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Abstract 

In recent years MOFs have attracted a lot of attention for their permanent porous 

properties. MOFs are traditionally synthesised using a solvothermal synthesis method, 

but a “green” synthesis method has recently emerged, mechanochemical synthesis, which 

can produce MOFs using a fraction of the solvent compared to solvothermally 

synthesised counterparts.  

MOFs have the potential to revolutionise several fields, most notably gas-storage and 

catalysis. In this thesis the potential drug loading applications of MOFs which have been 

mechanochemically synthesised are explored. 

Mechanochemical synthesis has been used to prepare MOF-74-Zn, Zn2C8O6H2, a porous 

metal-organic framework. Several novel crystalline intermediates, C14H20N2O8, 

C14H22N2O10Zn(α), C14H22N2O10Zn(β)  were found to form during mechanochemical 

synthesis prior to MOF-74. Their structures have been characterised by  powder and 

single-crystal X-ray diffraction. The properties of mechanochemically-synthesised 

MOF-74-Zn have been investigated using analytical, spectroscopic and powder X-ray 

diffraction methods to compare to conventionally synthesised MOF-74. 

The potential of MOF-74-Zn  as a vehicle for drug delivery applications has been 

investigated. Reported here is the drug loading and unloading of MOF-74-Zn with 

ibuprofen. The maximum ibuprofen loading of 0.29 g/g of ibuprofen per gram of 

MOF-74-Zn is reported and the ibuprofen-MOF interactions have been investigated using 

solid-state NMR (SS-NMR) and inelastic neutron spectroscopy (INS). 

By adopting a similar synthetic approach to that used for MOF-74, a novel isoreticular 

framework based on MOF-74-Zn has been prepared (IR-MOF-74-Zn). This new 
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framework has the same topology and pore shape as MOF-74-Zn but is synthesised with 

a larger organic linker, 4,4’-oxalylbis(imino)]bis(2-hydroxybenzoic acid). The linker was 

used to produce a framework with significantly larger potential surface area than MOF-74 

with estimated pore diameters of 22 Å. As with MOF-74, crystalline intermediates form 

during synthesis. Three IR-MOF-74-Zn intermediates have been found and partially 

characterised using X-ray diffraction methods. 

The crystal structures of 2,5-dihydroxyterephthalic acid (C8H6O6) and its potassium salt 

(C8H6O6K(H2O)) are also reported. Additionally, the crystal structure of the DMF solvate 

of 4,4’-oxalylbis(imino)]bis(2-hydroxybenzoic acid (C16H12N2O8(C3H7O)2) and its zinc 

paddlewheel coordination polymer, (Zn2(C2H3O2)2C16H12N2O8(C3H7O)2), have also been 

characterised. 
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1- Introduction 

1.1 Background 

Over the last 25 years there has been much interest in the field of porous materials 

research, specifically in the class of compounds known as metal-organic frameworks or 

MOFs. Before MOFs, porous material research was focussed on activated carbons and 

zeolites.1 Since interest increased dramatically in the late 1990s porous materials’ 

research has been dominated by MOFs. As illustrated by Figure 1, the number of MOF 

structures published yearly exploded from 1990 to 2010. In the past, MOFs were called 

multiple names, including porous coordination polymers (PCP), 2 but the term MOF has 

been broadly adopted.  

 

Figure 1 Number of MOF structures reported each year from 1970 to 2010. Source CCDC CSD.3 

A MOF is constructed from metal-ions which act as nodes and organic ligands which act 

as bridges between nodes (Figure 2). This node and bridge connection can result in 

extended structures with a range of dimensionalities. A subset of MOFs have the potential 

to exhibit permanent porosity and large surface areas, which is the primary reason for the 

interest in the field. 
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The most important historical MOFs are those with very large surface areas; MOF-5,4 

BioMOF-100,5 HKUST-1,6 MIL-100,7 and UIO-66 8 are well known examples. The 

largest reported surface area for a MOF is DUT-60 9 which has a surface area exceeding 

7800 m2 g-1. 

MOFs nodes can be constructed from almost all cations, including all transition metals, 

and, when the possible variation in organic linkers is taken into account,  an almost 

infinite number of MOFs can be generated. Linkers are primarily comprised of two 

categories: O donors and N donors. O donor linkers are most commonly polycarboxylic 

acid and alcohol groups. The most common N donor linkers have cyanide, pyridine, and 

imidazole groups. The combination of metal node choice, linker donor group, and linker 

geometry can produce a huge range of MOFs with differing properties. MOFs properties 

can be further tuned using post synthetic modification to functionalise organic linkers to 

further suit target applications.10  

 

Figure 2 Schematic representation of a MOF. 
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The inorganic nodes in MOFs can be single metal atoms with whichever coordination 

complexes are available to a metal; for example zinc commonly forms tetrahedral and 

octahedral complexes.11, 12 In addition to single metal inorganic nodes, metal clusters can 

also form inorganic nodes; these are known as secondary building units (SBUs). An SBU 

is the spatial arrangement of multiple metal atoms coordinated to organic linkers to form 

metal clusters (Figure 3). The most common SBU is the paddlewheel (Figure 3a) which 

is a metal dimer connected by carboxylic groups, most commonly forming in synthesis 

using metal acetate sources. SBUs add further complexity to metal choice as both single 

metal choice and possible secondary building units need to be considered when designing 

a target framework. The example SBU (Figure 3) the “paddlewheel” is produced most 

notably by Cu2+ but also forms in Zn2+ and Fe2+ environments.13-15 

The combination of organic linker properties and inorganic nodes coordination produce 

MOFs with specific spatial arrangements; the 3D structure of a MOF is more commonly 

known as a MOF topology. Using SBUs a whole new series of MOFs can be produced 

which have the same topology but different linker properties. A good example is the IR-

MOF-5 series created by Yaghi et al., which  produced frameworks of increasing linker 

length and surface area (Figure 4).16  

Figure 3 Two examples of common secondary building units found in MOFs . Figure 3a zinc paddlewheel 
SBU. Figure 3b edge-sharing tetrahedral zinc coordination. Elements: carbon (grey), oxygen (red), zinc 
(blue polyhedra). 

a b 
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Figure 4 MOF-5 demonstrates ability to form isoreticular frameworks, each framework has the same 
topology, but pore size increases with linker length. Figure 4a MOF-5 packed and viewed down 
crystallographic a-axis.17 Figure 4b IRMOF-5 packed and viewed down crystallographic a-axis.16 Figure 
4c IR-2MOF-5 packed and viewed down crystallographic a-axis.16 Sketches at bottom right correspond to 
linkers used to synthesise frameworks. Elements Present: carbon (grey), oxygen (red), blue polyhedra 
(zinc). 

Shown in Table 1 are the six most researched MOFs together with their theoretical BET 

surface areas. Surface area and pore shape is often used when considering which of the 

MOFs to use for a purpose, though other factors go into account for other applications; 

for example, linker and metal toxicity is a consideration for drug delivery applications. 
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b
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Table 1 List of the most common MOFs including the linker used in synthesis and theoretical Chem BET 
surface area. Accessible surface area of the MOFs are shown as yellow surfaces. Accessible surfaces 
calculated using Mercury void space calculation.18 

MOF Linker sketch View of pore & pore shape surface area (m2 g-1) 
MOF-74 19 OH

HO

OH

OHO

O

 

 
Hexagonal channels 

1360 20 

ZIF-8 21 N

N  

 
Interconnected pores 

1813 22 

UiO-66 8 O

OHO

HO

 

 
Triangular channels 

1067 23 

HKUST-1 24 
Fe-BTC 25 

HO

O

OH

O

HO O

 

 
Interconnected pores 

1635 26 
1600 

MIL-53 27-29  O

OHO

HO

 

 
Square channels 

1946 30 

MIL-100 31 

HO

O

OH

O

HO O

 
 

Interconnected pores 

2006 32 
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1.2 Synthesis of MOFs 

Solvothermal synthesis is the most common synthesis method for producing MOFs. It is 

widely used as a synthetic method as it enables the synthesis of many otherwise 

unproducible products.33 Solvothermal synthesis uses modest pressure (between 1 and 3 

mPa) and high temperature (between 60 and 240 °C) to form products. In a standard 

solvothermal synthesis procedure, small quantities of reactants are dissolved in polar 

solvents such as water, DMF, and alcohols. The reactants are sealed in Teflon lined 

stainless steel autoclaves (Figure 5) and heated; typically for several days. The heating 

rate, max temperature, time at max temperature, and cooling rate all affect the products 

produced. 

Figure 5 Schematic diagram of a Teflon lined autoclave used in solvothermal synthesis. Source: Oregon 
State University autoclave training course34  

Solvothermal synthesis methods are very wasteful and difficult to take to industrial scale 

compared to alternative synthesis methods. It is quite common for 15 mL of solvent to 

be used to make only 100- 500 mg of product. For MOFs specifically, in recent years a 

range of alternative synthesis methods have been found including microwave synthesis,35 

room-temperature synthesis methods,36 and mechanochemical synthesis methods.37  
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1.2.1 Mechanochemical synthesis 

Mechanochemical synthesis is the use of mechanical force to stimulate chemical 

reactions. Mechanochemical synthesis is defined as a chemical reaction that is induced 

by the direct absorption of mechanical energy.38 Mechanical energy manifests in several 

ways including: stress-strain effects, shear forces, friction, and cavitation effects. 

Unfortunately, the exact reaction mechanisms involved for many mechanochemical 

reactions are poorly understood.  

It is widely accepted that the mechanism a mechanochemical reaction will follow is 

different from its corresponding thermal or photosynthetic reaction. Due to the 

differences in reaction pathways, materials can be produced very efficiently using 

mechanochemical synthesis.   

A very common concept in mechanochemical synthesis is the addition of small volumes 

of solvent; this is known as liquid assisted grinding (LAG), and has been shown to change 

reaction intermediates and result in different products.39 There are examples of reactions 

taking much longer to complete without solvent addition, or cases where target products 

do not form at all40 when solvent is not added. 

Mechanochemical reactions are most commonly carried out at room-temperature. It has 

recently been demonstrated that the temperature of both the starting materials and the 

milling jar can significantly influence the rates of mechanochemical reactions.41 

Temperature, starting material stoichiometry, solvent volume, reaction time, jar size, rate 

of vibration/rotation, and the number / mass of milling balls all have the potential to affect 

the resulting products. This means that a systematic approach to reaction optimisation is 

often the most appropriate. 



 
 

8 
 

All mechanochemical reactions discussed in this work involve the deprotonation of 

carboxylic acids. Zinc oxide reacts with carboxylic acids to produce coordination 

products, along with water as a by-product. The formation of water hydrates the reaction 

mixture, which pushes the reaction equilibria toward products.42 

𝑍𝑍𝑍𝑍𝑍𝑍 + 2𝑅𝑅𝑅𝑅𝑍𝑍2𝐻𝐻 ↔ 𝑍𝑍𝑍𝑍2+ + 2𝑅𝑅𝑅𝑅𝑍𝑍2− + 𝐻𝐻2𝑍𝑍 

 

1.2.2 In situ mechanochemical reactions and their intermediates 

A benefit of mechanochemical reactions is the ability to “pause” a reaction, at which 

point various analytical techniques can be carried out on the reaction mixture. This allows 

for in situ studying of the reaction with reaction progress monitored by analytical 

techniques.43 The two most common techniques used to monitor reactions are: Raman 

spectroscopy 44, 45 and powder X-ray diffraction.42 Raman spectroscopy allows for 

monitoring change in functional groups throughout a reaction; PXRD is used to study the 

crystalline intermediates and will be a focus of the mechanochemical reactions studied in 

this thesis.  

Throughout mechanochemical reactions crystalline intermediates can, and often do, form. 

The phenomenon is widely reported in all fields of mechanochemical synthesis.46 

Working out the chemical composition of these intermediates is rather challenging; in the 

best case, the intermediate will correspond to an already solved crystal structure. These 

solved crystal structures can be searched through use of crystal structure databases, such 

as the CCDC CSD 3 and the ICSD.47 Rietveld refinement can then be performed using 

the reported crystal structures. In the worst-case scenario, structure solution from PXRD 

is necessary and is considerably more complicated (see Section 2.9.2.2). 
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1.3 Alternative synthesis methods 

In addition to mechanochemical synthesis and solvothermal synthesis several other 

synthetic routes have been reported. In particular, flow chemistry synthesis methods are 

the next most promising after mechanochemical and solvothermal methods. This 

synthesis method uses high-pressure heated coils, and a mixture of starting materials is 

pushed continuously through the coils to synthesise a MOF (Figure 6). Flow synthesis 

methods allow for high-throughput production of crystalline MOFs with controlled 

particles sizes. So far, the synthesis of several well-known MOFs have been reported, 

including HKUST-1,48 UiO-66,49 and MIL-53.50 

The final method worth mentioning is microwave synthesis.51 Microwave synthesis is 

defined as the use of microwave radiation to heat reaction mixtures which produces 

chemical reactions.52 Over the last few years, microwave synthesis has garnered a fair 

amount of academic interest as an alternative MOF synthesis method. The key benefit of 

microwave synthesis is the greatly reduced reaction times compared to solvothermal 

synthesis methods, taking reaction times of hours down to minutes. Microwave synthesis 

has been successful in synthesising several well-known MOFs including: UiO-66,53 

MIL-101,54 and MOF-74-Ni.55 Unfortunately, microwave synthesis is difficult to scale-

up for industrial synthesis as the penetrative power of microwaves is quite shallow.56 

A good metric for judging where MOF industrial interest lies is looking at what MOFs 

can be purchased from chemical suppliers. Presented in Table 2 are the commercially 

available MOFs which can be purchased from a variety of suppliers; also included are 

the methods of synthesis. It is clear that for industrial scale, currently, electrochemical 

Figure 6 Simplified schematic of flow reaction used for continuous flow MOF synthesis method. 
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synthesis and mechanochemical synthesis are preferable to solvothermal and microwave 

synthesis due to the ease of scaling.  

Table 2 List of commercially available MOFs sorted by synthesis method. Sources: Sigma-Aldrich.57 MOF 
technologies,58 Strem Chemicals,59 Promethean Particles.60 

Synthesis technique Available MOF Scale for purchase 

Electrochemical 

(Sigma Aldrich) 

ZIF-8 

MIL-53 

HKUST-1 

Fe-BTC 

MOF-177 

10 g – 500 g 

10 g – 500 g 

10 g – 500 g 

10 g – 500 g 

10 g – 500 g 

Mechanochemistry 

(MOF technologies) 

MOF-74 

HKUST-1 

MIL-53 

ZIF-8 

25 g – 1000 kg 

25 g – 1000 kg 

25 g – 1000 kg 

25 g – 1000 kg 

Solvothermal  

(Strem) 

MIL-100 

UiO-66 

ZIF-8 

500 mg – 2 g 

500 mg – 2 g 

1 g – 5 g 

Continuous flow 

(Promethean particles) 

MIL-53 

ZIF-8 

MOF-74 

HKUST-1 

50 g – 1 kg 

50 g – 1 kg 

50 g – 1 kg 

50 g – 1 kg 
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1.4 Applications of MOFs 

MOFs have great potential for a range of applications due to their large surface areas and 

useful chemical properties. In particular, catalysis, molecular separation, and storage 

have all received much academic attention due to the large potential surface areas. Other 

potential uses have been highlighted in recent years including MOFs in radio imaging 

applications,61 magnetism,62 and light-emission.63, 64 The area this thesis focuses on is the 

potential use of MOFs for drug delivery applications. 

1.4.1 MOFs as filters for heavy metals and radionuclides 

In recent years, a potential use for water-stable MOFs has arisen as a filter for heavy 

metals.65 MOFs are excellent candidates for these applications due to their large surface 

areas and porosity which allow MOFs to capture contaminants in both water and air. 

Certain MOFs are also able to catalytically remove heavy metals from aqueous solutions 

due to electron transfer effects.66 67 A number of well-known MOFs including MIL-

100,68 UiO-66(NH2),69 and MIL-125 70 can catalytically reduce Cr(VI) to Cr(III) in less 

than 60 minutes. Radionuclide capture is also very promising with MOFs capable of 

capturing a range of radioactive elements from solution including uranium,71 selenium,72 

and thorium.73 

1.4.2 MOFs for gas-storage  

Due to their exceptionally high surface area and porosity, the majority of MOF research 

focuses on gas-storage applications. Gas-storage research focuses on two applications: 

the use of MOFs as storage for hydrogen fuel cells,74-77 and using MOFs to capture CO2 

78-81 to reduce greenhouse gas emissions.  
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1.4.3 MOFs for drug delivery 

Most MOF research focuses on the pursuit of ever larger surface areas for gas-storage, 

but other potential applications for MOFs have been found. One potential application is 

the use of MOFs for drug delivery. MOFs could be used for drug delivery in two key 

areas. Firstly, many potential chemotherapy drugs cannot be directly administered for 

several reasons, including side effects, poor targeting, and poor body uptake.82 Secondly, 

MOFs have the potential to give high drug loading with slow release meaning patients 

would need to take fewer doses of medication.83 Due to their porosity and tuneability 

MOFs are ideal for these two applications. 

Leveraging the porosity of MOFs for drug delivery applications has generated interest in 

recent years, with the simplest application involving the uptake and release of NO (see 

Section 1.4.3.3.); which can work for any framework with good CO2 storage capacity. 

Zeolites have also been reported to be potential drug delivery candidates;84 but due to 

their physical and chemical tuneability MOFs are more interesting candidates. 

Table 3 presents the drugs that have been loaded into MOFs and their therapeutic 

applications.  
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Table 3 Drugs that have been loaded into frameworks, as discussed throughout Section 1.4.3. 

Compound 

name 

Molecular diagram Application of drug 

Busulfan 

S
O

O
S

OO

O O

 

Anti-cancer 

Azidothymidine 

triphosphate 

 

HIV/AIDS medication 

Cidofovir 
N N

NH2

O
O

OH

P
OHHO

O

 

HIV/AIDS medication 

Doxorubicin  O

OH

OH

O
H

O

OH

NH2

OH

OH

O

O

O

 

Chemotherapy 

5-Fluoruracil 

HN

N
H

O

F

O
 

Chemotherapy 

Ibuprofen 

CHO

O  

Pain relief 

Etilefrine 
HO

OH

H
N

 

Cardiac stimulant 
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1.4.3.1 Using MOFs to encapsulate drug molecules 

The current most common strategy for loading drugs into frameworks is via a 

post-synthetic modification method. In this method, MOFs are synthesised, activated (see 

Section 2.1.2), drugs are then incorporated into the framework via immersion in a 

concentrated drug solution. Table 4 shows a selection of existing drug loading studies 

using drug encapsulation techniques. Drug loading into MOFs is still in its infancy, so 

model drugs such as caffeine and ibuprofen are commonly used as model drugs as “proof 

of concept”. Reported studies of  MOF drug loading studies suggest that MOFs perform 

competitively when compared with silica 85  and polymers 86 with “good” examples of 

drug loading percentages for MOFs around 20% (w/w)and in best cases towards 50% 

(weight of drug per weight of MOF).  

Table 4 Representative examples of drug encapsulation using MOFs. 

MOF and inorganic node Cargo Maximum loading w/w (%) Ref. 

bioMOF-1 (Zn) Etilefrine 9 87 

bioMOF-100 (Zn) Etilefrine 10 87 

UiO-66 (Zr) Caffeine 22 88 

UiO-66 (Zr) 5-Fluoruracil 1.5 89 

MIL-100 (Fe) Caffeine 50 88 

MOF-74 (Fe) Ibuprofen 21 90 

MOF-74 (Ni) Ibuprofen 25 91 

ZIF-8 (Zn) 5-Fluorouracil 21.2 92 

 

Three examples of drug loading studies are presented below. All three used encapsulation 

methods to load drugs into the MOFs studied. The studies take into account issues with 

initial MOF choice, loading technique, and MOF solvent stability. 
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1.4.3.1.1 Drug encapsulation examples 

Only a few biological studies of drug loading and release on MOFs have so far been 

performed (Table 5). One notable study is by Horcajada et al.,93 who tested drug loading 

on a variety of MOFs including: Fe3O(CH3OH)3(fumaric acid)3 (MIL-89), 

Fe3O(CH3OH)3(fumaric acid)3.(CH3CO2)  (MIL-88A), Fe3FO(H2O)2(BTC)2 (MIL-100), 

Fe3O(BDC-NH2)(OH)(H2O)2 (MIL-101_NH2), and Fe(OH)(BDC) (MIL-53). Results 

indicated that for many challenging drugs, rigid structures with large pore openings such 

as MIL-100 and MIL-102_NH2 had larger uptakes than more flexible structures such as 

MIL-89. When studying the stability of the MOFs in water at 37 °C it was found that 

both MIL-100 and MIL-88A degraded significantly after seven days.  
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Table 5 MOF loadings of a number of problematic drugs. The loading percentage is given as  weight of drug as a fraction of total weight.  Data taken data from ref 93. 

MOF MIL-89 MIL-88A MIL-100 MIL-101_NH2 MIL-53 

Organic Linker Muconic acid Fumaric Acid Trimesic Acid Amino terephthalic 

acid 

Terephthalic acid 

Molecular diagram 

of organic linker 
 

HO

O

OH

O

 

HO O

OH

O

HO

O  

OH

OO

HO

NH2

 

OH

OO

HO

 

Flexible linker yes yes no no yes 

Pore size (Å) 11 6 25 

29 

29 

34 

8.6 

Busulfan loading 

w/w (%) 

4.2 3.3 31.9  17.9 

Azidothymidine 

triphosphate 

loading (%) 

- 6.4 85.5 90.4 2.8 

Cidofovir loading 

(%) 

81 12 46.2 68.1 - 

Doxorubicin loading 

(%) 

- - 11.2 - - 

HO

O

OH

O
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The study tested the effect of the MOFs on rats. The lack of immune system response or 

inflammatory reactions suggested that the MOFs studied were non-toxic to the rats. This 

is a very positive factor for the viability of carboxylate-based MOFs. 

 

More recently, the uptake of etilefrine (Figure 7) by Zn8(Adenine)4(BPDC)6O (bioMOF-

1), bioMOF-4, Zn8(Ad)4(BPDC)6O2(bioMOF-100), and Zn8(Ad)4(ABDC)6O2 

(bioMOF-102) was studied by Oh et al.87 

Etilefrine is a cardiac stimulant, which increases cardiac output, stroke volume, and blood 

pressure. Etilefrine was chosen for drug loading due to the drug's cationic nature, which 

is ideal for incorporation into negatively charged MOFs. When testing the MOFs for their 

stability in water, it was found that bioMOF-1 maintained its crystal structure in water 

for the longest period, with only small damage visible after eighty days. On the other 

hand, bioMOFs 100 and 102 both decayed after relatively short periods. Loading of the 

MOFs were achieved by exchange in etilefrine solution. 
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Figure 7 Etilefrine release from a selection of bioMOFs over the course of 3 months. 

