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Sports and the arts have the power to move people emotionally. Even in the natural sciences, similar 

effects can be seen in reactions to revelations from mathematics or astronomy. It is in our power as 

chemists to unlock mysteries that likewise inspire feelings of wonder and passion. We must strive to 

uncover facts that turn conventional wisdom on its head and create a new chemistry. 

(S. Kitagawa) 
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Abstract 

Gift Mehlana August 2014 

Crystal Engineering of Dynamic Metal-Organic Frameworks for Applications in 
Chromic Sensing and Capturing of Small Molecules 

Crystal engineering of metal organic frameworks (MOFs) has developed rapidly over the 

years. This has been fuelled by useful properties endowed by these materials . MOFs 

present a unique platform to control chemical and physical properties through manipulation 

of the components that construct these materials. In this thesis a series of MOFs prepared 

from 3-(4-pyridyl)benzoate or 4-(4-pyridyl)benzoate with Co(ll) , Zn(ll) and Ni(ll) are 

presented. Most materials were synthesised under solvothermal conditions. The link 

between the phenyl and pyridyl ring in the ligand allows for conformational change through 

varying the dihedral angles between these two parts. The carboxylate moiety can also rotate 

relative to the phenyl ring and its ability to assume different coordination modes under 

different environments is of utmost importance in achieving flexibility for the design. 

Structural elucidation of compounds was performed by single crystal X-ray diffraction. 

Topological analysis was performed on the networks formed by the compounds to have a 

better understanding of the network connectivity. Bulk material was characterised by thermal 

methods such as thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) , 

variable temperature powder X-ray diffraction (PXRD) studies and by hot stage microscopy 

(HSM). Thermochromic and solvatochromic properties of the activated phases were 

investigated by spectroscopic techniques. Dynamic motion of the networks upon guest loss 

and absorption by activated phases were evaluated by single crystal X-ray diffraction studies 

using Pawley fitting methods. Standard kinetic models were used to analyse the kinetics of 

guest uptake from isothermal experiments. Non-isothermal experiments were conducted 

using the TGA and the activation energies were determined for guest desolvation using the 

Ozawa and Flynn method. 

This study demonstrates the application of MOFs as sensing devices thanks to changes in 

the coordination geometry around the metal centre, solvent interactions with host framework 

or changes in the ligand conformation upon guest loss or absorption, all of which can trigger 

d-d and TT to TT. transitions to occur resulting in a visible colour change. 
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Chapter 1 

Introduction 

This chapter discusses general aspects such as nomenclature and topology associated with 

metal-organic frameworks and coordination polymers. Different types of interpenetration 

associated with networks and the impact of such phenomenon on the physical and chemical 

properties are presented. Solvatochromic properties in metal-organic frameworks and solid 

state reactions of dynamic materials are also discussed. The motivation, justification and 

objectives of the study presented in this thesis are given towards the end of the chapter. 



INTRODUCTION 

1.1 Crystal Engineering 

R. Pepinsky was the first person to introduce the term crystal engineering in 1955.1 However 

this term is normally associated with G.M.J. Schmidt who applied the topochemical principle 

to correlate the solid state reactivity of photodimerizable compounds, notably trans-cinnamic 

acids with their crystal structures.2 Schmidt's article resulted in an evolution on the 

perception of crystal engineering. It became unambiguous that crystal engineering in the 

context of organic solids is closely linked to the ideas derived from supramolecular 

chemistry. Desiraju defined crystal engineering as the understanding of intermolecular 

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

design of new solids with desired physical and chemical properties .3 To make crystals by 

design one has to have an understanding of the supramolecular interactions that can be 

used to assemble molecular components into a desired architecture. Several supramolecular 

interactions between atoms such as coordination bonds, van der Waals forces and hydrogen 

bonds are involved in assembling molecular components into a target network. The energy 

associated with these bonding interactions spans a wide range with van der Waals having 

the lowest energy. Based on the bonding types at stake, it becomes easier to select the right 

target materials and the appropriate synthetic strategies. These take into account energy 

associated with bond breaking and bond formation and can ultimately lead to the desired 

target network from a building block. 

Coordination chemistry which at first mainly focused on molecular complexes has evolved 

rapidly to a periodical coordination chemistry focussing on networks of complexes. This has 

been achieved by the use of polydentate ligands which can link metal centres in extended 

networks as illustrated in Figure 1.1.4 Metal organic frameworks (MOFs) or coordination 

polymers constitute the largest number of 'engineered' crystals. This is attributed to several 

useful properties endowed by these materials such as sensing, capturing of gases, storage, 

drug delivery and catalysis. 5
-
9 The challenges associated with the crystal engineering of 

MOFs with void space is self-entanglement of the network,10
·
11 as well as designing 

frameworks which can withstand guest release and uptake. While there is much interest in 

this class of compounds, it is currently difficult to design or predict the outcome product 

between the metal ions and the organic ligands.6 However, In the early 1990s Robson 12
'
13 

expanded the ideas of Wells on inorganic network structures into the realm of MOFs. The 

concept of "node" and "spacer" has been successful on several occasions in producing the 

desired network structures.14 

2 
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Figure 1.1: A schematic illustration of the transition from molecular to periodical coordination chemistry by Braga. 
From coordination complexes (left) to coordination complexes (right) .4 

The major drawback of this concept is supramolecular isomerism as several structures with 

different topologies can be obtained from the same building blocks. Factors such as metal to 

ligand ratio , solvents, and the reaction conditions can profoundly influence the outcome of 

the products. One typical example is Davies' work in which two MOFs were prepared from 

zinc(ll) sulphate and 1 ,3,5-benzenetricarboxylic acid by varying the reaction conditions. 15 

One major aim of crystal engineering is to control the factors that lead to supramolecular 

isomerism by assembling molecular building blocks into the desired network through control 

of the supramolecular interactions. 

