; C: 8,9-dimethyl-indolizino[2,3-b]quinoxaline. 

† 
Previously reported.

30
 

Due to the promising biological activity of the variolin family of compounds,
5
 the 

biological activity of selected compounds was assessed against the T98G (human 

glioblastoma multiforme) cell line.
5
 Variolin B has an IC50 of 0.716 µM against the P388 

murine leukemia cell line, and has been observed to affect cell-cycle progression. The 

cytotoxicity of the pyrazino[2,3-b]indolizine and indolizino[2,3-b]quinoxaline compounds 

was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay
42

 and cell viability was determined by measuring the absorbance of the purple formazan 

solution at 600 nm using a microplate reader (Appendix 5, A5.1).  

None of the compounds tested exhibited marked cytotoxic activity against the T98G cell 

line, although the pyrrolo[1,2-a:4,5-b]dipyrazine (5.28) and pyrazino[1,2-a]pyrrolo[2,3-

b]quinoxaline (5.29 and 5.30) derived compounds were found to be the most active 

compounds (Table 5.3). No determination of activity was possible for compound 5.18 which 

was found to be poorly soluble in the cell culture medium. The least active compound, 5.16, is 

the one with the smallest core aromatic surface area, which suggests that DNA intercalation 

may be important in the cytotoxicity of this particular set of compounds. 
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Table 5.3. In vitro cytotoxicity of compounds 5.11 – 5.13, 5.16, 5.17, and 5.28 – 5.30 in a 

MTT cytotoxicity assay using the human glioblastoma multiforme (T98G) cell line.
p
 

Compound 5.11 5.12 5.13 5.16 5.17 5.18 5.28 5.29 5.30 

Average 

IC50 (µM) 

88.8 66.7 72.7 324.0 62.1 ND
c 

33.8 46.0 36.4 

SE
a 

8.5 6.2 4.9 34.6 6.7 ND
c
 5.8 6.5 1.6 

N
b 

5 5 5 4 3  3 5 4 

a.
 SE = standard error. 

b.
 N = number of cytotoxicity assays run. 

c.
 ND = not determined due to solubility limitations. 

5.6. Summary  

In this chapter, methylene-hinged compounds were utilised as precursors to access eleven 

new fused heterocycles containing either a pyrazino[2,3-b]indolizine or indolizino[2,3-

b]quinoxaline (or related) core. The synthesis of compounds containing a pendant 3,5-

dimethyl-1H-pyrazole ring proceeded smoothly for the larger indolizino[2,3-b]quinoxaline 

core, while the formation of the smaller pyrazino[2,3-b]indolizine core required more 

synthetic effort. The acid-catalysed reaction conditions previously reported
30

 were ineffective 

in inducing cyclisation of the mono-substituted compound 5.15, however, with the aid of 

microwave irradiation, cyclisation of 5.15 to 5.16 was achieved. Investigation of the 

quinoxaline-derived mono-substituted intermediate revealed that this compound can undergo 

intra-molecular cyclisation without the need of acid catalysis. The synthesis of compounds 

possessing a pendant 1H-pyrazole ring was carried out in similar fashion. Acid-catalysed 

conditions (in conjunction with microwave irradiation) were also effective in inducing 

cyclisation of the mono-substituted compound to obtain the pyrazino[2,3-b]indolizine core. 

The similar reactivity of these two sets of compounds strongly suggests that steric hindrance 

of the 3,5-dimethyl-1H-pyrazole ring in compounds 5.16 – 5.18 does not impede nor affect 

cyclisation of intermediates to any noticeable degree.  

The first series of electron poor compounds was synthesised from the precursor 6,7-nitro-

2,3-dichloroquinoxaline. Substitution by the dpm anion occurred at the 2 and 3 position, and 

unexpectedly, at the 7 or 10 position (assuming cyclisation of the intermediates occurs 

initially), forming two isomeric compounds in low yield. Finally, three more electron 

deficient compounds possessing a related core were successfully synthesised from the hinged 

                                                 
p
The cytotoxicity assays were performed by Dr Fatiah Issa (University of Sydney). 
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precursor dpzm. The formation of these compounds was facile and proceeded without the 

need of acid-catalysis, even in the case of the smaller pyrrolo[1,2-a:4,5-b]pyrazine core. 

In light of the observations summarised above, some important conclusions can be made 

about the reaction between a chlorinated pyrazine or quinoxaline derivative and an active 

methylene compound. Firstly, the quinoxaline core provides a greater resonance stabilisation 

than the pyrazine core and this has a significant impact on the intra-molecular cyclisation of 

respective intermediates. As observed, the fused indolizino[2,3-b]quinoxaline core forms 

readily under reflux conditions, while formation of the pyrazino[2,3-b]indolizine core requires 

additional steps or more forcing conditions. This distinct reactivity was observed only for 

compounds synthesised from an unsymmetrical methylene precursor, which offers only half 

of the available nucleophiles for the intra-molecular cyclisation compared to a symmetrical 

hinged precursor. This concentration effect is more significant than the nucleophilic strength 

of the heterocycle involved in the cyclisation; the mono-substituted compound 5.15 possesses 

a more nucleophilic pyridine ring, but was less reactive than the intermediates en-route to 

compound 5.28, which cyclise through a pyrazine ring. With this in mind, it is not essential to 

ascertain which intermediate is the most prominent. By understanding the important factors 

described above one can predict with confidence the reaction products, and how to induce 

cyclisation of reaction intermediates. 

Even though the compounds studied in this chapter have similar structures to that of 

Variolin B, their lack of polar functionality and therefore, solubility in aqueous media, 

rendered them relatively inactive against the cell line studied. Apart from compounds 5.16 – 

5.18, the compounds investigated displayed co-planarity of the pendant heterocyclic ring with 

the core structure, which suggests that compounds 5.22 – 5.24 and 5.28 – 5.30 have potential 

to chelate metal centres. Due to their intense colour and high molar absorptivities, 

coordination complexes of these compounds are expected to display interesting light 

absorbing features. 
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5.7. Experimental 

5.7.1. General procedure for synthesis  

Typically 60 mL of THF was used for approximately 0.5 g of the di-aryl methane. n-BuLi 

(1.05 equiv) was added dropwise to a solution of the bi-arylmethane (1 equiv) in dry THF at 

−78 °C under an argon atmosphere. The solution was stirred for 0.5 h, followed by the 

dropwise addition of the electrophile (0.49 equiv) in THF. The reaction mixture was slowly 

allowed to warm to room temperature overnight, followed by heating at reflux (16 h). The 

reaction mixture was quenched with H2O (2 mL) and the solvent was removed under reduced 

pressure. The residue was taken up into chloroform or DCM (3×50 mL) and washed with 

water (3×50 mL). The organic layer was dried over MgSO4 and the solvent was removed 

under reduced pressure. 

5.7.2. Synthesis of compounds 

2-Chloro-3-[(3,5-dimethyl-1H-pyrazol-1-yl)(pyridin-2-yl)methyl]pyrazine (5.15). 2-

[(3,5-Dimethyl-1H-pyrazol-1-yl)methyl]pyridine (1.05 g, 5.61 mmol), n-BuLi (2.48 mL, 

5.71 mmol) and 2,3-dichloropyrazine (0.28 mL g, 2.72 mmol) were combined according to 

the general procedure. The reaction mixture was stirred at room temperature for 4 h and then 

quenched. The solvent was removed under reduced pressure and the dark oil was left to stand 

for 24 h, during which time the product crystallised. The crystals were separated from the oily 

residue by decanting, and the remainder of the product was isolated by adding diethyl ether to 

the oily mixture and cooling to −20 °C, which induced further crystallisation of 5.15. The 

crystalline samples were combined and recrystallised from diethyl ether to yield the product 

as an off-white crystalline solid (0.62 g, 75%). Mp 147–149 °C; νmax (neat, cm
−1

) 1590, 1557, 

1439, 1381; 
1
H NMR (600 MHz/CDCl3): δ 2.18 (s, 3H, CH3), 2.24 (s, 3H, CH3), 5.92 (s, 1H, 

H4′), 7.02 (d, 1H, J=7.7 Hz, H3″), 7.05 (s, 1H, CH), 7.24 (dd, 1H, J=4.8, 7.7 Hz, H5″), 7.70 

(t, 1H, J=7.7 Hz, H4″), 8.31 (d, 1H, J=2.5 Hz, H5/H6), 8.44 (d, 1H, J=2.5 Hz, H5/H6), 8.54 

(d, 1H, J=4.8 Hz, H6″); 
13

C NMR (151 MHz/CDCl3): δ 11.3, 13.7, 65.2, 106.0, 122.8, 123.0, 

137.1, 140.6, 141.9, 142.7, 148.8, 148.9, 149.4, 152.3, 157.6; m/z 264.0 (MH
+
) (cyclises); 

Found: C 60.1, H 4.7, N 23.5, C15H14ClN5 requires: C 60.1, H 4.7, N 23.4%. 

5-(3,5-Dimethyl-1H-pyrazol-1-yl)pyrazino[2,3-b]indolizine (5.16). 2-Chloro-3-((3,5-

dimethyl-1H-pyrazol-1-yl)(pyridin-2-yl)methyl)pyrazine (0.13 g, 0.44 mmol) was dissolved 

in acetonitrile (9 mL) and TFA (0.5 mL) in a sealed vessel and reacted in a CEM Discover S 

microwave reactor at 145 °C for 1.5 h with stirring. The microwave settings were 150 W, 

with a maximum pressure of 250 psi. During the course of the reaction the pressure was stable 
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at around 50 psi. The resulting dark red mixture was neutralised with saturated aqueous 

NaHCO3 solution and extracted with DCM (4×15 mL). The solvent was dried over 

MgSO4 and removed under reduced pressure. The red solid obtained was recrystallised from 

diethyl ether to yield 5.16 as a bright red fluffy solid (0.09 g, 77%) mp: 134–136 °C; 

νmax (neat, cm
−1

) 2914, 1633, 1578, 1558, 1487; 
1
H NMR (600 MHz/CDCl3) δ 2.22 (s, 3H, 

Me), 2.34 (s, 3H, Me), 6.08 (s, 1H, H4′), 6.77 (t, 1H, J=6.8 Hz, H2), 7.22 (dd, 1H, J=6.8, 

9.3 Hz, H3), 7.52 (d, 1H, J=9.3 Hz, H4), 8.37 (d, 1H, J=2.4 Hz, H8), 8.75 (d, 1H, J=2.4 Hz, 

H7), δ 8.82 (d, 1H, J=6.8 Hz, H1); 
13

C NMR (151 MHz/CDCl3): δ 11.5, 13.8, 103.4, 105.7, 

110.4, 116.9, 123.8, 127.5, 132.8, 134.3, 134.8, 135.5, 142.5, 143.2, 149.9; m/z 264.1 (MH
+
); 

Found: C 68.6, H 4.9, N 26.8, C15H13N5 requires: C 68.4, H 5.0, N 26.6%;λmax/nm: 452 

(ɛ/M
−1

 cm
−1

 4010). 

5-(3,5-Dimethyl-1H-pyrazol-1-yl)indolizino[3,2-b]quinoxaline (5.17). 2-[(3,5-

Dimethyl-1H-pyrazol-1-yl)methyl]pyridine (0.46 g, 2.45 mmol), n-BuLi (1.11 mL, 

2.50 mmol), and 2,3-dichloroquinoxaline (0.24 g, 1.20 mmol) were combined and reacted as 

described in the general procedure. The crude reaction mixture was subject to a standard 

work-up with DCM. The crude solid obtained was suspended in cold hexane, isolated under 

reduced pressure, and thoroughly washed with cold hexane (4×25 mL), to afford the 

product 5.17 as a purple solid (0.33 g, 89%). Mp: 214–216 °C; νmax (neat, cm
−1

) 2917, 1636, 

1589, 1540, 1518, 1485; 
1
H NMR (600 MHz/CDCl3): δ 2.28 (s, 3H, Me), 2.38 (s, 3H, Me), 

6.13 (s, 1H, H4′), 6.71 (t, 1H, J=6.8 Hz, H2), 7.28 (dd, 1H, J=9.2, 6.8 Hz, H3), 7.49 (d, 

1H, J=9.2 Hz, H4), 7.71–7.81 (m, 2H, H7/H10), 8.27 (d, 1H, J=8.2 Hz, H8/H9), 8.31 (d, 

1H, J=8.2 Hz, H8/H9), 8.94 (d, 1H,J=6.8 Hz, H1); 
13

C NMR (151 MHz/CDCl3): δ 11.6, 13.7, 

101.9, 105.8, 109.5, 116.8, 125.2, 127.1, 128.6, 128.7, 128.9, 130.4, 134.6, 136.0, 137.1, 

140.8, 142.8, 143.3, 149.9; m/z: 314.3 (MH
+
); Found: C 68.8, H 4.8, N 21.5, C19H15N5·H2O 

requires: 68.85, 5.2, 21.1%; λmax/nm: 527 (ɛ/M
−1

 cm
−1

 4620). 

5-(3,5-Dimethyl-1H-pyrazol-1-yl)-8,9-dimethylindolizino[2,3-b]quinoxaline (5.18). 2-

[(3,5-Dimethyl-1H-pyrazol-1-yl)methyl]pyridine (0.65 g, 3.46 mmol), n-BuLi (1.50 mL, 

3.50 mmol), and 2,3-dichloro-6,7-dimethylquinoxaline (0.38 g, 1.69 mmol) were combined 

and reacted in the manner described in the general procedure. The crude reaction mixture was 

subjected to a standard work-up with DCM. The solid obtained was suspended in cold 

hexane, isolated by filtration, and thoroughly washed with cold hexane (4×25 mL) to 

afford 5.18 as a purple solid (0.42 g, 73%). Mp: 201–203 °C; νmax (neat, cm
−1

) 2910, 1634, 

1587, 1536, 1511, 1488; 
1
H NMR (600 MHz/CDCl3): δ 2.28 (s, 3H, Me′), 2.35 (s, 3H, Me′), 

2.53 (s, 3H, Me), 2.55 (s, 3H, Me), 6.10 (s, 1H, H4′), 6.67 (t, 1H, J=6.8 Hz, H2), 7.22 (dd, 
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1H, J=9.3, 6.8 Hz, H3), 7.45 (d, 1H, J=9.3 Hz, H4), 7.98 (s, 1H, H7/H10), 8.04 (s, 1H, 

H7/H8), 8.88 (d, 1H, J=6.8 Hz, H1); 
13

C NMR (151 MHz/CDCl3): δ 11.6, 13.8, 20.3, 20.4, 

102.1, 105.7, 109.1, 116.7, 125.0, 127.4, 127.9, 129.5, 134.2, 135.5, 136.2, 137.8, 139.2, 

139.6, 142.4, 142.6, 149.7; m/z: 342.2 (MH
+
); Found: C 73.0, H 5.8, N 20.1. C21H19N5·¼H2O 

requires: C 72.9, H 5.7, N 20.25%; λmax/nm: 524 (ɛ/M
−1

 cm
−1

 4800). 

2-Chloro-3-[(3,5-dimethyl-1H-pyrazol-1-yl)(pyridin-2-yl)methyl]-6,7-

dimethylquinoxaline (5.19). 2-[(3,5-Dimethyl-1H-pyrazol-1-yl)methyl]pyridine (7) (0.40 g, 

2.12 mmol), n-BuLi (0.96 mL, 2.10 mmol), and 2,3-dichloro-6,7-dimethylquinoxaline 

(0.44 g, 1.93 mmol) were combined as described in the general procedure. The reaction 

mixture was allowed to stir at −78 °C for 0.5 h, and then quenched with EtOH (20 mL). The 

solvent was removed under reduced pressure and the residue was purified by column 

chromatography eluting with 9:1 DCM/EtOAc to afford a white solid (0.25 g, 34%). Mp: 

176–179 °C; νmax (neat, cm
−1

) 1590, 1555, 1474, 1436; 
1
H NMR (600 MHz/CDCl3): δ 2.15 (s, 

3H, CH3), 2.25 (s, 3H, CH3), 2.40 (s, 3H, CH3), 2.46 (s, 3H, CH3), 5.93 (s, 1H, H4′), 7.13 (d, 

1H, J=7.7 Hz, H3″), 7.18 (s, 1H, CH), 7.25 (dd, 1H, J=4.8, 7.7 Hz, H5″), 7.67 (s, 1H, 

H5/H10), 7.70–7.75 (m, 3H, H4″, H5/H10), 8.55 (d, 1H, J=4.8 Hz, H6″); 
13

C NMR 

(151 MHz/CDCl3): δ 11.4, 13.7, 20.1, 20.4, 66.2, 106.1, 122.7, 123.4, 127.0, 128.8, 136.9, 

139.4, 140.2, 140.4, 140.6, 141.7, 146.3, 148.5 148.7, 149.9, 157.9; m/z 342.0 (MH
+
) 

(cyclises); Found: C 66.8, H 5.3, N 18.6. C21H20ClN5 requires: C 66.7, H 5.4, N 18.5%. 

5-(1H-pyrazol-1-yl)pyrazino[2,3-b]indolizine (5.22). 2-[(1H-Pyrazol-1-

yl)methyl]pyridine (0.83 g, 5.21 mmol), n-BuLi (2.51 mL, 5.27 mmol) and 2,3-

dichloropyrazine (0.26 mL, 2.54 mmol) were combined according to the general procedure. 

The crude reaction mixture was subject to a standard workup with DCM. The residue was 

dissolved in acetonitrile (12 mL) and TFA (1.5 mL) and reacted in a CEM Discover S 

microwave reactor at 128 C for 8 h with stirring. The resulting dark red mixture was 

neutralised with saturated aqueous NaHCO3 solution, worked up according to the general 

procedure and purified by flash chromatography (9:1 DCM/EtOAc) to afford a red fluffy 

solid (0.28 g, 46%). Mp: 162–164 °C; νmax(neat, cm
-1

) 1633, 1585, 1540, 1518, 1472; 
1
H 

NMR (600 MHz/CDCl3) δ 6.55 (s, 1H, H4), 6.74 (t, 1H, J=6.6 Hz, H2), 7.21 (dd, 1H, J=6.6 

Hz, 9.4 Hz, H3), 7.81 (s, 1H, H3/H5), 8.26 (d, 1H, J=9.4 Hz, H4), 8.38 (d, 1H, J=2.4 Hz, 

H8), 8.57 (d, 1H, H3/H5), 8.77 (m, 2H, H1/H7); 
13

C NMR (150 MHz/CDCl3) δ 105.5, 

106.1, 110.3, 118.6, 123.5, 126.9, 130.6, 131.1, 131.4, 132.5, 134.7, 139.9, 142.8 ; m/z 235.3 

(MH
+
); Found: C 66.3, H 4.1, N 29.4, C13H9N5 requires: C 66.4, H 3.9, N 29.8; λmax/nm: 475 

(ɛ/M
−1

 cm
−1

 3210). The initial residue from this reaction was found to be 2-((1H-pyrazol-1-
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yl)(pyridin-2-yl)methyl)-3-chloropyrazine (5.21). Prior to analysis, the crude compound was 

recrystallised from ether. Mp: 124–126 °C; 
1
H NMR (300MHz/CDCl3) δ 6.37 (dd, 1H, J=1.9, 

2.4 Hz, H4), 7.17 (d, 1H, J=7.9 Hz, H3), 7.26 (dd, 1H, J=7.9, 4.9 Hz, H5), 7.38 (s, 1H, 

CH), 7.62 (d, 1H, J=1.9 Hz, H3/H5), 7.64 (d, 1H, J=2.4 Hz, H3/H5), 7.72 (t, 1H, J=7.9 Hz, 

H4), 8.35 (d, 1H, J= 2.4 Hz, H5/H6), 8.50 (d, 1H, J=2.4, H5/H6) 8.56 (d, 1H, J=4.9 Hz, H6.  

5-(1H-pyrazol-1-yl)indolizino[2,3-b]quinoxaline (5.23). 2-[(1H-Pyrazol-1-

yl)methyl]pyridine (0.49 g, 3.10 mmol), n-BuLi (1.71 mL, 3.15 mmol) and 2,3-

dichloroquinoxaline (0.29 g, 1.47 mmol) were combined according to the general procedure. 

The crude reaction mixture was subject to a standard workup with DCM. The residue was 

dissolved in acetonitrile (12 mL) and TFA (0.5 mL) and reacted in a CEM Discover S 

microwave reactor at 125 C for 20 mins. The resulting dark blue mixture was neutralised 

with saturated aqueous NaHCO3 solution, worked up according to the general procedure and 

purified by flash chromatography (9.4:0.6 DCM/EtOAc) to afford a purple fluffy solid (0.22 

g, 52%). Mp: 234–236 °C; νmax(neat, cm
-1

): 1629, 1590, 1543, 1510, 1472; 
1
H NMR (600 

MHz/CDCl3) δ 6.59 (s, 1H, H4), 6.68 (t, 1H, J=6.7 Hz, H2), 7.28 (dd, 1H, J=6.7, 9.1 Hz, 

H3), 7.75 (t, 1H, J=7.6 Hz, H8/H9), 7.82 (m, 2H, H3/H5, H8/H9), 8.29 (m, 3H, H4, H7, 

H8), 8.84 (s, H3/H5), 8.89 (d, 1H, J=6.7 Hz, H1); 
13

C NMR (150 MHz/CDCl3): δ 104.4, 

106.0, 109.2, 118.6, 125.0, 127.2, 128.6, 128.8, 128.9, 129.8, 130.8, 133.2, 134.3, 136.3, 

137.1, 139.7, 143.1; m/z 285.3 (MH
+
); Found: C 71.7, H 4.1, N 24.3, C17H11N5 requires: C 

71.6, H 3.9, N 24.6. λmax/nm: 564 (ɛ/M
−1

 cm
−1

 3810). 