The etilefrine release data for the MOFs showed low maximum loading capacities, all 

close to 10% w/w. The release curve came from bioMOF-1, which released 50% of the 

loaded etilefrine over the course of 15 days, and the remaining etilefrine over 65 days 

(Fig 4). On the other hand, bioMOFs 100 and 102 released 50% of their load in only 4 

hours and the other 50% over 69 and 54 days respectively. This burst release could be 

attributed to the mesoporous nature of bioMOF-100 and bioMOF-102, releasing all 

etilefrine in the middle of the pores very quickly. It was also of note that only bioMOF-

1 and bioMOF-4 maintained crystallinity after drug release; however, such stability in 

vitro indicates both frameworks undergo a cation exchange process in simulated body 

fluid rather than framework destruction. 

Cunha et al.88 used a number of the more porous MOFs, MIL-100(Fe), MIL-127(Fe), 

MIL-53(Fe), and UiO-66(Zr), to encapsulate caffeine from an ethanol-caffeine solution. 
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It was found that all the materials adsorbed as much caffeine as it would be expected 

when taking into account the MOF’s internal volume, with the exception of amine 

functionalised MIL-53. To establish that encapsulation has occurred, the FTIR vibration 

bands around 1770 and 1658 cm-1, which are characteristic of C=O bonds, were used. As 

with other studies, Monte Carlo simulations were used to predict the maximum drug 

adsorption inside a given framework, where most of the simulated uptakes matched 

closely to the experimental uptakes. The most interesting aspect of this study was the 

importance of solvent choice when designing the encapsulation scheme. In the case of 

this paper, both water and ethanol were both used as solvents, due to caffeine’s high 

solubility in both solvents. It was found that the use of ethanol actually reduced the total 

amount of encapsulated drug. It was theorised that this was due to ethanol’s preferential 

uptake into the frameworks over caffeine. For the most part, as expected, drug uptake 

correlated well to the total volume of each given framework, with MIL-100(Fe) giving 

far and away the highest at 50% w/w. 

 

1.4.3.2 Drugs as MOF linkers 

Beyond directly loading MOFs with pharmaceutical payloads, an emerging technique is 

using pharmaceutically active molecules as the linker when synthesising MOFs. This 

allows for the delivery of two drugs concurrently; one as the payload loaded into the 

framework, and the other released as the MOF decomposes (Figure 8).94 At the time of 

writing this thesis, there are only two examples of this MOF design: a modified MOF-74 

structure (Figure 8), and a Hf framework for delivering anti-cancer drugs.95 
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1.4.3.3 NO loading in MOFs 

Therapeutic uses of NO have been researched heavily since 1987, because this is a highly 

reactive radical species (⋅NO) which is key to a range of biological functions. A number 

of papers on the storage of NO in polymers96 as well as in MOFs have been published. 

Examples include MOF-74(Mg)97 and HKUST-1,77 both of which exhibit very large 

adsorption capacities and hysteresis, with clear structural changes on gas adsorption. It 

has been theorised that any metal that forms coordinatively unsaturated frameworks 

should be capable of storing NO; meaning many MOFs with large surface areas are ideal 

NO storage candidates. 

  

Figure 8 View along [001] of the Isoreticular MOF-74 synthesised by Levine et al. (a), which used 
olsalazine as linker. (b) Molecular diagram of the linker olsalazine, a pharmaceutical compound itself. 
Elements: carbon (grey), nitrogen (blue), oxygen (red), magnesium (light blue). Hydrogen omitted for 
clarity. 

a b 
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1.5 Porous materials for drug delivery 

In addition to MOFs, other porous materials have been explored for potential drug 

delivery applications. Porous material drug delivery has three material categories of 

interest: zeolites, polymers, porous silicas and activated carbons. Zeolites, porous silicas 

and activated carbons behave in a similar way to MOFs, they all have permanent porosity 

into which pharmaceutically active ingredients can penetrate.  

1.5.1 Zeolites for drug delivery 

In terms of drug delivery potential zeolites are very similar to MOFs. Both can make use 

of the chemistry of their porous structures to deliver drugs to a target destination, and 

both MOFs and zeolites can be further chemically tuned to suit their application. Several 

zeolites have been had preliminary drug loading tests including ZSM-5,98 Zeolite Y,99 

and Clinoptilolite.100  

1.5.2 Silicas and activated carbon for drug delivery 

Beyond MOFs and zeolites other porous materials including activated carbons and porous 

silicas have been explored for their drug loading potential. Porous silicas have been used 

because of their large internal surface area.101 As there are ongoing safety concerns on 

the effect of silicas on the human body activated carbons have been explored as a safe 

alternative. 102-104 

1.5.3 Polymers in drug delivery 

Polymers have been used for years as part of drug development research, mostly as a 

means to improve solubility in poorly water soluble drugs. However, ongoing studies on 

to the use of polymers as drug vehicles have been explored by several research groups.  

Polymers can refer to either polymer dispersions, or for more complicated systems 

polymer gels with permanent porosity into which a drug might be loaded. 86 For a polymer 
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to be of any use in drug delivery the polymer must decompose in vivo, ideally inside the 

gastrointestinal tract. Polymer gels have attracted research interest recently for their 

stimulus sensitivity properties. These stimuli sensitive polymer systems are current focus 

of interest for polymer drug delivery; the stimuli a polymer might respond to range from 

pH sensitivity,105 electrical potential,106 and temperature differences.107 As different 

organs have large differences in pH, it is the most suitable of the stimuli to use for drug 

delivery. 108 

These other drug delivery materials are all promising in their own right, but MOFs hold 

a few key advantages compared to each of them. Porous silicas can be toxic, while 

activated carbons do not have the chemical tuneability that MOFs possess. Polymer gels 

and zeolites are very promising and will likely work as a complement to MOFs as drug 

delivery materials, but both are much harder to tune and achieve desired properties. 
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1.6 Metal choice in MOF drug delivery 

MOFs are in many ways’ ideal candidates for drug delivery. Due to their porosity and 

tuneability, they have the potential to be used to deliver "difficult" drugs that cannot be 

administered directly due to reasons such as water instability or poor solubility. For a 

MOF to be useful, there are criteria that it must meet; it must be non-toxic, must be stable 

in air and water for extended periods, and it must have the ability to encapsulate drugs of 

interest. Obviously, any MOF used for drug delivery applications must be non-toxic to 

humans.  

Table 6 Toxicity and daily recommended dose of the most common MOF metal sources. LD50 corresponds 
to the dose required to kill 50% of specimens (usually rats) studied. Data taken from paper by Mellot-
Draznieks et al.109. 

Metal-ion LD50 (g kg-1) Daily Dose (mg) 

Cu1+/Cu2+ 0.025 0.8 

Mn2+ 1.5 5 

Fe2+Fe3+ 0.45 15 

Zn2+ 0.35  15 

Mg2+ 8.1 350 

Ca2+ 1 1000 

This non-toxic design starts with the choice of the metal for the nodes (Table 6). The 

toxicity of many metals limits the selection of useful metal-ions to magnesium, calcium, 

zinc, and iron.  

1.7 MOF-74 Family of frameworks 

The MOF family studied in this thesis is based on the archetypal MOF-74;  which was 

previously known as CPO-27.110 The MOF-74 framework is synthesised using 2,5-

dihydroxyterephthalic acid (Figure 9) in mildly acidic conditions. The MOF has a 

chemical formula of M2(DHTA)(DMF)2(H2O)2 where M = Zn,42 Ni,111 Mg,112 Fe.113 
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OH

HO

O

OHO

HO

 

Figure 9 2,5-dihydroxyterephthalic acid (H4DHTA) 

 MOF-74 exhibits an octahedral geometry around metal centres. MOF-74 can be 

synthesised with a range of metals including magnesium, nickel and zinc.110 So far 

ibuprofen loading studies have been carried out using the nickel and iron analogues of 

the framework,90, 91 but not MOF-74-Zn. It was recently reported that MOF-74-Zn can 

be synthesised using a mechanochemical synthesis method.42 To the best of my 

knowledge, no drug loading studies have been performed on mechanochemically 

synthesised MOFs or MOF-74-Zn. 

The MOF-74 first synthesised by Dietzel et al. in 2005 was a cobalt MOF with formula 

Co(C8H2O6)(H2O)2.(H2O)8.114 Dietzel discovered that the structure maintained its 

crystallinity even after solvent removal, a structural feature known as permanent porosity, 

and a key MOF property. Later, it was found that MOF-74 could be synthesised using a 

range of metals including Fe,115 Ni,19 Zn,110 Mn,75 Mg,81 and mixed-metal variations 

(Figure 10).116  
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Figure 10 Schematic diagram of the general synthesis of MOF-74. M=Fe, Mg, Mn, Ni, Zn, with water as 
byproduct. Also shown is the fully protonated linker 2,5-Dihydroxyterephthalic acid (H4DHTA). 

 Discussed in this chapter is the mechanochemical synthesis of the metal-organic 

framework MOF-74-Zn, a 3D MOF with large pore size in relation to linker size and 

11 Å diameter channels running through the structure (Figure 11). 

 

Figure 11 Structure of MOF-74 viewed down the c-axis showing the 11 nm diameter pores. Elements 
shown: carbon (grey), oxygen (red), zinc (blue), hydrogen (pink). Unit cell is shown .  

In the synthesised MOF, each zinc is 6 coordinate in an octahedral configuration. Each 

of the zinc atoms face-share coordinated oxygens with their neighbours and align down 

the crystallographic c-axis.  
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In the activated porous structure, each zinc is 5 coordinated with an uncoordinated metal 

site. Each zinc is coordinated to three carboxyl groups and two hydroxyl groups from the 

DHTA linker 116. The zinc atom’s coordination environment is a coordinatively 

unsaturated octahedral arrangement (Figure 12). The crystallographic arrangement of the 

linker and metal centre remains unchanged in the activated structure with zinc atoms 

around a centre of inversion down the c-axis and the linker sitting on a crystallographic 

centre of inversion. 

 

Choosing which metal is used to make MOF-74 affects both its chemical and physical 

properties. The nickel and magnesium MOF-74 analogues are the most stable, but both 

have only been made to date via a solvothermal synthesis route and nickel is highly toxic. 

The zinc variant is only stable in water for around a week at room-temperature 117 but has 

a much more appealing mechanochemical synthesis route 42 than the traditional 

solvothermal synthesis route. The combination of reduced water stability and 

Figure 12 Coordination around zinc atoms in MOF-74. (left) coordination around synthesised MOF-74-Zn. 
(right) coordination around activated MOF-74. Both are distorted octahedra which edge share. Synthesised 
framework is 6 coordinate while activated framework is 5 coordinate. 



 
 

27 
 

mechanochemical synthesis route make studying the drug release properties of 

MOF-74-Zn interesting. While the mechanochemical synthesis of MOF-74-Zn has been 

reported previously, the exact mechanism by which the framework forms is poorly 

understood. 

 

One of the interesting characteristics of the MOF-74 family is the range of isoreticular 

MOFs that can be synthesised. An extended family of MOF-74 structures has been 

synthesised by Deng et al. which increased the size of the linking terephthalic acid 

(Figure 13) to increase pore size. It was found that as long as rigid linkers were used the 

chains could be extended up to 11 phenyl rings long. It was found that the effect on chain 

a 

b 

c 

Figure 13 (top) Representative examples of  series of isoreticular MOFs produced by Deng et al based on 
the MOF-74 framework. Each framework has the same SBU but differing linker length all as viewed down 
the c-axis. a: MOF-74-Mg b: IR-MOF-74-Mg c: IR-MOF-74-Mg-III. (bottom): Example of Linker 
extension used to synthesise larger rigid structures. Letters a,b,c correspond between top and bottom. Used 
by Deng, ref 35. 
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lengthening produced an almost entirely linear scaling of pore dimensions scaling from 

10 by 14 Å up to 85 by 98 Å. As the pore size increased so too did the maximum internal 

surface area, which greatly increased the total volume of gas adsorbed by the framework. 

118  

In addition to the isoreticular MOF-74 frameworks, alternative MOF-74 frameworks also 

exist, namely, HIMS-74119 and UTSA-74.120 These frameworks are synthesised using the 

same starting materials as MOF-74, but under different reaction conditions. Both HIMS-

74 and UTSA-74 have smaller pore diameters and surface areas than MOF-74. 

The large MOF-74 family of structures has the potential to be very useful for drug 

delivery. It is also worth investigating if the isoreticular MOF-74 frameworks can be 

synthesised via a mechanochemical method. 

 

1.8 Aims of this work 

The aim of this work is to study the mechanochemical synthesis of metal-organic 

frameworks with special interest in the crystalline intermediates that form during 

synthesis. The frameworks studied will ideally be suitable for use in drug loading studies, 

meaning both metals used in synthesis and linkers are non-toxic. As studied MOFs must 

be synthesised mechanochemically and be non-toxic, the best MOF candidates are the 

MOF-74 family of frameworks. As described earlier, the MOF-74 family of frameworks 

have large channels that run through the framework which can be easily tuned by 

modifying the organic linker used in synthesis. Currently, drug loading studies have been 

performed on the nickel and iron analogues of MOF-74, but not the zinc analogue. 

MOF-74-Zn will be synthesised using a mechanochemical method, then loaded with 

ibuprofen. Maximum ibuprofen loading will be studied along with analytical techniques 
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including solid-state NMR and inelastic neutron spectroscopy to investigate the 

interaction between ibuprofen and the MOF.  

Mechanochemical synthesis of isoreticular MOF-74 frameworks will also be attempted 

by modifying the MOF-74 mechanochemical synthesis method, with mechanochemical 

intermediates expected; these intermediates will be studied using PXRD methods. 
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2- Experimental Techniques  

2.1 Introduction 

The most common way of synthesising metal-organic frameworks involves the use of 

solvothermal methods. Solvothermal synthesis uses a sealed jar containing a solvent and 

reactants which are then heated above the solvent’s boiling point and then (often) slowly 

cooled 121. The reaction stoichiometry, solvent volume used, and heating and cooling 

rates all affect the range of products that can be synthesised. This means that solvothermal 

synthesis can produce many different phases based on the above inputs, and some of these 

phases can be porous. The solvothermal synthesis approach has not been used in this 

work and is therefore not discussed further.  

2.1.1 Mechanochemical Synthesis  

Mechanochemical synthesis is the use of mechanical force to stimulate chemical 

reactions. The mechanical effects involved in mechanochemistry are wide ranging, 

including stress-strain effects, shear forces, friction, and cavitation effects. It is widely 

accepted that the mechanism that a mechanochemical reaction will follow is different 

from that of a typical thermal or photosynthetic reaction. Due to the differences in 

reaction intermediates, materials can be produced very efficiently using 

mechanochemical synthesis.   

𝑍𝑍𝑍𝑍0 + 2𝑅𝑅𝑅𝑅𝑍𝑍2𝐻𝐻 ↔ 𝑍𝑍𝑍𝑍2+ + 2𝑅𝑅𝑅𝑅𝑍𝑍2− + 𝐻𝐻2𝑍𝑍 

2.1.1.1 Experimental 

Two different mills were used in this work. One is a shaker-type mill (Retsch MM400), 

equipped with a 25 mL cryo-rated stainless-steel milling jar, along with several stainless-

steel milling balls. The shaker-type mill adds energy to the reaction mixture by shaking 

back and forth at a user-configurable rate, typically 30 Hz in this work. (Figure 14). 
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Shaker ball mills are ideal for testing mechanochemical synthesis with smaller reaction 

batch sizes, with reaction mixtures total mass less than 0.5 g. 

 

Figure 14 Schematic diagram of shaker type mill, with circles representing milling balls (left), Retsch 
MM400 shaker mill which was used in this project (right). 

The other type of mill used was a planetary mill (Retsch PM 200) equipped a 50 mL 

stainless-steel milling jar, and several small stainless-steel milling balls. Planetary milling 

was used to scale up reaction mixtures in order to be able to synthesise 2 g batches of 

MOF. A planetary mill works by rotating a milling jar around two axes simultaneously. 

A large sun disk rotates in one direction, while the milling jar rotates in the opposite 

direction. The compounding effect of the rotation very efficiently adds kinetic energy 

into a system(Figure 15).  

 

 

Figure 15 Schematic diagram of planetary mill showing the sundial and jar rotating in opposite directions 
(left). Schematic of contents of milling jar being affected by of both rotations (right). 
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2.1.2 Activation and loading of frameworks 

After synthesis, the pores of a MOF are inaccessible due to the presence of unreacted 

materials and solvent used in reaction. To remove these molecules and make the pore 

space accessible, a step known as “activation” is required. Activation is a process which 

involves removal of solvent and unreacted starting material molecules. There are several 

methods of activating a MOF, the simplest of which is heating in an oven under dynamic 

vacuum 122. Depending upon the solvent present in the framework pores, additional 

solvent exchange steps are sometimes necessary. Solvent exchange is a process in which 

solvent molecules present inside the pores of a synthesised framework are swapped for 

more volatile solvent molecules 123 that are easier to remove. 

2.1.2.1 Experimental 

2.1.2.1.1 Solvent exchange 

Solvent exchange was performed on all materials that had been synthesised using DMF 

as a reaction solvent. Dry methanol was exchanged in to pores of frameworks in order to 

remove DMF. The framework material was added to a stirred volume of methanol, in the 

ratio of 1 g framework to 40 ml methanol. The solvent exchange procedure was carried 

out for three days, replacing the methanol solvent once every 24 hours. 

2.1.2.1.2 Activation 

Samples were activated by placing them in a vacuum oven, then holding under vacuum 

for three hours. The temperature was then raised to 433 K and held for 24 hours. Finally, 

the sample was cooled to room-temperature under vacuum for at least 7 hours. 
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2.2 Thermogravimetric analysis  

Thermogravimetric analysis (TGA) is a technique which allows measurement of the 

thermal properties of materials. A sample of known weight is heated on a precise balance 

under gas flow and the sample mass is recorded as a function of temperature. Changes in 

weight correspond to a number of possible events, including desolvation, decomposition 

and oxidation as temperature increases 124. TGA is particularly useful for MOF-type 

structures, as they typically exhibit multistep decompositions as solvent and guest 

molecules leave the pores of the framework at a lower temperature than that at which the 

framework collapses.  

2.2.1 Experimental 

TGA measurements were performed on a TA Instruments TGA Q50 under air flowing at 

a rate of 60 mL min-1. The standard ramp rate was 5 K min-1 with a collection range of 

293-773 K. Each measurement used approximately 10 mg of ground sample in an 

alumina sample crucible. Data were analysed, and weight versus temperature plots 

constructed, using TA Universal analysis software.125 
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2.3 Differential scanning calorimetry 

Differential scanning calorimetry (DSC) is a method for analysing the thermal behaviour 

of materials. DSC uses a dual aluminium pan system with a sample pan and a reference 

pan. Roughly 10 mg of sample is loaded into the sample pan which is then sealed for 

measurement. A second aluminium reference pan is included in each measurement in 

order to allow background subtraction. Both the sample and the reference pan are 

simultaneously subjected to the same temperature programme. The difference in heat 

flow between the reference pan and the sample pan is measured by the instrument. 

Changes in heat flow correspond to changes in the sample such as melting, decomposition, 

and solidification, and are clearly visible as differences from the background curve.  

Experimental 

DSC data were collected using a TA Instruments DSC Q 2000 running from 273 K to 

423 K at a rate of 10 K min-1 under nitrogen with a flow rate of 20 mL min-1. Traces were 

analysed using TA universal analysis software,125 which plotted heat flow against 

temperature. 

The DSC’s use of sealed aluminium sample pans can be problematic for MOF samples. 

Before activation, MOFs contain a considerable amount of solvent and this solvent 

becomes vapour when heated, breaking the seal on the sample pans and ruining data 

collection. This means that only solvent-free MOF samples can be analysed by DSC. 

 

2.3 Elemental analysis 

Elemental analysis is a destructive analytical technique which can be used to measure 

calculate the quantitative mass fractions of carbon, nitrogen, and hydrogen in solid 

samples. Typically referred to by the acronym “CHN”, it works by combusting organic 
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samples at 1273 K in oxygen in order to decompose them to CO2, H2O, and N2. The 

combusted gases are passed through a gas chromatography column in order to separate, 

and this followed by thermal conductivity measurements for calculating the volume of 

each gas. This quantitative measurement directly corresponds to the elemental 

percentages of the input material independent of its mass (Figure 16). 

 

Figure 16 Schematic of CHN analyser layout 

Duplicate CHN measurements were carried out by Medac Ltd. using a FlashEA 1112 

series CHNS-O analyser. Each measurement was performed in duplicate to check sample 

homogeneity. Data were tabulated and compared to theoretical C, H, N compositions.  
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2.4 Spectroscopy 

2.4 IR spectroscopy 

Infrared spectroscopy measures the absorption of infrared radiation (wavelength 

600-4000 cm-1) by molecules. Each functional group in a molecule has a characteristic 

absorption frequency which can be used to determine which chemical groups are present 

in a sample 126. This technique is used to determine the functional groups present in 

samples both in the framework, and which organic molecules are present in the 

framework pores. 

IR spectra were collected on a PerkinElmer Spectrum 100 FT-IR spectrometer equipped 

with a diamond attenuated total reflectance (ATR) attachment. An ATR allows for 

collection of accurate IR spectra of solid samples without further processing, unlike the 

more traditional KBr disc method. Powdered samples were placed on the ATR and 

pressure was applied with the attached tool. Data were collected and analysed using 

Spectrum software. Spectra were collected between 600 and 4000 cm-1 using a total of 

12 accumulations.  

2.5 UV-Vis spectroscopy 

UV-Vis spectroscopy utilises molecular absorption of radiation in the visible and 

ultraviolet regions (750-190 nm). UV-Vis spectroscopy uses similar principles to those 

in IR spectroscopy, but rather than measure molecular excitation motions, UV-Vis 

instead measures electronic excitations in samples in the solution state. The extent of 

absorption at a given wavelength is directly proportional to the concentration of the 

sample in solution, and so the concentration of an unknown solution can be calculated. 