Crystal engineering has developed rapidly over the years from its "organic" cradle and now 

spans across all areas of chemistry, with relevant interdisciplinary interactions with biology, 

physics and informatics. In biology, crystal engineering involves the understanding of the 

interactions between biological matrices and the crystalline phase. 16
•
17 In solid state reactivity 

chemistry, it is perceived as a tool that enables topochemical control of reactivity and 

stereochemistry. Those working in supramolecular chemistry view crystal engineering as a 

way of exploiting the non-covalent interactions to assemble molecular components into the 

desired architectures. All this shows that the subject of crystal engineering is global and is 

practiced by scientists with different interests but all sharing the idea of making a crystal with 

a purpose. 

3 



INTRODUCTION 

1.2 Supramolecular isomerism 

The occurrence of different solid state packing arrangements of compounds that yield the 

same vapour or liquid phase is referred to as polymorphism. 18 This definition suits very well 

for organic molecular systems. For MOFs, the existence of different crystal structures 

assembled from the same building blocks is more appropriately termed supramolecular 

isomerism 14 and is related to structural isomerism at molecular level. Supramolecular 

isomerism could be a result of the same molecular components generating different 

supramolecular synthons and could be synonymous with polymorphism. In the presence of 

guest molecules in the framework, the term isomerism is very controversial as it is mostly 

used to refer to the framework only.19
-
21 Pseudo-polymorphism has been used to refer to 

supramolecular isomers which have different solvent molecules in their cavities. 22 However 

the use of the term Pseudo-polymorphism has fallen out of favour. An illustration of the 

structural diversity that may arise from the same starting molecular components is given in 

Figure 1.2. 

Supramolecular isomerism in MOFs may be grouped based on analogues drawn at 

molecular level. The following classes of isomerism exist in the field of MOFs: 

Structural supramolecular isomerism: Different superstructures exist for the same metal ions 

and ligands used for synthesis.23 The networks are completely different even though their 

chemical formula and chemical components are the same. 

Conformational supramolecular isomerism: this arises from the change of conformation of a 

flexible ligand in the network which generates a different but often related architecture. 

Conformational polymorphism is closely related to this subject. 24 

Interpenetration supramolecular isomerism: These are isomers which arise as a result of the 

difference in the degree of interpenetration of the nets.25 The non-interpenetrated structure 

and interpenetrated structure exhibit different properties, hence they can be considered as 

different compounds. 

Optical supramolecular isomerism; these are possible as achiral starting materials may form 

crystals that are chiral 26
'
27

. 

4 
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Figure 1.2: A Figure taken from a review paper by Zhang et a/ 19 illustrating different levels of structural diversity 
in the synthesis of MOFs 

1.3 Nomenclature of metal organic frameworks and coordination polymers 

Terminology and nomenclature create added value. These are regarded as tools which 

incorporate new findings into greater weave of science and allow us to move from specific to 

general. 28 MOFs and coordination polymers29 constitute an interdisciplinary field with origins 

in inorganic and coordination chemistry. Due to the diversity in both focus and scientific 

base of those working within this field , this has led to numerous terminologies for this class 

of compounds, thus creating unnecessary confusion and additional misunderstanding. There 

has been much debate on the difference between a metal organic framework and a 

coordination polymer. In a paper published in Dalton in 2008,30 Richard Robson wrote: 

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

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

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

networks formed from perfectly respectable "inorganic" bridging species to some limbo?" 

From Robson's argument it is clear that one can easily draw a conclusion that metal organic 

frameworks are coordination polymers and that there is no need to give a special category to 

5 



INTRODUCTION 

this group of compounds. Because of the different terminologies which were used to 

describe this class of compounds, the International Union of Applied Chemistry (IUPAC) task 

group on Coordination Polymers and MOFs was started in 2009 and was chaired by Lars 

Ohrstrom since its inception in 2009. This group has documented, analysed and evaluated 

the existing practices in a continuous dialogue with researchers in this field . The IUPAC 

recommendations on terminology were published in 2013 in the Journal of Pure Applied 

Chemistry.31 

A coordination polymer as defined in 2013 IUPAC recommendations is a coordination 

compound with repeating coordination entities which extend in 1, 2, or 3 dimensions. 31 It 

should be noted that these compounds do not necessarily need to be crystalline. A typical 

example of a coordination polymer is illustrated in Figure 1.3 in which the cobalt (II) ions are 

bridged by 4,4'-bipyridine ligands. 

Figure 1.3: A classical example of a 1 D coordination polymer. The hydrogen atoms were omitted for clarity. 
Colours: Co (mauve) , N (blue), 0 (red), C(grey).32 

The term coordination network has also appeared in literature to describe this class of 

compounds. This is defined as a compound which extends through repeating coordination 

entities, but cross links between two or more individual chains. The term coordination 

polymer and coordination network are synonymous. A coordination network is a subset of a 

coordination polymer. A typical example is given in Figure 1.4 constructed from 

dihydroxybenoquinone (dhbq) and Y, La , Ce, Gd, Yb or Lu to give a 20 hexagonal grid 

structure. 