8,9-dimethyl-5-(1H-pyrazol-1-yl)indolizino[2,3-b]quinoxaline (5.24). 2-[(1H-Pyrazol-

1-yl)methyl]pyridine (0.45 g, 2.80 mmol), n-BuLi (1.24 mL, 2.85 mmol) and 6,7-dimethyl-

2,3-dichloroquinoxaline (0.31 g, 1.36 mmol) were combined according to the general 

procedure. The crude reaction mixture was subject to a standard workup with DCM. The 

residue was dissolved in acetonitrile (12 mL) and TFA (0.5 mL) and reacted in a microwave 

reactor at 125 C for 1.5 h with stirring. The resulting dark blue mixture was neutralised with 

saturated aqueous NaHCO3 solution and worked up according to the general procedure. The 

residue was taken up into cold hexane and isolated under reduced pressure affording a purple 

solid (0.23 g, 53%) mp: 217–220 °C; νmax(neat): 1629, 1588, 1544, 1509, 1473; 
1
H NMR (600 

MHz/CDCl3) δ 2.53 (s, 6H, 2  Me), 6.57 (s, 1H, H4), 6.62 (t, 1H, J=6.7 Hz, H2), 7.21 (dd, 

1H, J=6.7, 9.2 Hz, H3), 7.81 (s, 1H, H3/H5), 7.94 (s, 1H, H7/H10), 8.03 (s, 1H, H7/H10), 

8.23 (d, 1H, J=9.2 Hz, H4), 8.80 (m, 2H, H1, H3/H5); 
13

C NMR (150 MHz/CDCl3) δ 20.3, 

20.4, 104.3, 105.8, 108.9, 118.5, 124.7, 127.5, 127.8, 128.9, 130.7, 132.5, 133.9, 135.2, 136.1, 
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137.9, 139.2, 139.5, 142.1; m/z 313.4 (MH
+
); Found: C 72.7, H 4.9, N 22.3, C19H15N5 

requires: C 72.8, H 4.8, N 22.4. λmax/nm: 555 (ɛ/M
−1

 cm
−1

 3360). 

10-(Di(pyridin-2-yl)methyl)-8-nitro-5-(pyridin-2-yl)indolizino[2,3-b]quinoxaline 

(5.26), 7-(di(pyridin-2-yl)methyl)-9-nitro-5-(pyridin-2-yl)indolizino[2,3-b]quinoxaline 

(5.27). n-BuLi (2.06 mL, 4.34 mmol) was added dropwise to dpm (0.70 g, 4.13 mmol) in 

THF (60 mL) at −78 °C. After 0.5 h, 2,3-dichloro-6,7-dinitroquinoxaline (0.55 g, 1.92 mmol) 

in THF (50 mL) was added dropwise via canuular with stirring. The dark coloured reaction 

mixture was allowed to warm to room temperature overnight. The reaction mixture was 

refluxed for 4 h, and then allowed to cool to room temperature. The solvent was removed 

under reduced pressure and the oily residue was taken up into H2O (50 mL) and extracted 

with chloroform (5×50 mL). The combined extracts were dried over MgSO4 and the solvent 

was removed under reduced pressure. The residue was purified by column chromatography 

eluting with 7:3 EtOAc/hexane. This afforded the teal coloured solid 5.26 (57 mg, 8%) Mp: 

328–330 °C. νmax (neat, cm
−1

): 1625, 1586, 1567, 1531, 1468 (N-O, nitro), 1427, 1331 (N-O, 

nitro); Found: C 68.4, H 4.1, N 17.9. C30H19N7·H2O requires: C 68.3, H 4.0, N 18.6%; 
1
H 

NMR (600 MHz/CDCl3): δ 6.88 (t, 1H, J=6.7 Hz, H2), 7.11 (dd, 1H, J=7.4, 4.9 Hz, H5), 7.17 

(dd, 2H, J=7.3, 5.0 Hz, H5), 7.31 (s, 1H, CH), 7.34 (d, 2H, J=7.8 Hz, H3), 7.53 (dd, 1H, J= 

9.4, 6.7 Hz, H3), 7.56 (t, 2H, J=7.8 Hz, H4), 7.79 (dd, 1H, J=7.4 Hz, H4), 8.21 (d, 1H, 

J=2.4 Hz, H8), 8.64 (br d, 3H, H6 (2H), H6 (1H)), 8.73 (d, 1H, J=7.9 Hz, H3), 8.98 (d, 1H, 

J=6.7 Hz, H1), 9.11 (d, 1H, J=2.4 Hz, H10), 9.17 (d, 1H, J=9.4 Hz, H4); m/z: 510.3 (MH
+
); 

λmax/nm: 422, 613 (ɛ/M
−1

 cm
−1

 3280). After the isolation of this compound, EtOAc was used 

as the eluent for the remainder of the column. This afforded the blue coloured compound 5.27 

(51 mg 7%) Mp: 332–335 °C. νmax (neat, cm
−1

): 1630, 1586, 1566, 1504 (N-O, nitro), 1431, 

1337 (N-O, nitro); 
1
H NMR (600 MHz/CDCl3): δ 6.81 (t, 1H, J=6.6 Hz, H2), 7.14 (dd, 1H, 

J=7.4, 4.9 Hz, H5), 7.19 (dd, 2H, J=7.7, 4.9 Hz, H5), 7.36 (s, 1H, CH), 7.39 (d, 2H, J=7.7 

Hz, H3), 7.46 (dd, 1H, J=9.4, 6.6 Hz, H3), 7.68 (t, 2H, J=7.7 Hz, H4), 7.86 (t, 1H, J=7.4 

Hz, H4), 8.28 (d, 1H, J=2.4 Hz, H9), 8.63 (d, 2H, J=4.9 Hz, H6), 8.68 (d, 1H, J=4.9 Hz, 

H6), 8.82 (d, 1H, J=6.9 Hz, H1), 9.08 (d, 1H, J=7.4 Hz, H3), 9.12 (d, 1H, J=9.4 Hz, H4), 

9.22 (d, 1H, J=2.4 Hz, H7); m/z: 510.3 (MH
+
); λmax/nm: 614 (ɛ/M

−1
 cm

−1
 3270). 
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5-(Pyrazin-2-yl)-pyrrolo[1,2-a:4,5-b]pyrazine (5.28). Di-2-pyrazinylmethane (dzpm) 

(0.24 g, 1.41 mmol) in THF (20 mL), n-BuLi (0.74 mL, 1.43 mmol), and 2,3-

dichloropyrazine (0.07 mL, 0.70 mmol) in THF (20 mL) were combined and reacted in the 

manner described. The reaction mixture was stirred at room temperature for 16 h then heated 

at reflux for 20 h. The reaction mixture was quenched with methanol (2 mL). Upon cooling to 

room temperature a red precipitate formed. The solvent was removed under reduced pressure 

and the crude product was worked-up as described in the general procedure using CHCl3 as 

the extracting solvent. The isolated product was recrystallised from THF to afford the title 

compound 5.28 as an orange solid (0.10 g, 58%). Mp: 262 °C; νmax (neat, cm
−1

) 3098, 1576, 

1542, 1504, 1482, 1467; 
1
H NMR (300 MHz/CDCl3): δ 7.97 (d, J=4.8 Hz, 1H, H6′), 8.47 

(d, J=2.4 Hz, 1H, H1), 8.59 (d, J=2.3 Hz, 1H, H8), 8.65–8.68 (m, 2H, H2/H5′), 9.00 

(d, J=2.3 Hz, 1H, H7), 10.18 (d, J=1.5 Hz, 1H, H4), 10.45 (d, J=1.7 Hz, 1H, H3′); 
13

C NMR 

(151 MHz/CDCl3): 102.7, 115.9, 128.0, 130.6, 134.3, 136.3, 137.9, 141.4, 143.7, 144.4, 

144.6, 149.4, 149.4; m/z 249.2 (MH
+
); Found: C 61.9, H 3.4, N 33.3. C13H8N6·¼H2O 

requires: C 61.8, H 3.4, N 33.3%; λmax/nm: 464 (ɛ/M
−1

 cm
−1

 4200). 

5-(Pyrazin-2-yl)-pyrazino[1,2-a]pyrrolo[2,3-b]quinoxaline (5.29). Di-2-

pyrazinylmethane (0.22 g, 1.27 mmol) in THF (20 mL), n-BuLi (0.67 mL, 1.28 mmol), and 

2,3-dichloroquinoxaline (0.123 g, 0.618 mmol) in THF (15 mL) were combined and reacted 

in the manner described. After stirring at room temperature, the reaction mixture was warmed 

to 50 °C for 1 h and then quenched. The purple reaction mixture was worked-up as described 

in the general procedure, yielding a dark solid, which was isolated by vacuum filtration and 

repeatedly washed with diethyl ether until the washings were clear. This afforded the title 

compound as a purple solid (0.11 g, 58%). Sublimes 280–283 °C; νmax (neat, cm
−1

) 3074, 

1577, 1546, 1521, 1509, 1466; 
1
H NMR (600 MHz/CDCl3): δ 7.86 (dd, J=7.4, 7.8 Hz, 1H, 

H8/H9), 7.91 (dd, J=7.4, 7.8 Hz, 1H, H8/H9), 7.95 (d, J=4.7 Hz, 1H, H1), 8.29 (d, J=8.4 Hz, 

1H, H7/H10), 8.43 (d, J=8.4 Hz, 1H, H7/H10), 8.48 (s, 1H, H6′), 8.67 (s, 1H, H5′), 8.76 

(d, J=4.7 Hz, 1H, H2), 10.48 (s, 1H, H3′), δ 10.50 (s, 1H, H4); 
13

C NMR (151 MHz/CDCl3): 

101.1, 116.8, 127.2, 128.9, 129.0, 129.5, 129.7, 134.6, 135.4, 138.2, 138.5, 141.1, 143.7, 

144.0, 144.5, 149.5, 149.6; m/z: 298.9 (MH
+
); Found: C 67.9, H 3.4, N 28.4. 

C17H10N6 requires: C 68.4, H 3.4, N 28.2%; λmax/nm: 536, 570 (ɛ/M
−1

 cm
−1

 4760, 4200). 
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8,9-Dimethyl-5-(pyrazin-2-yl)-pyrazino[1,2-a]pyrrolo[2,3-b]quinoxaline (5.30). Di-2-

pyrazinylmethane (0.22 g, 1.30 mmol) in THF (20 mL), n-BuLi (0.58 mL, 1.32 mmol), and 

6,7-dimethyl-2,3-dichloroquinoxaline (0.14 g, 0.616 mmol) in THF (15 mL) were combined 

and reacted in the manner described. The purple reaction mixture was worked-up as described 

in the general procedure, yielding a dark solid, which was isolated by vacuum filtration and 

repeatedly washed with diethyl ether until the washings were clear. This afforded the title 

compound as a purple solid (0.14 g, 69%). Sublimes 278–280 °C; νmax (neat, cm
−1

) 2919, 

1577, 1540, 1507, 1491, 1464; 
1
H NMR (600 MHz/CDCl3): δ 2.57 (s, 3H, Me), 2.58 (s, 3H, 

Me), 7.89 (d, 1H, J=4.8 Hz, H1), 7.94 (s, 1H, H7/H10), 8.08 (s, 1H, H7/H10), 8.45 (d, 

1H, J=2.5 Hz, H6′), 8.64 (s, 1H, H5′), 8.67 (d, 1H, J=4.8 Hz, H2), 10.40 (s, 1H, H3′), 10.41 

(s, 1H, H4); 
13

C NMR (151 MHz/CDCl3): δ 20.5, 20.6, 100.9, 116.7, 127.0, 127.4, 128.2, 

133.7, 134.9, 137.3, 137.5, 140.0, 140.4, 140.9, 143.1, 143.6, 144.4, 149,4, 149.6; Found: C 

66.2, H 4.3, N 24.6. C19H14N6·H2O requires: C 66.3, H 4.3, N 24.6; m/z: 327.0 

(MH
+
); λmax/nm: 531, 564 (ɛ/M

−1
 cm

−1
 4680, 3800). 
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Chapter 6 

6. Coordination Chemistry of Fused Heterocyclic Ligands
q
 

6.1. Introduction 

As described in chapter 5, compounds with a fused aromatic core are an important class 

of ligands, and find use in many topical areas of research. In the design of this class of 

ligands, the bpy scaffold (Chart 6.1) has received a great deal of attention due to its well 

defined coordination chemistry; derivatives of bpy are known to form stable chelate 

complexes with most transition metals.
1-4

 For example, 2,3-di(2-pyridyl)quinoxaline (dpq) 

can form mono or binuclear complexes with a variety of transition metals (Chart 6.1).
5, 6

 Due 

to the imposed steric strain, the 2-pyridyl substituents of dpq experience a twist and 

commonly bend away from the plane of the quinoxaline core, particularly in binuclear 

complexes.
7
 Another related ligand derived from bpy is [2,3-a:3ʹ,3ʹ-c]dipyridophenazine 

(ppb), which differs only by a C-C bond between the adjacent pyridyl moieties (Chart 6.1). 

Ppb has been widely studied as a chelating ligand in mononuclear complexes,
8
 and as a 

bridging ligand in polynuclear complexes.
9, 10

 Due to the C-C bond between the adjacent 

pyridyl moieties, ppb commonly adopts a planar conformation,
10

 however in sterically 

demanding coordination environments ppb can also experience distortions in the form of 

twisting or bending.
8
 

 

Chart 6.1 

There has been a continued interest in utilising new ligand architectures which can offer 

different geometries and bite angles in coordination to metal centres.
11, 12

 As discussed earlier 

in this thesis, heterocycles that chelate via a six-membered ring (Chart 6.2) have been studied 

to a lesser degree than those that form a five-membered ring upon chelation (Chart 6.1).  

                                                 
q
 A foldout page at the back of this thesis contains the structure and numbering of the ligands discussed in 

this chapter. 
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Chart 6.2 

It is worth noting that there are very few examples of ligands with a fused heterocyclic 

structure that form a six-membered chelate ring upon coordination to a metal centre.
13

 

Therefore, the group of compounds described in chapter 5 which contain a pyrazino[2,3-

b]indolizine or indolizino[2,3-b]quinoxaline core (for example, 5.23, Chart 6.2) are 

interesting ligands for coordination chemistry. These ligands combine some of the features of 

dpq and ppb; the pendant heterocyclic ring can rotate in or out of the plane of the core, while 

the fused pyrazino[2,3-b]indolizine or indolizino[2,3-b]quinoxaline core renders the molecule 

rigid. In contrast to dpq and ppb, the chelate moiety of these compounds is made up of five 

atoms (N6 –  2ʹ, Chart 6.2), resulting in the potential to form a six-membered chelate ring 

with metal ions. Fused heterocyclic compounds have received attention as ligands in 

luminescent and redox active ruthenium polypyridyl complexes,
14-18

 therefore, establishing 

the coordination chemistry of the pyrazino[2,3-b]indolizine and indolizino[2,3-b]quinoxaline 

ligands will be a platform for investigating their use in ruthenium polypyridyl chemistry.  

6.1.1. Ruthenium polypyridyl complexes  

Since the discovery of [Ru(bpy)3]
2+

 in the 1950’s (Chart 6.3),
19

 ruthenium polypyridyl 

complexes have received more attention than any other class of luminescent metal 

complexes.
20

 The wide-spread interest of ruthenium polypyridyl complexes arises from their 

attractive and well-defined electrochemical and photophysical properties,
20-24

 and as such, 

studies have been directed towards their use as photosensitisers in photochemical molecular 

devices.
20,25

 For example, ruthenium polypyridyl complexes have shown potential as efficient 

sensitisers for the photo-induced splitting of water and concomitant production of hydrogen.
26, 

27
 Another relevant area where ruthenium polypyridyl complexes have shown promise is as 

light harvesting antennas in Dye-Sensitised Solar Cells (DSSC).
28, 29

 Their exceptional 

performance in this area arises from their high molar absorbtivity of light over a broad range 

of wavelengths. 
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Chart 6.3 

The energy conversion efficiency of DSSC and other photovoltaic devices relies on the 

ligand-dependant photophysical and electronic properties of the ruthenium photosensitiser. 

The rich yet predictable synthetic chemistry of ruthenium has allowed chemists to carefully 

tune the properties of ruthenium polypyridyl complexes through judicious choice of ligands. 

For example, [Ru(bpy)2Cl2] (Chart 6.3, R represents various functional groups) and its 

analogues have been extensively used as precursors for the preparation of many mono and 

binuclear ruthenium polypyridyl complexes with tailored photophysical properties.
20, 30-33

 A 

change to the archetypal bpy scaffold in ruthenium polypyridyl complexes is likely to provide 

new candidates for the applications outline above. 

6.1.2. Scope of chapter 

This chapter describes three closely related series of ligands which contain either a 

pyrazino[2,3-b]indolizine or indolizino[2,3-b]quinoxaline core. As discussed in chapter 5, 

they differ primarily in the type of heterocyclic ring in the 5 position; either a 3,5-dimethyl-

1H-pyrazole, 1H-pyrazole, or a pyrazine ring (Figure 6.1). Herein, the coordination chemistry 

of these ligands is described for silver(I) and copper(II), and the complexes formed were 

characterised by X-ray crystallography, IR spectroscopy, and elemental analysis. Due to the 

promising photophysical properties of the ruthenium complexes previously reported (with 

ligands 5.11 – 5.13),
34

 the synthesis of ruthenium photosensitiser dyes incorporating ligands 

of this class was attempted. 
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Figure 6.1. The (a) pyrazino[2,3-b]indolizine and (b) and (c) indolizino[2,3-

b]quinoxaline ligands investigated in this chapter. 

6.2. Coordination Chemistry with Silver(I) 

Before commencing the synthesis of ruthenium(II) polypyridyl complexes, studies were 

undertaken to first investigate the coordination chemistry of the newly synthesised 

pyrazino[2,3-b]indolizine and indolizino[2,3-b]quinoxaline compounds. The 1H-pyrazole 

compounds (5.22 – 5.24) were expected to form discrete chelate complexes due to the 

unrestricted rotation of pyrazole ring. Conversely, for the sterically hindered compounds 5.16 

– 5.18, the forced twist of the pendant 3,5-dimethyl-1H-pyrazole ring was expected to favour 

[2+2] metal-ligand metallo-macrocyclic assemblies based on some preliminary 

investigations.
35

 Silver(I) was chosen for initial investigations, due to considerable flexibility 

in terms of its coordination number and geometry. Copper(II) was the focus of subsequent 

investigations due to its preference for limited five- and six-coordinate geometries. Previously 

reported compounds 5.11 – 5.13 were shown to form chelate complexes with both silver(I) 

and copper(II), and thus their coordination chemistry will provide a comparison for the 

current work. 

6.2.1. Silver(I) complexes with ligands 5.16 – 5.18  

Compounds 5.16 – 5.18 (Scheme 6.1) and 5.22 – 5.24 (Scheme 6.2) were reacted with 

silver(I) nitrate in a 1:1 metal-to-ligand ratio by slowly adding a methanolic solution of the 

metal salt to a DCM solution of the respective compound. Slow evaporation of a mixture of 

AgNO3 and 5.16 gave orange crystals suitable for X-ray crystallography of complex 6.1 in 

75% yield. These analysed as [Ag(5.16)(NO3)]·
1
/2(H2O) and displayed a strong N-O stretch at 

1379 cm
-1

 supporting the formation of complex 6.1 as a single product. To probe the anion 
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dependence on the coordination motif, compound 5.16 was also reacted with silver(I) 

hexafluorophosphate. Slow evaporation of a 1:1 metal-ligand mixture gave orange crystals of 

6.2 in 78% yield that analysed as [Ag(5.16)]PF6. Repeating this reaction with a 1:2 metal-to-

ligand ratio gave bright orange crystals of complex 6.3 in 81% yield. Elemental analysis of 

6.3 gave the formula [Ag(5.16)2]PF6, indicating that formation of 6.2 and 6.3 is dependent on 

the metal-ligand stoichiometry. Similarly, slow evaporation of a 1:1 metal-ligand mixture of 

AgNO3 and either 5.17 or 5.18 gave purple crystals of complexes 6.4 and 6.5 in 72% and 79% 

yield respectively. These complexes analysed as [Ag(5.17)(NO3)]·
1
/2(CH2Cl2) and 

[Ag(5.18)(NO3)]·
1
/4(CH2Cl2)·

1
/4(CH3OH) respectively, and both displayed characteristic N-O 

stretches in the IR spectrum. Compounds 5.17 and 5.18 were also reacted with AgPF6, 

however the material formed appeared inhomogeneous and single crystals could not be 

obtained. The crystals obtained of complexes 6.1 – 6.5 were suitable for X-ray 

crystallography and thus crystal structure determinations were carried out. 