The relationship between absorption and concentration is given by the Beer-Lambert Law. 

𝐴𝐴 = 𝜖𝜖𝜖𝜖𝜖𝜖 
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UV-Vis spectra were collected on a Cary 300 Bio UV-Visible Spectrophotometer running 

with an empty reference cell. Background for a given solvent was subtracted using a 

blank solvent sample. Unless otherwise specified, the data were collected in UV region 

400-200 nm measuring absorbance between 0 and 1. Data were processed using Cary 

scan software. 127 

2.6 Inelastic neutron scattering  

Inelastic neutron scattering (INS) is a spectroscopic method which is particularly 

sensitive to the molecular environment of hydrogen atoms. In standard spectroscopic 

methods, photons are used to excite molecules and probe their structural properties; INS, 

on the other hand, uses neutrons as the structural probe. Consequently, INS spectra are 

significantly different from those produced by IR and Raman spectroscopy due to the 

lack of selection rules in INS. 128 INS is much more sensitive to hydrogen than any other 

element, making INS an ideal tool for probing the internal surfaces of framework 

structures that contain very little hydrogen. Due to the requirement for a source of 

neutrons, INS instruments are most often located at large-scale facilities (such as nuclear 

reactors or spallation sources) which can generate neutrons with a large enough flux for 

spectra collection on reasonable timescales. 129 

INS spectra were collected by Dr Jeff Armstrong, instrument scientist for the TOSCA 

instrument at ISIS spallation neutron source. 130 5 g of each sample were loaded into 

vanadium cans and data collected on the instrument at 20 K. Data were reduced using 

Mantid 131 INS spectra were plotted using Origin. 132 

2.7 Optical Microscopy  

All bulk samples were checked after milling for any signs of single-crystals using a Fuji 

optical microscope in reflectance and transmission mode. In cases where single-crystals 
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were found, they were isolated and set aside for analysis on the single-crystal X-ray 

diffractometer.  

2.8 Scanning electron microscopy 

Scanning electron microscopy (SEM) is a method for visualising objects as small as ~1 

nm. SEM uses a focussed beam of high-energy electrons to view solid samples. Electrons 

are accelerated to large kinetic energies, which are then used to bombard a sample. 133 

Electron kinetic energy is dissipated upon hitting a sample which produces many 

different types of secondary electrons which are collected and used to map out an image 

of the sample being studied. Backscattered electrons are used to produce images of 

samples. Due to the volume of electrons hitting a sample it must be conductive, 

consequently samples are prepped beforehand by coating in a thin layer of gold to 

increase sample conductivity.  

SEM images of samples were collected on a Cambridge 360 Stereoscan electron 

microscope, which operates under high vacuum. Approximately 3 mg of each sample 

were placed on the head of a sample holder, which were then coated in gold to provide 

conductivity. Images were collected down to 2 nm over with a collection time of 

approximately 3 minutes per sample.  

2.9 X-ray diffraction 

 X-ray diffraction is a method which is used heavily in materials chemistry and solid-

state chemistry in order to investigate the atomic-level structure of crystalline solids. 

X-rays produce diffraction patterns when they interact with evenly spaced atoms which 

are between 1 and 100 Å apart. X-rays are generated by bombarding a metal target with 

electrons, which are produced by a tungsten filament. The metal target used determines 

the wavelength of X-rays produced; in laboratory-based diffractometers, both copper and 
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molybdenum sources are commonly used. Each metal source produces X-rays at multiple 

wavelengths, but typically a monochromator is used to filter out all but the desired 

radiation e.g. Kα.  

Evenly spaced arrays of atoms act as three-dimensional diffraction gratings which create 

constructive and destructive interference for the X-ray beams producing spots of intensity 

at particular locations in space, which are then detected and processed. Constructive 

interference occurs when Braggs law is satisfied (Figure 17); this relationship is defined 

by the distance d between layers of atoms and the angle θ at which these reflections are 

observed. 134 

𝑍𝑍𝑛𝑛 = 2𝑑𝑑𝑑𝑑𝑑𝑑𝑍𝑍𝑑𝑑 

 

Figure 17 Bragg reflection (θ) from crystal planes with a d-spacing d.  

2.9.1 Single-crystal X-ray diffraction 

As described above, a single-crystal in an X-ray beam behaves like a 3-dimensional 

diffraction grating. In single-crystal X-ray diffraction, a detector is placed directly behind 

a crystal in the X-ray beam and diffracted intensities are collected (Figure 18). These 

intensities correspond to the hkl reflections associated with the unit-cell of the crystal. 

The raw intensity data must be processed to correct for several factors, including 

instrument geometry, detector efficiency and X-ray absorption. Using this reduced data, 
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one can work out the size and shape of the crystal’s unit-cell and then begin the process 

of determining atom types and positions within the unit-cell. 

 

Figure 18 Schematic of single-crystal diffractometer. 

The diffracted intensities are proportional to the structure factor magnitudes, where the 

structure factor is defined as shown in the equation below: 

𝐹𝐹(ℎ𝑘𝑘𝜖𝜖) = �𝑓𝑓𝑗𝑗𝑒𝑒2𝜋𝜋𝜋𝜋[ℎ𝑥𝑥+𝑘𝑘𝑘𝑘+𝑙𝑙𝑙𝑙]
𝑛𝑛

𝑗𝑗=1

 

𝐼𝐼 ∝ 𝐹𝐹2 

Structure factors are important as they allow us to accurately map out the electron density 

of a crystal in order to be able to solve its structure. The position of the jth atom is broken 

down into its fractional coordinates (x, y, z). Each element has its atomic scattering factor 

fi, the equation works over the whole unit-cell with n atoms. Each diffracted beam has an 

amplitude |𝐹𝐹ℎ𝑘𝑘𝑙𝑙|, and a phase angle φ(hkl) so the equation can be expressed as below. 

𝐹𝐹(ℎ𝑘𝑘𝜖𝜖) = |𝐹𝐹ℎ𝑘𝑘𝑙𝑙|𝑒𝑒[𝜋𝜋𝑖𝑖(ℎ𝑘𝑘𝑙𝑙)] 

As measuring the sign of F is impossible, and the phase angle cannot be directly measured 

calculating electron density is impossible directly from an experiment, this is known as 

the phase problem.  
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The diffractometer permits measurement of any given structure factor magnitude |F(hkl)|, 

but the corresponding phase angle φ(hkl) cannot be measured experimentally. Fortunately, 

the so-called “direct methods” of structure solution allow phase angles to be determined 

on a probabilistic basis using relationships between diffracted intensities, thus allowing 

electron density maps ρ(xyz) to be constructed and interpreted. 

2.9.1.1 Experimental 

Single-crystal X-ray diffraction data were collected at 150 K on an Oxford Diffraction 

Gemini instrument equipped with a liquid-N2-based Cryojet cooling device, using a Kα 

monochromated molybdenum source, λ=0.71073 Å. Suitable crystal samples were 

mounted on the diffractometer using Paratone oil and a polymer loop, with the crystal 

being held in place when the oil froze in the nitrogen gas stream, prior to centring of the 

crystal on the diffractometer. Pre-experiments of duration ca. 5 -20 minutes were 

performed in order to determine the crystal’s lattice parameters and calculate a data 

collection strategy. Crystals were rejected if they diffracted poorly, or if a reasonable 

unit-cell could not be found; candidate crystals were checked until such time as one which 

passed both these checks was found. Data were collected and reduced using 

CrysAlisPro135 software package . Structures were solved using SHELXT 136 and refined 

using SHELXL, 137 operating within the Olex2 138 software package. Visualisation of 

crystal structures were performed using the Mercury 18 and Crystal Maker 139 software 

packages.  

2.9.2 Powder X-ray Diffraction (PXRD) 

Powder X-ray diffraction (PXRD) differs from single-crystal X-ray diffraction only in 

that diffraction is measured from a polycrystalline sample containing a vast number of 

(ideally) randomly oriented crystallites of size the order of a few microns. The random 

orientation of the crystallites means that instead of obtaining spots of intensity in 3D 
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space, the observed diffracted intensity is the sum of total intensity from all Bragg peaks 

scattering at a given diffraction angle in a 1D projection of 3D space. This means that 

overlapping Bragg peaks can be present in powder X-ray diffraction, reducing the 

diffracted intensity information content of the pattern relative to its single-crystal 

equivalent; this makes the process of solving crystal structures much more challenging. 

Despite this, there are several advantages of powder X-ray diffraction over single-crystal; 

PXRD sample preparation is significantly more straightforward, as provided a solid can 

be crushed into a powder it can be run on the diffractometer. The PXRD pattern is 

representative of the bulk, whereas an isolated single-crystal may not be. Another key 

advantage is the ability to quantitatively analyse the weight percentages of mixtures of 

crystalline phases. Finally, there are many situations where growing single-crystals large 

enough for single-crystal X-ray diffraction is unfeasible; in such cases, structure 

determination from powder data can be the only viable option.  

2.9.2.1 Refining structural models  

The initial analysis of PXRD data collected in this work fits broadly into three stages. 

The first stage was powder indexing in order to determine the unit-cell of the structure. 

This was performed using multiple approaches, including DICVOL (as implemented in 

DASH) and SVD (as implemented in TOPAS). The lattice parameters of any indexed 

cell were then used to search the ICSD 47 and the CCDC CSD3 crystallographic databases 

for possible crystal structure matches. As a second stage, to test the ability of the 

determined cell to explain the observed data, a so-called Pawley refinement was 

performed. The Pawley refinement parameters were typically: polynomial background, 

zero-point error, lattice parameters, peak shape parameters and reflections intensities. 

Pawley refinements were performed for all X-ray diffraction data collections to search 

for new phases and confirm presence of expected phases. 



 
 

43 
 

The final stage of PXRD data analysis was Rietveld refinement. Rietveld refinement is 

similar to Pawley refinement, except that it requires atomic coordinates (i.e. a crystal 

structure) in order to generate reflection intensities. A good Rietveld fit to the data is 

strong evidence that the crystal structure under study has been correctly determined. 

𝑦𝑦𝜋𝜋 = 𝐼𝐼𝑘𝑘 exp �
−4 ln(2)
𝐻𝐻𝑘𝑘2

(2𝑑𝑑𝜋𝜋 − 2𝑑𝑑𝑘𝑘)2� 

Peak shape and intensity are calculated by the equation above. Where Ik is the intensity 

calculated using the structure factors from the CIF. Hk is the full width half maximum of 

a peak. θk corresponds to the centre of the peak. This equation assumes that each peak 

has a Gaussian shape. Peaks are often asymmetrical at low angle; a modified equation is 

used in that case. 140 

The parameters used in all Rietveld refinements were polynomial background, zero-point 

error, lattice parameters, peak shape parameters, scale factor, overall temperature factor 

and atomic coordinates. In some cases, samples displayed preferred orientation, where 

crystallites in the sample are not randomly oriented; this has an adverse effect on observed 

diffracted intensities. In such cases, a 4th order spherical harmonics correction for 

preferred orientation was used.  

PXRD data were indexed using DASH 141 software, and TOPAS 4.2 142 software suites. 

Pawley and Rietveld refinements were performed using TOPAS 4.2. PXRD patterns were 

plotted using TOPAS 4.2 and EVA software. 143 Details about TOPAS input files and 

how to operate the software were obtained from the TOPAS wiki. 144 

2.9.2.2 Crystal structure solution from PXRD data 

There are a number of different methods for solving crystal structures using powder 

diffraction data which have been developed over the last 20 years. Each method has its 
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own set of pros and cons, and situations where it can be best applied. The majority of 

PXRD structure solution methods use a global-optimisation algorithm known as 

simulated annealing as their basis. Simulated annealing is a computational technique 

which is very effective at finding the “global minimum” of a multidimensional function. 

In the case of PXRD structure solution, the multidimensional function is the χ2 for the 

observed and calculated diffraction patterns as a function of atomic coordinates; the 

global minimum, where the calculated and observed powder patterns agree very well, 

equates to the solved crystal structure. 145 Simulated annealing algorithms work very well 

in situations where complexity is relatively low, but odds of finding global minimum 

decreases rapidly as complexity increases. 

The other main method used for powder structure solution is direct methods. Direct 

methods use the same basic methodology that has been so successful for single-crystal 

data, but with significant modifications made in order to get around the problem of 

reflection overlap and limited resolution. Success with direct methods is been found 

where data quality is exceptional (e.g. synchrotron data to high spatial resolution) and 

where strongly-scattering atoms (such as Br, I) are present in the crystal.  

The prototypical example of simulated annealing software designed for powder data is 

the DASH program, 141 which uses known molecular fragments along with unit-cells 

derived from Pawley refinement to generate model powder patterns which are compared 

to experimental data. The prototypical example of direct methods software is EXPO 146 

which also uses lattice parameters from a Pawley refinement but has no requirement for 

pre-defined connectivity from molecular fragments. Note that EXPO is also capable of 

performing simulated annealing. 
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In this work, structure solution from PXRD was achieved using DASH, EXPO, and 

TOPAS simulated annealing packages. In cases where multiple crystalline phases were 

present in the data, individual crystalline phases were fitted with a mixture of Pawley (for 

unknown phases) and Rietveld (for known phases) refinements, allowing the unknown 

phase peak pattern to be extracted from the observed data. Contents of unit-cells were 

estimated using reaction input stoichiometry and prior examples found on the CCDC of 

similar volume unit-cell structures. Input models were adjusted based on prior series 

outputs; for example, if large voids were found in prior runs, more molecules of solvent 

would be added as input. 

 

2.9.2.3 DFT for powder diffraction solved structures 

Density Functional Theory (DFT) is a quantum-chemical approach to calculating the 

energy of an input molecule/crystal structure by modelling electronic interactions. 

Coupled with local minimisation algorithms such as BFGS, it is a powerful approach to 

minimising the energy of system. DFT is a very complex topic, and even a brief 

discussion of its fundamentals lies well outside the scope of this work. However, modern 

software packages implementing DFT for periodic systems make it relatively easy to 

utilise for validating solved crystal structures; it is in this context that it has been 

employed in this work. For all structures that were solved from powder diffraction data, 

energy minimisation using periodic DFT was employed to help obtain the most accurate 

crystal structure that were consistent with the observed diffraction data. The general 

structure solution strategy was therefore: (1) use standard molecular fragments, usually 

obtained from the CSD, as input into DASH; (2) if DASH generated a promising solution, 

transfer it into TOPAS and perform Rietveld refinement, treating input fragments as rigid 

bodies wherever possible; (3) take the rigid-body refined structure and subject it to energy 
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minimisation using DFT; (4) take the minimised structure and fit it against the PXRD 

data in a Rietveld refinement, allowing some final rigid-body refinement if needed (to 

allow for the “temperature difference” between the PXRD data collection and the 

notional 0 K of the DFT calculation).  

2.9.2.3.1 DFT experimental procedure 

DFT calculations were performed by Professor Kenneth Shankland using Quantum 

Espresso program PWSCF v6.3,147 running under Ubuntu Linux or Linux subsystem for 

Windows 10, on Dell Precision Workstations equipped with typically 16 to 24 CPU cores 

and either 48 GB or 64 GB memory. 

All pseudopotentials from the pslibrary of Quantum Espresso 

Exchange correlation function = Perdew-Burke-Ernzerhof 

Projector augmented wave method = Kresse-Joubert 

Dispersion correction = Grimme D3 

Energy convergence threshold = 0.00005 Ry 

Force convergence threshold = 0.0005 Ry 

Kinetic energy cutoff (Ry) for wavefunctions = 50 

Kinetic energy cutoff (Ry) for charge density and potential = 400  

Minimisation method for both atoms and cell = BFGS ( Broyden–Fletcher–Goldfarb–

Shannon) 

2.9.2.4 Quantitative phase analysis 

Quantitative phase analysis (QPA) is a technique which can be applied to PXRD data 

with known crystalline phases to calculate the weight percentage of each phase. Provided 
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that there are no amorphous phases present, the QPA can be considered to be quite 

accurate for estimating the composition of phase mixtures. 148 

Rietveld-based QPA was performed for powders with multiple phases using TOPAS 142 

software. 

2.9.2.5 Experimental 

PXRD data were collected in-house on a Bruker D8 Advance operating in transmission 

capillary mode at 293 K. Between 5 and 10 mg of dried powder was packed into 0.7 mm 

diameter borosilicate glass capillaries which were then mounted on a goniometer and 

aligned in the X-ray beam. The D8 Advance uses a monochromated copper source, Kα1 

λ=1.54060 Å. Data were collected using a number of different data collection schemes, 

depending on the quality of data required, but step size was always 0.017 ˚. Samples with 

large unit-cells were collected over 14 hours between 3.5 and 50 ˚2θ. Fast sample scans 

were collected over one hour in the range 5 to 65 ˚2θ. Lastly, samples which would be 

taken forward for powder X-ray structure solution would be collected over 14 hours using 

a variable count time approach, with much longer collection times at large values of 2θ.  

 

Figure 19 The detector array at Beamline I11 Diamond Light Source. MAC analysers arranged in 
semicircle around sample holder. 
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A series of experiments were run at the Diamond Light Source I11 high-resolution 

powder diffraction beamline (Figure 19). 149 5-10 mg of dry powder sample were loaded 

in to 0.7 mm borosilicate capillaries which were mounted directly on the goniometer of 

the beamline. Unless otherwise stated, radiation of wavelength λ=1.38 Å was used. The 

detector used was the Multiple Analyser Crystal (MAC) detector, which uses five 

individual modules each containing nine analyser crystals. The detectors are oriented 

around the sample meaning each analyser collects a different portion of the diffractogram, 

which corresponds to much shorter than lab collection times. 150  Samples were rotated 

at 300 rpm during data collection. To reduce the possibility of radiation damage, samples 

were translated by 3 mm every five minutes, with total collection times of 30 minutes per 

sample. After collection, sample data were rebinned to a step size of 0.003 ˚. 

2.10 Particle-size analysis measurements 

Particle size analysis (PSA) is a broad term for techniques designed to measure the size 

distribution of particles. In this work, PSA is used as a term to describe the use of a 

632.8 nm laser to measure particle scattering in solution and hence work out the particle 

size distribution. Scattering is measured as the amount of light which backscatters 

towards a detector. The angle through which light which is scattered back is inversely 

proportional to the particle size, with smaller particles scattering with larger angle 

(Figure 20). The measurement is based on the surface area of particles, which is then used 

to calculate particle radius. For this reason, all particles are treated as perfect spheres. For 

a good PSA measurement, particles are required to be completely monodisperse in 

solution, so a small amount of surfactant is added to aid in dispersion.  
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Figure 20 Schematic of backscattering particle-size analysis measurement is made. 

PSA was measured using a Malvern Zetasizer Nano-ZS in backscatter configuration. 

Samples were prepared by dispersing 10 mg of powder in to 50 ml of ultrapure deionised 

water. 1 ml of this dispersion was added to a plastic cuvette for measurement. In cases 

where particles of less than 400 nm were measured, the dispersion was first filtered 

through a 0.4 μm syringe filter. Each sample was measured three times with individual 

collection times of one minute each, with one minute before collection to allow particles 

to settle. Data were processed, and reports were made using Malvern Instruments report 

maker. 151 

2.11 Nuclear Magnetic Resonance (NMR) 

NMR is an analytical technique for measuring chemical purity, and as a tool for solving 

molecular structure. NMR uses very strong magnets to excite nuclei to induce nuclear 

magnetic resonance with radio waves. For most common NMR nuclei, spin is ½, which 

gives a single energy gap (Figure 21). The most common isotopes for NMR, proton 1H, 

carbon 13C, and 15N all have a spin of ½. NMR is extremely useful for confirming the 

structure of organic compounds.  
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Figure 21 Energy gap between nuclei spins is produced when interacting with a magnetic field.  The 
measurement of this energy gap between nuclei spins is the principle of NMR. 

2.11.1 Experimental 

5 mg of sample were dissolved in minimum volume deuterated DMSO, which was used 

to fill an NMR sample tube. Data were collected on a Bruker DPX spectrometer running 

at 400 MHz. Data were collected by Dr Radoslaw Kowalczyk at the University of 

Reading. 1H NMR and 13C NMR were collected for organic samples to confirm purity. 

Collection times were 10 minutes for 1H NMR and 30 minutes for 13C NMR. Data were 

processed and analysed using Bruker’s Topspin software, graphics of spectrograms were 

also made using Topspin. 152 

2.11.2 Solid-state NMR (SSNMR) 

Solid-state NMR is a spectroscopic technique for measuring NMR spectrums of solid 

materials. Getting high quality data is much more complicated in SSNMR than solution 

NMR as samples are anisotropic, this results in very broad peaks. The line broadening 

can be minimised by rapidly spinning a sample on the “magic-angle”. The magic-angle 

is 54.74 ˚ which rotates all axis by the same amount effectively making the sample 

isotropic. Even with magic-angle spinning SSNMR spectra are more difficult to interpret 

than solution NMR. 
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2.11.2.1 Experimental 

100 mg of powdered sample was loaded into a solid-state NMR rotor. Samples were 

compacted then run spectrometer. Data were collected by Dr Radoslaw Kowalczyk. 

The 13C solid-state cross-polarization magic angle spinning (CPMAS) NMR spectra were 

recorded on Bruker Advance III spectrometer operating at Larmor frequency of 125.76 

MHz (11.75T). The standard bore 4 mm MAS probe was spun at 8 kHz rate.  The 

standard Bruker CP pulse sequence was used with variable amplitude ramp 90 -100. The 

CP contact time was 3 ms, and the 90° pulse width was 3.7us at 38W power level. Totals 

of 256 (for pure ibuprofen) and 4096 (for MOFs)  signal transients were accumulated 

with 12 s relaxation delays at ambient temperature.  All spectra were referenced to 

external adamante signal as a secondary reference (frequency peak at 38.0 ppm with 

respect to TMS). Data were processed, analysed, and graphical outputs made using 

Bruker’s Topspin software suite. 152 

2.12 BET gas sorption measurements 

BET (Brunauer-Emmett-Teller) gas sorption measurement is an analytical technique for 

calculating the internal surface area of a solid. It is commonly used to estimate the amount 

of accessible space inside porous materials. 153 BET is similar to Langmuir theory, as it 

measures the volume of gas taken up in to a solid, except in BET gases have multi-layered 

adsorption. Langmuir theory assumes that any gas absorbed forms a monolayer on the 

internal surface of a porous material, 153 while BET assumes that a proportion of the gas 

adsorbs in multiple layers. For this reason, Langmuir surface area calculations become 

inaccurate in solids with large internal surface areas. Total surface area is calculated using 

the equation below which relates the total surface area Stotal to the volume of gas needed 

to form a monolayer vm, Avogadro’s number N, s the cross-sectional area of a single 



 
 

52 
 

adsorbing molecule, and V the total volume of gas adsorbed. The specific surface area is 

calculated by dividing the surface area by the mass of sample measured.  

𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙 =
(𝑣𝑣𝑚𝑚𝑁𝑁𝑑𝑑)

𝑉𝑉
 

𝑆𝑆𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑆𝑆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑙𝑙
𝑎𝑎

 

In a typical BET adsorption experiment a sample is degassed, allowed to equilibrate at a 

low temperature, then gas is slowly added. After the gas is added, the volume of adsorbed 

gas is calculated, then the experiment is repeated at higher partial pressure. Partial 

pressure is plotted against adsorbed volume to obtain an adsorption isotherm. The shape 

of the isotherm is characteristic to the size and distribution of the internal surface of the 

solid being measured. 153  

2.12.1 Experimental 

BET adsorption measurements were conducted by Dr Sebastien Rochat at the University 

of Bath using a Micromeritics 3Flex surface characterisation analyser. Sorption 

measurements were conducted using nitrogen at 77 K. Data were analysed using included 

software package.  

 

 

 



 
 

53 
 

 Chapter 3- Mechanochemical synthesis and characterisation 

of MOF-74-Zn  

3.1 Introduction 

As described in chapter 1, there is a range of MOFs which can be synthesised with a huge 

range of properties under different synthesis conditions. This range of properties means 

that MOFs can be selected based on their required internal surface area, metal-ion choice, 

solvent stability, and synthesis method. As described in Section 1.6 MOF-74 can be 

considered a promising candidate for drug loading studies. 

Discussed in this chapter is the mechanochemical synthesis of the metal-organic 

framework MOF-74-Zn, a 3D MOF with large pore size in relation to linker size and 

11 Å diameter channels running through the structure (Figure 22). 

 

Figure 22 Structure of MOF-74 viewed down the c-axis showing the 11 nm diameter pores. Elements 
shown: carbon (grey), oxygen (red), zinc (blue), hydrogen (pink). Unit cell borders are shown in box, axis 
labels: a (red) b (green), c (blue).  
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In the synthesised MOF, each zinc is 6 coordinate in an octahedral configuration. Each 

of the zinc atoms face-share coordinated oxygens with their neighbours and align down 

the crystallographic c-axis.  

In the activated porous structure, each zinc is 5 coordinated with an uncoordinated metal 

site. Each zinc is coordinated to three carboxyl groups and two hydroxyl groups from the 

DHTA linker. 116 The zinc atom’s coordination environment is a coordinatively 

unsaturated octahedral arrangement (Figure 23). The crystallographic arrangement of the 

linker and metal centre remains unchanged in the activated structure with zinc atoms 

around a centre of inversion down the c-axis and the linker sitting on a crystallographic 

centre of inversion. 

 

Figure 23a: coordination around synthesised MOF-74-Zn. Figure 23b: coordination around activated 
MOF-74. Both are distorted octahedra which edge share. Synthesised framework is 6 coordinate while 
activated framework is 5 coordinate. Coordination shown as see through polyhedra. Atoms present: Zinc 
(blue), Oxygen (red). 

A B 
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Choosing which metal is used to make MOF-74 affects both its chemical and physical 

properties. The nickel and magnesium MOF-74 analogues are the most stable, but both 

require a solvothermal synthesis route and nickel is highly toxic. The zinc variant is only 

stable in water for around a week at room-temperature 117 but has a much more appealing 

mechanochemical synthesis route 42 than the traditional solvothermal synthesis route. The 

combination of reduced water stability and mechanochemical synthesis route make 

studying the drug release properties of MOF-74-Zn interesting. While the 

mechanochemical synthesis of MOF-74-Zn has been reported previously, the exact 

mechanism by which the framework forms is poorly understood. Reported in this chapter 

are a number of intermediates which form during the mechanochemical synthesis of 

MOF-74 which help to give an understanding of what leads to the formation of the 

framework. 
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3.2 Experimental 

3.2.1 Mechanochemical synthesis of MOF-74 using H2O 

MOF-74 was synthesised using a Retsch 400MM ball mill. The synthesis method has 

been outlined in Section 2.1.1.1. 179 mg of ZnO (wurtzite polymorph) (2.2 mmol) and 

220 mg of H4DHTA (1.1 mmol) were added to a 25 mL stainless steel milling jar to give 

a reaction ratio of Zn:H4DHTA 2:1. 300 μL of deionised water were added to the mixture 

along with a single 9 g stainless steel milling ball. The jar was sealed, and the materials 

milled for 90 minutes at a rate of 30 Hz. The resultant powder was washed with 5 mL 

water to remove left-over starting materials. PXRD of the powder was performed on the 

Bruker D8 Advance in capillary transmission, as described in Section 2.9.2.5. A Rietveld 

refinement using the PXRD data was carried out. Three phases, ZnO (wurtzite 

polymorph), Zn(H2DHTA)(H2O)2, and Zn2(DHTA)(H2O)2.8(H2O) were included in the 

refinement. Parameters refined were: phase fraction, thermal factors, background, zero-

point, lattice parameters, and crystallite size and strain. Atomic coordinates were not 

refined. 

3.2.2 Mechanochemical synthesis of MOF-74 using DMF 

The reaction method was a modified version of the one first used by Julien et al.42. Milling 

jar size and solvent volume were changed. MOF-74 was synthesised using the Retsch 

400MM ball mill synthesis method outlined in Section 2.1.1.1. 179 mg of ZnO (wurtzite 

polymorph) (2.2 mmol) and 220 mg of H4DHTA (1.1 mmol) were added to a 25 mL 

stainless steel milling jar to give a reaction ratio of Zn:H4DHTA 2:1. 300 μL of DMF 

were added to the mixture along with a single 9 g stainless steel milling ball. The jar was 

sealed, and the materials milled for 90 minutes at a rate of 30 Hz. The resultant powder 

was washed with 5 mL DMF to remove starting materials.  
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3.2.2.1 Optimising Mechanochemical reaction 

The method described by Julien et al. 42 was first attempted before the conditions in 3.2.2 

were found. 180 mg of ZnO (wurtzite polymorph) and 220 mg of H4DHTA were added 

together with 250 μL DMF along with two 9 g stainless steel milling balls in a 25 mL jar. 

The jar was sealed and milled for 90 mins at a rate of 30 Hz. PXRD of the resultant 

powder was performed. 

3.2.3 Activation  

MOF-74 was activated as outlined in Section 2.1.2.1. Specifically, MOF-74 was first 

solvent exchanged using methanol by soaking in 40 mL methanol for three days. The 

methanol was replaced with fresh methanol every day. The MOF sample was then 

activated by putting the sample under vacuum in a vacuum oven for 3 hours. The sample 

was then heated to 453 K, still under vacuum, and held at temperature for 24 hours. The 

oven was then allowed to cool at a rate of 25 K per hour. After the MOF had cooled it 

was stored in a desiccator.  

3.2.4 MOF-74 stability in solvents 

The stability of MOF-74 in hexane, methanol and a phosphate buffer were assessed. The 

buffer was prepared as follows: 19 mL of 0.1 M NaH2PO4.H2O were added to 81 mL of 

0.1 M Na2HPO4.7H2O. The solution was then diluted to 200 mL and the pH adjusted to 

7.4 using drop-wise addition of HCl and NaOH. 

In each case, 50 mg of activated MOF-74 were added to 20 mL of solvent. Over time, 

between 5 and 10 mg of powder were extracted from the solution and PXRD of the 

powder was performed. 
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3.2.5 PXRD  

Powder patterns of the products of the reactions described above were collected using 

procedure described in Section 2.9.2.5. Data were collected on the Bruker D8 Advance 

in capillary configuration with a total scan time of one hour. 

3.2.6 Elemental analysis 

Elemental CHN analysis was carried out according to method described in Section 2.3. 

Samples were dried at 60 °C for 24 hours before sending to MEDAC for CHN analysis. 

3.2.7 IR spectroscopy 

IR spectroscopy was carried out according to procedure outlined in Section 2.4. 

3.2.8 Gas adsorption measurements 

Gas adsorption measurements were collected according to the procedure outlined in 

Section 2.12.1. 

The “as synthesised” sample was heated to 363 K in an attempt to remove solvent from 

the pores. The heat was too low to activate the sample; however, the measurement was 

included to show the properties of non-porous, not-activated MOF-74-Zn. 

The activated gas uptake sample was heated to 393 K for 6 hours prior to gas adsorption 

measurements. 

3.2.9 Size distribution measurements 

Particle size distribution of synthesised MOF-74-Zn samples were collected according to 

Section 2.10.  
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3.2.9.1 Synthesis of MOF-74-Zn using 1 μm particle size zinc oxide and size distribution 

measurement preparation 

180 mg of 1 μm particle size ZnO (wurtzite polymorph) and 220 mg H4DHTA were 

added along with 400 μL of DMF in to a 25 mL stainless steel milling jar along with a 

single 9 g stainless-steel milling ball. The jar was sealed and milled for 90 minutes at 30 

Hz. 10 mg of the MOF-74--Zn sample were dispersed in 100 mL of hexane and sonicated 

for 20 minutes before size distribution measurement. 

3.2.9.2 Synthesis of MOF-74-Zn using 100 nm particle size zinc oxide and size 

distribution measurement preparation.  

180 mg of 100 nm particle size ZnO (wurtzite polymorph) and 220 mg H4DHTA were 

added along with 400 μL of DMF in to a 25 mL stainless steel milling jar along with a 

single stainless-steel milling ball. The jar was sealed and milled for 90 minutes at 30 Hz. 

10 mg of the MOF-74-Zn sample were dispersed in 100 mL of deionised water along 

with two drops of TWEEN 20. The solution was sonicated for 30 mins to ensure full 

dispersion before size distribution measurement.  

3.2.10 SEM of activated MOF-74-Zn sample 

An SEM picture of MOF-74-Zn was collected according to Section 2.8. 3 mg of activated 

MOF-74-Zn (Section 3.2.2 and Section 3.2.3) were added to the head of a sample pin. 

The sample was gold sputtered prior to image collection. 

 

3.2.11 Investigation of the reaction mechanism 

3.2.11.1 Monitoring the mechanochemical synthesis of MOF-74 

H4DHTA(DMF)2 (1): Zinc oxide (0.043 g, 0.53 mmol) and H4DHTA (0.100 g, 0.5 mmol) 

were added to a 5 mL stainless steel grinding jar along with a single 7 g stainless steel 
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grinding ball and 150 µL of DMF. The jar was sealed and milled at a rate of 30 Hz using 

a Retsch MM400 shaker type mixer mill. PXRD data were collected at beamline I11 of 

the DLS according to procedure in Section 2.9.2.5. Samples were taken at 2 mins, 4 mins, 

6 mins, 8 mins, 10 mins, 12 mins, 14 mins, 20 mins, 30 mins, 40 mins, 50 mins, 60 mins, 

70 mins, 80 mins, and 90 mins. Timings for samples were based on prior experimental 

work using laboratory X-ray data.  

3.2.11.2 Synthesis and structural determination of Intermediate 1 

Zinc oxide (0.043 g, 0.53 mmol) and H4DHTA (0.100 g, 0.5 mmol) were added to a 5 

mL stainless steel grinding jar along with a single 7 g stainless steel grinding ball and 150 

µL of DMF. The jar was sealed and milled for 2 minutes at a rate of 30 Hz using a Retsch 

MM400 shaker type mixer mill. PXRD data were collected at beamline I11 of the DLS 

according to procedure in Section 2.9.2.5, and the powder pattern was confirmed to be a 

mixture of ZnO (wurtzite polymorph), and (1). 

The crystal structure of (1) was solved using DASH and EXPO. DASH was used for final 

structure solution. Input Half H4DHTA molecule, DMF molecule. Run length: 1 million 

steps per run over 25 runs. The Structure was further refined using DFT energy 

minimisation before final rigid body Rietveld refinement in Topas 4.2. 142 

 

3.2.11.3 Synthesis and structural determination of Intermediate 2 

Zn(H2DHTA)DMF2(H2O)2 (2): 180 mg ZnO (wurtzite polymorph) (2.2 mmol) and 220 

mg DHTA (1.1 mmol) were added to a 25 mL milling jar along with 450 μL DMF and a 

single 9 g milling ball. The jar was sealed and milled for 15 minutes and left sealed for 4 

days. At the end of the four days the jar was opened, and small single-crystals of 2 were 

found. A suitable small plate crystal was found, on which single-crystal X-ray diffraction 
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was carried out according to Section 2.7 for optical microscopy and Section 2.9.1.1 for 

single-crystal X-ray diffraction.  

It was later found that  intermediate 2 can also be synthesised by milling 180 mg ZnO 

(2.2 mmol) and 220 mg H4DHTA (1.1 mmol) in a milling jar with 300 μL DMF and a 

single 9 g milling ball for 5 minutes at 30 Hz. This reaction results in a mixture of ZnO 

and (1). 

3.2.11.4 Synthesis and characterisation of Intermediate 3 

Zn(H2DHTA)DMF2(H2O)2: (3) Zinc acetate dihydrate (137.9 mg, 0.75 mmol)  and 

H4DHTA (144.584 mg, 0.73 mmol) were added to a 25 mL stainless steel grinding jar 

along with two 4 g stainless steel grinding balls and 150 µL DMF. The jar was sealed and 

milled for 60 minutes at a rate of 30 Hz. Data were collected on Diamond I11 according 

to procedure in Section 2.9.2.5. The resulting powder was determined to be a mixture of 

Zn(H2DHTA)(H2O)2 CCDC refcode ODIPOH, along with Zn(H2DHTA)DMF2(H2O)2 

(2). 

The crystal structure of 3 was solved using EXPO. EXPO input 

Zn2(C8O6H4)2(C3NOH7)4(H2O)4. The input formula matches to two zinc atoms, two 

H2DHTA molecules, four DMF, and four water molecules. Twenty-five trials were each 

fully refined using EXPO software, with the best solution taken forward. The best EXPO 

solution was further refined using DFT energy minimisation and final rigid-body Rietveld 

refinement.  

3.2.11.5 Synthesis of Intermediate 4 

Synthesis of Intermediate 4 (4): Zinc oxide (178.8 mg, 2.11 mmol) and H4DHTA (220.1 

mg, 1.05 mmol) were added to a 25 mL stainless steel milling jar along with a single 7 g 

stainless steel milling ball and 250 µl DMF. The jar was sealed and heated to 60 °C for 
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60 minutes. The heated sample was milled for 5 minutes at 30 Hz to produce a mixture 

of (4) and zinc oxide. 
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3.3 Results 

3.3.1 Mechanochemical synthesis using water or DMF 

Powder X-ray diffraction analysis of data indicates that the nature of the solvent added 

to the reaction mixture has a major effect on the nature of the product. Figure 24 shows 

the collected PXRD pattern and Rietveld refined model of the product obtained using 

water to assist milling. Quantitative phase analysis suggests that after 90 minutes of 

milling, MOF-74-Zn makes up only 12 % of the weight of the sample (formula 

Zn2(DHTA)(H2O)2.8(H2O)). The presence of ZnO indicates that the reaction did not 

result in complete conversion of starting materials to MOF-74-Zn.  

 

 

Figure 24 PXRD pattern and Rietveld refinement of attempts to synthesise MOF-74 using water to assist 
grinding. Phases modelled in Rietveld: ZnO, Zn(H2DHTA)(H2O)2, and Zn2(DHTA)(H2O)2.8(H2O). 
experimental PXRD (blue), calculated (red), difference curve (grey), hkl indices of phases used in 
refinement (tick marks). Zn(H2DHTA)(H2O)2 (green), Zn2(DHTA)(H2O)2.8(H2O) (black), ZnO (blue). 
Data were collected on Bruker D8 Advance. 

Attempts to synthesise MOF-74-Zn using water to assist grinding were unsuccessful at 

fully converting starting materials to MOF-74. The reaction would quickly form 

Zn(H2DHTA)(H2O)2, a reaction intermediate shown to form before MOF-74.42 
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Modifying reaction time, solvent volume, and milling balls had no effect on reaction 

completion. The synthetic procedure comes from a paper by Julien et al. with the only 

difference being milling jar size. 42 In contrast, reactions using DMF were successful, as 

shown in the following Section, and the remaining experiments of this chapter focuses 

on reactions assisted by DMF. 

3.3.2 Characterisation of MOF-74 prepared using DMF 

Shown in Figure 25 is the PXRD pattern and Rietveld model refinement of an attempt at 

synthesising MOF-74-Zn using the literature method described by Julien et al. 42  

 

Figure 25 PXRD pattern and Rietveld refinement model of attempts at synthesising MOF-74-Zn using 
literature reaction conditions. experimental powder pattern (blue), calculated (red) l, difference curve (grey), 
hkl indices for two phases used in refinement (tick marks). MOF-74-Zn (black ticks), zinc oxide (blue 
ticks). Data were collected on Bruker D8 Advance. 

The refinement shows that ZnO is still present, but no framework has formed after 90 

minutes of milling. At least one crystalline intermediate phase is present. The 

intermediate phases crystal structures and pattern of formation is discussed further in 

Section 3.3.7. As MOF-74-Zn did not form using the literature procedure, a modified 

procedure was developed by changing milling ball mass and solvent volume used in the 

milling reaction. 
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3.3.3 Optimised MOF-74-Zn synthesis using DMF as milling solvent 

Shown in Figure 26 is the collected PXRD pattern and Rietveld refinement of a 

MOF-74-Zn sample synthesised using the optimised experimental procedure outlined in 

Section 3.2.2.1. 
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Figure 26 PXRD pattern of MOF-74 with DMF in the pores. Inset shows PXRD pattern at high 2θ. 
Experimental  (Blue). simulated calculated PXRD (red). difference curve (grey). hkl tick markers for phase 
used in Rietveld refinement (blue ticks). Data were collected on Bruker D8 Advance. 
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Lattice parameters were refined initially using a Pawley refinement,  in which 

background, lattice parameters, detector zero point, and crystallite size and strain were 

refined. The refined parameters were then fixed, and a Rietveld refinement was 

performed. Atom coordinates, which were not refined, were obtained from the cif CCDC 

refcode FIJDOS 110 with formula Zn2(C8O6H2).(C3H7N)2(H2O)2, with DMF and water 

present in the pores and DMF coordinated to zinc.  The parameters refined in the Rietveld 

were: scale, background, and thermal factors. Table 7 summarises the results of the 

Rietveld refinement. 

Table 7 Results of the Pawley and Rietveld refinements of MOF-74-Zn. Formula: 
Zn2(C8O6H2).(C3H7N)2(H2O)2. 

Crystal system Trigonal 

Space group R3 

a (Å) 26.037(5) 

c (Å) 6.857(5) 

Volume (Å3) 4025.5(5) 

Rwp(%) 6.003 

Pawley Rwp 3.594 

χ2 5.76 

 

3.3.3.1 Elemental analysis 

The C, H and N contents of the as-synthesised MOF-74 are shown in Table 8. The 

calculated elemental analysis on the basis of the composition Zn2(DHTA)(DMF)2(H2O)2 

is in poor agreement with experimental values. The experimental results are in good 

agreement with  an elemental composition of Zn2(DHTA)(DMF)0.5(H2O)4, in which  
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most of the DMF has been replaced  with water, the water having most likely come from 

the MOF samples contact with air. 

 

Table 8 Elemental analysis of as-synthesised MOF-74 . (1) predicted formula: Zn2(DHTA)(DMF)2(H2O)2. 
(2) predicted formula Zn2(DHTA)(DMF)0.5(H2O)4  

 (1) (2)  

Element Predicted (%) Predicted (%) Experimental (%) 

C/% 33.16 26.32 26.95 

H/% 3.98 3.12 3.11 

N/% 5.52 1.62 1.73 

 

3.3.3.2 IR spectroscopy 

The collected IR spectrum is shown in Figure 27. The broad peak at 3242 cm-1 

corresponds to the O-H stretch of water. The peak at 2971 cm-1 corresponds to the C-H 

alkyl stretch from the DMF. The peak at 1655 cm-1 corresponds to a C=O stretch. The 

peak at 1545 cm-1 corresponds to the C-O stretch where the carboxyl group of DHTA has 

bonded to Zn. The feature seen at 2158 cm-1 does not seem to correspond to any features 

in the structure, so is presumably an artefact of background subtraction. 
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Figure 27 IR spectrum of synthesised MOF-74. Peaks (cm-1): 809 (s), 879 (m), 912 (w), 1044 (m), 1060 
(w), 1100 (m), 1194 (s), 1234 (m), 1400 (s),1497 (w), 1551 (s), 1646 (m), 2868 (w),  2930 (w), 34 (br). 

 

Figure 28 IR spectrum of H4DHTA. Peaks (cm-1): 674 (br), 755 (s), 794 (s), 843 (s br), 899 (m), 1171 (s 
br), 1278 (m), 1423 (s), 1493 (m), 1639 (s), 3000 (m br). 

Figure 28 shows the collected IR spectra of the H4DHTA linker. By comparing the 

spectra’s shown in Figure 27 and Figure 28 it is clear that there are significant IR 
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spectrum differences between the as-synthesised MOF-74-Zn sample and the starting 

material H4DHTA. In particular, the broad stretch at 3000 cm-1 which corresponds to O-

H stretches is completely absent from the MOF-74 sample; this is expected as the OH 

groups are deprotonated during formation of MOF-74. 

3.3.3.3 TGA of synthesised MOF-74-Zn 

 

Figure 29 TGA of synthesised MOF-74-Zn in air. Temperature range of collection 293-893 K. 

 

Figure 29 shows the TGA of the as-synthesised MOF-74-Zn sample. The first weight 

decrease of 28.67% corresponds to the loss of uncoordinated DMF and water from the 

MOF. The second weight decrease of 43.85% corresponds to the loss of coordinated 

DMF and the loss of the DHTA linker. The final 25% weight corresponds to the formation 

of zinc oxide as the sample was combusted in air. 
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3.3.3.4 Surface area analysis of synthesised MOF-74-Zn  

Figure 30 shows the BET adsorption and desorption curves of an as-synthesised 

MOF-74-Zn sample. The adsorption curve is a typical Type II adsorption curve which 

indicates that the sample is either non-porous or macroporous. Type II adsorption curves 

are described by monolayer adsorption at low values of P/P0, typically this monolayer 

forms at as low a pressure ratio as 0.05 P/P0. 154 The linear adsorption region between 

0.05 P/P0 and 0.7 P/P0 corresponds to multilayer gas adsorption. The deviation between 

adsorption and desorption curves indicate that the sample is exhibiting an H3 hysteresis 

loop, where small irregular pores form from entrances to the porous network being 

partially blocked. This hysteresis loop is expected for a MOF sample which is not 

activated. 