6 
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Figure 1.4: A 2D coordination network formulated as M2(dhbq)3·24H20 (M = Y, La, Ce, Gd, Yb and Lu) . Note that 
this compound is referred to as a coordination polymer in the paper by Robson et al.30 

According to the IUPAC recommendations, a coordination network with organic ligands 

containing potential voids is referred to as a metal organic framework, abbreviated MOF. 31 

The IUPAC definition is not restrictive contrary to previous definitions which require that a 

MOF should be made up of secondary building units, and be exclusively applied to ligands 

with carboxylates33 as put forward by Yaghi 's and O'Keeffe. Compounds which contain both 

the carboxylate groups and nitrogen atoms binding to the. metal ions would have to be 

excluded in O'Keeffe and Yaghi 's definition although Yaghi 's earlier definitions of a MOF 

encompassed compounds based on M-N linkages.34 Table 1.1 gives the difference between 

a MOF and a coordination polymer as suggested by Tranchemontagne et a/. It seems the 

definition given by the IUPAC is more encompassing and comes at a time when many 30 

compounds with both the carboxylate and the pyridyl moieties are being developed. 

7 
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Table 1.1. The difference between a MOF and a coordination polymer as put forward by 
Tranchemontagne eta/ in a paper published in Chemistry Society Reviews33 

Property MOF5 Zn(L)z(C/04)z * 

Joint (Secondary Building Unit (SBU)) Polyatomic (OZn4) Monoatomic 

Neutral , Can be Must contain 
Framework pores 

empty counter Ions 

Formal bond valence (Zn-0 or Zn-N) 1/2 0 

Estimated Link energy (2Zn-O or Zn-
363 100-150 

N)kJ/mol 

Zn-X bond to break to excise SBU 12 4 

Estimated energy to excise SBU/kJ/mol 2200 400-600 

*L = N,N' -Bis(4-pyridyl) urea. 

Figure 1.5 shows a compound which was referred to as a coordination polymer but not a 

metal organic framework. Based on the IUPAC defination, this compound can be regarded 

as both a coordination polymer and a metal organic framework. 

(~ 
\0 ~ 
Cu-N N- Cu 
I '-=./ 

(5 
n 

Figure 1.5: A Figure taken from a paper by Ohrstrom et af1 illustrating a coordination network from Kitagawa's 
group35 that can be viewed both as a 20- coordination polymer and a metal organic framework following IUPAC 
recommendations. 

A structure which was referred to as MOF is depicted in Figure 1.6. This compound meets 

the definition of a MOF given in table 1.1. Analysis of the definitions given by IUPAC shows 

that MOFs are coordination networks and that coordination networks are a subset of 

coordination polymers. In this thesis, the term MOF will be used to describe our compounds. 
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INTRODUCTION 

Figure 1.6: MOF -5 36 made in Yaghi 's group assembled from Zn40 secondary building units bridged by six 
benzene-1 ,4-dicarboxylates. Colours: Zn (Light grey), C (grey) , 0 (red) . 

1.4 Interpenetration 

Interpenetration is the most investigated type of entanglement and is very common with 

metal organic frameworks.37 Interpenetration is a phenomenon whereby the voids of a 

network are filled by other independent frameworks and these networks can only be 

disentangled through bond breaking. 38 The interpenetration of identical networks is referred 

to as homocatenation, while heterocatenation is the interpenetration of different networks.14 

As for MOFs and coordination polymers, the terms polycatenation and interpenetration are 

sometimes used interchangeably in the literature. However, the classification of 

entanglements shows that polycatenation is significantly different from interpenetration. 37 For 

polycatenation, the motifs could be different or the same types in 00,10 or 20 nets with 

closed loops that can be interlocked. On the other hand, for interpenetration the individual 

nets should be identical and have the same topology. In polycatenation the number of 

entangled motifs can be finite or infinite; this is not the case with interpenetration because 

the number of interpenetrated networks is finite. The resultant dimensionality for 

polycatenation is higher than all the individual motifs, whereas interpenetrated networks 

have the same dimensionality as the single networks. 39 In this thesis the words 

interpenetration and polycatenation are used interchangeably, preferring the term 

interpenetration. 

Interpenetration is the most common form of entanglement. 40
·
41 There are a significant 

number of reported cases of interpenetration in MOFs. This is because interpenetrated 

networks minimise the empty space due to nature's abhorrence of vacuum thus enhancing 

framework stability through formation of repulsive forces that prevent single nets from 
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collapsing on themselves.37 Interpenetration normally arises when long linkers are used for 

the construction of porous materials. Thus, the construction of highly porous MOFs from 

elongated organic linkers poses a great challenge, as interpenetration is highly favoured to 

increase framework stability and also close the void space. 

1.4.1 Interpenetration in 20 networks 

Parallel and inclined interpenetration are the two main forms of interpenetration found in 2D 

MOFs. The majority of these are primarily based on (4,4) or (6,3) topological nets. The 

topology descriptors will be discussed in chapter 3. 