 

Scheme 6.1
r
 

 

 

 

 

                                                 
r
 The formulae in Scheme 6.1 are obtained from the crystal structures of the respective complexes. 
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Crystal structure of [Ag2(5.16)2(H2O)2](NO3)2·4H2O (6.1) 

Complex 6.1 crystallises in the monoclinic space group P21/n and contains two molecules 

of 5.16, two silver(I) atoms, two coordinated water ligands, two nitrate anions, and four water 

solvate molecules in the asymmetric unit. The structure is a [2+2] metallo-macrocyclic 

assembly, comprised of two ligands which coordinate to two separate silver(I) centres through 

N6 of the pyrazino[2,3-b]indolizine core (N6-Ag1 = 2.273(2) Å, N6-Ag2 = 2.250(2) Å) and 

N2' of the pendant 3,5-dimethyl-1H-pyrazole ring (N2'-Ag1 = 2.197(2) Å, N2'-Ag2 = 

2.198(2) Å) (Figure 6.2). A water ligand completes the coordination spheres of the two 

distorted trigonal planar silver(I) centres, and thus the nitrate counter-ions are non-

coordinating and located 2.84 Å and 3.09 Å from Ag1 and Ag2 respectively. The 

pyrazino[2,3-b]indolizine cores of the two ligands are aligned anti-parallel with respect to 

each other and are separated by 3.56 Å,
s
 typical of a strong π-π interaction.

36
 To accommodate 

this coordination motif, the 3,5-dimethyl-1H-pyrazole rings of the two molecules are twisted 

by 62.2° and 62.1° respectively. In comparison to the crystal structure, the formula obtained 

from elemental analysis, [Ag(5.16)(NO3)]·
1
/2(H2O), suggests dehydration of the structure and 

coordination by the nitrate counter-ions to the silver(I) centres.  

 

Figure 6.2. a) A perspective view of the asymmetric unit of complex 6.1, showing the 

trigonal planar geometry of the silver(I) atoms. Nitrate counter-ions and water solvate 

molecules are omitted for clarity. b) A perspective view of 6.1 showing the position of the 

nitrate counter-ions and the π-π stacking between the cores of the two ligands. Water solvates 

molecules omitted for clarity. 

 

                                                 
s
 Due to the extended conjugation of the ligands, the π-π stacking is measured as the closest separation 

distance, and not from the centroid of one ring to the centroid of another. T 
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Crystal structure of [Ag(5.16)](PF6) (6.2) 

In contrast to the previous example, reaction of AgPF6 with ligand 5.16 gives rise to a 1-

D coordination polymer. 6.2 crystallises in the monoclinic space group P21/c, with one 

molecule of ligand 5.16, two silver(I) atoms located on special positions, and one PF6
−
 

counter-ion in the asymmetric unit. Again, bridging doubly monodentate coordination is 

observed through  6 and  2ʹ of the ligand to two separate silver(I) centres which both have a 

linear geometry. Ag1 is coordinated by two N6 donors of the pyrazino[2,3-b]indolizine 

moiety (N6-Ag1 = 2.142(3) Å, N6-Ag-N6 = 180°), while Ag2 is coordinated by two separate 

 2ʹ donors from the 3,5-dimethyl-1H-pyrazole ring of 5.16 ( 2ʹ-Ag2 = 2.106(3) Å,  2ʹ-Ag2-

 2ʹ = 180°) (Figure 6.3a). Interestingly, the PF6
−

 anions are located in a cleft formed by 

adjacent 1-D chains and are in close proximity to the pyrazino[2,3-b]indolizine core. The 

closest distance between a fluorine atom and the core of ligand is 2.91 Å, representing a 

relatively strong anion-π interaction.
37

 In addition to the offset π-π stacking between the two 

molecules of 5.16, C-H···π interactions are present within each 1-D chain and occur between 

the methyl group of the 3,5-dimethyl-1H-pyrazole ring and the pyrazino[2,3-b]indolizine core 

of an adjacent ligand, with a distance of 2.68 Å (Figure 6.3b). 

 

Figure 6.3. A perspective view of coordination polymer 6.2, showing the linear geometry 

of the silver(I) centre. b) A top view of 6.2, showing the position of the PF6
−
 anions and the 

C-H···π interactions between molecules of 5.16 (pink dashed bonds).  
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Crystal structure of [Ag2(5.16)4](PF6)2 (6.3) 

Slow evaporation of a 1:2 mixture of AgPF6 and 5.16 results in the formation of a 

different structure. Complex 6.2 crystallises in the triclinic space group P-1, with four 

molecules of 5.16, two silver(I) atoms, and two hexafluorophosphate counter-ions in the 

asymmetric unit. The coordination mode of 5.16 is similar to that observed in complex 6.1, 

except two ligands occupy the ancillary positions of the trigonal planar silver(I) centres, 

giving a M2L4 metallo-macrocyclic complex. In addition to the offset face-to-face π-π 

stacking between the central pyrazino[2,3-b]indolizine cores (d = 3.35 Å), an edge-to-face π-π 

stacking interaction occurs between the central and terminal ligands, with distances of 2.39 

and 2.42 Å. The 3,5-dimethyl-1H-pyrazole rings of the two central ligands are twisted by 

65.1° and 70.2° respectively, while the ancillary ligands experience twists of 61.9° and 96.0° 

respectively (Figure 6.4). 

 

Figure 6.4. A perspective view of complex 6.3, showing the trigonal planar geometry of 

the silver(I) centre. PF6
−
 anions are omitted for clarity. b) A top view of complex 6.3, showing 

the position of the counter-ions and the face-to-face and edge-to-face π-π stacking between 

the molecules of 5.16.  

Crystal structure of [Ag2(5.17)2(NO3)2] (6.4) 

Complex 6.4 crystallises in the monoclinic space group P2/c, with a very large unit cell 

(V = 23405.93 Å
3
), and an asymmetric unit containing six [2+2] metallo-macrocyclic 

complexes. The six distinct complexes differ only by the coordination motif of the nitrate 

counter-ions and silver-silver distance. The asymmetric unit contains two complexes of 6.4 

that contain two monodentate nitrates, three complexes that contain one monodentate and one 

bidentate nitrate, and one complex possessing two bidentate nitrate counter-ions. 

Interestingly, the latter complex contains a Ag-Ag bond length of 3.050(13) Å (Figure 6.5), 

which is well below the sum of the van der Waals radii of two silver atoms, 3.44 Å.
38

 The Ag-

Ag bond distance of this particular M2L2 complex is within the range of a typical Ag-Ag 

bond,
39, 40

 while for the other five complexes present in the asymmetric unit, the Ag-Ag 
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distances are considerably longer, ranging from 4.04 to 4.85 Å. In the complex which 

contains an evident Ag-Ag bond, the cores of 5.17 are separated by only 3.26 Å, which is 

considered as a extremely close face-to-face π-π stacking distance.
36

 The silver(I) metal 

centres in the asymmetric unit range from 3 to 5 in coordination number, with trigonal planar, 

tetrahedral, and distorted square pyramidal geometries. 

 

Figure 6.5. a) A perspective view of a selected complex from the crystal structure of 6.4, 

showing the anti-parallel alignment of the indolizino[2,3-b]quinoxaline cores. b) A 

perspective view of the complex with the shortest Ag-Ag distance (3.050(13)Å). 

Reaction of ligand 5.18 with AgNO3 gave complex 6.5, with a formula of 

[Ag2(5.18)2(NO3)2] as determined by X-ray crystallography
t
 and elemental analysis. The 

structure is the same metallo-macrocyclic M2L2 complex as that observed for 6.1 and 6.4, 

where two separate trigonal planar silver(I) centres are coordinated by two molecules of 5.18 

and two nitrate counter-ions. From these observations it is evident that the forced twist of the 

3,5-dimethyl-1H-pyrazole ring in ligands 5.16 – 5.18 is by no means overcome in the 

presence of silver(I). For these complexes (6.1 – 6.5), the strong π-π stacking between the 

cores of the ligands appears to dictate the formation of the observed assemblies.  

6.2.2. Silver(I) complexes with ligands 5.22 – 5.24 

In contrast to 5.16 – 5.18, compounds 5.22 – 5.24 were anticipated to form chelate 

complexes with silver(I) due to the free rotation of the 1H-pyrazole ring. Addition of AgNO3 

to a methanolic solution compound 5.22 resulted in immediate precipitation, suggesting the 

formation of a polymeric species. Crystallisation was achieved by layering a methanolic 

solution of AgNO3 onto a DCM solution of the compound 5.22. Slow mixing of the layers 

                                                 
t
 The crystal structure of [Ag2(5.18)2(NO3)2] was reported and described as part of an Honours thesis of the 

candidate. Additional characterisation of [Ag2(5.18)2(NO3)2] is original work. 



Chapter 6 Coordination Chemistry of Fused Heterocyclic Ligands 224 

 

 

over two weeks afforded rectangular orange crystals of 6.6 in 76% yield. The formation of a 

coordination species was evident across the bulk sample of 6.6, which analysed as 

[Ag(5.22)NO3], and showed strong N-O stretches in the IR spectrum. Using a similar layering 

method, combination of 5.23 or 5.24 with AgNO3 gave complexes 6.7 and 6.8 as purple 

crystals in 93% and 63% yield respectively. Complexes 6.7 and 6.8 analysed with a 1:1 metal-

to-ligand ratio: [Ag(5.23)NO3] and [Ag(5.24)NO3]·
3
/4(CH2Cl2) respectively. Crystals of 6.6 

and 6.8 were suitable for X-ray crystallography, and thus, structural characterisation was 

carried out. 

 

Scheme 6.2 

Crystal structure of [Ag2(5.22)2](NO3)2 (6.6) 

Coordination polymer 6.6 crystallises in the monoclinic space group P21/n with two 

molecules of 5.22, two silver(I) metal centres, and two non-coordinating nitrates in the 

asymmetric unit. Two crystallographically unique silver(I) centres are present; one silver(I) 

centre (Ag1) has a trigonal planar geometry, while the other has a bent two-coordinate 

geometry (N6-Ag2-N6' = 166.89(10)°) (Figure 6.6). The trigonal planar silver(I) atom is 

coordinated by N2' from two separate ligands (N2'-Ag1 = 2.243(3) Å, N2''-Ag1 = 2.224(3) 

Å), and N9 (2.431(3) Å) from a symmetry related ligand. The linear silver(I) centre on the 

other hand, is coordinated by N6 of two separate ligands (N6-Ag2 = 2.200(3) Å, N6'-Ag2 

2.170(3) Å). Two trigonal planar silver(I) atoms and four molecules of 5.22 (two coordinating 

at the ancillary positions) compose a [4+2] metallo-macrocycle (Figure 6.6a) which connects 

to four other [4+2] metallo-macrocycles via the linear silver(I) atom, forming a 2-D 
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coordination polymer (Figure 6.6b). The nitrate anions are situated in small cavities though do 

not exhibit any notable anion-π interactions. Interestingly, both nitrates are located in close 

proximity to a silver(I) centre, with distances of ON-O···Ag1 = 2.62 Å, and ON-O···Ag2 = 

2.73 Å (Figure 6.6c). In consideration of these longer distances, Ag1 approaches a tetrahedral 

geometry, while Ag2 approaches a trigonal planar geometry. The 2-D structure is stabilised 

by strong π-π stacking between the pyrazino[2,3-b]indolizine cores of 5.22 with an average 

distance of 3.32 Å. In accommodating this interaction, the pyrazole rings of the two ligands 

are twisted by 69.4° and 79.0° respectively. 

 

Figure 6.6. a) A perspective view showing the [4+2] metallo-macrocycle in 6.6. Nitrate 

counter-ions omitted for clarity. b) A view of the 2-D structure of 6.6 along the a axis, with 

three individual [4+2] metallo-macrocyclic units highlighted in green and purple. c) A 

perspective view showing the position of the nitrate counter-ions.  
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Crystal structure of [Ag4(5.24)4](NO3)2 (6.8) 

Complex 6.8 crystallises in the triclinic space group P-1. The asymmetric unit contains 

two silver(I) atoms, two molecules of 5.24, two coordinating nitrate counter-ions, and a DCM 

solvate molecule. The structure of 6.8 is similar to that of 6.1 and 6.4, where monodentate 

coordination of the ligand and strong π-π stacking between the conjugated cores results in a 

discrete M2L2 complex. In this case, the separation between the 8,9-dimethyl-indolizino[2,3-

b]quinoxaline cores is 3.40 Å. One unique feature of 6.8 is the six-membered bridge formed 

by two monodentate nitrate anions and two silver(I) centres, connecting two symmetry related 

M2L2 entities into a M4L4 complex (Figure 6.7). The nitrate bridge has a chair like 

conformation, with Ag-O bond lengths of 2.397(4) Å (O6-Ag2) and 2.587(4) Å (O9-Ag2). 

This particular bridging motif is not commonly observed for nitrate anions.
41,

 
42

 Both silver(I) 

centres accommodate a distorted tetrahedral geometry, although the silver(I) centre which 

participates in the nitrate bridge is closer to a trigonal planar geometry as the Ag-O bond 

connecting [2+2] metallo-macrocyclic units is quite long (2.587(4) Å). 

 

Figure 6.7. A perspective view of complex 6.8 showing the M4L4 complex formed by 

two M2L2 units. 
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Across the two series of ligands examined, the same type of coordination motif was 

observed with silver(I). Strong π-π stacking interactions between the highly conjugated cores 

of the ligands favour monodentate coordination, and in most cases, [2+2] metallo-

macrocycles were formed. This structural motif was facilitated by the flexible coordination 

number and geometry of silver(I), which adopted geometries ranging from linear to distorted 

square pyramidal. The inability of ligands 5.16 – 5.18 to form chelate complexes was not 

surprising due to the forced twist of the 3,5-dimethyl-1H-pyrazole ring. The similar behaviour 

of ligands 5.22 and 5.24 suggests that the bite angle provided by these ligands is inappropriate 

for chelation to silver(I). It is important to note that the pyrazino[2,3-b]indolizine and 

indolizino[2,3-b]quinoxaline ligands are rigid moieties, and the only conformational freedom 

arises from the rotation of the pendant pyrazole ring. Nevertheless, six-membered chelating 

ligands are known to form [2+2] dimers with silver(I); for example, ligands derived from di-

2-pyridylmethane favour the formation of a dimeric [2+2] assemblies over bis-chelated Ag2L 

complexes.
43, 44

 Furthermore, silver(I) forms relatively weak coordination bonds with nitrogen 

heterocycles, and the energy gain from forming a chelate complex is perhaps surpassed by the 

strong π-π stacking interactions between the large conjugated cores of these ligands, which 

gives rise to the monodentate coordination observed. 

6.3. Coordination Chemistry with Copper(II)  

6.3.1. Copper Complexes with Ligands 5.16 – 5.18 

Despite considerable efforts, crystalline material could not be obtained upon reacting 

compounds 5.16 – 5.18 with copper(II) nitrate. Usually, changes in the coordination sphere of 

copper(II) result in a distinct colour change. However, upon addition of compounds 5.16 – 

5.18 to a solution of Cu(NO3)2, no colour change was observed, indicating a stable 

coordination complex cannot be formed. Slow evaporation of 1:1 metal-ligand mixtures 

yielded oily material which was often brown in colour and inhomogeneous. Other 

crystallisation methods gave essentially the same results. In one instance, slow evaporation of 

a 1:1 mixture of 5.18 and Cu(NO3)2 in DCM/methanol gave dark brown crystals of complex 

6.9 after 2 months. These crystals represented less than half of the bulk sample, which 

unfortunately contained other non-crystalline impurities. Repeating the reaction to obtain 

more material for analysis was unsuccessful. Nevertheless, structure determination of 

complex 6.9 was carried out in an effort to understand the issues with forming complexes 

with 5.16 – 5.18. 
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Scheme 6.3 

Crystal structure of [Cu(5.18')2]NO3·1.5(H2O) (6.9) 

Complex 6.9 crystallises in the monoclinic space group P2/c with one ligand (5.18') and 

half of a copper(I) atom in the asymmetric unit. In addition, one nitrate counter-ion is present 

which is disordered over a special position. The two ligands bound to the Cu(I) centre are of 

the same enantiomer and the individual ML2 complexes are present in the crystal packing as a 

racemic mixture. The structure of 5.18' was assigned based on the reagents used and chemical 

sensibility of the model structure (Scheme 6.3). As seen in Figure 6.8, compound 5.18 has 

undergone an oxidation involving substitution by a methanol and water molecule at the 1 and 

2 positions of the indolizino[2,3-b]quinoxaline core. The newly formed aliphatic part of the 

ring has caused H4 to twist away from the plane of the core, allowing the 3,5-dimethyl-1H-

pyrazole ring to approach near (twist of 40.8°) to the plane of the core. This conformation 

allows the ligand to chelate via N6 (d = 2.004(3) Å) and N2' (d = 2.101(3) Å) to the 

tetrahedral copper(I) centre. The bond length of C1-C2 is 1.527(7) Å, appropriate for an sp
3
 

hybridized carbon atom. The bond length of C21-O1 of the methoxy substituent is 1.346(7) 

Å, which is slightly short for this type of bond, although the O1-C1 bond length of 1.411(6) Å 

is more sensible (Figure 6.8a and b). The adjacent hydroxyl substituent at the C2 position has 

a bond length of 1.422(7) Å and participates in a hydrogen bond with a nearby water solvate 

molecule. The presence of only one nitrate counter-ion and the tetrahedral geometry (most 

commonly observed for four coordinate d
10

 transition metals)
45

 supports a reduction of 

copper(II) to copper(I) and concomitant oxidation of 5.18. Copper(II) has been often utilised 

for its ability to undergo redox chemistry in the synthesis of new heterocyclic compounds.
46

 

Often, a reduction of copper(II) is accompanied by oxidation of the ligand in the form of a 

hydroxylation,
47

 which presumably has taken place in the formation of complex 6.9. It is 
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worth noting that reactions involving a reduction of copper(II) often take place at elevated 

temperatures.
47

 In this case, the observed reaction takes place at room temperature. 

 

Figure 6.8. a) A perspective view of the ML2 complex 6.9, showing the tetrahedral 

copper(I) atom and the disordered nitrate counter-ion in both orientations. b) A side view of 

5.18' showing the twist in the aliphatic part of the core. 

6.3.2. Copper complexes with ligands 5.22 – 5.24  

In contrast to ligands 5.18 – 5.20, ligands 5.22 – 5.24 were expected to form chelate 

complexes with copper(II) due to unrestricted rotation of the 1H-pyrazole ring. Addition of 

Cu(NO3)2 to a methanolic solution of ligand 5.22 resulted in an immediate colour change 

from bright red to dark maroon, consistent with the formation of a coordination complex. 

Slow evaporation of a 1:1 metal-ligand mixture gave complex 6.10 as maroon crystals in 74% 

yield (Scheme 6.4). 6.10 analysed as [Cu(5.22)(NO3)2]·
1
/2(CH3OH)·

1
/2(H2O) and showed a 

strong N-O stretch in the IR spectrum, confirming the purity of the sample. Similarly, slow 

evaporation of a 1:1 mixture of Cu(NO3)2 and compound 5.23 or 5.24 gave dark blue crystals 

of complexes 6.11 and 6.12 in 70% and 62% yield respectively. Elemental analysis revealed 

these complexes have a 1:1 metal-to-ligand ratio, while IR spectroscopy showed the expected 

N-O stretch. While good quality crystals could not be obtained for 6.11, 6.10 and 6.12 were 

isolated as large regular shaped crystals and were thus analysed by X-ray crystallography. 
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Scheme 6.4 

Crystal structure of [Cu(5.22)(H2O)(NO3)2]·(CH3OH) (6.10) 

The discrete ML complex 6.10 crystallises in the monoclinic space group C2/c. The 

asymmetric unit includes a square pyramidal copper(II) centre (τ = 0.07) chelated by a 

molecule of 5.22. Two monodentate nitrate counter-ions and a coordinating water solvate 

(O1-Cu1 = 1.974(2) Å) complete the coordination sphere of the copper(II) centre (Figure 6.9). 

As anticipated, 5.22 chelates via N6 (N6-Cu1 = 1.982(3) Å) and N2' (N2'-Cu1 = 2.005(2) Å), 

with a bite angle of 93.49(9)° (N6-Cu1- 2ʹ). The co-planarity of the pyrazole ring to the core 

of the molecule is evident, with an out-of-plane twist of only 11.1°. In the packing of the 

structure, complexes of 6.10 are involved in offset face-to-face π-π stacking with a distance of 

3.43 Å between the pyrazino[2,3-b]indolizine cores of two separate complexes. The formula 

obtained from analysis, [Cu(5.22)(NO3)2]·
1
/2(CH3OH)·

1
/2(H2O), suggests that the water 

ligand is not present at 100% occupancy across the bulk sample. In the absence of the water 

ligand, the coordination environment of the copper(II) centre would presumably include two 

chelating nitrates and a trigonal bipyramidal geometry as per 6.12, or incorporate the 

methanol solvate molecule as a ligand.   
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Figure 6.9. a) A perspective view of complex 6.10 showing the bite angle provided by 

ligand 5.22 (N6-Cu1- 2ʹ = 93.49(9)°). b) A perspective view of 6.10 showing the square 

pyramidal copper(II) centre. Methanol solvate molecule omitted for clarity. 