 

Figure 30 BET adsorption curve of synthesised MOF-74-Zn. (blue) adsorption curve, (orange) desorption 
curve. 
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BET surface area was calculated as part of the experiment. The total surface area showed 

by the sample was 29.2 m2 g-1. This value is significantly smaller than the surface area 

previously reported for activated MOF-74-Zn samples.   

3.3.4 Activation of MOF-74-Zn 

3.3.4.1 PXRD 

The PXRD pattern of an activated MOF-74-Zn sample which was synthesised using the 

method outlined in 3.2.2 and activated using the method described in 3.2.3 is shown in 

Figure 31. Analysis shows that no new crystalline phases are present in the sample. The 

change in relative peak heights indicates that while the unit cell is the same as the 

unactivated MOF sample the contents of the cell (specifically the molecules in the pores) 

are different. A CIF based on the work of Dietzel et al. 155 which corresponds to 

MOF-74-Zn with empty pores, CCDC refcode WOBHIF was used as the basis for the 

Rietveld refinement (Figure 31). 

Table 9 Refined Lattice parameters of activated MOF-74 including Pawley and Rietveld Rwp values. 

Crystal system Trigonal 

Space group R3 

a (Å) 26.139(8) 

c  (Å) 6.627(3) 

Volume (Å3) 3921.2(3) 

Rietveld Rwp(%) 5.47 

Pawley Rwp (%) 3.42 
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Figure 31 PXRD of activated MOF-74 showing Rietveld refinement. Showing experimental data (blue), 
model (red), difference curve (grey), hkl tick marks (blue under curve). Inset shows fit between 30 and 
60˚2θ. Inset shows two miss fit peaks at 32 and 48 ˚2θ which correspond to a very small amount of 
unreacted zinc oxide. 
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The model used in the Rietveld refinement shows good agreement with the experimental 

data. Two unfitted features are present at 32 and 48 ˚2θ, correspond to ZnO, but in total 

makes up less than 1% in the refined mass weight percentage of the Rietveld model.  

3.3.4.1 Surface area of activated MOF-74-Zn 

The adsorption isotherm of the activated MOF collected at 77 K under N2 is shown in 

Figure 32. The adsorption curve shown is typical of a Type I adsorption isotherm which 

corresponds to a microporous structure. 

 

Figure 32 BET absorption curve of activated MOF-74 at 77K. Plot shows type 1 adsorption isotherm. 
Adsorption shown as blue dots, desorption shown as orange dots. 

The BET surface area was calculated to be 975 m2/g, a value smaller than the theoretical 

maximum surface area of 1300 m2 g-1. 156 However, the largest experimental surface area 

measured for MOF-74-Zn is 1100 m2 g-1. 42 
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The adsorption and desorption curves are identical, showing that the MOF had not 

decayed during loading, and that the gas had not become trapped during loading. This 

lack of hysteresis loop is seen in microporous materials. 157 

 

Figure 33 BET surface area change with increasing relative pressure. Trend is linear at low relative 
pressures. 

Figure 33 shows the BET surface area as it changes with increasing relative pressure. The 

plot is focused on small relative pressures where the BET gas uptake is linear. This linear 

trend at small relative pressure is common in type 1 isotherms, which further confirms 

the sample has a microporous structure. 

3.3.4.2 IR spectra of activated MOF-74-Zn 

The IR spectrum of activated MOF-74-Zn is presented in Figure 34. The IR spectrum has 

many of the same features as the as-synthesised MOF-74-Zn sample. The lack of peaks 

at 2900 cm-1 corresponding to secondary amines confirms that DMF has been removed 

from the sample. However, a broad peak at 3393 cm-1 corresponds to the O-H stretch of 

water. The strong peak at 1549 cm-1 corresponds to the carboxylic salt C=O stretch. There 
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is no sign of unreacted H4DHTA in the sample which would be visible as a strong broad 

peak at 1190 cm-1. The broad stretch around 3400 cm-1 corresponds to moisture picked 

up by the sample during data collection. 

 

Figure 34 IR spectrum of activated MOF. Peaks 815 (m), 886 (m), 898 (w), 1128 (w), 1191 (s), 1124 (m), 
1368 (w), 1408 (s), 1549 (m), 1644 (w), 3393 (wbr). 
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3.3.4.3 TGA of activated MOF-74-Zn 

  

Figure 35 shows the TGA decomposition of the activated MOF-74-Zn sample  there is 

an observable weight increase of roughly 1% between 290 K and 300 K which 

corresponds to moisture in the air pumped over the sample. The weight decrease shown 

between 300 K and 450 K corresponds to moisture picked up by the sample during the 

mounting of the sample on the TGA. The weight drop between 550 K and  700 K can be 

attributed to the decomposition of the DHTA linker along with the formation of the final 

product, zinc oxide (Figure 36). One formula unit of DHTA is lost which corresponds to 

46% of the total weight, and two formula units of ZnO are formed which leaves the 

resultant 44% final weight. 
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Figure 35 TGA curve of activated MOF-74 sample. The 7% weight drop between 290 and 390 
K corresponds to moisture picked up by the sample over the course of 30 mins. 
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A collected PXRD pattern of the sample after TGA leaves only ZnO (Figure 36) showing 

full decomposition of the framework and the loss of all organic groups by 1053 K leaving 

only the wurtzite ZnO polymorph present in the sample. 

 

Figure 36 PXRD pattern of activated MOF-74 sample after TGA showing only ZnO phase. 

 

3.3.4.4 Elemental analysis of activated MOF-74 

CHN analysis of an activated MOF-74-Zn sample was collected and compared to the 

predicted formula of Zn2(C8O6H2), which gives a molecular weight of 326 g mol-1. This 

comparison is presented in Table 10 which indicates that the solvent has successfully 

been removed from the pores of the framework. There is no evidence of DMF in the pores 

as there is no nitrogen present in the sample. The results show a small increase in 

hydrogen content compared to the predicted structure. It can be assumed that the sample 

took up a small amount of water when sent for analysis. Also presented is the predicted 

formula if the MOF had only been solvent exchanged, which corresponds to a formula of 

Zn(C8O6H2).(H2O)8. The clearest difference between the activated sample and the water 

filled sample is the carbon content, with a difference of 10%. As the sample contains 29% 

carbon and not 20% it can be inferred that the sample has taken up very little water. 
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Table 10 CHN analysis results of activated MOF-74-Zn sample. Predicted composition Zn2(C8O6H2). 
Water filled sample uses composition  Zn(C8O6H2).(H2O)8 and corresponds to MOF-74-Zn after the pores 
have absorbed a significant amount of water. 

Element Predicted (%) Experimental (%) Water filled (%) 

C 29.58 29.2 20.40 

H 0.62 0.98 4.28 

N 0 0 0 

 

 

3.3.5 Stability of MOF-74 

3.3.5.1 Stability in air 

Exposing activated MOF-74 samples to moist air for prolonged periods affects this 

material, as illustrated in Figure 37. There are significant differences between the fresh 

material and activated MOF-74 aged for one month. The relative peak intensities change 

significantly, partially due to water uptake, but peak intensities also decrease significantly, 

suggesting degradation of the framework. In addition, a new peak appears at 10.7° 2θ, 

which could be attributed to the formation of  Zn(H2DHTA)(H2O)2.158 However, Pawley 

refinements using MOF-74-Zn and Zn(H2DHTA)(H2O)2 did not fit well to the 

experimental diffractogram. The best fit to the experimental pattern comes from a three-

component simultaneous Pawley and Rietveld refinement using ZnO, MOF-74-Zn, and 

lattice parameters of intermediate 4 (see Section 3.3.7.7.). The refinement model fit well 

to the data with an Rwp of 2.75% (Figure 37). This result indicates that MOF-74-Zn 

decomposes to a mixture of ZnO and an intermediate structure.  
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* 

Figure 37 PXRD of activated MOF-74 (blue line) and MOF-74 aged for one month in air (black line). Starred 
peak corresponds to the most obvious peak of the intermediate phase (a). Simultaneous Pawley and Rietveld 
refinement of air decomposed MOF-74-Zn. Experimental (blue), calculated (red). Refinement used 
following phases: zinc oxide, MOF-74-Zn, and 4 (b). 
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3.3.5.1 Methanol 

By contrast, powder X-ray diffraction data (Figure 38) collected on a sample soaked in 

methanol indicates that this material does not change upon exposure to methanol. This is 

confirmed by Pawley refinements of both datasets, which result in almost identical lattice 

parameters (Table 11), with comparable Pawley Rwp values of 4.22 and 4.30% for the 

initial addition and after one week, respectively.  

Figure 38 PXRD pattern showing stability of MOF-74 in methanol. PXRD pattern collected straight after 
adding to methanol (black). sample after one week in methanol (blue).  
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Table 11 Comparison of lattice parameters of MOF-74 samples in methanol. MOF-74 initial addition after 
immersion in methanol, and MOF-74 after 1 week in methanol. 

 MOF-74 initial addition MOF-74 after 1 week 

Crystal system Trigonal Trigonal 

Space group R-3 R-3 

a (Å) 26.16(4) 26.37(5) 

c (Å) 6.64(3) 6.85(5) 

Volume (Å3) 3941.3(4) 4025.5(5) 

3.3.5.2 Stability in phosphate buffer. 

When the MOF is exposed to a phosphate buffer (Figure 39) the framework decays. This 

can be most clearly seen in the PXRD pattern as peak intensities of MOF-74 decrease 

over time and the amorphous background increases. As the MOF peak intensities 

decrease, new peaks appear, most clearly seen after two months (starred peak in Figure 

39). 
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Figure 39 Powder patterns of   MOF-74 exposed to a phosphate buffer for increasing amounts of time. Key: 
initial material (black). 1-hour exposure (red). 2 hours (blue). 48 hours (green). 2 months (pink). Stars show 
first three peaks of a new phase that forms as the MOF decomposes. 
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After two months the appearance of a new phase is evident (stars on Figure 39). This new 

phase was indexed (Table 12) using TOPAS  with determined lattice parameters used in 

a simultaneous Pawley and Rietveld refinement along with ZnO and MOF-74-Zn phases 

(Figure 40). 

 

Figure 40 Simultaneous Pawley and Rietveld refinement using the powder diffraction pattern of  MOF-74 
exposed to a phosphate buffer for 2 months. Rietveld component: ZnO, MOF-74-Zn 
(Zn2(DHTA)(H2O)2.(H2O)8 

Searches on crystallographic databases have been carried out to identify this phase, but 

no matches have been found, indicating that this phase is most likely novel. The volume 

of the unit cell is very similar to the structure discussed in Section 6.3.2, which is a 

hydrated potassium salt of H2DHTA. It is possible that this phase is a sodium salt of 

DHTA, or a new polymorph of the H4DHTA hydrate. 159 
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Table 12 Lattice parameters of new phase found from MOF-74-Zn decomposition in phosphate buffer. 

Crystal system Monoclinic 

Space group P21/c 

a (Å) 5.296(4) 

b (Å) 18.291(2) 

c (Å) 5.030(2) 

β (°) 89.91(2) 

Volume (Å3) 487.320(9) 

Pawley Rwp 4.698 

 

3.3.6 Particle size of synthesised MOF-74-Zn samples 

The particle size of MOF-74-Zn samples was measured using size distribution analysis 

and SEM with results presented below. 

3.3.6.1 Size distribution 

Figure 41 presents the particle size distribution of MOF-74-Zn samples. Figure 41a 

presents the particle size of MOF-74-Zn samples synthesised using 1 μm particle 

diameter ZnO. The synthesised MOF-74-Zn samples have a diameter range between 4 

and 8 μm. Using smaller particle diameter ZnO results in smaller MOF-74-Zn particle 

size as seen in Figure 41b. The MOF sample in Figure 41b was synthesised using 100 nm 

diameter ZnO which resulted in significantly smaller MOF particles with a size range 

between 100 nm and 400 nm.  
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3.3.6.2 SEM 

SEM of the activated MOF-74-Zn sample synthesised using 1 μm zinc oxide (Figure 42) 

which confirms that the MOF-74-Zn particles are smaller than 1 µm. The entire image 

spans roughly 80 µm x 80 µm with the MOF-74-Zn sample still appearing as a powder. 

During the image collection 

the MOF was found to charge significantly even after coating with gold preventing higher 

resolution images from being collected. 

Figure 41 Particle size distribution of MOF-74-Zn samples.  (A) size distribution using 1 um particle size 
ZnO. (B) Particle size using 100 nm particle size ZnO. 

B 

A 
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Overall this measurement agrees with the size distribution method, but collection on a 

higher resolution electron microscope would be required to more accurately confirm the 

framework particle size. 

 

3.3.7 MOF-74-Zn reaction intermediates 

While experimenting with the MOF-74 mechanochemical synthesis method, several 

semi-stable reaction intermediates were identified. Due to the short-term stability of these 

phases, approximately 24 hours before complete disappearance, high quality PXRD data 

were required, as only one of the intermediate structures grew crystals large enough for 

single-crystal X-ray diffraction. All other data were collected on Diamond I11 high-

resolution powder diffraction beamline. Figure 43 shows the time resolved PXRD 

datasets collected during the mechanochemical reaction to form MOF-74-Zn. As can be 

Figure 42 SEM of MOF-74-Zn sample. Scale of image 80 μm x 80 μm. Sample coated in gold 
monolayer to increase conductivity. 



 
 

88 
 

seen, there are large changes as phases form and disappear early in the milling reaction 

with a number of strong peaks appearing and disappearing throughout the reaction. 

 

Figure 43 Time-resolved PXRD pattern of the mechanochemical synthesis of MOF-74. Colour scale 
indicating intensities with blue, lowest intensity, red highest intensity. 

 

Table 13 shows the lattice parameters of the MOF-74-Zn intermediates along with 

refinement information where information is known.  
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Table 13 Lattice parameters and refinement values for intermediates formed in the mechanochemical synthesis of MOF-74 along with MOF-74 lattice parameters. 4 corresponds 
to a currently only indexed intermediate. MOF-74 is included in table to compare lattice parameters of intermediates to lattice parameters of final product. 
Data/restrains/parameters field used for number of parameters in powder structure solution data. 

Identifier 1 2 3 4 MOF-74 
Solution method Powder diffraction Single-crystal Powder diffraction Powder diffraction CIF from paper110 
Empirical formula C14H20N2O8 C14H22N2O10Zn C14H22N2O10Zn  Zn2C11O8H20N 
Formula weight 344.32 443.73 443.73  424 
Temperature (K) 293 250(3) 293 293 153(3) 
Crystal system Monoclinic Triclinic Monoclinic Triclinic Trigonal 
Space group P21/n P-1 P21/c P-1 R-3 
a (Å) 5.92029(5) 5.415(5) 10.01162(6) 17.201(5) 26.037(5) 
b (Å) 20.8177(2) 8.709(5) 5.41376(3) 14.317(6) 26.037(5) 
c (Å) 6.87864(8) 10.118(5) 17.55111(11) 7.423(7) 6.857(5) 
α (˚) 90 82.786(5) 90 114.87(3) 90 
β (˚) 98.0970(7) 89.035(5) 96.8507(7) 88.88(9) 90 
γ (˚) 90 78.215(5) 90 110.31(5) 120 
Volume (Å3) 839.319(15) 463.4(6) 944.487(10) 1538.06(4) 4025.5(5) 
Z 2 1 2  18 
ρcalc g (cm3)  1.590    
μ (mm-1)  2.363    
F(000)  230.0    
Crystal size/mm  0.1 × 0.1 × 0.05    
Radiation (Å) 1.381246 CuKα (λ = 1.54184) 1.381246   
2Θ range for data collection (°)  8.81 to 138.938    
Index ranges  -6 ≤ h ≤ 5, -10 ≤ k ≤ 10, -10 ≤ l ≤ 12    
Reflections collected      
Independent reflections 744  381   
Data/restraints/parameters 62 1689/0/148 53   
Goodness-of-fit on F2  1.047    
Final R indexes [I>=2σ (I)]  R1 = 0.0344, wR2 = 0.0803    
Final R indexes [all data]  R1 = 0.0391, wR2 = 0.0829    
Largest diff. peak/hole (e Å-3)  0.25/-0.36    
R factors(Pawley, Rietveld) 
(%) 

1.62, 2.84 4.53 8.01, 9.93  6.003, 6.55 
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3.3.7.1 Structure determination of intermediate 1 

Intermediate 1 forms after only 2 mins of milling. The powder diffraction pattern of 

intermediate 1 was collected at beamline I11 of the DLS. Intermediate 1’s lattice 

parameters were indexed using DICVOL as implemented in DASH. As multiple phases 

were present in the powder pattern, the intensities corresponding to intermediate 1 needed 

to be extracted. A Pawley refinement was used to model the intermediate 1 phase and 

extract peak intensities. As the peaks corresponding to zinc oxide were unchanged from 

a starting mixture it was inferred that the new phase did not contain Zn, which meant that 

intermediate 1was most likely a solvate of the H4DHTA linker. The only known solvate 

structure was that of C8O6H6.(H2O)2, which is a water solvate of H4DHTA. 160 

The structure of intermediate 1 was solved from powder diffraction data using a mixture 

of DASH and EXPO. A partial structure solution was found by using EXPO direct 

methods. It was assumed that no zinc was present in the crystal structure. Taking into 

account the Hoffmann volumes (crystallographic volumes of individual atoms) of the 

predicted formula, it was possible to estimate and compare the possible formulae of 

intermediate 1. 161  

Table 14 shows the calculated unit-cell volume of intermediate 1 which was calculated 

using atomic volumes corresponding to C28H36N4O16 (four DMF molecules and two 

H4DHTA molecules). Table 14 also shows the unit-cell volume calculated from a Pawley 

refinement of intermediate 1. The close agreement in unit-cell volume between the 

predicted cell volume and Pawley cell volume led to the use of the predicted formula as 

a structure solution input. This resulted in the partial structure shown in Figure 44, which 

provided useful information with regards to the nature of this intermediate.  
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Table 14 Comparison of predicted cell volume and Pawley unit-cell volume in intermediate 1. Predicted 
cell was calculated using 7 carbons, 10 hydrogens, 1 nitrogen, and 4 oxygens. 

Element Volume of 

single atom 

Number of 

atoms 

Volume of 

sum of atom 

Total volumes 

C 13.87 28 388.36 Predicted cell volume 

H 5.08 36 182.88 800.2 

N 11.8 4 47.2 Pawley cell volume 

O 11.39 16 181.76 839 

Figure 44 EXPO best solution for solving intermediate 1, atoms are incorrectly assigned. Elements: C 
(grey), oxygen (red). 

 

Figure 44 shows the best solution found using EXPO, while some parts of the structure 

look reasonable the structure is clearly incorrect. The DMF molecule sitting on general 

positions (red circle in Figure 44), can be identified. The fact that benzene rings formed 

at all was strong evidence that the input atomic composition was correct. The terephthalic 

acid is incomplete and, although sitting on a general position,  sits very close to a special 

position. In almost all other cases of crystal structures containing DHTA the centre of the 

molecule sits on a special position. 160 162 163 164 Using this information DASH was then 

used to solve the structure of intermediate 1 using the following fragments: 1xDMF 

molecule, 0.5xH4DHTA (Figure 45). The half H4DHTA molecule was anchored to a 

special position. 
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DASH uses Z-matrixes as inputs for solving crystal structures from powder diffraction 

data (Figure 45). The inputs used in the Z-matrixes correspond to the asymmetric unit of 

the crystal structure. To give the best chance of success, the molecular structures of the 

input Z-matrices were taken from existing crystal structures found in the CSD3. The half 

H4DHTA molecule was obtained from refcode DUSJUX, 159 and the DMF molecule was 

obtained from the DMF solvate of terephthalic acid published by Dale et al. 165 refcode 

EVOVUG . 

Based on the partial EXPO solution, it was most likely that the H4DHTA molecule would 

sit on a centre of inversion, while the DMF molecule would sit on a general position. The 

input for the Z-matrixes was half an H4DHTA molecule and one DMF molecule. The 

arrangement of the atoms in the H4DHTA were locked and the centre of the molecule 

was fixed at (½ ½ ½). A DASH simulated annealing run was performed using these 

parameters using 25 trial runs with 1 million steps each. 

The resultant crystal structure was further improved by DFT energy minimisation 

(Section 2.9.2.3) to give a final crystal structure. In order to calculate ESDs for lattice 

parameters, a rigid body Rietveld refinement was performed using TOPAS. 

 

Figure 45 Z-Matrix inputs used to solve intermediate 1. (left) half of one H4DHTA molecule. (right) DMF 
molecule. Atoms are coloured as follows: carbon (grey), oxygen (red), hydrogen (pink), and nitrogen (light 
blue). 
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3.3.7.2 Crystal structure of intermediate 1 

(1) (formula (C8O6H6)(C3H7NO)2 crystallises in a monoclinic P21/n space group (Table 

13) with CIF available in supplementary information. Each asymmetric unit contains a 

single H4DHTA molecule and two DMF molecules. Both the H4DHTA and DMF 

molecules pack down the a-axis.  H4DHTA molecules exhibit Intermolecular and 

intramolecular H bonding throughout the crystal structure. Short distances of 1.598 Å 

between the hydroxyl and carboxyl groups of the linker are consistent with intramolecular  

H bonding, while intermolecular  H bonding occurs between carboxyl groups and DMF. 

 

3.3.7.3 Structural determination of intermediate 2 

Intermediate 2 was first found when a MOF-74-Zn milling reaction was milled for only 

15 minutes and a white powder was found. It was known that mechanochemical MOF 

synthesis routes produce crystalline intermediate phases, so a PXRD pattern was 

collected on the powder. The crystal structure solution is described in Section 3.2.11.3, 

the CIF of intermediate 2 is available in supplementary information. 