In parallel interpenetration a new 2D layered or a 3D structure is obtained. A typical example 

of parallel interpenetration is a MOF formulated as {[Co2(pcph(bpp)]'2CH30H]}n where pep 

is 1 ,3-bis(4-carboxy-phenoxy)propane and bpp is 1 ,3-bis(4-pyridyl)propane which was 

prepared under hydrothermal conditions. The network of the compound comprises of 2D 

sheets with an sql (4,4) topology.42 These sheets interpenetrate in such a way that a loop is 

catenated with a single loop from each of the 2 neighbouring sheets. The interpenetrating 

sheets have parallel mean planes which are offset giving rise to 2D to 3D parallel 

interpenetration. This form of entanglement is achieved by rotation of goo of each sheet 

relative to its two adjacent neighbours as shown in Figure 1. 7. 

a) b) 

Figure 1.7: A Figure taken from a paper by Liu et a/ 42 illustrating a 3-fold parallel interpenetration from 20 to 30 
a) The central network in blue interpenetrates with both the red net (above) and the orange net (below). b). Side 
view of the interpenetrated network. 

In case of inclined interpenetration, dimensionality increases from 2D to 3D in the final 

structure. Inclined interpenetration leads only to 3D networks. These can be grouped into 

parallel/parallel , diagonal/diagonal and parallel/diagonal inclined interpenetration. A typical 

example of inclined interpenetration is found in a coordination compound 

[Ni(C10H60 4)(C10H8N2)(H20)2]n assembled from 4-carboxylatocinnamate and 4,4'-bipyridine 
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which act as bidentate bridging ligands, connecting the Ni 11 centres in an octahedral 

coordination geometry into a 20 (4,4) layer.43 Each 20 layer interpenetrates two identical 

layers to give an overall 30 structure as illustrated in Figure 1.8. 

Figure 1.8: A schematic illustration of the 20 to 3D inclined interpenetration of the sql nets.43 

1.4.2 Interpenetration in 30 networks 

Interpenetration in 30 networks is very common. Different degrees of interpenetration have 

been observed, with the highest being a 54-fold srs interpenetrated MOF44 

{[Ag3(0H)(H20h(Tipa)2.5][Mo20 7]34.5H20}n (Tipa = tri(4- imidazolylphenyl)amine) , which 

contains 3-connecting ligands and 2-connecting metal ions. MOFs with a dia topology have 

very high propensity for the formation of networks which are highly interpenetrated .45
.4

6 

1.4.3 Functional effects of interpenetration in 30 networks 

Creation of MOFs with high surface areas is a huge challenge owing to interpenetration of 

individual networks. Engineering of MOFs with large pores for storage of large substrates is 

also hampered by this phenomenon. It is mainly because of these reasons that 

interpenetration was labelled as a nuisance for scientists whose aims are to make porous 

materials with high surface area. On the other hand, for those interested in studying the 

topology of MOFs, interpenetration is an interesting phenomenon.44 
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Despite all the negative effects of interpenetration, Zhou found that interpenetration can 

enhance uptake of hydrogen gas.47
·
48 This was done by comparing a 

2-fold interpenetrated network (PCN-6) and its non-interpenetrated (PCN-6') MOF 

counterpart. It was also noted that the surface area of the PCN-6' (2700 m2/g) structure was 

lower than that of PCN-6 (3800 m2/g) indicating a 41% enhancement in Langmuir surface 

area upon interpenetration. This was attributed to the generation of new absorption sites and 

some small pores upon interpenetration. The presence of small pores increases the 

interactions between the guest molecules and the host framework; this explains the 

enhancement of hydrogen uptake in PCN-6. Computational studies with Grand Canonical 

Monte Carlo (GCMC) simulations have shown that interpenetrated frameworks , with more 

metal-corner sites per unit volume exhibit higher hydrogen uptake at low temperatures and 

low pressure regime. 49 The opposite is true for non-interpenetrated MOFs with larger free 

volumes for adsorbed molecules, which generally present high absorption capacities at 

higher temperatures and pressures. 

Having observed the positive effects of interpenetration, it can be concluded that this 

phenomenon can be used for practical advantage if one desires MOFs with small pore sizes 

which could be of paramount importance to hydrogen and carbon dioxide absorption.48
·
50 

Furthermore, the interaction of interpenetrated nets can result in dynamic breathing 

behaviour which could be beneficial to storage and separation of gases. 10
•
51 This implies that 

interpenetration and non-interpenetration have their own advantages, and the occurrence of 

interpenetration should never be viewed negatively. 

1.4.4 Interpenetration control 

The desire to engineer crystals which are highly porous has resulted in several strategies 

being used to control the degree of interpenetration. Solvent templating has been used in 

many studies with great success.10
·
52 This is because the MOF crystals will grow around the 

surface of the template thereby hindering the entanglement of multiple nets. Secondary 

building units (SBU) have also been used to address this issue. 53 The length of the linker 

influences the degree of interpenetration , while the size of the SBU determines the free 

volume. This implies that the MOFs constructed from small SBU units are likely to have 

small free volumes as a result of linkers occupying the void space.54 Reaction conditions 

such as temperature and concentration have also been found to have a great influence on 

interpenetration of MOFs. Dilute solutions are likely to give non-interpenetrating MOFs with 

large pores if long linkers are used. This idea was demonstrated by synthesing of IRMOF 

12 





































































































































































































































































































































































































GUEST EXCHANGE STUDIES IN METAL ORGANIC FRAMEWORKS OF Co(ll) AND Ni(ll) ASSEMBLED 
FROM 4-(4-PYRIDYL) BENZOATE 

7.6 Thermal analysis of 11 

Thermal analysis by TGA of compound 11 is depicted in Figure 7.25. The TGA trace 

displays a total mass loss of 18.9% with a temperature range of 30 - 150 oc. This suggests 

that there could be further solvents present in the structure of 11 that were not modelled due 

to the quality of the data because this mass loss is more that the calculated guest content 

(15.9%). Decomposition of the guest free compound occurs above 330 oc 
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Figure 7.25: TGA (blue) trace and the % mass derivative (red) of compound 11 . 