Crystal structure of [Cu(5.24)(NO3)2]·(CH2Cl2) (6.12) 

Blue of crystals of complex 6.12 crystallise in the monoclinic space group of P21 with 

two ML complexes in the asymmetric unit. The distorted trigonal bipyramidal copper(II) 

atom (τ = 0.70) is coordinated by one molecule of 5.24, a bidentate nitrate, and a monodentate 

nitrate counter-ion. As observed in Figure 6.10, ligand 5.24 chelates the copper(II) centre via 

N6 (N6-Cu1 = 1.960(4) Å) and N2' (N2'-Cu1 = 1.988(4) Å) resulting in a subtle twist of 

pendant 1H-pyrazole ring (5.2°) and a bite angle of 93.31(16)° (N6-Cu1-N2'). In the packing 

of the structure, individual complexes experience offset face-to-face π-π stacking with each 

other (d = 3.35 Å). 

 

Figure 6.10. a) A perspective view of complex 6.12 the showing co-planarity of the 

pendant pyrazole ring to the core of the ligand; b) A perspective view of the distorted trigonal 

bipyramidal copper(II) centre of complex 6.12.  
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Evidently, the ligands with a pendant 1H-pyrazole ring (5.22 – 5.24) form the expected 

chelate complex with copper(II). Some interesting points of comparison can be made between 

these ligands and the 2-pyridyl substituted ligands (5.11 – 5.13) previously reported.
34

 From 

the angles shown in Table 6.1, ligands 5.22 – 5.24 generally provide a smaller bite angle (N6-

Cu1-N2') compared to the analogous 2-pyridyl containing ligands.
34

 The bite angle in this 

case is affected by twist of the pendant ring of the ligand, which is more apparent in the 

copper complexes of 5.11 and 5.12.  

Table 6.1. Conformational twist and bite-angle of ligands in copper(II) complexes 

 Complex Pendant 

ring/ligand 

Twist of 

pendant ring (°) 

N-Cu-N (°)  

This work 6.10 1H-pyrazole 11 93.50 

This work 6.12* 1H-pyrazole 5.2, 10.3 93.30, 93.89 

Ref. 34 [Cu(5.11)(NO3)2] pyridine 18 95.18 

Ref. 34  [Cu(5.12)(NO3)2]* pyridine 7.2, 16.8 95.72, 95.85 

Ref. 48 [Cu(bpy)(H2O)3](NO3)2 bpy - 81.7 

*Two complexes present in the asymmetric unit. 

The discrepancies between the bite angles of the ligands containing a pendant 1H-

pyrazole ring (5.22 and 5.24) and those with a pendant pyridine ring (5.11 and 5.12) relate to 

the interactions between pendant ring and the adjacent nitrate ligands. In the complex 

[Cu(5.12)(NO3)2], H6' of ligand 5.12 points towards O6 of the adjacent nitrate ligand, 

exhibiting a hydrogen bonding interaction with a distance of 2.24Å (170.4°) (Figure 6.11). 

This interaction forces the 2-pyridyl ring to be in a slightly twisted conformation, which 

varies subtly between the two complexes present in the asymmetric unit of this structure. 

Conversely, due to the shape of the five-membered 1H-pyrazole ring and position of H5', this 

hydrogen bonding interaction is absent in complex 6.12. In this case, the N5'···O6 distance is 

2.49 Å (152.9°), which is almost outside the range for a hydrogen bond, and the skewed angle 

suggests a very weak interaction. The twist of the pyridine ring in [Cu(5.12)(NO3)2] can also 

be attributed to the steric hindrance between H3' (pyridine ring) and H4 of the ligand (Figure 

6.11). The average distance between these two hydrogen atoms measures 1.97 Å
u
 while the 

same distance in 6.12 measures 2.14 Å, indicating a lower degree of steric hindrance in the 

latter complex. The subtle differences between these ligands are important for considering 

their coordination to other metal centres.  

                                                 
u
 The distance between H3' and H4 is given as an average for [Cu(5.12)(NO3)2] and 6.12 as two complexes 

are present in the asymmetric unit. 
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Figure 6.11. a) A perspective view of complex [Cu(5.12)(NO3)2]
34

 showing the hydrogen 

bonding distance between H6ʹ···O6 (2.243Å). Methanol solvates removed for clarity. b) A 

perspective view of a selected complex of [Cu(5.24)(NO3)2] (6.12) showing the H5ʹ···O6 

distance. DCM solvent removed for clarity 

For further comparison, the complex [Cu(bpy)(H2O)3](NO3)2 reported by Jianmin and 

colleagues, contains a square pyramidal copper(II) centre, consisting of a chelating bpy ligand 

and three water ligands.
48

 When comparing 6.10 and 6.12 to the bpy complex, it is evident 

that the bite angle provided by the bpy ligand (81.7°) is significantly smaller than that 

provided by the pyrazino[2,3-b]indolizine (5.22) and indolizino[2,3-b]quinoxaline ligands 

(5.24) – 93.3 to 93.9° (Table 6.1). The smaller bite angle provided by bpy is consistent with 

other reported copper(II) complexes of bpy.
49

 It is also worth noting that the bite angles 

provided by the rigid ligands described in this chapter are larger by 5 – 10° than that of the 

flexible ligands (dpzm, 3.3, and 3.4) reported in Chapters 2 – 4.  

Therefore, formation of a chelate complex for this class of fused heterocyclic ligands is 

dependent on the free rotation of the pendant ring. Where this was not readily possible 

(ligands 5.16 – 5.18), formation of a stable chelate complex was not observed, except in one 

instance, were reduction of copper(II) and concomitant oxidation of the ligand provided the 

geometrical requirements to form a chelate complex (6.9). Importantly, the rigidity of these 

ligands and the relatively strict bite angle they are able to provide may limit their coordination 

chemistry, especially with lager metal centres. This is in stark contrast to the flexible ligands 

such as dpzm (chapter 2) or 3.3/3.4 (chapter 3), which can readily provide a more variable 

bite angle due to the bent shape of the ligand and rotation/bending about the methylene hinge. 
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6.3.3. Coordination chemistry of compounds 5.28 – 5.30 

The coordination chemistry of the compounds containing a pyrrolo[1,2-a:4,5-

b]dipyrazine or pyrazino[1,2-a]pyrrolo[2,3-b]quinoxaline core (5.28 – 5.30) was also 

investigated. With silver(I), addition of the metal salt to the respective compound resulted in 

immediate precipitation of a solid, which, after isolation, was insoluble in all common 

laboratory solvents. Attempts to grow crystals by slow vapour diffusion resulted in very fine 

crystalline needles, which were not suitable for X-ray crystallography and could not be 

redissolved. Other methods of crystal growth, including layering, were fruitless. The 

insolubility and rapid formation of metal-ligand coordination species suggests that the 

presence of two extra nitrogen atoms in this set of compounds results in an exclusive 

formation of coordination polymers with silver(I) (Scheme 6.5). In the case of copper(II), the 

associated colour changes of forming a coordination complex were not observed. Slow 

evaporation of metal-ligand mixtures afforded non-crystalline material which appeared, in 

most cases, in the form of an oil. The inability to form single crystals suitable for X-ray 

crystallography and the requirement of the precursor dpzm for other studies (described in 

chapter 2) resulted in the investigation of compounds 5.28 – 5.30 as ligands to be abandoned.  

 

Scheme 6.5 

6.4. Ruthenium(II) Polypyridyl Complexes 

With some insight into the coordination chemistry of the pyrazino[2,3-b]indolizine and 

indolizino[2,3-b]quinoxaline ligands, attention was shifted to the design and synthesis of a 

heteroleptic ruthenium complex as the dye component for DSSC. 

In the design of inorganic dyes for DSSC, progress has been made through systematic 

variation of the ligand, metal, and other substituent groups of the candidate complex.
32, 50-52

 In 

order to be considered as a suitable sensitiser, the dye component must obey several essential 

rules. Firstly, it must bind strongly to the TiO2 semiconductor through an anchoring group – 

typically a carboxylate group. This is important as the carboxylate anchor facilitates efficient 
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electron transfer which occurs from the excited dye into the conducting band of TiO2. 

Secondly, the HOMO and LUMO must be appropriately tuned such that efficient electron 

injection occurs in conjunction with dye regeneration. Finally, the dye must be able to absorb 

light over a broad range of wavelengths, typically throughout the near-IR to visible region.
51

 

In consideration of these requirements, the design of the target ruthenium polypyridyl 

complex was based on the known dye, N719 (Figure 6.13).
52

 Although π-donor/π-acceptor 

dyes that have recently emerged surpass the performance of ruthenium-based dyes,
53

 N719 

performs exceptionally well and is still considered a benchmark dye for DSSC. The attractive 

properties of N719 arise from the isothiocyanate ligands, which provide the complex with 

improved thermal stability
54

 and an appropriate HOMO – LUMO separation.
55

 Complexes of 

the kind [Ru(L)(bpy)2](PF6)2 (where L = 5.11 – 5.13) previously investigated by Sumby, 

showed an absorption of light across a broad range of wavelengths.
34

 Accordingly, it was 

anticipated that incorporating the pyrazino[2,3-b]indolizine or indolizino[2,3-b]quinoxaline 

core into the appropriate ruthenium isothiocyanate complex may lead to an improvement in 

the absorption performance of the photosensitiser dye. Therefore, replacement of one of the 

dcbpy ligands of N719 with one of the ligands studied in this chapter (those capable of 

chelating metal centres) would satisfy the requirements for a novel DSSC dye. Similar 

heteroleptic complexes with other ligands based on bpy have already shown an improvement 

in performance and stability over N719.
56-58

 Based on the studies described earlier, 

compounds 5.11 – 5.13 and 5.22 – 5.24 were considered as suitable ligands for the type of 

heteroleptic complex shown in figure 6.13. 

 

Figure 6.13. a) The benchmark ruthenium polypyridyl dye, N719; b) the type of 

heteroleptic complex targeted (L = 5.11 – 5.13 or 5.22 – 5.24). 
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6.4.1. Attempted synthesis of heteroleptic ruthenium(II) complexes  

There are several known synthetic routes to prepare heteroleptic ruthenium complexes by 

sequential coordination of ligands. In recent years, the synthesis of ruthenium complexes 

specifically targeted for DSSC has been carried out most commonly from the dichloro(p-

cymene)ruthenium(II) dimer ([RuCl2(p-cymene)]2),
59

 which has been a successful route for 

generating dyes with exceptional performance.
56, 57, 60, 61

 One attraction of this synthetic route 

is that it can be carried out in one-pot; the desired ligands can be added sequentially at 

different time intervals, without the need to isolate or purify intermediate complexes. In 

contrast, other reported routes require isolation and purification of complexes whenever a new 

ligand is coordinated.
31, 62

  

Attempts to synthesise the first target, [Ru(L)(dcbpy)(NCS)2] (L = 5.11), were carried 

out according to the procedure described by Nazeeruddin and co-workers.
63

 Ligand 5.11 was 

chosen as it was expected to present the least steric hindrance due to its smaller core. Heating 

a DMF mixture of [RuCl2(p-cymene)]2 and compound 5.11 at 70 °C, resulted in a colour 

change from dark red to maroon after 6 hours. TLC of the reaction mixture indicated almost 

complete conversion of the starting materials and the formation of a new ruthenium complex. 

Dcbpy was subsequently added and the reaction mixture was heated at 150 °C for 4 hours. 

Following this, ammonium thiocyanate was added, and the reaction mixture was further 

heated at 150 °C for 4 hours (Scheme 6.6). TLC of the reaction mixture at this point revealed 

an intense orange band corresponding to the Rf of compound 5.11, and a dark black band on 

the baseline which did not move on silica or alumina. An orange coloured filtrate was 

obtained when the black solid was isolated and washed with DCM. The 
1
H NMR spectrum of 

the filtrate was consistent with that of compound 5.11 while the 
1
H NMR spectrum of the 

black solid did not show any signals corresponding to the coordinated ligand 5.11, but 

appeared to contain aromatic shifts corresponding to a ruthenium dcbpy complex. It was 

difficult to ascertain the structure of this complex by 
1
H NMR spectroscopy due to the 

presence of other signals corresponding to other isomers or impurities. Attempts to synthesise 

the target complex by adding 5.11 and dcbpy in reverse order were also unsuccessful; when 

the final solid was isolated and washed with DCM, the filtrate appeared intensely orange, 

corresponding to compound 5.11. Again, the 
1
H NMR spectrum of the black solid isolated 

was not consistent with the expected 16 individual chemical shifts of the target complex. The 

amount of compound 5.11 isolated in each attempt was almost quantitative with respect to the 

amount used in the synthesis. 
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Scheme 6.6. i) DMF (dcbpy) or EtOH (iBudcbpy), 60 °C, 16 h; ii) 150 °C or 85 °C, 4 h, 

NH4NCS or KNCS, 150 °C or 85 °C, 4 h. 

Due to the difficulties encountered in purifying the isolated complex, the reaction was 

also carried out in dry ethanol using a protected analogue of dcbpy, diisobutyl(2,2'-

bipyridine)-4,4'-dicarboxylate (iBudcbpy). Previous examples of this reaction (with bpy 

analogues) were successful in yielding the final heteroleptic complex, although due to the 

lower temperature, contamination by 15% of the trans isomer was observed as part of the 
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product.
63

 An attractive feature of using iBudcbpy place of dcbpy is that the resulting 

complex can be purified with conventional flash chromatography.
33

 Sequential addition of the 

respective ligand yielded a final material that, by 
1
H NMR spectroscopy, did not contain 

ligand 5.11 as part of the complex. Again, the non-coordinated compound 5.11 was present in 

the reaction mixture as indicated by TLC and 
1
H NMR spectroscopy. It was thought that 

perhaps the presence of NH4
+
 (from NH4NCS) was protonating 5.11 in the last step, resulting 

in its loss from the coordination sphere of the ruthenium(II) centre. However, repeating the 

reaction with KNCS gave essentially the same outcome (Scheme 6.6). 

The synthesis of the target ruthenium polypyridyl complex was also attempted with 

compound 5.22. As observed in the copper(II) complexes of this ligand, the five-membered 

pyrazole ring provides a slightly different bite angle than the 2-pyridyl analogue 5.11. 

Repeating the same sequence of steps as shown in scheme 6.6 with compound 5.22 did not 

afford the desired heteroleptic complex. In each case, isolation of the final complex was 

accompanied by the presence of compound 5.22 in solution, despite the formation of the 

complex [Ru(5.22)(p-cymene)Cl], as indicated by the distinct colour changes of the reaction 

mixture in the first step.  

To ensure the synthetic procedure was being carried out correctly, the synthesis of a 

known dye was attempted following this method. Sequential addition of dcbpy and dmb to 

[RuCl2(p-cymene)]2 gave the desired complex [Ru(dcbpy)(dmb)(NCS)2] in 46% yield. The 

number of signals and chemical shifts in the 
1
H NMR spectrum of this complex corresponded 

well to that in literature,
63

 which suggests the problem relates to the inability of 5.11 and 5.22 

to maintain coordination to the ruthenium centre. 

6.4.2. Investigation of [RuL(p-cymene)Cl]
+ 

complexes 

Failure to isolate the desired heteroleptic ruthenium complex after several attempts 

prompted the investigation of the solid-state structures of intermediate complexes. After 

reacting compound 5.11 with [RuCl2(p-cymene)]2 at 70 °C for 16 hours, the solvent was 

removed and the residue was dissolved in water. Addition of NH4PF6 induced precipitation of 

complex 6.13 (scheme 6.7), which was isolated as a red solid in 80% yield. Similarly, reaction 

of compound 5.22 with [RuCl2(p-cymene)]2 gave a maroon solid of complex 6.14 in 75% 

yield. The 
1
H NMR spectra of both complexes revealed the characteristic chemical shifts and 

multiplicities corresponding to H1-H4 of the respective pyrazino[2,3-b]indolizine core along 

with chemical shifts corresponding to the p-cymene ligand. Furthermore, elemental analysis 

of the respective complexes corresponded closely to the expected formula ([RuCl(L)(p-

cymene)], where L = 5.11 or 5.22).  



Chapter 6 Coordination Chemistry of Fused Heterocyclic Ligands 239 

 

 

 

Scheme 6.7. i) EtOH, 70 °C, 16 h; ii) H2O, NH4PF6. 6.13: 80%; 6.14: 75%. 

Crystal growth of 6.13 and 6.14 was undertaken by slow evaporation of a methanolic 

solution of the respective complex. This method was successful, giving crystals suitable for 

X-ray crystallography after 1 week and allowing structure determination to be carried out.  

Crystal structure of [Ru(5.11)(p-cymene)Cl]PF6 (6.13) 

Complex 6.13 crystallises in the orthorhombic space group Pnna and contains one 

complex of [Ru(5.11)(p-cymene)Cl]PF6 in the asymmetric unit. Interestingly, the 2-pyridyl 

ring of ligand 5.11 is bent away from the plane of the core, and chelation of the ruthenium(II) 

metal centre is observed via N6 (d = 2.081(9) Å) and N2' (d = 2.147(9) Å). The angle of this 

distortion, measured between the plane of the core, C5, and C1' (pyridine ring), is ~17.0° 

(Figure 6.14). In addition, the pyridine ring is twisted by 19.2°, providing a bite angle of 

87.5(3)°, which is significantly smaller than that observed in the copper(II) complex of this 

ligand.
34

 The coordination sphere of the ruthenium(II) centre is completed by a p-cymene and 

a chloride ligand. In the packing of the structure, individual molecules of 6.13 are involved in 

strong π-π stacking with one another through an offset and anti-parallel alignment of the cores 

of 5.11, with an average distance of 3.38 Å. 
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Figure 6.14. a) A perspective view of complex 6.13; b) a perspective view showing the 

distortion of ligand 5.11 through C5 and C2'. The PF6
−
 anion is omitted for clarity in b). 

Crystal structure of [Ru(5.22)(p-cymene)Cl]PF6 (6.14) 

Maroon crystals of complex 6.14 crystallise in the monoclinic space group P21/c, with 

one molecule of the complex [Ru(5.22)(p-cymene)Cl]PF6 in the asymmetric unit. As observed 

for complex 6.13, the ligand chelates to the ruthenium(II) centre via N6 (d = 2.083(17) Å) and 

N2' (d = 2.120(17) Å), and the coordination sphere is completed by a p-cymene and a chloride 

ligand. In this case, the bite angle of 87.26(7)° provided by the ligand is not accompanied 

with any notable strain or twisting; the pendant ring is twisted by 2.2° and bent by 6.0° 

relative to the plane of the core. 

 

Figure 6.15. a) A perspective view of complex 6.14; b) a perspective view of complex 

6.14 showing the planarity of ligand 5.22. The PF6
−
 anion is omitted for clarity. 
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It is evident that the bulky cymene ligand forces the chelating pyrazino[2,3-b]indolizine 

ligands to provide a much smaller bite angle (Table 6.2) in comparison to the copper nitrate 

complexes described earlier. In order to adopt a smaller bite angle, these ligands experience 

distortions in the form of ‘bowing’, especially for the 2-pyridyl containing ligand, 5.11. 

Ligand 5.22, which prefers a slightly smaller bite angle experiences less steric strain (complex 

6.14), as indicated by the relatively minor bend of the 1H-pyrazole ring (Figure 6.15). In each 

case however, the desired heteroleptic complex was not formed, indicating that loss of the 

pyrazino[2,3-b]indolizine ligand from the coordination sphere is not necessarily related to the 

amount of strain experienced by the respective complex. In contrast to these examples, the 

synthesis of ruthenium heteroleptic complexes with bpy derivatives proceeds smoothly as 

such ligands bind via a five-membered chelate ring, and can therefore provide smaller bite 

angles than ligands which chelate via a six-membered chelate ring. In fact, there are very few 

examples of heteroleptic ruthenium dye complexes of the type [Ru(dcbpy)(L)(NCS)2] where 

L is a ligand that coordinates via a six-membered chelate ring. Kim and colleagues reported a 

dye complex utilising a flexible di-2-pyridylamine derived ligand.
64

 As already observed 

throughout this thesis, flexible chelating ligands allow a considerable degree of variation in 

their bite angles. Interestingly, in the related complex, [Ru(dcbpy)(cymene)Cl]NO3, dcbpy 

provides a bite angle of 77.22°,
63

 which is ~10° smaller than that provided by ligands 5.11 

and 5.22 (Table 6.2).  