3.3.7.4 Crystal structure of intermediate 2 

2 (formula Zn(C8H4O6)(H2O)2(C3H7NO)) crystallises in the triclinic space group P-1 

(Table 13). Each asymmetric unit contains one zinc atom, one DMF molecule, one water 

molecule, and half an DHTA linker (Figure 47a). Each zinc is octahedrally coordinated 

Figure 46 Crystal structure of 1. (Left) packing along a-axis. (right) asymmetric unit showing internal and 
external H-bonding between neighbouring H4DHTA and DMF molecules (blue dashed lines). Element 
colours: carbon (grey), oxygen (red), nitrogen (blue), hydrogen (orange), zinc (light blue). Unit-cell axis 
colours: green (b-axis), blue (c-axis), 
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to two water molecules, two DMF molecules, and two H2DHTA linkers with Zn-O bond 

lengths of 2.063 Å forming 1 D chains.  

Each chain packs directly aligns with all other chains with no offset between 

neighbouring zinc atoms, and a zinc-zinc distance of 8.709 Å (Figure 47b).  Hydrogen 

bonding stabilises the structure connecting the uncoordinated hydroxyl group to the 

carboxylic acid keeping the linker planar. No hydrogen bonding occurs between the 

chains, with packing due to the overlapping π stacking from the benzene rings in the 

structure.   

 

 

 

 

Figure 47 Structure of 2. Single asymmetric unit showing H-bonding (a), packing of unit-cell (b), and example 
of coordination polymer chains (c). Element colours: carbon (grey), oxygen (red), nitrogen (blue), hydrogen 
(orange), zinc (light blue). Unit-cell axis colours: red (a-axis), green (b-axis), blue (c-axis),  

a b 

c 
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A Rietveld refinement was performed to confirm bulk agreement of the crystal structure 

of 2 (Figure 48). Results indicated strong agreement (Rwp= 4.53%), no additional 

phases were present in the bulk powder. 
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Figure 48 Rietveld Refinement of Intermediate 2. CIF used in refinement: Zn(H2DHTA)(DMF)2(H2O)2. 
experimental dataset (Blue), calculated (red), difference curve (grey), hkl indices (tick marks). 
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3.3.7.5 Synthesis and structure solution of intermediate 3 

Intermediate 3 was solved using powder diffraction data. Lattice parameters were first 

found by visually inspecting multiple powder patterns and grouping peaks which 

increased and decreased in intensity concurrently. The set of peaks was then used to find 

a set of lattice parameters using DICVOL as implemented in DASH. A Pawley 

refinement was performed using the found lattice parameters, then the phase was 

extracted using TOPAS. The extracted peak phase was used as an input for EXPO direct 

methods. The elemental composition was difficult to determine, and multiple different 

compositions were tried. The unit-cell of intermediate 3 is exactly double that of 

intermediate 2, so the total input used was Zn2(C8O6H4)2(C3NOH7)4(H2O)4. The input 

corresponded to two zinc atoms, four DMF molecules and 4 water molecules. Many 

EXPO runs were required to give a feasible crystal structure (Figure 49). Figure 49 shows 

the best structure result from EXPO which is clearly incorrect, as some elements are 

incorrectly assigned and no hydrogen atoms are present; however, the structure was close 

enough to correct to move forward with refinement. The structure was further refined 

using DFT energy minimisation. 

 

Figure 49 EXPO solution of intermediate 3 showing incorrectly assigned elements and no hydrogen atoms. 
Elements: Zinc (dark blue), carbon (grey), oxygen (red), zinc (light blue). 
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3.3.7.6 Crystal structure of intermediate 3 

3 (formula Zn(C8H4O6)(H2O)2(C3H7NO)) crystallise in monoclinic space group P21/a 

(Table 13) as a polymorph of intermediate 2, which forms upon further milling of 2, or 

by milling of zinc acetate dihydrate with DHTA for 90 minutes in a 1:1 ratio. Each zinc 

is octahedrally coordinated to two water molecules, two DMF molecules and two DHTA 

molecules forming 1 D chains (Figure 50a). Each zinc is located on a centre of inversion 

at (½, ½, 0) whilst the centre of the DHTA linker sits on a centre of inversion at (½, ½, 

½) (Figure 50b). As a result, each chain zig zags down the a-axis in offset chains, as 

opposed to intermediate 2 where each DHTA stacks on top of each other.      

Figure 50 structure of 3. 23(a)  packing of unit-cell viewed down b-axis (left), 23(b)  and example of 
chains packing in zig zag configuration (c). Element colours: carbon (grey), oxygen (red), nitrogen 
(blue), hydrogen (orange), zinc (light blue). Unit-cell axis colours: red (a-axis), blue (c-axis). 

a b 
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Figure 51 PXRD and Rietveld refinement of intermediate 3. Refinement is a mixture of 
Zn(H2DHTA)(DMF)2(H2O)2 (intermediate 3), and Zn(H2DHTA)(H2O)2 (MOF-74 water intermediate). 
experimental PXRD (Blue), calculated (red), difference curve (grey), blue tick marks correspond to 
intermediate 3, while black tick marks correspond to Zn(H2DHTA)(H2O)2 
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3.3.7.7 Synthesis and attempts to solve intermediate 4 

Intermediate 4 was found to form after 70 minutes of milling a MOF-74 sample and is 

the last intermediate before the formation of the MOF-74 framework. Attempts to solve 

the crystal structure from powder diffraction data or growing single crystals were both 

unsuccessful.  

Figure 52 shows a simultaneous Rietveld and Pawley refinement of ZnO and lattice 

parameters of intermediate 4. 
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Figure 52 Powder pattern and Pawley refinement of MOF-74-Zn intermediate 4. Experimental (blue), 
calculated (red). 
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3.3.8 Rietveld refinements of intermediates to calculate QPS 

Using the solved crystal structures a series of multi-phase Rietveld refinements were 

carried out using the experimental data obtained from the milling experiment on Diamond 

I11. The weight percentage of each phase as a function of time was used to map out 

crystallographic changes throughout the reaction (Figure 53). The resultant plot clearly 

shows the changes in crystallographic phases as the reaction progresses. 

 

Figure 53 Plot showing changes of Rietveld weight percentages with time during the mechanochemical 
synthesis of MOF-74-Zn. Area under each colour represents weight percentage of each phase. Phases 
present and associated colours: black 1 (H4DHTA DMF2), red (zinc oxide), blue 2 
(ZnH2DHTA(DMF)2(H2O)2), pink 3 (ZnH2DHTA(DMF)2(H2O)2), green (MOF-74-Zn). White space 
indicates 4. 
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Figure 54 Intermediates formed during the mechanochemical synthesis of MOF-74-Zn, including times of formation. 
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3.4 Discussion 

3.4.1 mechanochemical synthesis and properties of MOF-74-Zn 

This work demonstrates that MOF-74 can be synthesised via mechanochemical means, 

which facilitates large scale synthesis of this material for use in multiple drug delivery 

applications (Chapter 4). Although the mechanochemical synthesis method has been 

reported previously, 42 the work reported here is a significant improvement, leading to 

MOF-74 synthesis using DMF which fully forms MOF-74, a direct advancement of the 

work published by Julien et al. In the previously reported synthesis, MOF-74 never fully 

forms when DMF is used to assist grinding. DMF has advantages over water when used 

to synthesis MOF-74 including increased surface area, 42 and better stability, at least until 

the solvent is replaced in the MOF with water. 117 Using DMF also improved the BET 

surface area compared to using water during milling. Using water liquid assisted grinding 

reportedly gives BET surface areas of around 500 m2 g-1, 42 while the samples synthesised 

here had a BET surface area of 975 m2 g-1 and a Langmuir surface area of 1000 m2 g-1. 

This value is smaller than the highest previously reported Langmuir surface area of 1187 

m2 g-1. 166 This decrease is most likely due to differences in sample particle size, and air 

contact time for the activated sample. 

As part of this work, the stability of MOF-74-Zn was assessed in moist air, methanol, and 

phosphate buffer. The framework is entirely stable in methanol showing no changes in 

the PXRD pattern. This stability was measured because methanol is used in the solvent 

exchange step of the MOF synthesis. The stability of the activated MOF was measured 

in air over the course of two months. During the two months, the MOF decayed 

noticeably as judged by changes in the PXRD, with the decrease in peak intensities and 

the formation of Zn(H2DHTA)(H2O)2, 158 which is an intermediate in the formation of the 

MOF when water is used to assist grinding. Finally, the MOF stability was studied using 
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a pH 7.4 phosphate buffer. The activated MOF decayed steadily over two months as the 

MOF decayed and formed ZnO and a new phase. Weighted Rietveld analysis 148 indicates 

that roughly 50% of the MOF-74-Zn decomposes in two months, but that the framework 

decays initially very quickly.  

Finding optimal synthesis conditions took a lot of iteration, with changes including: 

milling ball total weight, number of milling balls, size of milling jar, volume of DMF 

used, and total starting material weight used in the mill. The conditions arrived at in 

Section 3.3.3 are the culmination of this experimentation. One of the largest hurdles 

found with synthesising MOFs using DMF was the decomposition of DMF. DMF slowly 

decomposes forming dimethyl amine. 167 It was observed that DMF purity massively 

impacted on the rate of mechanochemical reaction, up to whether a framework would 

form at all. It was found that DMF would become unusable within 3 months of opening 

a bottle, and after that point the mechanochemical reaction would be very inconsistent, 

often not forming MOF-74-Zn at all. 

As described in 3.3.6, the particle size of zinc oxide used to synthesise the MOF affects 

the particle size of the framework formed. While this may see obvious, it is the first 

reported example of using starting material particle size to influence the particle size of 

a mechanochemically synthesised framework. In this case, it was found that using 100 

nm particle size ZnO produced MOF-74-Zn of around 200 nm, while using ZnO of 

particle size 1 μm would make MOF-74-Zn with particle sizes of close to 1 μm. 

3.4.2 intermediates formed in the mechanochemical synthesis of MOF-74-Zn 

Several MOF-74-Zn intermediate structures were found and characterised in this work. 

Of these intermediate phases only the existence intermediate 4 has been previously 

reported, though without lattice parameters. 42  
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This work demonstrates that the reaction route taken during a mechanochemical synthesis 

is highly dependent on which solvent is used to assist grinding. When MOF-74 is 

synthesised using water to assist grinding only a single intermediate forms. This 

intermediate is a zinc H2DHTA coordination polymer with a Zn:DHTA ratio of 1:1. The 

structure of the water route intermediate is similar to intermediates 2, and 3, and was first 

reported by Ghermani et al.158 and then confirmed as MOF intermediate by Julien et al. 42 

 

The intermediate formed using water has a tetrahedral coordination around the zinc centre 

which compared to the octahedral coordination found in the DMF intermediates as well 

as the MOF-74-Zn framework. 

Although finding the crystal structures of intermediates 1-3 meaningfully pushes forward 

the understanding of intermediates forming in mechanochemical reactions, an important 

question remains. Intermediates 1-3 all exhibit close packed crystal structures, while the 

final framework has its open pored structure. It is expected that the structure of 

intermediate 4 is also porous due to the size of the unit-cell and knowing the structure 

will hopefully give the complete picture of the synthesis. Unfortunately, it does not seem 

possible to solve the structure using powder structure solution methods with the unit-cell 

Figure 55 Formula unit of two MOF-74 mechanochemical intermediates. (a) Intermediate formed using 
water to assist grinding Formula: Zn(H2DHTA)(H2O)2. (b) intermediate formed using DMF to assist 
grinding formula: Zn(H2DHTA)(DMF)2(H2O)2. Element colours: carbon (grey), oxygen (red), nitrogen 
(blue), hydrogen (orange), zinc (light blue). 

(a) (b) 
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contents remaining uncertain. A method was found to synthesise intermediate 4 using 

only a short mill time by heating the sealed milling jar to 60 ˚C for an hour before milling 

for five minutes, meaning it might be possible to grow single-crystals of intermediate 4 

in a similar way to how single-crystals were grown for intermediate 2. 
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3.5 Conclusion 

The findings shown in this chapter can be summarised to a few key points. Firstly, the 

synthesis of MOF-74-Zn via mechanochemical methods has properties which are 

comparable to the synthesis of MOF-74-Zn via traditional solvothermal methods. Most 

importantly the surface area of the framework is very close to the highest previously 

reported for MOF-74-Zn.  

Secondly, there are many more crystalline intermediate structures which form in the 

mechanochemical synthesis of MOF-74-Zn. These new intermediates are comparable to 

the previously reported mechanochemical intermediate which was synthesised using a 

water LAG synthesis method.  

Finally, the ability to control particle size of MOF-74-Zn via zinc oxide particle size could 

have important ramifications to both the applications of MOF-74-Zn in drug delivery, as 

particle size of MOFs has previously been demonstrated to affect areas of accumulation 

in a body. 168 This ability to control where the MOF would accumulate in the body could 

be useful in drug delivery applications. In a wider context the ability to control framework 

particle size could potentially be applied to many other mechanochemical synthesis 

methods. 

These points together both build upon the current understanding of the mechanochemical 

synthesis of framework structures. 
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Chapter 4- Loading ibuprofen into MOF-74-Zn 

4.1 Introduction 

As discussed earlier, there are a few examples of loading drugs into MOFs for use in drug 

delivery, but only to the initial steps of testing with model drugs. So far, the most notable 

examples are MIL-53, 93 MIL-100, 169 and MOF-74. It is worth noting that all examples 

of MOFs being studied for drug delivery have used solvothermally synthesised MOFs, 

which are of larger particle size than those produced mechanochemically. 

The open-pore structure of MOF-74 makes it an ideal candidate for loading small 

molecules. Before this work, the iron 90 and nickel 91 variants of MOF-74 were loaded 

using ibuprofen. The zinc MOF-74 has benefits over the other MOF-74 forms including 

slow framework decomposition in water, and low toxicity and high bioavailability. As 

discussed in Chapter 3, MOF-74-Zn can be synthesised in a number of different ways, 

and just as in Chapter 3 it was synthesised using the previously described 

mechanochemical method.  

Ibuprofen was loaded into the framework for a few reasons. Firstly, it is cheap and easy 

to obtain. Secondly, no special precautions are needed when working with it. Finally, 

ibuprofen has low solubility in water, a property common to many existing and potential 

drugs. These factors together make ibuprofen an ideal model drug to test a delivery 

system. 
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Figure 56 2D structure of ibuprofen 

Comparison of the crystal structures of ibuprofen and MOF-74 suggest that the pores of 

the framework and ibuprofen are similarly sized. ibuprofen fits within a 10 Å x 7 Å x 5 

Å box if the molecule is treated as rigid, these dimensions have been used in prior work 

to justify ibuprofen fitting in to porous materials. 85 The pores of MOF-74 are measured 

as circle of diameter 11 Å using the void space calculation as implemented in Mercury.18 

This similarity in size meant that initially there was uncertainty as to whether during 

loading ibuprofen would move inside the pores of the framework or adsorb to the surface 

of the framework. Consequently, this chapter investigates the surface interactions of 

ibuprofen and MOF-74-Zn. 
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4.2 Experimental  

4.2.1 MOF-74 synthesis 

MOF-74-Zn was synthesised via the previously described mechanochemical method 

(Section 3.2.2) using the Retsch MM400 mill method unless otherwise stated. Activation 

of MOF-74 was conducted using the method outlined in Section 3.2.3.  

4.2.2 MOF-74-Zn ibuprofen loading 

Ibuprofen was loaded into MOF-74-Zn by soaking the activated MOF in a concentrated 

solution of ibuprofen in hexane. The concentrated ibuprofen solution was made by 

dissolving 3.75 g of ibuprofen in 250 ml of hexane to give a solution of 15 mg / mL 

ibuprofen in hexane. 1 g of activated MOF-74-Zn was added to the solution.  

In order to monitor the rate of ibuprofen loading, 1 mL aliquots were extracted from the 

solution during the experiment. The aliquots were then diluted to make 100 mL hexane 

solutions. 5 mL of the diluted solution was filtered using 0.45 μm PES syringe filters for 

UV-Vis analysis. 

4.2.3 Preparation of phosphate buffer solution 

Phosphate buffer was prepared by dissolving 13.6 g of sodium phosphate dihydrate and 

6.7 g of sodium phosphate monohydrate to deionised water to make a 1 L solution. This 

solution was brought to pH 7.4 by adding HCl and NaOH dropwise. 

4.2.4 UV-Vis calibration curves 

4.2.4.1 UV-Vis hexane calibration curve 

100 mg was dissolved in 250 mL of hexane to make a 0.4 mg mL-1 solution. The 0.4 mg 

mL-1 solution was used to make three other solutions of concentrations 0.025 mg mL-1, 

0.05 mg mL-1, 0.1 mg mL-1, and 0.2 mg mL-1. The absorbance at each concentration was 
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measured according to the procedure outlined in Section 2.5. absorbance at 273 nm was 

used to measure ibuprofen concentration. 

4.2.4.2 UV-Vis phosphate buffer calibration curve 

1 L of the phosphate buffer described in Section 4.2.3 was used along with 20 mg of 

ibuprofen to make an initial 20 mg L-1 concentration solution. This solution was diluted 

to make solutions of concentrations 10 mg L-1, 5 mg L-1, 2.5 mg L-1, and 1 mg L-1. UV-

Vis adsorption experiments were carried out in accordance with procedure outlined in 

Section 2.5. Absorbance at 223 nm was used to measure concentration. 

4.2.5 Unloading ibuprofen from MOF-74-Zn in phosphate buffer 

In order to measure the mass and timescale of ibuprofen release from the framework, a 

dissolution experiment was conducted. Ibuprofen has very low solubility in water, 

roughly 20 mg L-1, so a large volume of buffer was made. 1 L of phosphate buffer was 

made by dissolving 13.6 g of sodium phosphate dihydrate and 6.7 g of sodium phosphate 

monohydrate in deionised water to make a 1 L solution. This solution was brought to pH 

7.4 by adding HCl and NaOH dropwise. 100 mg of loaded MOF-74 was added to 12000 

MW dialysis tubing along with 30 mL of the buffer solution. The solution was stirred, 

and samples taken at regular intervals for two days. 5 mL samples were removed from 

the bulk solution and filtered through a 0.45 μm satorius syringe filter. UV-Vis spectra 

of samples were collected using the method described in Section 2.5 using a phosphate 

buffer blank to subtract background. 
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4.2.6 Analysis of ibuprofen loaded MOF-74-Zn sample 

4.2.6.1 CHN analysis 

CHN elemental analysis of a loaded MOF-74-Zn sample was carried out according to 

Section 2.3. The CHN values for the activated MOF-74-Zn sample are described in 

Section 3.2.3.  

The loaded sample was taken directly from the loading experiment. The loaded sample 

was then washed with hexane to remove ibuprofen from the surface of the MOF. In order 

to remove hexane, the solvent used in the loading experiment, the sample was heated at 

100 °C in a vacuum oven for 3 hours. The dried sample was then sent for elemental 

analysis. 

4.2.6.2 IR spectroscopy 

IR spectra were collected according to the procedure outlined in Section 2.4. Loaded 

sample was prepared with the same method as described in 4.2.6.1. The activated 

MOF-74-Zn sample was prepared according to procedure outlined in 3.2.3.  

4.2.6.3 Inelastic neutron spectroscopy 

INS data were collected according to the procedure outlined in Section 2.6. Data for three 

samples were collected: an activated MOF-74-Zn sample (1), a pure ibuprofen sample 

(2), and an ibuprofen loaded MOF-74-Zn sample (3).  

4.2.6.3.1 Ibuprofen INS 

Ibuprofen was used as purchased from BASF without modification. 5 g of ibuprofen was 

used to collect the INS data. 
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4.2.6.3.2 Blank MOF-74-Zn sample 

5 g of MOF-74-Zn were synthesised by 12 repetitions of the procedure described in 

Section 3.2.3. All batches were combined and then activated according to the procedure 

described in Section 3.2.3.  

4.2.6.3.3 Ibuprofen loaded MOF-74-Zn sample 

5 g of MOF-74-Zn were synthesised by another 12 repetitions of the prior described 

MOF-74-Zn mechanochemical synthesis method. The samples were combined and then 

activated and loaded using the prior described method. 

4.2.6.4 PXRD pattern of MOF-74-Zn  

PXRD data of ibuprofen-loaded MOF-74-Zn were collected using the procedure outlined 

in Section 2.9.2. The phases present in the sample were investigated using a Pawley 

refinement. Initial lattice parameters were obtained from a CIF of MOF-74-Zn. 155 Lattice 

parameters were initially set to a: 26.26 Å, c: 6.70 Å but allowed to refine. Detector zero-

point, background, crystallite size, and crystallite strain were all refined. 

PXRD diffractogram of activated MOF-74-Zn was collected and a Rietveld model was 

refined using the previously described method in Section 3.3.4.1.  

PXRD was conducted on a physical mixture of ibuprofen and activated MOF-74-Zn. The 

physical mixture was made by combining 20 mg of ibuprofen with 80 mg of activated 

MOF-74-Zn. The mixture was milled for 3 minutes at 15 Hz in a 5 mL milling jar with a 

single 1.4g stainless steel milling ball in the Retsch MM 400 mill. PXRD of the resultant 

powder was conducted and a Pawley refinement performed. The lattice parameters for 

ibuprofen were obtained from CCDC CSD refcode IBPRAC; 170 and the lattice 

parameters for MOF-74-Zn were taken from a CIF of MOF-74-Zn. 155 Pawley refined 

parameters: detector zero-point, background, crystallite size, and crystallite strain. 



 
 

113 
 

4.2.6.5 DSC of MOF-74-Zn samples 

DSC data were collected for activated MOF-74-Zn and ibuprofen-loaded MOF-74-Zn. 

Samples were prepared by heating in a vacuum oven at 100 °C for 6 hours to ensure that 

all moisture was removed. Samples were prepared and experiments run according to the 

procedure in Section 2.3.  

4.2.6.6 SS-NMR of MOF-74-Zn samples 

Solid-state NMR data were collected from three samples: A blank MOF-74-Zn sample 

(1), an ibuprofen sample (2), and an ibuprofen-loaded MOF-74-Zn sample (3). Samples 

were heated to 100 ˚C in a vacuum oven to remove moisture before data collection. 

4.2.6.7 SEM of MOF-74-Zn samples 

SEM pictures of activated and loaded MOF-74-Zn were collected using the procedure 

explained in Section 2.8. Samples were heated to remove moisture in a vacuum oven at 

100 ˚ before measurement. Samples gold sputtered to increase surface conductivity. 