7. 7 Iodine sorption studies 

Iodine sorption studies were carried out using [Ni(44pba)2]n (7d) because it was found to be 

more stable in air than its cobalt analogue compound [Co(44pba)2]n 6d . The preparation of 

7d was described in Chapter 6 section 6.3. To evaluate the uptake of 12 molecules by the 

activated phase 7d, crystals were exposed to iodine vapour for a period of two weeks. The 

amount of iodine uptake was monitored by TGA analysis (Figure 7.26.) 
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Figure 7.26: TGA analysis for the uptake of iodine by 7d as a function of time in days. 

The amount absorbed as a function of time is given in Table 7.12 and modelled based on 

the formula [Ni(44pba)2]·xl2 where x represents the number of iodine molecules per formula 

unit. 

Table 7.12: Parameters for the gravimetric uptake of iodine by [Ni(44pba)2] (7d)· 

Time (days) % TGA mass loss [Ni( 44pba)J· x/2 

1 27.51 0.68 
2 36.32 1.02 
6 46.86 1.58 
10 48.86 1.71 

14 51.43 1.89 

The maximum amount of iodine uptake corresponds to 1.9 b per formula unit as determined 

by gravimetric analysis. Elemental analysis results suggest an uptake of 212 per formula unit, 

calculated % C 29.92, N 2.91 , H 1.66 from 7d·212, % found C 30.30, N 2.18, H 1.82 . This 

equates to 1.1 Og/g uptake of iodine on the activated sample. The amount of iodine uptake is 

slightly higher than the one reported using a MOF with double walls 

{[Zn3(dl-lach(pybz)2] ·3DMF}n (dl-lac=lactate, pybz=4-(4-pyridyl)benzoate) , (1.01 g/g ) which 

exceeded zeolite 13X (0.32-0.38 g/g), activated carbon (0.84 g/g) and other systems.8-
12 

The high affinity of the double walled MOF to iodine molecules was attributed to the 
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structural character from the regular rr-electron walls made of 4-(4-pyridyl)benzoate ligands. 

The same effect may also be assumed for the activated sample under study since it was 

constructed from the same ligand. The larger iodine uptake achieved in our study may be 

attributed to the 47 % free channel volume compared to the 43.5 % found in the double 

walled MOF. PXRD studies in Figure 7.27 show the trace of the activated phase (7d) , iodine 

loaded sample (7d·212) and the trace after releasing iodine in methanol. Upon capture of 

iodine by 7d there is a significant decrease in peak intensity for the Bragg peak located at 

7.9° which corresponds to the (0 2 0) reflections. The (0 2 0) plane is parallel to the [1 0 0] 

direction and cuts through the centre of the channels which run along the c-axis. This 

suggests that the l2 molecules are not highly ordered in the channels. However, upon 

release of iodine in methanol , the intensity of this peak increases while those at higher 28 

positions decrease. Upon iodine sorption, the appearance of a new peak absent in the 

activated phase is observed at about 11 .2° and is due to the (0 1 2) reflections. This peak is 

attributable to the inclusion of iodine in the channels, and it decreases significantly upon 

releasing iodine in methanol. Additionally there is an increase in peak intensity for peaks 

located at 21.4 and 23.8° 28 positions upon exposure vapour. The intensity of these peaks 

also decrease when iodine is released in methanol. 

after iodine release in methanol 

7d 

4 7 10 13 28 

Figure 7.27: A comparison of the PXRD patterns before iodine loading (7d), iodine loaded and after iodine 
release in methanol. 

It is observed that the PXRD peaks in the iodine loaded samples are very broad. This may 

be attributed to the strain/stress that is induced on the framework upon loading the iodine in 

the channels or the disorder of the 12 molecules in the channels as evidenced by the 

decrease in the peak intensity at 7.9° 28 position. 
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Efforts to get a crystal structure of the iodine inclusion compound were thwarted by the poor 

diffraction exhibited by the crystals. The PXRD trace after releasing iodine in methanol is 

very similar to the activated phase. This confirms that the uptake of iodine is a reversible 

process. 
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Figure 7.28: IR spectra of the empty network (7d), iodine loaded (7d·212) and after iodine release in dry 
methanol. 

To gain further insight into the sorption of iodine into the channels of 7d, samples with 

maximum b loading were analysed by infrared spectroscopy (Figure 7.28). Results obtained 

were compared to theIR of 7d and the trace obtained upon iodine release in methanol. The 

asymmetric carboxylate stretch appears at approximately the same frequency 

(ca 1587 cm-1) in the empty network, iodine loaded and after iodine release in methanol. The 

symmetric carboxylate vibrations appear as a shoulder at 1401 cm-1 after capturing iodine. 

The shift from 1388 cm-1 frequency observed is attributed to the strong interactions of the 

iodine molecules with the host framework. IR traces of the iodine loaded crystals show a 

band at 1695 cm-1 which is characteristic of a carbonyl band. However, this band is too weak 

for it to be assigned to carbonyl stretch. This band disappears after unloading iodine in 
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methanol, and the IR trace found is very similar to that of the activated phase, a result which 

reinforces the reversibility of the process. 