Table 6.2. Comparison of complexes of the type [Ru(L)(cymene)Cl]
+
 

 Complex Pendant ring 

or ligand 

N-Ru-N 

(°) 

Twist of pendant 

ring (°) 

This work 6.13 pyridine 87.49 19.2 

This work 6.14 1H-pyrazole 87.26 2.2 

Ref 63 [Ru(dcbpy)(cymene)Cl]NO3 dcbpy 77.22 - 

 

Therefore, the observed loss of the pyrazino[2,3-b]indolizine ligands from the ruthenium 

coordination sphere may be attributed to the incompatibility of their large bite angles with 

regard to the geometrical rearrangement that occurs upon substitution of the cymene ligand, 

which may require a smaller bite angle from the chelating ligand. The bite angle of ~77° is 

quite easily achieved by dcbpy, as this class of ligands normally chelates with a bite angle of 

~80°. In contrast, the pyrazino[2,3-b]indolizine ligands cannot provide a bite angle of this 

size, and even at ~87° experience significant strain. It is also important to note that 

displacement of the p-cymene ligand requires relatively high temperatures (150 °C), and 
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addition of dcbpy to the complex [Ru(L)(cymene)Cl]
+ 

(where L = 5.11 or 5.22) may favour 

displacement of the weakly coordinated pyrazino[2,3-b]indolizine ligand over the more 

strongly coordinated p-cymene ligand. 

6.5. Summary 

This chapter describes the coordination chemistry of six ligands containing an 

pyrazino[2,3-b]indolizine or indolizino[2,3-b]quinoxaline core. The compounds investigated 

as ligands possessed either a pendant 3,5-dimethyl-1H-pyrazole ring (5.16 – 5.18) or a 1H-

pyrazole ring (5.22 – 5.24). The methyl substitution of the pendant pyrazole ring did not 

significantly affect the coordination chemistry of these ligands with silver(I); typically 

bis(monodentate) coordination through  2ʹ of the pyrazole ring and  6 of the core was 

observed. The smaller pyrazino[2,3-b]indolizine ligands favoured formation of coordination 

polymers, while the ligands possessing the larger indolizino[2,3-b]quinoxaline core favoured 

discrete [2+2] metallo-macrocyclic assemblies. In contrast to the silver(I) assemblies, the 

substitution of the 1H-pyrazole ring had a dramatic effect on the coordination chemistry of 

these ligands with copper(II). Ligands 5.22 – 5.24 formed the expected chelate complexes 

with copper(II) nitrate, where coordination by  2ʹ of the pyrazole ring and N6 of the core of 

the molecule was observed. Conversely, the compounds containing a 3,5-dimethyl-1H-

pyrazole ring (5.16 – 5.18) were unable to form a stable complex with copper(II) owing to the 

forced twist of the 3,5-dimethyl-1H-pyrazole ring. In one case however, the geometrical 

requirements for a chelate complex were satisfied through a reduction of copper(II) to 

copper(I) and associated oxidation of the ligand.  

The coordination chemistry of compounds 5.28 – 5.30 was not studied in detail due to the 

inability to obtain phase-pure products or single crystals for structural analysis. With silver(I), 

the presence of two extra nitrogen donors favoured the rapid formation of insoluble materials, 

which was attributed to the formation of coordination polymers. Obtaining crystalline 

material of copper(II) complexes was also unsuccessful. 

Finally, the synthesis of heteroleptic ruthenium complexes targeted for DSSC was 

attempted utilising the precursor [RuCl2(p-cymene)]2. Although [Ru(L)(p-cymene)Cl]Cl 

(where L = 5.11 or 5.22) complexes were successfully synthesised, subsequent addition of 

dcbpy resulted in loss of the pyrazino[2,3-b]indolizine ligand from the coordination sphere of 

the complex. X-ray analysis of the [Ru(L)(p-cymene)Cl]PF6 complexes revealed that the 

pyrazino[2,3-b]indolizine ligands provide quite large bite angles (compared to the analogous 

dcbpy complex) and experience strain in the form of ‘bowing’. It is worth noting that 

ruthenium complexes of the type [Ru(bpy)2(L)](PF6)2 (where L = 5.11 – 5.13) were 



Chapter 6 Coordination Chemistry of Fused Heterocyclic Ligands 243 

 

 

successful formed in previous work.
34

 Therefore, the problem encountered in this work relates 

to issues with the displacement of the p-cymene ligand in complexes of [Ru(L)(p-

cymene)Cl]Cl, (where L = dcbpy, 5.11 or 5.22) while preserving the coordination of other 

ligands. These studies indicate that the route chosen is perhaps not the most appropriate for 

this set of conformationally restricted ligands. Microwave irradiation was one overlooked 

technique, and would be sensible to investigate before undertaking more laborious, multi-step 

synthetic routes. 

6.6. Experimental 

6.6.1. Synthesis of complexes 

[Ag2(5.16)2(H2O)2](NO3)2·4H2O (6.1). AgNO3 (15.5 mg, 0.09 mmol) in MeOH (2 mL) 

was added drop-wise to a solution of compound 5.16 (24.0 mg, 0.09 mmol) in DCM (3 mL). 

The two layers were mixed using a Pasteur pipette and the mixture was left to stand for 2 

weeks. Orange crystals were isolated under reduced pressure, washed with diethyl ether and 

dried in vacuo (30 mg, 75%). M.p: 204–206 °C; νmax (neat, cm
-1

): 3367 (s), 1637 (w), 1557 

(w), 1494 (s), 1379 (s, NO stretch), 1302 (s); Found C 40.8, H 3.2, N 18.9, 

C30H26N12O6Ag2·H2O requires: C 40.7, H 3.2, N 19.0.  

{[Ag(5.16)](PF6)}n (6.2). AgPF6 (9.6 mg, 0.04 mmol) in MeOH (2 mL) was added drop-

wise to a solution of compound 5.16 (10.2 mg, 0.04 mmol) in DCM (3 mL). The two layers 

were mixed using a Pasteur pipette and the mixture was left to stand for 3 days. Red crystals 

of 6.2 were isolated under reduced pressure and washed successively with DCM and diethyl 

ether (15.2 mg, 78%). M.p: 258–260 °C; νmax (neat, cm
-1

): 1641 (w), 1598 (w), 1558 (w), 

1495 (m), 820 (s, P-F stretch); Found: C 34.7, H 2.7, N 13.3, C15H13N5AgPF6 requires: C 

34.9, H 2.5, N 13.6.  

[Ag2(5.16)4](PF6)2 (6.3). AgPF6 (4.8 mg, 0.019 mmol) in MeOH (2 mL) was added drop-

wise to a solution of compound 5.16 (10.0 mg, 0.038 mmol) in DCM (3 mL). The two layers 

were mixed using a Pasteur pipette and the mixture was left to stand for 2 weeks. Slow 

evaporation yielded red crystals of 6.3 which were isolated under reduced pressure and 

washed with diethyl ether (12 mg, 81%). M.p: 209–210 °C; νmax (neat, cm
-1

): 1637 (w), 1559 

(w), 1496 (m), 831 (s, PF stretch); Found: C 46.2, H 3.4, N 18.1, C60H52Ag2F12N10P2 

requires: C 46.2, H 3.4, N 18.0.  

[Ag2(5.17)2(NO3)2] (6.4). AgNO3 (6.0 mg, 0.036 mmol) in MeOH (2 mL) was added 

drop-wise to a solution of compound 5.17 (10.7 mg, 0.034 mmol) in DCM (3 mL). The two 

layers were mixed using a Pasteur pipette and the mixture was left to stand for 2 weeks. Dark 
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purple crystals of 6.4 were isolated under reduced pressure and washed with diethyl ether 

(12.9 mg, 72%). M.p: 218–221 °C; νmax (neat, cm
-1

): 1634 (w), 1588 (w), 14910(s), 1381 (s, 

NO stretch), 1315 (s); Found: C 45.0, H 3.1, N 16.35. C38H30N12O6Ag2·(CH2Cl2) requires: C 

44.6, H 3.1, N 16.0.  

[Ag2(5.18)2(NO3)2]·CH2Cl2·CH3OH (6.5). AgNO3 (5.9 mg, 0.035 mmol) in MeOH (2 

mL) was added drop-wise to a solution of compound 5.18 (10.2 mg, 0.035 mmol) in DCM (3 

mL). The two layers were mixed using a Pasteur pipette and the mixture was left to stand for 

2 weeks. The dark purple crystals of 5.18 were isolated under reduced pressure and washed 

with diethyl ether (12.0 mg, 79%). M.p: 271–272 °C; νmax (neat, cm
-1

): 3410 (s), 1631 (w), 

1590 (w), 1491 (s), 1382 (s, NO stretch), 1310 (s); Found: C 47.5, H 3.8, N 15.8, 

C44H38N12O6Ag2·
1
/2(CH2Cl2)·

1
/2(CH3OH) requires: C 47.8, H 3.8, N 15.6.  

{[Ag(5.22)NO3]}n (6.6). AgNO3 (17.0 mg, 0.10 mmol) in EtOH (2 mL) was carefully 

layered onto a solution of compound 5.22 (26.8 mg, 0.11 mmol) in DCM (2 mL). The small 

red crystals formed after 2 weeks were isolated under reduced pressure and washed with 

diethyl ether (28 mg, 76%). M.p: 253–254 °C; νmax (neat, cm
-1

): 3088 (w), 1639 (w), 1586 

(w), 1499 (s), 1365, (s, NO stretch); Found: C 38.6, H 2.2, N 20.6, C13H9N6O3Ag requires: C 

38.5, H 2.2, N 20.7. 

[Ag2(5.23)2(NO3)2]2 (6.7). AgNO3 (11.2 mg, 0.066 mmol) in MeOH (2 mL) was carefully 

layered on a solution of compound 5.23 (19.0 mg, 0.066 mmol) in DCM (2 mL). The small 

maroon crystals formed after 3 weeks were isolated under reduced pressure and washed with 

diethyl ether (28 mg, 93%). M.p: 269–272 °C; νmax (neat, cm
-1

): 1636 (w), 1591 (w), 1490 (s), 

1392 (s, NO stretch), 1283 (s); Found: C 44.8, H 2.4, N 18.1, C68H44N124O12Ag4 requires: 

44.9, H 2.4, N, 18.5. 

[Ag2(5.24)2(NO3)2]2 (6.8). AgNO3 (15.0 mg, 0.086 mmol) in MeOH (2 mL) was carefully 

layered on a solution of compound 5.24 (27.0 mg, 0.086 mmol) in DCM (2 mL). The small 

maroon crystals formed after 3 weeks were isolated under reduced pressure and washed with 

diethyl ether (29.0 mg, 63%) M.p: 242–244 °C; νmax (neat, cm
-1

): 1633 (w), 1591 (w), 1498 

(s), 1361 (s, N-O stretch), 1302 (s); Found: C 43.3, H 3.1, N 16.2, 

C19H15N6O3Ag·H2O·
3
/4(CH2Cl2) requires: C 43.6, H 3.4, N 15.8. 

[Cu(5.22)(NO3)2(H2O)] (6.10). Cu(NO3).2.5H2O (11.3 mg, 0.049 mmol) in MeOH (2 

mL) was added drop-wise to a solution of compound 5.22 (11.5 mg, 0.049 mmol) in DCM (3 

mL). The mixture was mixed using a Pasteur pipette and left to stand for 1 week. Dark 

maroon crystals of 6.10 was isolated under reduced pressure and washed with diethyl ether 
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(16 mg, 74%). M.p: 220–222 °C; νmax (neat, cm
-1

): 3122 (s), 1629 (w), 1591 (w), 1394 (s, 

NO stretch), 1276 (s); Found: C 36.7, H 2.5, N 21.7, C13H9N7O6Cu.
1
/2(CH3OH).

1
/2(H2O) 

requires: C 36.2, H 2.7, N 21.9. 

[Cu(5.23)(NO3)2] (6.11). Cu(NO3)2.5H2O (11.4 mg, 0.048 mmol) in MeOH (2 mL) was 

added drop-wise to a solution of compound 5.23 (14.0 mg, 0.049 mmol) in DCM (3 mL). The 

two layers were mixed using a Pasteur pipette and the mixture was left to stand for 1 week. 

Small dark blue needles of 6.11 were isolated under reduced pressure and washed with diethyl 

ether (16.2 mg, 70%). M.p: >300 °C (decomposes); νmax (neat, cm
-1

): 3140 (w), 1626 (w), 

1596 (w), 1481 (s), 1405 (s, NO stretch), 1278 (s); Found C 43.5, H 2.2, N 20.7. 

C17H11N7O6Cu requires: C 43.2, H 2.3, N 20.7. 

[Cu(5.24)(NO3)2] (6.12). Cu(NO3)2.5H2O (11.9 mg, 0.051 mmol) in MeOH (2 mL) was 

added drop-wise to a solution of compound 5.24 (16.0 mg, 0.051 mmol) in DCM (3 mL). The 

two layers were mixed using a Pasteur pipette and the mixture was left to stand for 1 week. 

Dark blue crystals of 6.12 were isolated under reduced pressure and washed with diethyl ether 

(17.0 mg, 62%). M.p: 301–303 °C; νmax (neat, cm
-1

): 3159 (w), 1630 (w), 1602 (w), 1484 (s), 

1427 (s, NO stretch), 1277 (s); Found: C 45.4, H 3.3, N 17.8. C19H15N7O6Cu·1.125CH3OH 

requires: C 45.0, H 3.7, N 18.3.  

[Ru(dcbpy)(dmb)(NCS)2]. The synthesis of this complex was carried out according to a 

reported procedure.
63

 
1
H  MR (300MHz/MeOD): δ 9.65 (d, 1H), 9.22 (d, 1H), 9.02 (s, 1H), 

8.87 (s 1H), 8.45 (s, 1H), 8.26 – 8.31 (m, 2H), 7.87 (d, 1H), 7.64 – 7.70 (m, 2H), 7.34 (d, 1H), 

7.01 (d, 1H), 2.71 (s, 1H), 2.44 (s, 3H).  

[Ru(5.11)(p-cymene)Cl]PF6 (6.13). Compound 5.11 (21.0 mg, 0.085 mmol) and [Ru(p-

cymene)Cl2]2 (26.0 mg, 0.043 mmol) were combined in EtOH (20 mL) under an atmosphere 

of N2. The mixture was subsequently heated to 70 °C for 16 hours with stirring. The solvent 

was removed under reduced pressure and the residue was dissolved in water (20 mL). 

Addition of NH4PF6 (25 mg) resulted in a precipitate which was isolated under reduced 

pressure. The product was washed with water (10 mL) and dried under vacuum to afford a 

maroon solid (45.2 mg, 80%). M.p: 162–165 °C; νmax (neat, cm
-1

): 1630 (w), 1598 (w), 1544 

(w), 1493 (m), 826 (s, P-F); 
1
H NMR (600 MHz/CD3OD): δ 1.04 (d, 3H, J=6.8 Hz, CH3, cy), 

1.07 (d, 3H, J=6.8 Hz, CH3, cy), 2.11 (s, 3H, CH3, cy), 2.40 (sep, 1H, J=6.8 Hz, CH, cy), 5.57 

– 5.62 (m, 3H, CH, cy), 5.71 (d, 1H, J=6.2 Hz, CH, cy), 7.28 – 7.31 (m, 2H, H3, H5ʹ), 7.9 

(dd, 1H, J=9.3, 6.8, H2), 8.02 (t, 1H, J=8.0 Hz, H4ʹ), 8.18 (d, 1H, J=8.0 Hz, H3ʹ), 8.46 (d, 1H, 

J=9.3 Hz, H1), 8.56 (d, 1H, J=3.0 Hz, H7/H8), 9.09 (d, 1H, J=3.0 Hz, H7/H8), 9.22 (m, 2H, 
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H4, H6ʹ); 
13

C NMR (150 MHz/CD3OD): δ 18.8, 22.4, 23.0, 32.6, 86.8, 86.9, 88.2, 88.7, 

100.5, 103.1, 109.1, 115.5, 120.3, 121.9, 122.9, 128.8, 136.2, 136.6, 136.8, 138.3, 140.9, 

142.4, 150.5, 152.8, 160.5; Found C 45.3, H 3.8, N 8.4, C25H24N4PF6RuCl requires: C 45.4, H 

3.7, N 8.5; m/z 517.1 (M-PF6)
+
; λmax/nm: 515 (ɛ/M

−1
cm

−1
 7200). 

[Ru(5.22)(p-cymene)Cl]PF6 (6.14). Compound 5.22 (24.0 g, 0.10 mmol) and [Ru(p-

cymene)Cl2]2 (31.0 mg, 0.051 mmol) were combined in EtOH (20 mL) under an atmosphere 

of N2. The mixture was subsequently heated to 70 °C for 16 hours with stirring. The solvent 

was removed under reduced pressure and the residue was dissolved in water (20 mL). 

Addition of NH4PF6 (25 mg) resulted in a precipitate which was isolated under reduced 

pressure. The product was washed with water (10 mL) and dried under vacuum to afford a 

maroon solid (47.2 mg, 75%). M.p: 221–223 °C; νmax (neat, cm
-1

): 1632 (w), 1581 (w), 1500 

(m), 1473 (w), 829 (s, P – F); 
1
H NMR (600 MHz/CD3OD): δ 1.01 (d, 3H, J=6.8 Hz, CH3, 

cy), 1.04 (d, 3H, J=6.8 Hz, CH3, cy), 2.23 (s, 3H, CH3, cy), 2.47 (sep, 1H, J=6.8 Hz, CH, cy), 

5.79 (d, 1H, J=6.1 Hz, CH, cy), 5.83 – 5.86 (m, 2H, CH, CH, cy), 5.94 (d, 1H, J=6.1 Hz, CH, 

cy), 6.93 (dd, 1H, J=2.5, 2.7 Hz, H4ʹ), 7.16 (t, 1H, J=6.7 Hz, H3), 7.73 (dd, 1H, J=9.4, 6.7, 

H2), 8.27 (d, 1H, J=9.4 Hz, H1), 8.46 (d, 1H, J=2.5 Hz, H3ʹ/H5ʹ), 8.59 (d, 1H, J=3.1 Hz, 

H7/H8), 8.84 (d, 1H, J=2.7 Hz, H3ʹ/H5ʹ), 9.15 (d, 1H, J=6.7 Hz, H4), 9.22 (d, 1H, J=3.1 Hz, 

H7/H8); 
13

C NMR (150 MHz, CD3OD): δ 19.2, 22.7, 22.8, 32.7, 86.4, 87.1, 87.5, 88.6, 103.4, 

105.2, 108.0, 111.5, 114.1, 117.9, 127.3, 127.9, 132.0, 132.2, 134.1, 135.1, 137.8, 150.1, 

150.4; Found C 42.7, H 3.7, N 10.7, C23H23N5PF6RuCl requires: C 42.4, H 3.6, N 10.8; 

m/z 506.1 (M-PF6)
+
; λmax/nm: 535 (ɛ/M

−1
cm

−1
 6990). 
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Chapter 7 

7. Conclusions and Future Prospects 

This thesis has demonstrated that methylene-hinged compounds serve as excellent ligands 

in flexible MOF materials and as useful synthetic precursors for the preparation of 

compounds with fused heterocyclic cores. Three new methylene-hinged compounds were 

prepared that could simultaneously chelate and bridge multiple metal centres. Notably, they 

could form a six-membered chelate ring with transition metal ions, representing a class of 

ligands that have been seldom used in the synthesis of MOF materials. This is in contrast to 

the five-membered chelate rings formed by the majority of bridging ligands previously 

reported in the literature. 

For the first methylene-hinged ligand investigated, di-2-pyrazinyl methane (dpzm), a 

synthetic route was devised allowing the one-step preparation of this compound from 

commercially available precursors. Although the acidity of this compound and propensity to 

undergo oxidation was a limitation in obtaining coordination complexes with most 1
st
 row 

transition metals, dpzm was found to have an exceptionally rich coordination chemistry with 

silver(I). Reaction of dpzm with silver(I) led to the formation of a series of 3-D silver(I) 

MOFs with sodalite topology. These materials were capable of a reversible guest-induced 

solid-state contraction and expansion. This remarkable ‘breathing’ behaviour (up to 18% 

contraction) is unprecedented in the context of silver(I) MOFs, and demonstrates that 

combining a flexible ligand with a metal capable of accommodating a range of geometries 

and coordination numbers can lead to a structurally flexible MOF which displays an induced 

fit towards guest molecules. 

One interesting phenomenon overlooked in this thesis was the significant cracking and 

audible ‘popping’ that occurred upon solvent exchange in the 3-D silver(I) MOFs. This 

observation relates to the significant structural stress that is accompanied by the SC-SC 

contraction of the material. While the initial structural contraction resulted in significant 

crystal cracking, subsequent ‘breathing’ cycles proceeded with preservation of individual 

crystal morphology. Materials capable converting thermal or light energy into mechanical 

motion on the macroscopic level have received significant interest in recent years.
1-3

 

Therefore, the notable structural contraction and expansion of the silver(I) MOFs may render 

them as mechanical actuators in response to guest exchange. The morphology and 

macroscopic behaviour of crystals of these materials may therefore be worthy of further 

investigation. 
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The lack of permanent porosity in the silver(I) MOF materials prompted the design of a 

more stable hinged ligand, capable for forming chemically robust frameworks. The two 

ligands synthesised, bis(4-(4-carboxyphenyl)-1H-pyrazolyl)methane (3.3) and bis(4-(4-

carboxyphenyl)-3,5-dimethyl-1H-pyrazolyl)methane (3.4) were able to form a variety of 

interesting and unique MOF materials with Cu(II), Co(II), Ni(II), or Mn(II). Chapter 3 

demonstrated that these ligands prefer to form 2-D MOFs with Cu(II). One deviation from 

this was the self-interpenetrated 3-D MOF obtained from an in-situ reduction of Cu(II) to 

Cu(I). In general, two types of coordination motifs were observed with Cu(II): a) the 

formation of a singular metal node from both O- and N-donors; and b) the formation of two 

distinct metal nodes composed exclusively of either the O- or N-donors of the ligand.  