4.3 Results 

4.3.1 MOF-74 ibuprofen loading 

Ibuprofen was loaded into MOF-74-Zn by soaking activated MOF in a concentrated 

solution of ibuprofen in hexane. Hexane is a non-polar solvent and has no ability to 

coordinate with the unsaturated site on the zinc of the framework, and conveniently 

ibuprofen has very good hexane solubility. After loading, samples were heated at 373 K 

for 12 hours in a vacuum oven to remove hexane. Samples were then weighed to estimate 

the total mass of ibuprofen taken into the sample. Sample weight increased by 25% 

compared to the starting activated sample mass. It is worth nothing that MOF-74 samples 

very quickly take up water, so moisture can be assumed to be a component of the mass 

increase. To further prove that ibuprofen had been taken into the framework more 
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analysis was required. The most important analytical technique used was UV-VIS which 

revealed the rate of uptake as well as the total mass taken into a MOF sample. 

4.3.1.1 UV-Vis calibration curve 

In order to measure the rate at which ibuprofen was adsorbed into MOF-74 by UV-Vis 

adsorption a calibration curve was needed. Ibuprofen has a number of peaks in the UV 

range, a very strong peak at 225 nm and three smaller peaks at 255, 264, and 273 nm 

(Figure 57). Due to the concentration of ibuprofen in the loading solution the peak at 225 

nm was not useable so the peak at 273 nm was instead used for the calibration curve. 

 

Figure 57 UV vis spectrum of ibuprofen in hexane. Peak at 225 nm is so large it is out of range. 

 

Using the 273 nm UV-Vis adsorption peak, an ibuprofen concentration calibration curve 

was made (Figure 58). 0, 0 was included as a datapoint as background was subtracted 
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from hexane. The linear regression line describes the observed data very well 

(R2=0.9991). 

 

Figure 58 Calibration curve of ibuprofen in hexane. Equation of line of best fit: y=0.8577x + 0.004 

 

4.3.1.2 Uptake of ibuprofen during loading 

In order to measure the rate of ibuprofen uptake into a MOF-74 sample, UV-vis 

spectroscopy was used. In order to measure change in ibuprofen concentration aliquots 

were taken from the loading solution. The solution was sampled frequently during 

loading, 1mL samples were taken from the loading solution and diluted 100x before being 

filtered for UV-Vis analysis. The ibuprofen concentration was determined using the 273 

nm peak used in calibration curve (Figure 58). The difference in absorbance between the 

first sample and the last indicated that across the experiment ibuprofen concentration had 

decreased (Figure 59). As no extra solvent was added to the loading solution during the 

experiment, any decrease in concentration must be due to the uptake of ibuprofen into the 

framework. 
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Figure 59 Ibuprofen absorption change with time during loading using 273 nm peak. Plot shows the 
difference between initial UV spectra (blue) and final UV spectra (orange) during the loading experiment. 

 

Loading was carried out over the span of 100 hours by measuring the UV absorption of 

the aliquots. By plotting the intensity of the 273 nm absorption peak against time the 

progress of the loading was measured (Figure 60). The results indicate that 80% of the 

total loaded mass was taken into the sample in the first three hours. The initial absorbance 

of 0.116 corresponds to a concentration of 0.13058 mg mL-1 of the diluted solution 

(Equation 1a). The final absorbance of 1.106 corresponds to a final diluted concentration 

of 0.1189 mg mL-1 (Equation 1b). 

Equation 1 (a) Calculation of initial ibuprofen concentration in loading experiment. (b) Calculation of the 
final ibuprofen concentration in the loading experiment 

𝑑𝑑𝑍𝑍𝑑𝑑𝑖𝑖𝑑𝑑𝑎𝑎𝜖𝜖 𝑅𝑅𝐶𝐶𝑍𝑍𝜖𝜖 =
0.116 − 0.004

0.8577
 

𝐹𝐹𝑑𝑑𝑍𝑍𝑎𝑎𝜖𝜖 𝑅𝑅𝐶𝐶𝑍𝑍𝜖𝜖 =
0.106 − 0.004

0.8577
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 The absorbance difference between initial absorbance of 1.116 to the end absorbance of 

0.106 corresponds to a bulk concentration difference of 0.01168 mg mL-1 of diluted 

solution.  As the solution was diluted 100 x this change in concentration corresponds to 

a decrease of ibuprofen in solution of 292 mg. This mass change corresponds to a total 

loaded weight of 0.29 g/g, meaning total mass of 0.29 grams of ibuprofen incorporated 

into each 1 gram of MOF-74. 

Equation 2 Calculation of ibuprofen mass change during loading experiment. 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐶𝐶𝑓𝑓𝑒𝑒𝑍𝑍 𝑚𝑚𝑎𝑎𝑑𝑑𝑑𝑑 (𝑔𝑔) = 0.01168 𝑚𝑚𝑔𝑔 𝑚𝑚𝜖𝜖−1 × 250 𝑚𝑚𝜖𝜖 × 100 

 

4.3.2 CHN 

CHN analysis is a much more accurate weighing method to ensure that sample 

composition is as expected. In Table 15, two different CHN analysis results are presented. 

The blank MOF-74 predicted composition was calculated using the formula of 
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Figure 60 Change in UV-Vis absorption over time during MOF-74-Zn ibuprofen loading. Equation of line of 
best fit: y=0.1151x-0.01. 
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Zn2(C8H4O6), which corresponds to the formula of MOF-74 with an uncoordinated zinc 

site and nothing present in framework pores. The ibuprofen loaded framework predicted 

composition was calculated using the formula of (Zn2(C8H4O6)).(C13H18O2)0.36. This ratio 

corresponds to a loaded mass of 0.25 g/g of ibuprofen per gram of activated MOF-74. 

This value is lower than the amount of ibuprofen taken up during the loading experiment. 

This reduction in ibuprofen mass could be due to the sample being washed with a small 

amount of hexane prior to the CHN measurement. 

Table 15 Elemental compositions established by CHN analysis of MOF-74 samples. CHN analysis of 
activated and empty pored MOF-74 (left), elemental composition of ibuprofen loaded MOF-74(right) 

Empty 

MOF-74 

  Ibuprofen 

loaded 

MOF-74 

  

Element Predicted Experimental Element Predicted Experimental 

C 29.58 29.2 C 38.1 37.8 

H 0.62 0.98 H 0.2 0.7 

N 0 0 N 0 0 

 

There is an observable increase in H% in both of the CHN results displayed in Table 15. 

This is most likely due to an uptake of water on to the surface of the MOF which is 

extremely hydroscopic.  

 

4.3.3 IR spectra of loaded sample 

IR spectra of MOF-74 samples were collected before and after loading (Figure 61). 

Samples were heated at 100 ˚C for three hours in a vacuum oven to remove solvent 

molecules from samples. 
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Figure 61 IR spectra of MOF-74. (bottom) MOF-74 with empty pores, (top) ibuprofen loaded MOF-74, 
area boxed in red corresponds to aromatic C-H ibuprofen vibrations. Peak assignments: (top) 812 (s), 884 
(m), 1125 (w), 1192 (s), 1243 (m), 1366 (m), 1408 (s), 1551 (s), 2858 (w), 2922 (w), 2958 (w), 3352 (w 
br). (bottom): 815 (s), 886 (m), 1128 (w), 1192 (s), 1245 (m), 1372 (m), 1408 (s), 1548 (s), 1647 (w), 3381 
(w br). 

The IR spectrum indicate that ibuprofen is at the very least present in the loaded sample. 

The bands at 3000 cm-1 correspond to the νAr(C-H) of the aromatic groups on the 

ibuprofen. The ibuprofen peak ν(C=O) is not visible in the sample, which may be due to 

similarity to the carboxylic groups present in the linker. 
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4.3.4 INS of loaded MOF-74 samples 

After initial attempts to prove ibuprofen loading using IR spectroscopy were unsuccessful, 

inelastic neutron spectroscopy was explored. INS is a much more sensitive spectroscopic 

method than IR spectroscopy, hydrogen sensitivity in particular. Activated MOF-74 

contains very little hydrogen by percentage mass, with only one hydrogen environment 

present in samples, on the other hand ibuprofen has a much higher hydrogen percentage 

and eight hydrogen environments.  

Spectra for three samples were collected, an empty MOF-74 spectrum, a loaded MOF-74 

spectrum, and a spectrum of pure ibuprofen (Figure 62). As expected, the activated 

MOF-74 sample has very few peaks present. The loaded MOF-74 sample has many more 

peaks. In order to determine which peaks were due to ibuprofen the spectrum from the 

empty MOF-74 sample was subtracted from the loaded sample to produce a “residual” 

spectrum. 
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Figure 62 INS spectrum of MOF-74 and ibuprofen samples. ibuprofen loaded MOF-74 sample (black, 
bottom), activated MOF-74 sample (red second from bottom), subtracted spectrum removing empty MOF 
peaks from loaded spectrum (blue second from top), ibuprofen (magenta top). 
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Figure 63 INS comparison of ibuprofen (magenta), and ibuprofen inside MOF-74 sample (blue) between 
800 – 1600 cm-1, which correspond to the ibuprofen aromatic stretches. 

Predicting stretches in INS intuitively can be very difficult, so stretches are calculated 

using DFT 171. Table 16 shows the INS stretches of ibuprofen as calculated by a plane 

wave DFT calculation by Qian et al. 85  

Using the spectrum along with Table 16 and Figure 64, we can begin to understand the 

interaction between the ibuprofen and the MOF. Comparing INS in the region between 

800-1600 cm-1 shows two almost identical spectrum (Figure 63). This region corresponds 

to the hydrogens around the aromatic ring (hydrogens on carbons 6,7, 9, and 10) on the 

ibuprofen showing very little change between the loaded and ibuprofen reference. This 

means that the aromatic regions of the ibuprofen are not interacting in any significant 

way with the framework. On the other hand, in the region of 0-500 cm-1 (Figure 62) peaks 

have become much broader with very little definition; this region corresponds to the 
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motions of the ibuprofen carboxyl group and the carbons numbered 1 and 2. This effect 

has been previously reported when loading ibuprofen, and has been used by Qian et al, 85 

to suggest that ibuprofen has become amorphous and is interacting with the surface of 

the framework rather than forming independent crystallites. However; it does not confirm 

whether ibuprofen is inside the pores of the framework, or just coating the outside of the 

framework particles.  
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Figure 64 Structure of ibuprofen. Numbering relates to those in Table 16 
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Table 16 INS spectroscopy peak assignments for ibuprofen. atom labelling same as Figure 64 

 
Wavenumber (cm−1) Approximate Description of Motions 

223 Torsional motion of C3-C1-H3, C3-C2-H3, and C11-C13-H3 

255 Torsional motion of C3-C1-H3, C3-C2-H3, and C11-C13-H3 

276 Bending motions of C4-C3-C1-H3, C4-C3-C2-H3, and C11-

C13 

336 Torsional motion of C3-C1-H3, C3-C2-H3, and C11-C13-H3 

425 Benzene ring deformation 

481 Rocking motion of C11-C12-OH 

523 Bending mode of C12-O-H 

589 Bending mode of C11-C12-OH 

691 Stretching mode of C12-OH 

838 Benzene ring deformation 

951 Bending modes of C6-H, C7-H, C9-H and C10-H 

1008 Bending mode of C11-H 

1063 Benzene ring deformation 

1070 Rocking motion of C11-C13-H3 

1331 Bending mode of C4-H 

1446 Bending mode of C4-H 
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4.3.5 PXRD of loaded sample 

A PXRD of a loaded MOF-74 sample was collected according to the method outlined in 

Section 2.9.2.5, using the Bruker D8 in capillary configuration. Figure 65 shows the 

collected diffractogram along with a Pawley refinement.  

Figure 65 PXRD pattern of loaded MOF-74-Zn sample. Pawley refinement shown. Observed (blue), 
calculated (red), hkl indices (tick marks), and difference curve (grey). 

The loaded MOF-74 sample shows no signs of the crystalline ibuprofen phase, or any 

evidence of framework decomposition in the hexane ibuprofen solution. After loading 

ibuprofen into the framework, the relative peak intensities of the MOF-74 phase have 

changed significantly and are different to the relative peak heights of either the hexane 

soaked or activated MOF-74 samples. Pawley refinements were used to compare lattice 

parameters of the MOF which are presented in Table 17. Pawley refinements were used 

instead of Rietveld refinements due to poor fit of the Rietveld model to the observed 

loaded MOF-74 sample, due to the change in relative peak heights in the PXRD pattern.  
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Table 17 Lattice parameters from Pawley refinements of empty MOF-74 and ibuprofen loaded MOF-74 

Lattice parameter Activated MOF-74 Ibuprofen loaded 

MOF-74 

Space group R-3 R-3 

a (Å) 26.132(4) 26.093(6) 

b(Å) 26.132(4) 26.093(6) 

c (Å) 6.645(8) 6.713(8) 

α (°) 90 90 

β (°) 90 90 

γ (°) 120 120 

Volume (Å3) 3926.1(7) 3955.5(8) 

Unit-cell volumes change by less than 1% between the empty pore framework and the 

ibuprofen loaded framework, this is consistent with past examples when changing 

molecules within the pores of MOF-74. 80  

Figure 66 PXRD pattern of  MOF-74. Activated MOF-74 (black), ibuprofen loaded MOF-74 (red), 
ibuprofen and MOF-74 physical mix (blue). 
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To give further evidence that the ibuprofen became amorphous, a mixture of ibuprofen 

and activated MOF-74-Zn was made. Figure 66 shows the difference in powder pattern 

between a loaded MOF-74-Zn sample and the corresponding powder pattern of a 

MOF-74-Zn and ibuprofen mixture. This mixture was made by combining together 20 

mg of ibuprofen were mixed with 80 mg of activated MOF-74-Zn; the ratio used was the 

same as the ratio of ibuprofen to MOF in the loaded sample. There is no evidence of 

crystalline ibuprofen in the loaded sample, therefore the ibuprofen must be molecularly 

dispersed. Amorphous ibuprofen reverts to its crystalline form very quickly unless 

stabilised. 172 Therefore, ibuprofens presence either on the surface of the MOF or inside 

the pores of the MOF are remaining in a dispersed state rather than returning to their 

crystalline form. 

4.3.6 SS-NMR of loaded and blank sample 

In order to further prove that ibuprofen had been incorporated into the framework 13C 

SS-NMR data of two MOF-74 samples were collected (Figure 67). Interpreting SS-NMR 

is non-trivial, but fortunately interpretation was facilitated by the absence of peaks in the 

region between 0 and 60 ppm. The ibuprofen peaks are very visible in this region in the 

loaded sample. The peak positions and peak shapes have all shifted slightly, potentially 

indicating that the ibuprofen is interacting with the MOF. The most likely interaction site 

would be the uncoordinated metal site present in the MOF, so it is likely that is the 

interaction point.  
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Figure 67 13C SS-NMR of MOF-74 samples. activated MOF-74 (blue), ibuprofen loaded MOF-74 (red), 
ibuprofen standard (green). 

Blank MOF peaks (ppm): 81 (w), 120 (m br), 125 (s), 150 (w), 155 (m), 175 (m), 190 

(w), 220 (v w). 

Loaded MOF peaks  (ppm): 14 (w), 23 (m doublet), 35 (m doublet), 44 (m), 50 (w br), 

81 (w), 120 (w br), 125 (s), 150 (w), 155 (m), 175 (m), 183 (w), 190 (w) 

Ibuprofen peaks (ppm): 14 (w), 21 (m), 25 (m), 35 (m), 44 (m doublet), 130 (m br), 183 

(w) 

4.3.7 DSC of loaded sample 

DSC runs of activated and loaded MOF-74 samples were collected according to the 

procedure outlined in Section 2.3. Samples were heated in a vacuum oven for six hours 

Ibu loaded MOF

 

Ibuprofen STD

 

Activated MOF
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at 373 K before data collection in order to remove any solvent present either in pores or 

on surface of samples.  

 

The collected DSC data is shown in Figure 68. Comparison of the two samples shows 

two main differences, a small peak at 70 °C and a shift of the broad peak at 170 ˚C to 

140 °C. The peak at 70 ˚C, an exothermic change, can be attributed to a loss of 
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Figure 68 DSC of MOF-74 samples. ibuprofen loaded MOF-74 sample (top), activated MOF-74-Zn 
(right). Endothermic signals are shown as increases in heat flow. Arrow points to ibuprofen melting. 
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crystallinity in ibuprofen. Typically the ibuprofen temperature at which ibuprofen melts 

is 78 ˚C 173 but a shift in melting temperature is often observed when the ibuprofen is 

encapsulated in a drug release medium. 174 

4.3.8 SEM of loaded samples 

SEM photographs of activated and loaded samples were collected according to the 

method outlined in Section 2.8.  

 

The SEM show very similar pictures between the activated MOF-74-Zn sample and the 

ibuprofen loaded MOF-74 sample. The SEM pictures that both MOF samples are very 

fine powders, where each particle is hard to resolve. Looking at the images there is no 

sign of ibuprofen crystallising on the surface of the MOF particles. The images were hard 

to collect as the MOF is an insulator and was charging even though both samples were 

gold sputtered to increase conductivity. Due to the insulating nature of the MOF samples 

collection of higher resolution images was not possible without modifying the image 

collection procedure; a potential improvement could be a thicker gold coating than the 7 

nm coating used in the image collection. 

 

  

Figure 69 SEM of MOF-74 samples. (left) activated MOF-74 with empty pores, (right) ibuprofen loaded 
MOF-74 sample. 
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4.4 Discussion 

4.4.1 understanding ibuprofen loading in MOF-74 

Presented in this chapter is both the loading of ibuprofen into MOF-74 and analysis of 

ibuprofen loaded MOF-74 samples to try to understand how ibuprofen interacts with 

MOF-74-Zn. The ibuprofen was loaded into the MOF using an immersion method. An 

activated MOF-74-Zn sample was added to a highly concentrated ibuprofen solution. 

This method was chosen over the other potential methods as it was the loading method 

used in many other MOF drug loading experiments. 90 175 93  

In the handful of other MOF drug loading experiments, the location of ibuprofen 

molecules has not been explored. Instead, all the other existing reports only study the 

viability of using MOFs for drug delivery. The other existing publications measure the 

maximum ibuprofen loadable into a MOF framework and the rate of release in a 

simulated body fluid. 

While measuring the maximum loading of ibuprofen into MOF-74-Zn, it became 

abundantly clear that understanding the MOF-ibuprofen interaction was extremely 

important. To this end, SS-NMR and TOSCA INS were used in conjunction with PXRD 

to measure the properties of loaded MOF-74 in relation to activated MOF-74. SS-NMR 

and INS data both strongly suggested that the ibuprofen was interacting with the surface 

of the MOF. The measured PXRD pattern showed a large difference between a loaded 

MOF sample and an ibuprofen MOF mixture, with the crystalline ibuprofen phase being 

completely absent from the loaded sample. All evidence pointed towards ibuprofen 

becoming molecularly disperse as it fit in to the pores of the MOF. 

INS studies of MOF-74 are not entirely new; neutron spectroscopy has been used by 

Pham et al, 176 to find the H2 binding sites of the MOF-74 series, but the INS of a drug 
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loaded MOF sample has not been previously reported (INS has been used for drug loaded 

samples with other materials). In particular, INS studies have been conducted on silica 

particles which have similar pore structures to MOF structures explored in this chapter.  85  

The INS results explored by Quian et al. are very similar to the results presented in this 

chapter. In both cases INS peaks corresponding to ibuprofen's carboxylic group broaden 

significantly. This suggests that the carboxylic groups are interacting with the surfaces of 

the MOF. The broadening of peaks in INS can be attributed to molecules functional 

groups existing in multiple spatial arrangements, in this case, where the ibuprofen is 

interacting with the surface of the MOF. These surface interactions lead to a number of 

slightly different ibuprofen configurations, mostly around the ends of the molecules, 

where the ibuprofen is interacting with the MOF surface. 

A paper published by Erucar et al. 177 simulated the MOF interactions with ibuprofen via 

DFT which also showed ibuprofen interacting with MOF surfaces and coordinating to 

metal centres. This evidence corroborates with the INS data suggesting that ibuprofen 

interacts with the framework surface in multiple ways. Together, this mixture of 

experimental evidence and theoretical understanding strongly supports the loading of 

ibuprofen into the framework and interacting with the framework surfaces. 

4.4.2 MOF-74 family ibuprofen loading comparison 

Ibuprofen was successfully loaded into MOF-74-Zn via immersion in a concentrated 

solution. This work presents an advancement in the field of MOF drug delivery 

applications. Drug loading studies of other MOF-74 analogues have been previously 

reported, specifically ibuprofen loading into the Fe 90 and Ni 91 analogues. Additionally, 

the maximum possible methotrexate loading mass for the MOF-74 series was calculated 

using DFT. 178 Methotrexate does not have exactly the same dimensions as ibuprofen but 

offers a good comparison of maximum possible theoretical loading compared to 
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experimental values. The maximum ibuprofen loading values have been tabulated in 

Table 18. As all the MOF-74 analogues have very similar pore sizes, the maximum 

ibuprofen loadings can be compared. Both the nickel analogue and the iron analogue 

appear to have a smaller max loading mass compared to the zinc analogue. It is worth 

noting that all studies so far reported exhibit experimental drug loading values 

significantly below the theoretical max loading of ibuprofen into MOF-74-Zn . 

Table 18 Maximum ibuprofen loadings of MOF-74 analogues. * calculated using methotrexate not 
ibuprofen, but molecule dimensions very similar. 

MOF-74 analogue Maximum ibuprofen loading (g/g) 

MOF-74-Ni 0.25 

MOF-74-Fe 0.21 

MOF-74-Zn 0.25-0.29 

Theoretical max loading 0.35* 

 

It is worth noting that particle size was not taken into account when comparing the 

ibuprofen loadings of the MOF-74 analogues. As demonstrated in Section 3.3.6.1, the 

particle sizes of mechanochemically synthesised MOF-74 are in the micrometre range. 

The particle sizes of the other MOF-74 analogues are not reported in their respective 

publications.  

4.4.3 Further work and drug release experiments 

4.4.3.1 Unloading ibuprofen from MOF-74 

Initial attempts to measure the rate at which ibuprofen leaves MOF-74 in buffer solution 

were unsuccessful due to a range of reasons covered in Section 4.4.3.2. Not knowing the 

rate at which ibuprofen leaves the framework makes it very difficult to truly evaluate the 

differences between the different MOF-74 analogues for drug delivery. In theory using 

HPLC followed by UV-Vis it will be possible to measure the release rate. 
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4.4.3.2 Issues with unloading experiments 

The dissolution experiment method was refined across many runs, due to a number of 

different factors. As described in Section 3.3.6 the particle size of synthesised MOF-74 

is dependent on the particle size of ZnO used as a reactant. Smaller particle size ZnO was 

found to speed up milling reaction time; however, the 0.1 μm particle size ZnO, which 

was used as a reactant for MOF-74 synthesis produced MOF-74 with particle sizes around 

0.2 μm. The 0.2 μm MOF particles were not filtered by the 0.45 μm syringe filters 

producing a “noisy” UV-Vis spectrum which made determining the concentration of 

ibuprofen in solution impossible.  