The release of iodine was performed by soaking 25 mg of the iodine loaded crystals in dry 

methanol. Iodine release was immediately noted by the colour of the solution which changed 

from clear to dark red as depicted in Figure 7.29.a 

(a) 

0 hrs 0.2Shrs 1 hr 2hrs 

lmm 

0 hrs 6hrs 

Figure 7.29: (a) Crystals of 7d·2h releasing iodine in dry methanol (b) Scheme illustrating the iodine loading and 
in release (c) a selected crystal undergoing the iodine release process in methanol. 
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Figure 7.29 shows crystals of 7d exposed to iodine vapour, iodine loaded crystals , and the 

colour changes that takes place upon unloading iodine in methanol. Complete iodine release 

was achieved in 10 days as evidenced by the complete colour change from black to green. 

Although detailed studies of the kinetics of iodine release were not carried out, the kinetics of 

release of the iodine from the channels is very similar to other reported systems, which show 

that complete removal is achieved in more than ten days.8·
13 

TG analysis before loading, after loading iodine and upon releasing iodine from the channels 

is illustrated in Figure 7.30. TGA of 7d (activated phase) is featureless until decomposition 

which shows that no solvent was included. The observed 51 .14% mass loss for the iodine 

loaded compound corresponds to about 21 2 per Ni(44pba)2. The 14% mass loss observed 

for the TG of the compound after iodine release in methanol may be attributed to loss of 

methanol molecules occupying the channels. This mass loss is comparable to the mass 

loss 7d-methanol presented in Chapter 6.10 which showed a 13.1% weight loss. Compared 

to zeolite 13X and activated carbon the release of iodine from our MOF is a very slow 

process. This is because conventional adsorbents such as zeolites lack interactions between 

the b and the host framework. It was noted that iodine could also be released in ethanol but 

the crystals turned to a whitish colour. 
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Figure 7.30: Thermogravimetric traces illustrating iodine loading and iodine release in methanol for compound 
7d . 
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To understand the nature of interactions between the iodine and the framework, compound 

11 was prepared as described in section 7.5 of this Chapter. This method allows one to 

retain single crystallinity. Single crystal diffraction shows that iodine was included in channel 

B with 10% occupancy. High iodine content in the crystals results in poor diffraction of the 

crystals . This has been noted in other previous studies; 14 hence our strategy was to carry out 

structure elucidation with partial 12 occupancy in the host framework. We expected the 

occupancy of the l2 molecules to increase with increased time of exposure. The structure 

obtained gives us some insights on the sites that are occupied by the iodine molecules and 

the nature of the interactions between the iodine and the framework. A notable difference is 

the contraction of the unit cell volume upon inclusion of the gaseous iodine when compared 

with the previously reported analogues of the framework. 15
·
3 The refined I - I distance of 

(2.669 A) is within the expected range. The iodine molecules align themselves parallel with 

the walls of the channels, and hence interact with the TT- electrons of the framework 

(Figure 7.24), a result which explains the slow release of iodine from the network. 

7.8 Summary 

A series of structural transformations were triggered by soaking compound 6 in methanol for 

four weeks to give compounds 8, 9 and 10. Single crystal X-ray diffraction showed that the 

transformations involved breaking and formation of new bonds around the metal centre. This 

process gave rise to formation of new compounds which could not be obtained by 

conventional methods. The framework in compound 6 was reconstituted by soaking 

compound 10 in a DMF/ethanol mixture for 72 hours. This reversible transformation could be 

attributed to the guest topology in 10 which may template the formation of the framework in 

6. 

Iodine sorption studies were carried out using the activated phase of compound 7. The 

activated phase absorbs 1.10 gig of iodine when exposed to iodine vapour for 14 days. The 

iodine loaded crystals were found to release the iodine in methanol. However, the process of 

iodine release was found to be a very slow process as it took 10 days for the colour of the 

crystals to change from black to the original green colour. To understand the nature of 

interactions between the iodine and the framework, methanol solvated crystals were 

exposed to iodine vapour for 24 hours. Single crystal X-ray diffraction revealed that the 

iodine molecules interact with the TT electron system of the framework as they are located 

close to the walls of the channels. These interactions explain why the release of iodine from 

the framework took several days. 
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CONCLUSION 

8.1 Summary 

MOFs have received great attention due to their useful properties. These provide a unique 

platform for achieving materials with controllable physical prop~rties such as framework 

flexibility which is normally triggered upon guest sorption. The work presented in this thesis 

focussed on preparation and characterisation of MOFs and evaluating their ability to absorb 

a wide range of solvent molecules as well as their chromic properties. Pyridyl carboxylate 

ligands, 3-(4-pyridyl)benzoate and 4-(4-pyridyl)benzoate were used to connect metal ions to 

give 2D and 3D extended structures which were porous. The advantage of using these 

ligands is that they give rise to compounds which are dynamic and are capable of 

responding to their environment. The flexibility of the materials arises from the ability of the 

ligands to rotate about their connecting points as well as the different binding modes that 

can be assumed by the carboxylate moiety under different conditions. Such materials are 

ideally suitable for solvatochromic sensing. The MOFs made were characterised by thermal 

techniques such as Differential Scanning Calorimetry, Thermogravimetric analysis, Hot 

Stage Microscopy and variable temperature PXRD. Structural elucidation was performed by 

single crystal X-ray diffraction and powder X-ray diffraction studies were used to check the 

phase purity and phase transition of the prepared materials. Rietveld refinement and Pawley 

fitting were performed on powder X-ray data to validate unit cell parameters in situations 

where single crystals were not suitable for data collection. Topological analyses of the 

crystal structures were performed using the TOPOS computer program to gain a better 

understanding of the underlying net of the structures. This allowed for simplification of 

complicated structures to more general structures that we are familiar with from general 

chemistry textbooks. 