The work carried out in chapter 3 also demonstrated the positive impact of structural 

flexibility on CO2/N2 separation in MOFs. The Cu(II) MOFs described exhibited varying 

degrees of structural flexibility, and all contained pore-diameters close to the kinetic diameter 

of N2. This was observed by the lack of N2 adsorption at cryogenic temperatures and notable 

CO2/N2 selectivity at room temperature. The most distinguished material was a 2-D Cu(II) 

MOF (3.5) which was able to undergo a trellis-like contraction upon solvent removal. This 

was established as a novel approach for generating pore-diameters in a MOF tuned for 

CO2/N2 separation. IAST calculations revealed that 3.5 possesses an exceptional selectivity 

for CO2 over N2 and can be regarded as a benchmark material for CO2/N2 separations.  

Ligand 3.3 was also shown to form 2-D MOFs with either Co(II) or Ni(II). In chapter 4, 

control over interpenetration in these materials was achieved by altering the synthetic 

conditions (temperature control), which influenced the type of coordinated solvate molecules 

around the octahedral Co(II) or Ni(II) atom. The non-interpenetrated MOFs showed signs of 

structural flexibility, although their solid-state transformations were not investigated in detail. 

The hallmark material of this thesis, and perhaps the most evident example of a structurally 

flexible MOF, was described in chapter 4. A 3-D Mn(II) MOF (4.5) was synthesised that 

contained non-coordinated pyrazole donors poised for post-synthetic metal binding. The 

material was exceptionally flexible, undergoing a SC-SC structural contraction upon guest 

removal. The activated material was nevertheless permanently porous, and exhibited a gated 

adsorption in both the 77 K N2 195 K CO2 isotherms. Remarkably, the solvated material 

could be metalated with CoCl2 in a SC-SC process, allowing for direct elucidation of the 

reaction product by X-ray crystallography. Elemental analysis and EDX spectroscopy were 

consistent with quantitative metalation, which was supported by the occupancy of the Co(II) 

atom as determined from the crystal structure. Upon heating the crystals of the metalated 

sample a SC-SC Oh to Td transformation of the cobalt atom was observed and unequivocally 
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confirmed by X-ray crystallography. X-ray analysis also revealed a notable rotation of the 

metalated ligand, which was associated with a change of ligands and thus geometry of the 

Co(II) atom. As demonstrated by PXRD and gas adsorption experiments, the post-synthetic 

metalation rendered the material structurally rigid, preventing structural contraction from 

occurring on desolvation. The versatility of 4.5 was further showcased by performing 

metalation reactions with different metal salts. Some of the most successful reactions included 

Pd(II) and Rh(I), which underwent quantitative metalation in a SC-SC process. The fluent 

SC-SC metalation of 4.5 relates to the structural flexibility of the material, providing an 

induced fit for the metal ion guest with preservation of crystallinity. With regard to other 

MOF materials in the literature, 4.5 displays an unparalleled host-guest behaviour which 

allows for X-ray crystallographic characterisation of reaction products and the products of 

subsequent inorganic transformations.  

In regard to catalysis, studies into the catalytic properties of the non-metalated MOF 

would need to be undertaken, as the [Mn3O12N4] node is known to be an active catalyst in the 

epoxidation of alkenes.
4
 This material may therefore have potential for tandem catalysis, 

where the [Mn3O12N4] node and the post-synthetically added metal species may contribute to 

separate or joint catalytic cycles. The solid-state flexibility and retention of single crystallinity 

of this material may allow X-ray crystallography to elucidate unusual reaction intermediates, 

providing insight into reaction mechanisms. One limitation concerning the structure of 4.5 is 

the available pore volume, which is likely to limit possible catalysis to smaller molecules. 

Thus, another direction worth investigating is the isoreticular synthesis of 4.5 using longer 

linkers.  

Due to the acidity of the methylene hinge and ability to stabilise a negative charge, 

methylene-hinged compounds were also proven to be useful synthetic precursors for a group 

of highly conjugated compounds containing an indolizino[2,3-b]quinoxaline or pyrazino[2,3-

b]indolizine core. These compounds could be prepared in a one-pot reaction from a methylene 

bi-aryl precursor and 2,3-dichloropyrazine or 2,3-dichloroquinoxaline. In total, nine new 

compounds were successfully synthesised and characterised. The coordination chemistry of 

some of these compounds was established with silver(I) and copper(II), although the synthesis 

of a ruthenium polypyridyl complex targeted for DSSC was unsuccessful. One reason for this 

was the rigidity of the fused heterocyclic core and overall bite angle that these ligands were 

able to provide. Investigating other synthetic conditions or other ruthenium precursors may be 

viable strategies for synthesising the target complex. 

In summary, structural flexibility is an essential quality of supramolecular assemblies; 

both in Nature and in man-made materials. This thesis has demonstrated that structural 
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flexibility impacts favourably on the host-guest chemistry and properties of MOF materials. 

Due to the ease of synthesis, there is much scope in expanding the family of bridging ligands 

based on di-2-pyrazolylmethane; variation of the linker length, bridging angle, and type of 

flanking donors is expected to yield a variety of structurally flexible MOF materials. This 

conclusion can be drawn, that N, Nʹ chelating methylene-hinged bridging ligands provide 

controlled flexibility around the metal node, yielding flexible and robust MOF materials with 

outstanding properties relevant to important areas of materials science, such as gas separation 

and molecular catalysis.  
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Appendix 1 

A1. General Experimental Details 

A1.1.  General Techniques 

Melting points were measured on a Gallenkamp melting point apparatus and are 

uncorrected. Elemental analyses were performed by the Campbell Microanalytical Laboratory 

at the University of Otago (North Dunedin, New Zealand). Unless otherwise stated, NMR 

spectra were recorded on a Varian 600 MHz spectrometer at 23 °C using a 5-mm probe. 
1
H 

NMR spectra recorded in CDCl3 were referenced relative to the internal standard Me4Si. 

When required, one-dimensional nuclear Overhauser effect correlation spectroscopy (1D 

NOESY), total correlation spectroscopy (TOCSY), rotating frame Overhauser effect 

spectroscopy (ROESY), two-dimensional correlation spectroscopy (2D COSY), 2D NOESY, 

2D ROESY, heteronuclear multiple quantum coherence (HMQC), and heteronuclear multiple 

bond correlation (HMBC) experiments were performed using standard pulse sequences. 

Electrospray (ES) mass spectra were recorded using a Finnigan LCQ mass spectrometer. 

Infrared spectra were collected on a Perkin-Elmer Spectrum 100 using a UATR sampling 

accessory. UV/vis absorption spectra were recorded on a Varian Cary 5000 UV/ vis/NIR 

spectrometer in DCM solutions with concentrations of ~0.25 mM. Thermal gravimetric 

analysis (TGA) was performed on a Perkin-Elmer STA-6000 instrument under a constant 

flow of N2 at a temperature increase rate of 10 °C/min.  

A1.2.  Literature Compounds and Procedures 

Unless otherwise stated, all chemicals were obtained from commercial sources and used 

as received. Tetrahydrofuran was dried by standard literature procedures and freshly distilled 

from sodium/benzophenone. Diisopropylamine was freshly distilled from potassium 

hydroxide.
1
 The following known compounds were prepared by literature procedures: chapter 

2: 2.7;
2
 chapter 3: dpym,

3
 3.1,

4
 dmdpym,

3
 3.2;

4
 chapter 5: 5.7,

5
 5.8,

6
 5.25,

7
 dpm,

8
 5.14,

9
 

5.20;
9
 chapter 6: [RuCl2(p-cymene)]2.

10
    

A1.3.  Gas Adsorption Measurements 

Gas adsorption isotherm measurements were performed on an ASAP 2020 Surface Area 

and Pore Size Analyser. UHP grade (99.999%) N2 and CO2 were used for all measurements. 

The temperatures were maintained at 77 K (liquid nitrogen bath or cryo-cooler circulator), 
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195 K (cryo-cooler circulator), 273 K (ice-water bath), or 293 K (room temperature water or 

cryo-cooler circulator).    

A1.4.  Powder X-ray Diffraction 

Unless stated otherwise, powder X-ray diffraction data were collected on a Rikagu Hiflux 

Homelab system using Cu Kα radiation with an RAxis IV++ image plate detector. Samples 

were mounted on plastic loops using paratone-N and data collected by sacking 90° in phi for 

120-300 s exposures. The data were converted into xye format using the program 

Datasqueeze 2.2.2. Simulated powder X-ray diffraction patterns were generated from the 

single crystal data using Mercury 3.0. 

A1.5.  X-ray Crystallography 

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

were collected with Mo Kα radiation ( = 0.7107 Å) using an Oxford Diffraction X-calibur 

single-crystal X-ray diffractometer at 150(2) K. Data sets were corrected for absorption using 

a multi-scan method, and structures were solved by direct methods using SHELXS-97,
11

 and 

refined by full-matrix least squares on F
2
 by SHELXL-97,

12
 interfaced through the program 

X-Seed.
13

 In general, all non-hydrogen atoms were refined anisotropically and hydrogen 

atoms were included as invariants at geometrically estimated positions, unless specified 

otherwise in additional details below.   

X-ray diffraction data of 3.6·xS, 3.8·xS, 4.5·xS were collected at 150(2) K (4.5·CoCl2 was 

collected at 373 K) on the MX1 beamline of the Australian Synchrotron ( = 0.7107 Å). 

A1.5.1.   X-ray crystallographic tables 
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Table A1.1. X-ray experimental data for 2.9, 2.10, 2.11, and 2.12. 

 Compound 2.9 2.10 2.11 2.12 

Empirical formula C9H8N6Ag2O6 C10H8N4AgF3O3S C9H10N4AgClO5 C29H28Ag2Cl6N12O8 

Formula weight 511.95 429.13 397.53 1101.07 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 

Space group C2/c P21/n P21/c C2/c 

a (Å) 12.3493(6) 9.1202(5) 7.1340(6) 22.985(3) 

b (Å) 9.1971(4) 11.1131(5) 18.3483(17) 20.8148(17) 

c (Å) 12.8938(7) 14.1599(7) 10.5892(12) 18.492(2) 

 (º) 90 90 90 90 

 (º) 109.706(5) 104.644(5) 108.596(10) 118.116(18) 

 (º) 90 90 90 90 

Volume (Å
3
) 1378.68(12) 1388.54(12) 1313.7(2) 7803.1(15) 

Z 4 4 4 8 

Density (calc.) (Mg/m
3
) 2.466 2.053 2.010 1.875 

Absorption coefficient (mm
-1

) 2.884 1.654 1.763 1.480 

F(000) 984 840 784 4368 

Crystal size (mm
3
) 0.34×0.45×0.71 0.13×0.20×0.50 0.07×0.10×0.30 0.24×0.27×0.35 

 range for data collection (º) 2.82 to 29.34 2.95 to 29.38 3.01 to 29.31 2.50 to 29.32 

Reflections collected 7674 15780 14822 18352 

Observed reflections [R(int)] 1702 [0.0582] 3408 [0.0437] 3234 [0.0573] 9057 [0.0464] 

Goodness-of-fit on F
2
 1.087 1.061 1.054 1.041 

R1 [I>2()] 0.0272 0.0340 0.0400 0.0604 

wR2 (all data) 0.0702 0.0878 0.0884 0.1748 

Largest diff. peak and hole (e.Å-3) 0.690 and -0.558 1.061 and -0.900 1.133 and -0.774 1.673 and -1.635 
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Table A1.2. X-ray experimental data for 2.13, 2.14, 2.15, and 2.16·xS. 

 

 
Compound 2.13 2.14 2.15 2.16·xS 

Empirical formula C27H24N12Ag2P2F12 C50H50N20Ag4B4F16Cl10 C37H34N16Ag3Sb3F18Cl2 C11H14N4AgClO5S 

Formula weight 1022.26 2064.32 1804.56 457.64 

Crystal system Monoclinic Monoclinic orthorhombic trigonal 

Space group C2/c P21/c Pca21 R-3 

a (Å) 22.771(2) 24.4586(5) 20.2850(10) 27.978(2) 

b (Å) 21.3119(12) 12.1823(2) 22.8168(8) 27.978(2) 

c (Å) 19.0100(18) 25.8229(6) 11.9863(5) 14.9798(10) 

 (º) 90 90 90 90 

 (º) 118.499(13) 103.108(2) 90 90 

 (º) 90 90 90 120 

Volume (Å
3
) 8107.5(11) 7493.8(3) 5547.7(4) 10155.0(13) 

Z 8 4 4 18 

Density (calc.) (Mg/m
3
) 1.675 1.830 2.161 1.347 

Absorption coefficient (mm
-1

) 1.137 1.477 2.681 1.125 

F(000) 4016 4048 3432 4104 

Crystal size (mm
3
) 0.22×0.30×0.38 0.17×0.29×0.54 0.18×0.25×0.32 0.24×0.12×0.09 

 range for data collection (º) 2.63 to 29.41 2.57 to 29.24 2.63 to 29.27 2.52 to 29.24 

Reflections collected 46140 85154 34878 24591 

Observed reflections [R(int)] 9949 [0.0671] 18419 [0.0426] 12724 [0.0375] 5459 [0.0714] 

Goodness-of-fit on F
2
 1.088 1.028 1.040 1.124 

R1 [I>2()] 0.0715 0.0544 0.0374 0.1058 

wR2 (all data) 0.1904 0.1493 0.0875 0.3373 

Largest diff. peak and hole (e.Å-3) 1.400 and -0.946 1.501 and -1.848 1.026 and -0.948 1.375 and -0.770 
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Table A1.3. X-ray experimental data for 2.16·xCH2Cl2, 2.16·x(CH3)2CO, 2.11 (2.16·xS), and 2.17·xS. 

 

Compound 2.16·xCH2Cl2
 

2.16·x(CH3)2CO 2.11 (2.16·xS) 2.17·xS 

Empirical formula C9.5H9AgCl2N4O4 C12H14AgClN4O5 C9H10AgClN4O5 C11H14N4OAgF6PS 

Formula weight 421.98 437.59 397.53 503.16 

Crystal system trigonal trigonal monoclinic trigonal 

Space group R-3 R-3 P21/c R-3 

a (Å) 28.3911(13) 28.3534(15) 7.1312(2) 28.9105(14) 

b (Å) 28.3911(13) 28.3534(15) 18.2962(4) 28.9105(14) 

c (Å) 11.7766(17) 13.9544(19) 10.5785(3) 14.3863(6) 

 (º) 90 90 90 90 

 (º) 90 90 108.561(3) 90 

 (º) 120 120 90 120 

Volume (Å
3
) 8220.8(13) 9715.2(15) 1308.43(6) 10413.4(8) 

Z 18 18 4 18 

Density (calc.) (Mg/m
3
) 1.534 1.346 2.018 1.444 

Absorption coefficient (mm
-1

) 1.410 1.079 1.770 1.082 

F(000) 3726 3924 784 4464 

Crystal size (mm
3
) 0.16×0.13 x 0.08 0.38×0.24 x 0.19 0.19×0.12×0.09 0.55×0.63×0.83 

 range for data collection (º) 2.49 to 29.13 2.49 to 29.22 3.01 to 29.21 2.58 to 29.41 

Reflections collected 15970 21843 14744 25392 

Observed reflections [R(int)] 4358 [0.0585] 5230 [0.0746] 3219 [0.0444] 5615 [0.0419] 

Goodness-of-fit on F
2
 1.084 1.200 1.057 1.071 

R1 [I>2()] 0.0796 0.1306 0.0348 0.0564 

wR2 (all data) 0.2950 0.4174 0.0736 0.1533 

Largest diff. peak and hole (e.Å-3) 1.510 and -0.867 3.332 and -1.114 0.755 and -0.703 0.972 & -1.168 
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Table A1.4. X-ray experimental data for 2.17·xCH2Cl2, 2.17·x(CH3)2CO, 2.17·xC7H8, and 2.18·xS. 

 

 

.

Compound 2.17·xCH2Cl2 2.17·x(CH3)2CO 2.17·xC7H8 2.18·xS 

Empirical formula C9.5H9N4AgPF6Cl C12H14AgPF6N4O C14.25H14N4AgPF6 C11H14N4AgBF4OS 

Formula weight 467.50 483.11 494.13 445.00 

Crystal system trigonal trigonal trigonal trigonal 

Space group R-3 R-3 R-3 R-3 

a (Å) 29.054(2) 28.9589(17) 29.4645(9) 28.123(5) 

b (Å) 29.054(2) 28.9589(17) 29.4645(9) 28.123(5) 

c (Å) 12.6638(16) 14.5653(9) 14.2632(6) 14.436(3) 

 (º) 90 90 90 90 

 (º) 90 90 90 90 

 (º) 120 120 120 120 

Volume (Å
3
) 9257.6(16) 10578.3(11) 10723.7(6) 9887(3) 

Z 18 18 18 18 

Density (calc.) (Mg/m
3
) 1.509 1.365 1.377 1.345 

Absorption coefficient (mm
-1

) 1.235 0.976 0.962 1.047 

F(000) 4086 4284 4383 3960 

Crystal size (mm
3
) 0.05×0.13×0.27 0.23×0.26×0.47 0.08×0.08×0.19 0.14×0.21×0.22 

 range for data collection (º) 2.68 to 29.27 2.56 to 29.36 2.55 to 29.34 2.62 to 29.54 

Reflections collected 22629 25945 26255 16740 

Observed reflections [R(int)] 4987 [0.0977] 5754 [0.0564] 5827 [0.0717] 5157 [0.0916] 

Goodness-of-fit on F
2
 1.052 1.115 1.033 0.887 

R1 [I>2()] 0.0940 0.0707 0.0993 0.1188 

wR2 (all data) 0.3148 0.2291 0.3178 0.3828 

Largest diff. peak and hole (e.Å-3) 1.449 & -0.647 1.876 & -0.798 1.133 and -0.872 1.184 and -0.761 
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Table A1.5. X-ray experimental data for 3.5·xS, 3.5·x(CH3)2CO, 3.5·xH2O, and 3.5·xC2H5OH. 

 

 Compound 3.5·xS 3.5·x(CH3)2CO 3.5·xH2O 3.5·xC2H5OH 

Empirical formula C21H16CuN4O5 C30H34CuN4O8 C21H30CuN4O12 C21H16CuN4O5 

Formula weight 467.92 642.15 594.032 467.92 

Crystal system orthorhombic orthorhombic orthorhombic orthorhombic 

Space group Pnma Pnma Pnma Pnma 

a (Å) 9.9995(3) 10.2536(2) 9.4000(2) 9.6611(4) 

b (Å) 19.2590(4) 19.8774(4) 19.5102(3) 20.3319(7) 

c (Å) 15.3449(5) 14.8763(7) 14.7022(2) 13.6276(5) 

 (º) 90 90 90 90 

 (º) 90 90 90 90 

 (º) 90 90 90 90 

Volume (Å
3
) 2955.13(14) 3032.01(17) 2696.32(8) 2676.85(17) 

Z 4 4 4 4 

Density (calc.) (Mg/m
3
) 1.052 1.407 1.429 1.161 

Absorption coefficient (mm
-1

) 0.768 0.776 0.875 0.848 

F(000) 956 1340 1180 956 

Crystal size (mm
3
) 0.21×0.14×0.08 0.19×0.15×10.12 0.18×0.29×0.46 0.15×0.11×0.08 

 range for data collection (º) 2.65 to 29.24 2.62 to 29.07 2.57 to 29.13 2.77 to 29.32 

Reflections collected 14352 14195 15996 15988 

Observed reflections [R(int)] 2892 [0.0404] 3623 [0.0420] 3341 [0.0314] 2615 [0.0524] 

Goodness-of-fit on F
2
 1.062 1.052 1.110 1.109 

R1 [I>2()] 0.0452 0.0454 0.0354 0.0398 

wR2 (all data) 0.1382 0.1320 0.0996 0.1184 

Largest diff. peak and hole (e.Å-3) 0.587 & -0.325 0.758 and -0.444 0.532 & -0.330 0.380 & -0.392 
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Table A1.6. X-ray experimental data for 3.5-heated, 3.6·xS, 3.7·xS, and 3.8·xS. 