8.1.1 3-(4-pyridyl)benzoate compounds 

Compound 1 and 2 have the same molecular formula [{Co(34pba)2]·DMF]}n but differ in the 

molecular building blocks which construct the frameworks. The two compounds were 

obtained concomitantly under solvothermal conditions from the reaction of 3-(4-pyridyl) 

benzoic acid and cobalt(ll) nitrate hexahydrate at 105 oc. 1 had a bcu net while 2 formed a 

square grid lattice topology. Optimisation of the reaction conditions led to the formation of 1 

at 120 oc while 2 was obtained with another unidentified product at 75 oc. 1 was referred to 

as a thermodynamic product while 2 was identified as a kinetic product. 

The reaction of zinc( II) nitrate hexahydrate with 3-(4-pyridyl)benzoate at room temperature in 

a DMF solution afforded two metal organic frameworks based on an sql net (3 and 4) with 
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the same molecular formula [{Zn(34pba)2]· DMF]}n. These compounds differ in the binding 

mode of the carboxylate group; in compound 3 the carboxylate moiety exhibits a 

monodentate binding mode while in 4 it assumes a chelating binding fashion. Compound 3 

crystallised in a P21/c space group while 4 crystallised in a chiral space group P43212. 

Compound 4 was isolated exclusively in high yields at 80 oc while the conditions that could 

lead to the isolation of 3 could not be established. Niu et a/ reported a similar structure 

{[Zn(34pba)2]·1.5H20]}n to 3 which was synthesised under hydrothermal conditions in the 

presence of auxiliary acids 1. 

8.1.2 4-(4-pyridyl)benzoate compounds 

The solvothermal reaction of 4-(4-pyridyl)benzoic acid (compound 5) with cobalt nitrate 

hexahydrate or nickel nitrate hexahydrate in a 5:2 DMF/ethanol mixture at 105 oc for 72 

hours afforded {[Co4(44pba)8]·4DMF·0.5CH3CH20H-4H20}n (6) or {Ni4(44pba)8·4DMF· 0.5 

CH3CH20H ·3H20}n} (7) . The two compounds are isostructural and crystallise in a chiral 

space group 14. Large channels were constructed by dextro and leva helical nets which run 

along the [001] direction. Compound 6 and 7 exhibited a dia topology. 

Compounds {[Co(44pba)2]·2.5CH30H·H20}n (8), {[Co(44pbah(CH30)2]·2CH30H·0.5H20}n 

(9), {[Co0 5(44pba)(CH30)]-0.5CH30H·0.25H20}n (10) are subsequent structures of 6. 

Soaking crystals of 6 in methanol for 24 hours resulted in the exchange of DMF for methanol 

to give 8. The structure of 8 is very similar to that of 6 in terms of the geometry around the 

metal centre as well as the network topology. Minor modifications are observed in the 

dihedral angles between the pyridyl and phenyl ring as well as some bond length changes 

for the atoms coordinated to the metal centre. Compound 8 transformed into 10 via the 

intermediate phase 9 after four weeks. Networks of 9 and 10 exhibited a pts and qtz 

topology respectively. 

Compound 11 {[Ni(44pba)2]·0.5CH30H·2.5H20·0.1 b}n was obtained by soaking crystals of 7 

in methanol for 24 hours followed by exposing the crystals to iodine vapour for 24 hours. The 

compound is an analogue of 8, and only differs in the nature of metal centre and the guest 

content. 
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8.2 Thermochromic behaviour 

The thermochromic properties of the compounds presented in this thesis were studied by 

HSM and IR analysis. From these studies it can be concluded that there are a few 

mechanisms which were associated with the colour changes upon heating the crystals which 

are; 

(i) Loss of solvent molecules: This causes some subtle changes which in turn trigger 

minor modifications of the framework. This was observed with crystals of 

compound 4. These crystals turned from colourless to a golden yellow. Single 

crystal x-ray diffraction showed significant changes in the dihedral angles 

between the phenyl and pyridyl ring while the geometry around the metal centre 

remained the same. The observed thermochromic behaviour may be attributed to 

the rr to rr* transition . 

(ii) Change in the binding mode of the carboxylate moiety from chelating or 

bidentate to monodentate, which changes the coordination geometry around the 

metal centre, thus altering the visible d-d transitions. This is illustrated by 1 and 2 

as suggested by IR results . 

(iii) Structural rearrangement upon phase change. For compound 6 and 7, the 

thermochromic behaviour could have originated from this phenomenon 

8.3 Solvatochromic behaviour 

Activated phases of compounds 1, 6 and 7 showed some solvatochromic behaviour upon 

soaking in a wide range of solvents. The phenomenon was studied by HSM, IR and UV-vis. 