Compound 3.5-heated 3.6·xS 3.7·xS 3.8·xS 

Empirical formula C21H16CuN4O5 C54H56Cu3N14O18 C140H188Cu6N30O38 C25H24CuN4O5 

Formula weight 467.92 1379.75 3280.44 524.02 

Crystal system orthorhombic orthorhombic monoclinic monoclinic 

Space group Pnma Pnma P21/c P21/n 

a (Å) 8.800(3) 15.219(3) 19.4251(9) 17.2527(8) 

b (Å) 20.734(2) 75.540(15) 36.589(2) 12.3355(3) 

c (Å) 13.110(5) 14.401(3) 37.762(2) 17.7426(8) 

 (º) 90 90 90 90 

 (º) 90 90 114.202(4) 91.536(4) 

 (º) 90 90 90 90 

Volume (Å
3
) 2392.0(12) 16556(6) 24480(2) 3774.6(3) 

Z 4 8 4 4 

Density (calc.) (Mg/m
3
) 1.299 1.107 0.890 0.922 

Absorption coefficient (mm
-1

) 0.949 0.824 0.566 0.607 

F(000) 956 5672 6864 1084 

Crystal size (mm
3
) 0.33×0.16×0.12 0.11×0.06×0.05 0.42×0.10×0.03 0.19×0.17×0.11 

 range for data collection (º) 2.79 to 24.99 0.54 to 27.65 0.81 to 25.99 2.83 to 29.16 

Reflections collected 11882 245027 348647 34529 

Observed reflections [R(int)] 1133 [0.0862] 15871 [0.0823] 33947 [0.0578] 9038 [0.0690] 

Goodness-of-fit on F
2
 1.562 1.029 0.971 1.084 

R1 [I>2()] 0.1937 0.0815 0.0573 0.0696 

wR2 (all data) 0.4948 0.2618 0.1746 0.2292 

Largest diff. peak and hole (e.Å-3) 2.383 & -0.753 1.716 & -1.306 1.077 & -0.898 1.063 & -0.477 
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Table A1.7. X-ray experimental data for 4.1, 4.2, 4.3·xS, and 4.4·xS. 

 

 
Compound 4.1 4.2 4.3·xS 4.4·xS 

Empirical formula C25H24N4O6Co C25H24N4O6Ni C21H18N4CoO6 C21H18N4NiO6 

Formula weight 535.41 535.19 481.32 481.10 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Space group Ima2 Ima2 Pnma Pnma 

a (Å) 20.5483(9) 20.467(4) 11.3037(3) 11.2054(2) 

b (Å) 13.0635(6) 12.917(3) 20.2503(3) 20.1664(4) 

c (Å) 7.9865(4) 7.9570(16) 13.3988(3) 13.3065(3) 

 (º) 90 90 90 90 

 (º) 90 90 90 90 

 (º) 90 90 90 90 

Volume (Å
3
) 2143.84(17) 2103.6(7) 3067.03(12) 3006.90(11) 

Z 4 4 4 4 

Density (calc.) (Mg/m
3
) 1.659 1.690 1.042 1.063 

Absorption coefficient (mm
-1

) 0.856 0.979 0.592 0.678 

F(000) 1108 1112 988 992 

Crystal size (mm
3
) 0.13×0.16×0.27  0.15×0.16×0.32 0.30×0.38×0.46 

 range for data collection (º) 2.99 to 29.20 1.86 to 27.60 2.56 to 29.32 2.58 to 29.28 

Reflections collected 7000 15916 18133 17885 

Observed reflections [R(int)] 2539 [0.0487] 2438 [0.0445] 3865 [0.0353] 3768 [0.0308] 

Goodness-of-fit on F
2
 1.102 1.057 1.171 1.154 

R1 [I>2()] 0.0809 0.0723 0.0405 0.0375 

wR2 (all data) 0.2270 0.2014 0.1310 0.1253 

Largest diff. peak and hole (e.Å-3) 1.946 and -1.120 1.986 and -0.637 0.385 and -0.280 0.579 and -0.403 
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Table A1.8. X-ray experimental data for 4.5·xS, 4.5-ac, 4.5·Co(H2O)4Cl2·xMeOH, and 4.5·CoCl2. 

 

Compound 4.5·xS 4.5-ac 4.5·Co(H2O)4Cl2·xMeOH 4.5·CoCl2 

Empirical formula C75H66N12O12Mn3 C75H66N12O16Mn3 C75H66N12O16Mn3CoCl2 C75H66N12O12Mn3CoCl2 

Formula weight 1492.22 1556.22 1686.05 1555.52 

Crystal system triclinic monoclinic Monoclinic Monoclinic 

Space group P-1 C2/c P21/m P21/m 

a (Å) 12.367(3) 16.9293(10) 12.3989(12) 12.286(3) 

b (Å) 13.078(3) 18.4694(7) 33.418(3) 33.841(7) 

c (Å) 33.911(7) 28.346(2) 12.9445(16) 13.057(3) 

 (º) 86.54(3) 90 90 90 

 (º) 84.32(3) 100.629(6) 98.312(11) 94.49(3) 

 (º) 85.37(3) 90 90 90 

Volume (Å
3
) 5432.3(19) 8711.0(9) 5307.1(9) 5412.0(19) 

Z 2 4 2 2 

Density (calc.) (Mg/m
3
) 0.912 1.187 1.011 0.955 

Absorption coefficient (mm
-1

) 0.390 0.492 0.555 0.588 

F(000) 1542 3212 1660 1532 

Crystal size (mm
3
)  0.05×0.15×0.42 0.09×0.24×0.45 0.04×0.09×0.35 

 range for data collection (º) 0.60 to 27.12 2.56 to 30.03 2.45 to 29.48 1.663 to 22.175 

Reflections collected 85050 27623 60071 28583 

Observed reflections [R(int)] 22078 [0.0456] 9635 [0.1103] 13055 [0.0916] 5779 [0.0927] 

Goodness-of-fit on F
2
 1.587 1.186 1.033 2.869 

R1 [I>2()] 0.1232 0.1272 0.0938 0.2395 

wR2 (all data) 0.3749 0.2533 0.2470 0.6204 

Largest diff. peak and hole (e.Å-3) 1.474 and -1.035 0.761 and -0.818 1.363 and -0.938 0.852 and -1.486 
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Table A1.9. X-ray experimental data for 5.15, 5.17, 5.19, and 5.21. 

 

Compound 5.15 5.17 5.19 5.21 

Empirical formula C15H14N5Cl C19H15N5 C21H20N5Cl C13H10N5Cl 

Formula weight 299.76 313.36 377.87 271.71 

Crystal system Monoclinic Monoclinic Orthorhombic Monoclinic 

Space group P21/c P21/c Pna21 P21/c 

a (Å) 10.7395(3) 4.2720(9) 10.7241(3) 10.1225(14) 

b (Å) 9.0352(2) 34.224(7) 10.9366(3) 18.2082(19) 

c (Å) 15.1348(4) 10.793(3) 15.7599(5) 18.2082(19) 

 (º) 90 90 90 90 

 (º) 98.024(3) 107.99(3) 90 111.660 

 (º) 90 90 90 90 

Volume (Å
3
) 1454.20(6) 1500.8(6) 1848.40(9) 2538.5(7) 

Z 4 4 4 8 

Density (calc.) (Mg/m
3
) 1.369 1.387 1.358 1.422 

Absorption coefficient (mm
-1

) 0.263 0.087 0.223 0.294 

F(000) 624 656 792 1120 

Crystal size (mm
3
) 0.47×0.33×0.14 0.012×0.01×0.01 0.48×0.37×0.22 0.14×0.25×0.41 

 range for data collection (º) 2.63 to 29.36 1.19 to 25.00 2.58 to 29.23 2.68 to 29.54 

Reflections collected 13450 13724 8962 28495 

Observed reflections [R(int)] 0.0310 2519 [0.2510] 3689 [0.0284] 6217 [0.0895] 

Goodness-of-fit on F
2
 1.034 1.029 1.057 1.031 

R1 [I>2()] 0.0387 0.0850 0.0387 0.0586 

wR2 (all data) 0.0981 0.2136 0.0971 0.1829 

Largest diff. peak and hole (e.Å-3) 0.305 and -0.375 0.522 and -0.516 0.245 and -0.261 0.393 and -0.323 



 

 

   A
p
p
en

d
ix

 1 
G

en
era

l E
xp

erim
en

ta
l D

eta
ils 

2
7
0
        

 

Table A1.10. X-ray experimental data for 5.26, 5.29, 6.1, and 6.2. 

 
Compound 5.26 5.29 6.1 6.2 

Empirical formula C30H19N7O2 C17H10N6 C30H26N12Ag2O12 C15H13N5AgPF6 

Formula weight 509.52 298.31 966.40 516.14 

Crystal system triclinic monoclinic Monoclininc Monoclininc 

Space group P-1 Cc P21/n P21/c 

a (Å) 8.6316(4) 12.0650(6) 16.8772(5) 9.8830(2) 

b (Å) 9.1046(3) 17.0036(6) 10.7297(3) 10.0763(2) 

c (Å) 17.5957(7) 7.4358(4) 20.7493(6) 17.4462(3) 

 (º) 102.118(3) 90 90 90 

 (º) 100.028(3) 119.616(8) 97.452 90 

 (º) 99.904(3) 90 90 90 

Volume (Å
3
) 1299.72(9) 1326.15(11) 3725.70(19) 1737.36(6) 

Z 2 4 4 4 

Density (calc.) (Mg/m
3
) 1.454 1.494 1.723 1.973 

Absorption coefficient (mm
-1

) 0.243 0.096 1.128 1.326 

F(000) 528 616 1936 1016 

Crystal size (mm
3
) 0.07×0.27×0.59 0.70×0.49×0.37 0.32×0.36×0.58 0.09×0.11×0.17 

 range for data collection (º) 2.89 to 30.02 3.01 to 29.26 2.53 to 30.18 2.89 to 28.97 

Reflections collected 24963 7433 37384 10683 

Observed reflections [R(int)] 0.0382 3043 [0.0420] 9892 [0.0364] 3989 [0.0235] 

Goodness-of-fit on F
2
 1.083 0.933 1.100 1.079 

R1 [I>2()] 0.0564 0.0386 0.0388 0.0413 

wR2 (all data) 0.1884 0.0889 0.1010 0.0983 

Largest diff. peak and hole (e.Å-3) 0.390 and -0.241 0.142 and -0.214 1.031 and -0.657 1.225 and -0.723 
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Table A1.11. X-ray experimental data for 6.3, 6.4, 6.6, and 6.8. 

Compound 6.3 6.4 6.6 6.8 

Empirical formula C61H55N20Ag2P2F12O1.5 C228H180N72O36Ag12 C26H18Ag2N12O6 C39H32N12Ag2Cl2O6 

Formula weight 1597.93 5798.88 810.26 1051.41 

Crystal system Triclinic Monoclininc Monoclininc Triclinic 

Space group P-1 P21/n P21/n P-1 

a (Å) 13.9183(6) 21.8034(3) 11.7457(2) 12.3897(5) 

b (Å) 15.2557(8) 42.0518(4) 17.1825(4) 13.6304(6) 

c (Å) 16.7024(8) 27.0812(4) 13.5215(3) 13.9224(8) 

 (º) 68.760(5) 90 90 96.112 

 (º) 72.549(4) 109.499(2) 97.915(2) 112.189 

 (º) 82.731(4) 90 90 110.246 

Volume (Å
3
) 3152.8(3) 23405.9(5) 2702.92(10) 1964.95(16) 

Z 2 4 4 2 

Density (calc.) (Mg/m
3
) 1.683 1.646 1.991 1.777 

Absorption coefficient (mm
-1

) 0.770 1.067 1.518 1.198 

F(000) 1610 11616 1600 1052 

Crystal size (mm
3
) 0.10×0.25×0.26 0.26×0.35×0.44 0.11×0.12×0.20 0.17×0.20×0.27 

 range for data collection (º) 2.56 to 29.37 2.50 to 29.24 2.46 to 29.23 2.63 to 29.21 

Reflections collected 40793 260325 30438 30360 

Observed reflections [R(int)] 11801 [0.1231] 56804 [0.0672] 6599 [0.0562] 9310 [0.0478] 

Goodness-of-fit on F
2
 1.105 1.116 1.034 1.053 

R1 [I>2()] 0.0958 0.1124 0.0360 0.0405 

wR2 (all data) 0.2397 0.2184 0.0753 0.1648 

Largest diff. peak and hole (e.Å-3) 1.353 and -1.107 3.323 and -2.833 0.884 and -0.653 1.327 and -1.607 
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Table A1.12. X-ray experimental data for 6.9, 6.10, 6.12, and 6.13. 

 

Compound 6.9 6.10 6.12 6.13 

Empirical formula C22H23N5.50O4.25Cu0.50 C13.5H13N7O7.5Cu C39H32N14O12Cu2Cl2 C25H24N4RuClPF6O0.25 

Formula weight 464.23 456.85 1086.77 665.97 

Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic 

Space group P2/c C2/c P21 Pnna 

a (Å) 15.3013(7) 19.843(2) 8.5691(3) 13.2205(15) 

b (Å) 12.1781(5) 6.9744(7) 19.7257(5) 17.2184(18) 

c (Å) 12.7790(7) 24.927(2) 12.5535(3) 23.083(2) 

 (º) 90 90 90 90 

 (º) 111.682(5) 106.800(11) 97.277(3) 90 

 (º) 90 90 90 90 

Volume (Å
3
) 2212.77(18) 3302.5(6) 2104.85(10) 5254.5(10) 

Z 4 8 2 8 

Density (calc.) (Mg/m
3
) 1.393 1.838 1.715 1.684 

Absorption coefficient (mm
-1

) 0.561 1.387 1.221 0.826 

F(000) 968 1856 1104 2672 

Crystal size (mm
3
) 0.18×0.38×0.62 0.07×0.13×0.17 0.12×0.20×0.22 0.09×0.11×0.18 

 range for data collection (º) 2.87 to 29.86 3.10 to 29.22 2.61 to 29.20 2.62 to 29.09 

Reflections collected 2.87 to 29.86 18795 24219 30760 

Observed reflections [R(int)] 5896 [0.0372] 4051 [0.0555] 9731 [0.0504] 6290 [0.0630] 

Goodness-of-fit on F
2
 1.025 1.034 1.025 1.271 

R1 [I>2()] 0.0759 0.0410 0.0548 0.1242 

wR2 (all data) 0.2586 0.1023 0.1256 0.2729 

Largest diff. peak and hole (e.Å-3) 1.581 and -0.675 0.560 and -0.536 0.528 and -0.947 1.592 and -1.297 
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Table A1.13. X-ray experimental data for 6.14. 

Compound 6.14 

Empirical formula C23H23N5ClRuPF6 

Formula weight 650.95 

Crystal system Monoclinic 

Space group P21/c 

a (Å) 15.1371(6) 

b (Å) 10.5541(3) 

c (Å) 15.6086(5) 

 (º) 90 

 (º) 105.410 

 (º) 90 

Volume (Å
3
) 2403.96(14) 

Z 4 

Density (calc.) (Mg/m
3
) 1.799 

Absorption coefficient (mm
-1

) 0.901 

F(000) 1304 

Crystal size (mm
3
) 0.25×0.30×0.40 

 range for data collection (º) 2.55 to 29.23 

Reflections collected 27239 

Observed reflections [R(int)] 5901 [0.0426] 

Goodness-of-fit on F
2
 1.075 

R1 [I>2()] 0.0293 

wR2 (all data) 0.0678 

Largest diff. peak and hole (e.Å-3) 0.651 and -0.655 
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A1.5.2.   Refinement details 

Structure of 2.9: The refinement software suggested an extinction correction due to 

secondary diffraction (crystal dimensions). Adding the command ‘EXTI’ resulted in an 

improvement in GOF, R1, and wR2. 

Structure of 2.11: The hydrogen atoms of the water solvate molecule were successfully 

located in the difference map and DFIX restrains were used to maintain chemically sensible 

O-H bond lengths. 

Structure of 2.12: The structure contains a disordered DCM molecule which was 

modelled over two positions. DFIX restrains were used to maintain chemically sensible C-Cl 

bond lengths and the carbon atoms of this disordered molecule were refined with isotropic 

displacement parameters. 

Structure of 2.13: The structure contains a disordered silver(I) atom which was modelled 

over two positions. The structure has solvent accessible voids. These contained two highly 

disordered DCM molecules which could not be adequately modelled. The SQUEEZE routine 

of PLATON was applied to the collected data, which resulted in significant reductions in R1 

and wR2 and an improvement in the GOF. R1, wR2, and GOF before SQUEEZE routine: 

24.48%, 61.07%, and 2.664; after SQUEEZE routine: 7.15%, 19.04%, 1.087. The contents of 

the solvent region calculated from the result of SQUEEZE routine equates to two DCM 

molecules per asymmetric unit. 

Structure of 2.14: The structure contains a disordered BF4
−
 anion which was modelled 

over two positions. The two boron atoms were refined with isotropic displacement parameters 

and DFIX restraints were used to maintain sensible B-F bond lengths. The structure also 

contains a disordered DCM molecule which was modelled over two positions. DFIX restrains 

were used to maintain chemically sensible C-Cl bond lengths and one of the two carbon 

atoms was refined with isotropic displacement parameters. Finally, one of the silver(I) atoms 

(Ag4) contained disorder which was modelled over two positions.  

Structure of 2.16·xS: The structure has large solvent accessible voids. These contained a 

number of diffuse electron density peaks that could not be adequately identified and refined as 

solvent. The SQUEEZE routine of PLATON was applied to the collected data, which resulted 

in significant reductions in R1 and wR2 and an improvement in the GOF. R1, wR2 and GOF 

before SQUEEZE routine: 13.03%, 43.03% and 1.036; after SQUEEZE routine: 10.58%, 

33.73% and 1.124. The contents of the solvent region calculated from the result of SQUEEZE 

routine equates to one EtOAc molecule per asymmetric unit. 
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Structure of 2.16·xCH2Cl2: The carbon atom of the 50% occupied DCM molecule was 

refined with isotropic displacement parameters. The structure also has large solvent accessible 

voids. These contained a number of diffuse electron density peaks that could not be 

adequately identified and refined as solvent. The SQUEEZE routine of PLATON was applied 

to the collected data, which resulted in significant reductions in R1 and wR2 and an 

improvement in the GOF. R1, wR2 and GOF before SQUEEZE routine: 10.99%, 39.99% and 

1.295; after SQUEEZE routine: 7.96%, 29.50% and 1.084. The contents of the solvent region 

calculated from the result of SQUEEZE routine equates to one and a half DCM molecules per 

asymmetric unit. 

Structure of 2.16·x(CH3)2CO: The acetone molecule has large thermal ellipsoids 

consistent with some disorder, particularly of the methyl groups. The structure also has large 

solvent accessible voids, which contain a number of diffuse electron density peaks that could 

not be adequately identified and refined as solvent. The SQUEEZE routine of PLATON was 

applied to the collected data, which resulted in a reduction in R1 and wR2 and an improvement 

in the GOF. R1, wR2 and GOF before SQUEEZE routine: 15.30%, 48.07% and 1.409; after 

SQUEEZE routine: 13.06%, 41.74% and 1.200. The contents of the solvent region calculated 

from the result of SQUEEZE routine equates to one acetone molecule per asymmetric unit. 

Structure of 2.17·xS: The structure has large solvent accessible voids. These contained a 

number of diffuse electron density peaks that could not be adequately identified and refined as 

solvent. The SQUEEZE routine of PLATON was applied to the collected data, which resulted 

in significant reductions in R1 and wR2 and an improvement in the GOF. R1, wR2 and GOF 

before SQUEEZE routine: 6.48%, 20.69% and 1.157; after SQUEEZE routine: 5.64%, 

15.33% and 1.071. The contents of the solvent region calculated from the result of SQUEEZE 

routine equates to one EtOAc molecule per asymmetric unit. 

Structure of 2.17·xCH2Cl2: The structure has large solvent accessible voids. These 

contained a number of diffuse electron density peaks that could not be adequately identified 

and refined as solvent. The SQUEEZE routine of PLATON was applied to the collected data, 

which resulted in significant reductions in R1 and wR2 and an improvement in the GOF. R1, 

wR2 and GOF before SQUEEZE routine: 11.20%, 37.74%, and 1.021; after SQUEEZE 

routine 9.40%, 31.48%, 1.052. The contents of the solvent region calculated from the result of 

SQUEEZE routine equates to one DCM molecule per asymmetric unit. 

Structure of 2.17·x(CH3)2CO: The acetone molecule has large thermal ellipsoids 

consistent with some disorder, particularly of the methyl groups. The structure also has large 

solvent accessible voids, which contain a number of diffuse electron density peaks that could 

not be adequately identified and refined as solvent. The SQUEEZE routine of PLATON was 
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applied to the collected data, which resulted in a reduction in R1 and wR2 and an improvement 

in the GOF. R1, wR2 and GOF before SQUEEZE routine: 8.98%, 31.77% and 1.055; after 

SQUEEZE routine: 7.07%, 22.90% and 1.114. The contents of the solvent region calculated 

from the result of SQUEEZE routine equates to one acetone molecule per asymmetric unit. 

Structure of 2.17·xC7H8: The large solvent accessible voids contained one and a half 

toluene molecules in total (occupied over three symmetry related positions). This molecule 

was refined with isotropic displacement parameters.  

Structure of 2.18·xS: The DMSO molecule has large thermal ellipsoids consistent with 

some disorder, particularly of the methyl groups. The structure also has large solvent 

accessible voids, which contain a number of diffuse electron density peaks that could not be 

adequately identified and refined as solvent. The SQUEEZE routine of PLATON was applied 

to the collected data, which resulted in a reduction in R1 and wR2 and an improvement in the 

GOF. R1, wR2 and GOF before SQUEEZE routine: 17.34%, 52.99% and 1.301; after 

SQUEEZE routine: 11.89%, 38.31% and 0.889. The contents of the solvent region calculated 

from the result of SQUEEZE routine equates to one EtOAc molecule per asymmetric unit. 

Structure of 3.5·xS: The structure has large solvent-accessible voids. These contained a 

number of diffuse electron density peaks that could not be adequately identified and refined as 

solvent. The SQUEEZE routine of PLATON was applied to the collected data, which resulted 

in significant reductions in R1 and wR2 and an improvement in the GOF. R1, wR2 and GOF 

before SQUEEZE routine: 9.82%, 35.53% and 1.53; after SQUEEZE routine: 4.52%, 13.8% 

and 1.06. There is some disorder in the structure and the aryl ring and carboxylate group were 

modelled over two positions. The contents of the solvent region calculated from the result of 

the SQUEEZE routine approximately equates to half of a DMF molecule per asymmetric unit. 

Structure of 3.5·xH2O: 3.5 well ordered H2O solvate molecules were located in the 

voids of the structure however the relevant hydrogen atoms could not be located in the 

difference map. 

Structure of 3.5·xC2H5OH: There was some disorder in the structure and the aryl ring 

and carboxylate group were modelled over two positions. The structure has large solvent-

accessible voids. These contained a number of diffuse electron density peaks that could not be 

adequately identified and refined as solvent. The SQUEEZE routine of PLATON was applied 

to the collected data, which resulted in significant reductions in R1 and wR2 and an 

improvement in the GOF. R1, wR2 and GOF before SQUEEZE routine: 23.5%, 64.3% and 

3.18; after SQUEEZE routine: 3.98%, 11.8% and 1.11. The contents of the solvent region 

calculated from the result of the SQUEEZE routine equates to half an ethanol molecule per 

asymmetric unit. 
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Structure of 3.5-heated: The structure has large solvent-accessible voids. These 

contained a number of diffuse electron density peaks. The SQUEEZE routine of PLATON 

was applied to the collected data, which resulted in reasonable reductions in R1 and wR2 and 

an improvement in the GOF. R1, wR2 and GOF before SQUEEZE routine: 25.5%, 60.2% and 

1.72; after SQUEEZE routine: 19.4%, 49.5% and 1.56. The data is of relatively poor quality 

due to the conditions used to generate the sample (heating in an oven at 85C).  

Structure of 3.6·xS: Two of the nitrate anions (on special positions) were refined with 

isotropic displacement parameters and eight DFIX restraints were used to force chemically 

sensible bond lengths for these anions and a DMF molecule. The structure has large solvent-

accessible voids. These contained a number of diffuse electron density peaks that could not be 

adequately identified and refined as solvent. The SQUEEZE routine of PLATON was applied 

to the collected data, which resulted in reasonable reductions in R1 and wR2 and an 

improvement in the GOF. R1, wR2 and GOF before SQUEEZE routine: 17.9%, 51.4% and 

2.9; after SQUEEZE routine: 8.15%, 26.18%, 1.029. The contents of the solvent region 

calculated from the result of SQUEEZE routine equates to two DMF per asymmetric unit. 

Structure of 3.8·xS: The carbon atoms of the two coordinated ethanol molecules were 

refined with isotropic displacement parameters and two DFIX restrains were used to achieve 

chemically sensible C-O bond lengths. The structure has very large solvent-accessible voids. 

These contained a number of diffuse electron density peaks that could not be adequately 

identified and refined as solvent. The SQUEEZE routine of PLATON was applied to the 

collected data, which resulted in significant reductions in R1 and wR2 and an improvement in 

the GOF. R1, wR2 and GOF before SQUEEZE routine: 13.07%, 42.52% and 1.725; after 

SQUEEZE routine: 5.73%, 17.46%, 0.971. The contents of the solvent region calculated from 

the result of the SQUEEZE routine equate to two nitrate anions and 12 DMF molecules per 

asymmetric unit. 

Structure of 4.3·xS: The hydrogen atoms of the water ligands were successfully located 

in the difference map. DFIX restrains were used in order to achieve chemically sensible O-H 

bond lengths. The structure has large solvent accessible voids. These contained a number of 

diffuse electron density peaks that could not be adequately identified and refined as solvent. 

The SQUEEZE routine of PLATON was applied to the collected data, which resulted in 

significant reductions in R1 and wR2 and an improvement in the GOF. R1, wR2 and GOF 

before SQUEEZE routine: 12.16%, 43.31% and 1.973; after SQUEEZE routine: 4.05%, 

13.10% and 1.171. The contents of the solvent region calculated from the result of SQUEEZE 

routine equate one DMF molecule and one water molecule. 
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Structure of 4.4·xS: The hydrogen atoms of the water ligands were successfully located 

in the difference map. DFIX restrains were used in order to achieve chemically sensible O-H 

bond lengths. The structure has large solvent accessible voids. These contained a number of 

diffuse electron density peaks that could not be adequately identified and refined as solvent. 

The SQUEEZE routine of PLATON was applied to the collected data, which resulted in 

significant reductions in R1 and wR2 and an improvement in the GOF. R1, wR2 and GOF 

before SQUEEZE routine: 11.20%, 42.26% and 1.989; after SQUEEZE routine: 3.75%, 

12.53% and 1.154. The contents of the solvent region calculated from the result of SQUEEZE 

routine equates to one DMF molecules and one water molecule. 

Structure of 4.5·xS: The structure contains a large amount of disorder, particularly 

around the methylene hinge and 3,5-dimethyl-1H-pyrazole ring of ligand 3.4ʹ, consistent with 

the flexibility of the ligand. A sensible structural model could not be obtained by modelling 

this disorder, and thus, the individual atoms were treated anisotropically, giving rise to large 

thermal ellipsoids. The structure has large solvent accessible voids. These contained a number 

of diffuse electron density peaks that could not be adequately identified and refined as 

solvent. The SQUEEZE routine of PLATON was applied to the collected data, which resulted 

in significant reductions in R1 and wR2 and an improvement in the GOF. R1, wR2 and GOF 

before SQUEEZE routine: 24.36%, 64.72%, 3.342; after SQUEEZE routine: 12.32%, 

37.49%, 1.587. The contents of the solvent region calculated from the result of SQUEEZE 

routine equates to 10 DMF molecules. 

Structure of 4.5·Co(H2O)4Cl2·xCH3OH: The structure has large solvent accessible 

voids. Within these voids, one half-occupied chloride ion was unambiguously located 

(positioned on a mirror plane), while the other half chloride ion was assigned over two 

positions (0.25 × 2) based on chemical sensibility and location. The void channels contained a 

number of other diffuse electron density peaks that could not be adequately identified and 

refined as solvent. The SQUEEZE routine of PLATON was applied to the collected data, 

which resulted in significant reductions in R1 and wR2 and an improvement in the GOF. R1, 

wR2 and GOF before SQUEEZE routine: 19.31%, 52.41% and 1.960; after SQUEEZE 

routine: 9.38%, 24.70% and 1.033. The contents of the solvent region calculated from the 

result of SQUEEZE routine equates to three DMF molecules. 

Structure of 4.5·CoCl2: The data collection was carried out at 373 K, and thus, the 

crystal exhibited a high degree of mosaicity. The structure of 4.5·CoCl2 contains large 

thermal ellipsoids particularly around the 3,5-dimethyl-pyrazole ring of 3.4ʹ. This disorder 

could not be sensibility modelled due to the low quality of the data. 
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Structure of 5.26·(CH2Cl2): The structure has solvent accessible voids. These contained 

a highly disordered DCM solvate molecule which could not be adequately refined as solvent. 

The SQUEEZE routine of PLATON was applied to the collected data, which resulted in 

significant reductions in R1 and wR2. R1 and wR2 before SQUEEZE routine: 8.06% and 

25.31%; after SQUEEZE routine: 5.64% and 18.84%. 

Structure of 5.29: Structure solution in the space group C2/c was initially attempted, but 

did not give an adequate structural model. 

Structure of 6.4: The structure has a large cell (V = 23405.93 Å
3
) and contains six 

molecules of 6.4 in the asymmetric unit. Attempts to find smaller unit cells were 

unsuccessful. The structure has solvent accessible voids that contained diffuse electron 

density which could not be adequately modelled as solvent molecules. The SQUEEZE routine 

of PLATON was applied to the collected data, which resulted in significant reductions of R1 

and wR2 and improvement in the GOF. R1, wR2, and GOF before SQUEEZE routine: 14.24%, 

38.75%, and 2.324; after SQUEEZE routine: 11.24%, 21.84%, and 1.116.  

Structure of 6.9: The structure of the ligand Lʹ was assigned based on the reagents used 

and literature precedent. The hydrogen atom of the hydroxyl substituent was included as an 

invariant in a geometrically estimated position, as it could not be located in the difference 

map. The hydrogen atoms of the two partially occupied water solvate molecules could not be 

located in the difference map. 

Structure of 6.12: Although individual molecules are achiral, the chirality of the 

structure arises from the crystal packing. The flack parameter of 0.444 (esd = 0.014) indicates 

a racemic mixture of the individual complexes in the crystal packing. Solving the structure in 

higher symmetry space groups gave a poor structural model without chemically sensible bond 

lengths and angles.  

Structure of 6.13: The PF6 molecule contains significant disorder which could not be 

adequately modelled. There is also a half occupied water solvate molecule on a symmetry 

axis for which the hydrogen atoms could not be located in the difference map.
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Figure A2.1. 
1
H NMR spectra (300 MHz/CD3CN) of crystals of 2.16 subjected to solvent 

exchange cycles; (a) 2.16·xS; (b) 2.16·xCH2Cl2(1); (c) 2.16·x(CH3)2CO(1); (d) 

2.16·xCH2Cl2(2); (e) 2.16·x(CH3)2CO(2). Solvent exchange was performed in the order 

indicated (a) to (e). 
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Figure A2.2. Powder pattern overlay of 2.16 and 2.17 (Cu Kα = 1.5418 Å): a) 2.16·xS 

simulated; b) 2.16·xS; c) 2.17·xS simulated; d) 2.17·xS. Note: It was extremely difficult to 

obtain a good PXRD pattern from the crystalline sample taken directly from the as-

synthesised mixture. It appeared that the transformation described in chapter 2, section 2.4.6, 

was occurring almost immediately. To avoid this, the crystals were washed with EtOAc prior 

to the analysis ion order to remove pore-bound DMSO. In this case, cracking of the crystals 

was not observed, and unit cell determination indicated that the structure was unchanged. 
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Figure A2.3. a) A view of 2.17·xCH2Cl2 along the c axis; b) A view of 2.17·x(CH3)2CO 

along the c axis; c) a view of the asymmetric unit of 2.17·xCH2Cl2; d) a view of the 

asymmetric unit of 2.17·x(CH3)2CO. 
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Figure A2.4. 
1
H NMR spectra (300 MHz/CD3CN) of crystals of 2.17 subjected to solvent 

exchange cycles; (a) 2.17·xS; (b) 2.17·xCH2Cl2(1); (c) 2.17·xC7H8(1); (d) 2.17·xCH2Cl2(2); 

(e) 2.17·xC7H8(2). Solvent exchange was performed in the order indicated (a) to (e). 
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Figure A2.5. Powder pattern overlay of 2.17 (Cu Kα = 1.5418 Å): a) 2.17·xCH2Cl2 

simulated; b) 2.17·xCH2Cl2; c) 2.17·xCH2Cl2 treated under vacuum for 1 h, r.t. Note: 

2.16·xCH2Cl2 and 2.18·xCH2Cl2 exhibited a similar decrease in crystallinity upon treatment 

under vacuum. 
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Figure A2.6. a) Typical examples of crystals of 2.16·xS in paratone-N, some of which 

have been broken into smaller pieces; b) typical examples of crystals of 2.16·xS that have 

been transformed into the 2-D structure 2.11. 

 

Figure A2.7: a) Simulated PXRD pattern of coordination polymer 2.11; b) MOF 2.16·xS 

heated at 70 °C under vacuum (Cu Kα = 1.5418 Å). 
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Figure A3.1. N2 isotherm of 3.5-ac measured at 77 K. 

 

Figure A3.2. Pore size distribution obtained from the 273 K CO2 isotherm of 3.5-ac. 

The data was processed using Micromeritics ASAP 2020 software. 
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Figure A3.3. Enthalpy of adsorption of CO2 for 3.5-ac calculated using the Van’t 

Hoff method. 

 

Figure A3.4. Enthalpy of adsorption of CO2 for 3.8-ac, calculated from the 295 and 273 

K isotherms via the virial and Clausius-Clapeyron equation.  
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A3.1.  Variable Temperature Powder X-Ray Diffraction and Indexing 

Variable Temperature Powder X-ray diffraction of 3.5·xS and 3.5·x(CH3)2CO was carried out at the Australian Synchrotron on the PD beam line. The 

wavelength was calculated to be 0.8254441856 Å. The patterns obtained were indexed using Materials Studio software package and the results are 

summarised in the tables below. 

Table A3.1. Unit cell data obtained from indexing PXRD patterns of 3.5·xS. 

Temperature 

(K) 

Peaks Bravais lattice a axis (Å) b axis (Å) c axis (Å) α 

(
o
) 

β 

(
o
) 

γ 

(
o
) 

Volume 

(Å
3
) 

Method 

303 22 of 22 Orthorhombic 19.16 15.26 10.13 90 90 90 2961.45 DICVOL91 

313 22 of 22 Orthorhombic 19.16 15.26 10.13 90 90 90 2961.45 DICVOL91 

323 19 of 19 Orthorhombic 19.24 15.11 10.09 90 90 90 2932.51 DICVOL91 

333 29 of 29 Orthorhombic 19.56 10.02 14.66 90 90 90 2871.98 DICVOL91 

343 24 of 24 Orthorhombic 19.72 14.34 9.99 90 90 90 2824.86 DICVOL91 

353 32 of 32 Orthorhombic 19.83 14.18 9.97 90 90 90 2802.03 DICVOL91 

363 30 of 30 Orthorhombic 19.92 14.05 9.95 90 90 90 2783.86 DICVOL91 

373 27 of 27 Orthorhombic 19.97 13.95 9.92 90 90 90 2761.78 DICVOL91 

383 30 of 30 Orthorhombic 20.03 13.84 9.88 90 90 90 2739.67 DICVOL91 

393 25 of 25 Orthorhombic 20.05 13.80 9.85 90 90 90 2723.96 DICVOL91 

403 28 of 28 Orthorhombic 20.06 13.77 9.83 90 90 90 2713.54 DICVOL91 
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Table A3.2. Unit cell data obtained from indexing PXRD patterns of 3.5·x(CH3)2CO. 

Temperature 

(K) 

Peaks Bravais lattice a axis (Å) b axis (Å) c axis (Å) α 

(
o
) 

β 

(
o
) 

γ 

(
o
) 

Volume 

(Å
3
) 

Method 

303 28 of 30 Orthorhombic 19.65 14.68 10.13 90 90 90 2922.67 X-Cell 

313 21 of 22 Orthorhombic 14.67 10.12 19.61 90 90 90 2910.53 X-Cell 

333 15 of 15 Orthorhombic 20.63 12.89 9.81 90 90 90 2609.97 DICVOL91 

343 17 of 17 Orthorhombic 20.60 12.88 9.79 90 90 90 2596.86 DICVOL91 

353 17 of 17 Orthorhombic 20.58 12.89 9.79 90 90 90 2598.49 DICVOL91 

363 24 of 24 Orthorhombic 20.58 12.90 9.79 90 90 90 2599.34 DICVOL91 

373 22 of 22 Orthorhombic 20.55 12.93 9.79 90 90 90 2601.75 DICVOL91 

383 23 of 23 Orthorhombic 20.57 12.92 9.79 90 90 90 2599.98 DICVOL91 

393 20 of 20 Orthorhombic 20.55 12.93 9.79 90 90 90 2601.31 DICVOL91 

403 20 of 20 Orthorhombic 20.54 12.94 9.79 90 90 90 2602.40 DICVOL91 
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A3.2. Ideal-Adsorbed Solution Theory (IAST) Calculations (Dr 

Ravichandar Babarao)  

A dual-site Langmuir-Freundlich (DSLF) equation: 

                                       
         

  

     
  
 +
         

  

     
  

 

was used to fit the adsorption isotherm of pure CO2 and for N2 gas a three site LF equation is 

used, where P is the pressure of bulk gas at equilibrium with adsorbed phase, 
iN  is maximum 

loading in site (i = A and B), 
ik  is the affinity constant, and 

in  is used to characterise the 

deviation from the simple Langmuir equation. The fitted parameters will then used to predict 

the adsorption of mixture. There is no restriction on the choice of the model to fit the 

adsorption isotherm, but data over the pressure range under study should be fitted very 

precisely. 

Table A3.3. Fitted parameters using Langmuir-Freundlich (DSLF) equation. 

                                       R
2
 

mol kg
-1

 mbar
-1

 dimensionless mol kg
-1

 mbar
-1

 dimensionless  

CO2 1.37 0.01486 1.05 2.07 1.73x10
-5

 1.33 0.99999 

 
                                       R

2
 

mol kg
-1

 mbar
-1

 dimensionless mol kg
-1

 mbar
-1

 dimensionless  

 

N2 

1.60 8.69x10
-5

 0.84 0.05 4.88x10
-5

 1.78 0.99992 

       

                       

mol kg
-1

 mbar
-1

 dimensionless     

 0.01 1.270 7.52     

 

For adsorption of a gas mixture, the equilibrium condition is the equality of fugacity in 

the gas and adsorbed phases.  

                                                       
o i i i i iP y x f  

where P is bulk pressure, y and x are the molar fraction in gas and adsorbed phases, 

respectively. The fugacity coefficient of component i in gas phase is 
i  calculated by Peng-

Robinson equation of state (PR EOS), 
o

if  is the fugacity of pure component i in a standard 

state, and 
i  is the activity coefficient of component i in the adsorbed phase. If a perfect 

mixing is assumed in the adsorbed phase and hence 
i  = 1, we can use the ideal-adsorbed 

solution theory (IAST) to predict the adsorption of a mixture based on the information for 
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pure components. The standard state is specified by the surface potential  i
 given by the 

Gibbs adsorption approach,  

                                                  o

o

0

ln   i i i i

if

RT N f d f    

where  o

iN f  is the adsorption isotherm of pure component i. The mixing process is carried 

out at a constant surface potential 
1 2     .   

 

Figure A3.5. Fitting of pure components CO2 and N2 in [Cu(3.3)H2O]-ac at 293 K using 

dual-site and three-site Langmuir Freundlich Model.  
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Figure A4.1. Enthalpy of adsorption of CO2 for 4.5-ac, calculated from the 295 and 273 

K isotherms via the virial and Clausius-Clapeyron equation. 

 
Figure A4.2. Enthalpy of adsorption of CO2 for 4.5·CoCl2-ac, calculated from the 295 

and 273 K isotherms via the virial and Clausius-Clapeyron equation. 
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Figure A4.3. Pore size distribution of 4.5·CoCl2-ac obtained from the 77 K N2 isotherm.
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A5.1.  Cytotoxicity Assays (Dr Fatiah Issa) 

Cytotoxicity was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay.
1
 Cells were harvested with trypsin (0.1% v/v), and cell pellets were 

isolated by centrifugation. Cells were then re-suspended to single cells suspension, cell 

numbers counted using a Haemocytometer counter (Weber) and then seeded at a density of 1 

 10
4
 cells/well in 96-well plates, in 100 μL growth medium and allowed to adhere overnight 

at 37
o
C. Cells were incubated at 37

o
C in a humidified atmosphere of 5% CO2 in the presence 

of compounds 5.11 – 5.13, 5.16, 5.17 and 5.28 – 5.30, and vehicle (control). Serial dilutions 

(1:2 and 1:10) of compound solution in cell medium were added to wells in triplicate. 

Compounds were tested at a concentration range prescribed by the limits of compound 

solubility and that produced a sigmoidal cytotoxic response. After 72 h of drug exposure, 

MTT solution in PBS (20 μL, 0.25% w/v) was added to each well and the incubation 

continued for 4 h. Culture medium and excess MTT solution were removed and the resulting 

reduced formazan crystals dissolved by addition of 150 μL DMSO.  

Cell viability was determined by measuring the absorbance of the purple formazan 

solution at 600 nm using a Victor3V microplate reader (Perkin Elmer). All readings were 

corrected for absorbance from negative control and wells containing medium alone. The level 

of purple intensity was expressed relative to the corresponding control as percent viability. 

Corresponding IC50 values for each of the compounds tested were then determined at the dose 

required to induce a 50% decrease in cell viability from sigmoidal dose-response curves 

produced in GraphPad Prism 5 (Version 5.04). Experiments were repeated at least three times 

for each compound and all IC50 values are reported with standard errors. 
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