The mechanism of solvatochromism based on the results presented in this study may stem 

from changes in the crystal packing induced by strong hydrogen bonding for compound 6. In 

compound 1 and 7 this effect could be attributed to both changes in the crystal packing and 

changes in the binding mode of the carboxylate moiety which cause changes in the 

geometry around the central metal ion. A change in the spin state induced upon sorption of 

guest molecules has also been reported to cause a change in the colour of crystals. 2 
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8.4 Non-isothermal and isothermal kinetics 

The energy associated with the removal of the guest molecules in the network was studied 

by non-isothermal kinetics. The majority of the compounds presented in this thesis showed 

that the energy required for removing the guest molecules increased with an increase in the 

percentage of conversion level. This implies that the energy increases as the reaction 

proceeds to completion. One might expect the energy to be high at the beginning of the 

reaction and then decrease as the reaction nears completion , but results such as ours may 

suggest different mechanisms operating throughout the course of the reaction. As the 

material is heated it may behave differently at different temperatures, which may explain why 

the energy increases. 

Isothermal kinetics of guest uptake by the activated phase of compound 6 and 7 was 

performed using an in-house built balance. The mechanism for water uptake was found to 

be controlled by diffusion based model. The results obtained are consistent with the crystal 

structures of the compounds with large 1 0 channels running along the c-axis. The 

contracting volume (02) model which fitted well with both 6d and 7d phases suggests that 

the network is flexible . This may be brought about by the movement of the interpenetrated 

dia nets, thus allowing diffusion of water in two dimensions. The low activation energies 

obtained for the uptake of water by 6d and 7d show that there are no obvious directional 

constraints on the diffusion of guest water molecules. 

8.5 Flexing of metal organic frameworks 

Flexing is an important aspect in the field of metal organic frameworks with applications in 

separation and sensing. In most cases describing "breathing mechanisms" the system are 

30.3-
8 However, this interesting phenomenon has not been widely explored for 20 networks. 

Single crystal X-ray diffraction studies revealed the breathing mechanism of the activated 

phase of 4 upon absorption of linear chain alcohols. The key mechanisms for the breathing 

were (a) movement of adjacent 20 sheets along the c-axis and (b) dynamic motion of the 

phenyl and pyridyl rings which gave rise to cleavage of the metal to oxygen. The latter 

resulted in the lengthening of the twisted ligands thus increasing the distance separation of 

the metal centres within the same layer. 
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8.6 Thermal stability 

The majority of compounds presented in this thesis showed high thermal stability. 20 

interdigited nets based on square lattice topology had relatively low thermal stability in 

comparison to 30 networks of 6, 7, 8, 9, 10 and 11 with interpenetrated frameworks. In 

addition to the interpenetration which provided some high thermal stabilities, the presence of 

hydrogen bonding interactions between adjacent nets have a significant contribution to the 

overall stability of the metal organic framework.9·
10 This manifested in compound 6 and 7. 

Compound 6 had relatively stronger hydrogen bonding interactions than 7 on adjacent dia 

nets which resulted in a higher temperature of decomposition in comparison to its nickel 

analogue. 

8.7 Future work 

The primary objectives of the work presented in this thesis were given in Chapter 1 section 

1.8.2. All the objectives of the study were achieved. Novel MOFs based on Zn(ll) , Ni(ll) and 

Co(ll) with solvatochromic and thermochromic properties were prepared using 3-(4-pyridyl) 

benzoate and 4-(4-pyridyl)benzoate. The chromic properties were investigated and 

attributed to structural changes induced by external stimuli such as heat and sorption of 

guest molecules. The use of 3-(4-pyridyl)benzoate ligand in constructing MOFs gave rise to 

a flexible material as a result of the change in conformation of the ligand under different 

conditions. This property has been exploited to separate a mixture of 

n-butanol and methanol. 

Future work should be directed towards the preparation of metal organic frameworks with 

Cu(ll) . Such materials should also exhibit thermochromic and solvatochromic properties 

owing to the rich coordination geometry of copper. It would be also interesting to investigate 

the preparation of metal organic frameworks using mixed ligand systems. In this case , 

compounds such as 4-(4-biphenyl)-dicarboxylic acid , 3, 5 pyridine-dicarboxylic acid and 2,6 

pyridine-dicarboxylic acid can be mixed with the pyridyl benzoate ligands (44pba and 

34pba). Materials prepared from mixed ligand systems are expected to have superior 

properties when compared to those prepared from a single ligand. This is because such 

materials inherit properties of the two ligands and the metal ion used. 
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8.8 Final Comments 

The work presented here is of value in high temperature detection as well as sensing of 

molecules through colour changes.11 The crystal structure of the desolvated phase of 

compound 4 unequivocally prooved that colour changes in crystals may also stem from 

minor modifications in the network rather than changes in the geometry around the metal 

centre. Niu's compound {[Zn(34pba)2] ·1.5H20]}n and compound 4 [{Zn(34pba)2]·DMF]}n 

presented in this thesis show how the solvent molecules in the crystal structures influence 

the physical appearance of the crystals. This behaviour towards different solvent molecules 

is of paramount importance in the design of chemical sensors. 
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Appendices 

Appendices can be found on the enclosed disk. 

Appendix A contains the supplementary crystallographic information for each structure. The 

files have been saved in a subfolder under their structure number. 

Appendix B contains the supplementary Rietveld refinement data 

Appendix C contains supplementary material such as TGA, DSC, PXRD and solvent 

sorption data. The files are in subfolders under chapter names 

The following files are attached for each crystal structure: 

File 
Extensions 

.hkl 

.res 

.mercury 

.fcf 

.lis 

.pdf 

.txt 

Contents 

reflection data 
SHELX coordinate data 

crystallographic information file 
contains tables of observed and calculated structure 
factors 
PLA TON output 

CheckCIF Report 

Rietveld refinement details 
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