The other setback was the decomposition of MOF-74 in the phosphate buffer. MOF-74 

decomposes in phosphate buffer in a week timescale, this decomposition released 2,5-

dihydroxyterephthalic acid into the solution along with ibuprofen. 2,5-

dihydroxyterephthalic acid has peaks in the UV-Vis region at 215 nm and 250 nm, while 

ibuprofen has a peak at 225 nm. Due to the peaks being so close together isolating the 

ibuprofen peaks was impossible, hence the need for HPLC. 
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4.5 Conclusion 

In summary it has been shown in this chapter that MOF-74-Zn is a strong candidate for 

further research for medicinal applications. All evidence suggests that MOF-74 

incorporates ibuprofen into its pores. No single piece of evidence definitively proves that 

the ibuprofen has moved into the pores of the framework rather than the surface of the 

MOF. That said the INS, and SS-NMR indicate that the ibuprofen is interacting 

extensively with the MOF which points more towards its presence in the pores. It is of 

particular note that MOF-74-Zn matches the ibuprofen uptake of MOF-74-Ni and 

exceeds that of MOF-74-Fe. It is very promising that mechanochemically synthesised 

MOFs are equally useful as their solvothermally synthesised analogues, while offering 

huge advantages in terms of synthesis times and solvent volumes required. 

The next steps would be to measure the cytotoxicity of MOF-74-Zn. In theory 

MOF-74-Zn would be unlikely to destroy cell lines, but it would still be worth 

investigating. Thinking beyond ibuprofen, there are many potential drugs which could be 

loaded into MOF-74 which not yet been studied. There is still huge potential in MOFs 

for use in drug delivery, but much more research needs to be conducted in this field, 

namely finding MOFs which are very acid stable, with large surface areas and non-toxic 

components which could be further studied. In addition, studying the maximum capacity 

of other drugs inside MOF-74-Zn would be very useful, with 5-flurouracil and 

methotrexate as potentially interesting drugs to study. 
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Chapter 5- Mechanochemical synthesis and characterisation of 

an isoreticular MOF-74 framework 

5.1 Introduction 

The structure of MOF-74 has been discussed thoroughly in Chapters 1, 3, and 4. A yet 

undiscussed feature of the MOF is the ability to functionalise the linker in order to change 

the properties of resultant MOFs. This property has been used to optimise MOFs for 

catalysis, gas adsorption, and to drastically increase surface area.  

A remarkable feature of MOFs, first discussed by Yaghi, 16 is that it is possible to vary 

the length of the linker while retaining the underlying topology of the MOF. This is often 

described as isoreticular chemistry. In the case of  MOF-74, this approach results in the 

isoreticular MOF-74 series, more commonly known as the IR-MOF-74 series.118 This 

series of MOFs has the same functionality when coordinating to a metal centre, and so 

produces frameworks with the same topology. The IR-MOF-74 series uses extended 

terephthalic acid linkers (Figure 70) to produce frameworks with much larger pores than 

MOF-74. 
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Figure 70 Comparison of the  H4DHTA linker found in MOF-74 (a) with IR-H4DHTA  which is used to 
synthesise IR-MOF-74-II (b). 
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So far only a couple of publications have explored the synthesis of isoreticular MOF-74 

structures. 94, 118, 179 The main limiting factor for exploring isoreticular MOFs is the time-

consuming organic synthesis required to produce the required  linkers.  Deng et al. 118 

synthesised a series of IR-MOF-74 structures using the chemical structure motif shown 

in Figure 71. While these linkers seem ideal candidates to explore, their synthesis  

requires long multistep reaction procedures. Luckily Nguyen et al. synthesised a series 

of alternative linkers which were used to make a new IR-MOF-74 series, called 

VNU-74. 180 The linker used is 4,4’-oxalylbis(imino)]bis(2-hydroxybenzoic acid) 

(abbreviated as H4ODA for the protonated linker, Figure 71) is significantly easier to 

synthesise than those used to prepare IR-MOF-74; requiring a single-step one-pot 

synthesis method. Magnesium, nickel, cobalt analogues of VNU-74 have already been 

reported,180 but the zinc analogue is not known. This chapter explores the synthesis of a 

new VNU-74 zinc analogue, and its synthesis by mechanochemical methods. To make 

the relationship between VNU-74 and MOF-74 clearer the isoreticular structure will be 

described as IR-MOF-74-Zn throughout the chapter. 
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Figure 71  H4ODA, a linker which can be used to synthesise IR-MOF-74 frameworks. 
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5.2 Experimental 

5.2.1 Synthesis of H4ODA 

H4ODA was synthesised using the route outlined by Nguyen et al.180 6.121g 4-amino 

salicylic acid was mixed with 50 mL diethyl ether. The solution was cooled to 5 °C using 

an ice bath. 1.6 mL oxalyl chloride was added dropwise over the course of one hour to 

the solution. The mixture was stirred for four hours, still in an ice bath. The mixture was 

then removed from the ice bath and stirred for a further 20 hours. 100 mL deionised water 

was then added to the mixture. The product was filtered and washed with 100 mL DMF, 

750 mL deionised water, and 200 mL methanol. The final product was dried at 65 ˚C for 

24 hours to give H4ODA. H4ODA was characterised using NMR by dissolution of 5 mg 

of H4ODA in 5 mL of DMSO-d6. The IR spectrum of H4ODA was collected according 

to Section 2.4. PXRD data of H4ODA were collected both on Bruker D8 and on Diamond 

I11 according to Section 2.9.2.5. 

5.2.1.1 H4ODA DMF solvate 

50 mg H4ODA (1) was dissolved in 20 ml of hot DMF which was heated to 70 ˚C. The 

solution was hot filtered and stored in a semi-sealed vessel. The vessel was left to cool to 

room-temperature, then for a further 4 days until crystals suitable for single-crystal X-ray 

diffraction were found. Single-crystal X-ray diffraction was performed on a small needle 

crystal at 150 K according to the procedure outlined in Section 2.9.1.1. Roughly 10 mg 

of the produced crystals were ground and PXRD was performed. A Rietveld refinement 

was carried out to confirm that the bulk powder exhibits the crystal structure determined 

using  single-crystal data. 
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5.2.2 Synthesis of IR-MOF-74-Zn 

5.2.2.1 Initial Reaction parameters 

ZnO (0.178 g, 2.2 mmol) and H4ODA (0.378 g, 1.1 mmol) along with 400 μL DMF were 

loaded in a 25 mL milling jar along with two 7 g stainless steel milling balls. The jar was 

sealed and milled for 90-minute intervals in the Retsch MM 400 mill. Small amounts of 

powder were removed every 90 minutes and PXRD data were collected. 

5.2.2.2 Optimised Reaction parameters 

ZnO (0.1227 g, 0.15 mmol) and H4ODA (0.278 g, 0.077 mmol) along with 260 μL DMF 

were added to a 25 mL milling jar along with 6 x 1.4 g milling balls. The jar was sealed 

and milled for a total of 600 minutes at 30 Hz in the Retsch MM 400 mill. 

5.2.2.3 Attempts at synthesis using H2O as milling liquid 

ZnO (0.179 g, 2.2 mmol) and H4ODA (0.377 g, 1.1 mmol) along with 350 μL H2O were 

added to a 25 mL milling jar along with 2 x 7 g stainless steel milling balls. The jar was 

sealed and milled in the Retsch MM 400 mill for a total of 360 minutes, with small 

powder samples collected every 90 minutes. PXRD data were collected of these powder 

samples.  

5.2.2.4 Scaled up reaction parameters 

ZnO (0.312 g, 3.83 mmol) and H4ODA (0.73 g, 2 mmol) along with 1 mL DMF were 

added to a 25 mL planetary milling jar. In addition, 30 x 0.7 g stainless steel milling balls 

were added. The jar was sealed and milled for a total of 3000 minutes in the Retsch 

PM 200 planetary ball mill. PXRD data were collected. 
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5.2.3 Stability of IR-MOF-74-Zn in solvents 

5.2.3.1 Stability in DMF 

10 mg of IR-MOF-74-Zn were added to 15 mL of DMF. The MOF was left in DMF for 

3 days. The sample was removed from the DMF and PXRD was performed on the Bruker 

D8 Advance according to the procedure outlined in Section 2.9.2.5.  

5.2.3.2 Stability in chloroform 

10 mg of IR-MOF-74-Zn were added to 15 mL of chloroform. The MOF was left in 

chloroform for 3 days, after which the sample was removed from the chloroform and 

PXRD was performed on the Bruker D8 Advance according to the procedure outlined in 

Section 2.9.2.5.  

5.2.3.3 Stability in hexane 

11 mg of IR-MOF-74-Zn were added to 13 mL of hexane. The MOF was left in hexane 

for 3 days, then removed from the hexane. PXRD was then performed using the Bruker 

D8 Advance according to the procedure outlined in Section 2.9.2.5. 

5.2.3.4 Stability in methanol 

9.5 mg of IR-MOF-74-Zn were added to 14 mL of methanol. The MOF was soaked in 

methanol for 3 days, then removed from the solvent. PXRD was performed using the 

Bruker D8 Advance according to the procedure outlined in Section 2.9.2.5. 

5.2.3.5 Stability in water 

10 mg of IR-MOF-74-Zn were added to 15 mL of water. The MOF was soaked in water 

for 3 days, after which the MOF was removed from the solvent. PXRD was performed 

using the Bruker D8 Advance according to the procedure outlined in Section 2.9.2.5. 
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5.2.3.6 Stability under vacuum 

15 mg of IR-MOF-74-Zn brought to vacuum in a vacuum oven then heated to 60 ˚C and 

held at temperature for 12 hours. The oven was cooled to room temperature over 3 hours, 

then the vacuum was released. PXRD was performed using the Bruker D8 Advance 

according to the procedure outlined in Section 2.9.2.5. 

5.2.4 Attempted activation of IR-MOF-74-Zn  

50 mg of IR-MOF-74-Zn was washed in 3x 5 mL DMF then immersed in 50 mL hexane. 

The hexane was decanted and replaced every 24 hours four times. The MOF was then 

held under vacuum in a vacuum oven for three hours, after which the MOF was heated 

to 100 ̊ C for 12 hours. After heating, the sample was cooled over 8 hours and the vacuum 

released. PXRD was performed on Bruker D8 Advance according to Section 2.9.2.5 and 

surface area analysis was performed according to procedure outlined in Section 2.12.1. 

5.2.5 In-situ monitoring of IR-MOF-74-Zn synthesis 

5.2.5.1 In-house monitoring of synthesis 

ZnO (0.1228 g, 0.15 mmol particle size 1 μm) and H4ODA (0.280 g, 0.077 mmol) along 

with 270 μL DMF were added to a 25 mL milling jar along with 6 x 1.4 g stainless steel 

milling balls. The jar was sealed and milled for 6 hours, after which a small sample was 

taken for PXRD analysis. Further samples were taken for every 30 minutes of milling for 

a total milling time of 10 hours. PXRD was performed on the Bruker D8 Advance 

according to the procedure outlined in Section 2.9.2.5. 

5.2.5.1 First synchrotron experiment  

ZnO (0.1227 g, 0.15 mmol particle size 100 nm) and H4ODA (0.278 g, 0.077 mmol) 

along with 260 μL DMF were added to a 25 mL milling jar along with 6 x 1.4 g milling 

balls. The jar was sealed and milled for a total of 9 hours at 30 Hz in the Retsch MM 400 
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mill. Small amounts of sample were removed every 30 minutes and PXRD was 

performed on DLS I11 according to Section 2.9.2.5. 

5.2.5.2 Second synchrotron experiment 

ZnO (0.1227 g, 0.15 mmol particle size 100 nm) and H4ODA (0.278 g, 0.077 mmol) 

along with 260 μL DMF were added to a 25 mL milling jar along with 6 x 1.4 g milling 

balls. The jar was sealed and milled for a total of 4 hours at 30 Hz in the Retsch MM 400 

mill. Small amounts of sample were removed after 4, 5, 6, 7.5 hours and PXRD was 

performed on DLS I11 according to Section 2.9.2.5. 
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5.3 Results 

5.3.1 Characterisation of the H4ODA linker 

5.3.1.1 IR 

Figure 72 shows the collected IR spectrum of the as-synthesised H4ODA linker. The 

stretch at 3329 cm-1 confirms the presence of the amide group of the H4ODA linker. As 

it appears as a single peak it shows that linker contains only a secondary amine (the amide 

group); if the peak were a multiplet it would correspond to a primary amine. 

IR stretches: 686 (s), 734 (w), 783 (m), 795 (w), 839 (w), 874 (m), 922 (w), 935 (w), 982 

(w), 1100 (w), 1135 (w), 1174 (m), 1204 (s), 1246 (s), 1302 (m), 1324 (w), 1390 (m), 

1451 (s), 1509 (m), 1516 (m), 1585 (m), 1616 (m), 1644 (m), 1696 (m), 3329 (w). 

5.3.1.2 PXRD 

5.3.1.2.1 PXRD of the as-synthesised H4ODA linker 

Figure 73 shows the collected PXRD pattern of the as-synthesised linker. The powder 

pattern has very few features making indexing the unit-cell and solving the crystal 

structure very difficult.  
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Figure 72 IR spectrum of as-synthesised H4ODA. 
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Figure 73 PXRD diffractogram of as-synthesised H4ODA linker. PXRD collected on Bruker D8 Advance. 

 

As structure solution from powder was not feasible,  structure determination via 

single-crystal X-ray diffraction was attempted. To this end, H4ODA solubility was 

measured using several common solvents including: water, methanol, diethyl ether, 

ethanol, acetone, hexane, and DMF. H4ODA was only found to be significantly soluble 

in DMF and single crystals were successfully grown (Section 5.2.1.1).  

5.3.1.2.2 Crystal structure of the H4ODA DMF solvate 

Shown in Table 19 are the crystallographic details and refinement parameters used when 

solving and refining the structure of the H4ODA DMF solvate. 
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Table 19 Crystallographic details and refinement parameters used when solving H4ODA.2DMF. 

Identifier 5 

Solution method Single-crystal 

Empirical formula C22H26N4O10 

Formula weight 506.47 

Temperature (K) 150.1(4) 

Crystal system Triclinic 

Space group P-1 

a (Å) 7.0516(16) 

b(Å) 8.154(2) 

c (Å) 10.483(2) 

α (˚) 72.31(2) 

β (˚) 81.220(19) 

γ (˚) 86.73(2) 

Volume (Å3) 567.5(2) 

Z 1 

ρcalc g (cm3) 1.482 

μ (mm-1) 1.009 

F(000) 266.0 

Crystal size/mm 0.2 × 0.1 × 0.07 

Radiation (Å) CuKα (λ = 1.54184) 

2Θ range for data collection (°) 8.946 to 123.746 

Index ranges -7 ≤ h ≤ 7, -9 ≤ k ≤ 4, -11 ≤ l ≤ 10 

Reflections collected 2612 

Independent reflections 1693 [Rint = 0.0474, Rsigma = 0.0673] 

Data/restraints/parameters 1693/0/167 

Goodness-of-fit on F2 1.044 

Final R indexes [I>=2σ (I)] R1 = 0.0589, wR2 = 0.1556 

Final R indexes [all data] R1 = 0.0858, wR2 = 0.1864 

Largest diff. peak/hole (e Å-3) 0.31/-0.33 
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The DMF solvate of H4ODA crystallises in a P-1 triclinic space group (Figure 74). (1) 

has a stoichiometric ratio of 1:2 H4ODA : DMF. H4ODA molecules pack in chains across 

crystallographic b-axis of the unit-cell along with DMF molecules which are hydrogen 

bonded at each end. The centre of the H4ODA molecule sits on the special position of the 

unit-cell (½, ½, 0) and the DMF molecules sit on general positions. The CIF of the 

structure is included in the appendix. 

The structure exhibits both intra and intermolecular H-bonding similar to the H4DHTA 

DMF solvate described in Section 3.3.7.2. Intermolecular H-bonding is present between 

the DMF molecules oxygen atom and the carboxylic acid groups at each end of the 

molecule; intramolecular H-bonding occurs between neighbouring hydroxyl and 

carboxyl groups in the molecule (Figure 75). The carboxylic hydrogen to DMF oxygen 

Figure 74 Crystal structure of H4ODA.DMF2 viewed down the b-axis (a), as viewed down the a-axis (b). 

Cell axis legend: a (red), b (green), c (blue). Elements present: carbon (grey), oxygen (red), nitrogen (blue), 
hydrogen (pink).  

a

b
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has a very short H-bond distance of 1.713 Å indicating a strong covalent H-bond, 181 

while the hydroxyl to carboxyl H-bond length is a more typical 1.876 Å.  

 

The H4ODA molecule twists by ~4° across the long length of the molecule with a more 

extreme torsion between the molecule’s benzene rings and amide groups (Figure 76). The 

torsion of 12 ° and amide angle of 128 ° are very typical angles for N-aryl amides; 

however, the N-Ar bond length is very short at 1.40 Å as compared to the more typical 

1.42 Å bond length.182  

 

 

Figure 75 Detailed view of the hydrogen bonding found in H4ODA.2DMF showing half an H4ODA 
molecule. Blue dashed lines are from intramolecular H-bonding, red dashed lines correspond to 
intermolecular H-bonding. Elements: carbon (grey), oxygen (red), hydrogen (pink), nitrogen (blue). 

Figure 76 View of the torsion angles of H4ODA in DMF solvate structure. Twist across the molecules long 
length (a), torsion angle of amide functional group inside the H4ODA molecule (b). Elements: carbon 
(grey), oxygen (red), hydrogen (pink), nitrogen (blue). 

a 

b 
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Table 20 Refined lattice parameters for H4 ODA.2(DMF) determined by single-crystal X-ray diffraction 
and by Rietveld refinement. 

 Single-crystal PXRD refinement 

Crystal system Triclinic Triclinic 

Space group P-1 P-1 

a (Å) 7.0517(1) 7.069(5) 

b (Å) 8.154(2) 8.244(7) 

c (Å) 10.483(2) 10.583(7) 

α (°) 72.31(2) 73.07(4) 

β (°) 81.22(2) 81.23(5) 

γ (°) 86.73(2) 85.90(5) 

Volume (Å3) 567.46(1) 582.9(8) 

Rwp (%) 5.60 8.244 

Rint  - 

collection temperature 

(K) 

150 298 

 

5.3.1.2.3 Rietveld refinement for H4ODA.2(DMF)   

A Rietveld refinement was conducted using data collected on the ground powder of 

H4ODA.2(DMF)  to confirm  agreement with the structure determined by single-crystal 

X-ray diffraction. A CIF containing the parameters arising from the final refinement can 

be found in the Appendix. The Rietveld refinement profile is shown in Figure 77. In order 

to achieve good agreement between calculated and observed intensities, inclusion of 

preferred orientation was necessary, as crystals of H4ODA.2(DMF)  were extremely long, 

thin plates. Some disagreement in intensities remains especially at high 2θ angles; this is 

most likely due to the model not accounting for the preferred orientation correctly. 

Despite this, the refinement undeniably proves that the bulk powder exhibits the structure 

determined by single-crystal X-ray diffraction.  
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 There is good agreement between the lattice parameters determined using Rietveld 

refinement and those of the structure determined by single-crystal X-ray diffraction 

(Table 20). The increase of unit-cell of volume from 567 Å3 to 582 Å3, 2.5%, is due to 

the difference of collection temperature. 

 

5.3.2 Synthesis of IR-MOF-74-Zn 

5.3.2.1 Optimisation of the reaction conditions 

The initial attempt to synthesise IR-MOF-74-Zn used a 2 mmol to 1 mmol Zn:H4ODA 

ratio (the same ratio as used to synthesise MOF-74-Zn), but it did not result in the 

formation of  the target framework (Section 5.2.2.1). As the structure of this isoreticular 

MOF has not yet been determined, the published lattice parameters and powder pattern 

of the IR-MOF-74-Mg analogue were used for comparison purposes (Figure 78).  
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Figure 77 Rietveld refinement of H4ODA.DMF2. Experimental (blue), calculated (red), hkl indices (tick 
marks). Inset shows refinement at high angle. Data collected on Bruker D8 Advance. 

2 Theta/°
605550454035

In
te

ns
ity

/a
.u

.

3,200
3,000
2,800
2,600
2,400
2,200
2,000
1,800
1,600
1,400
1,200
1,000

800
600
400
200

0
-200
-400
-600
-800

-1,000

Linker 100.00 %



 
 

149 
 

 

Figure 78 PXRD pattern of IR-MOF-74-Mg taken from paper by Nguyen et al.180 

5.3.2.1.1 PXRD 

Figure 79 shows the collected PXRD diffractogram of the initial attempt to synthesise 

IR-MOF-74-Zn. The starred peaks on Figure 79 correspond to the zinc oxide phase which 

was still intense after 270 minutes milling. In addition to zinc oxide, there are clearly 

many more peaks indicating that at least one intermediate phase has formed (for more 

detail on IR-MOF-74-Zn intermediates see Section 5.3.6.1). To attempt to produce the 

desired phase, the effect of  a range of variables on the nature of the product were explored, 

including: milling jar size, milling ball total mass, milling ball size, solvent volume, 

solvent, milling time, starting material particle size and starting material mass. 
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Figure 79 PXRD pattern of initial attempt to synthesise IR-MOF-74-Zn. Stars correspond to unreacted zinc 
oxide phase. Data collected on Bruker D8 Advance. 

5.3.2.2 Synthesis using H2O 

 The effect of replacing DMF with water was investigated. Although incorporation of 

water in the initial reaction mixture did not produce IR-MOF-74-Zn,  a different 

intermediate phase to the ones formed when using  DMF, was produced.   

5.3.2.2.1 PXRD 

Figure 80a shows the collected PXRD pattern of the attempted synthesis of IR-

MOF-74-Zn using water to assist synthesis. As can be seen by the sharp peaks at 32 and 

34 °2θ, zinc oxide is still present in the diffractogram; evidence that the reaction did not 

go to completion. Figure 80b shows the overlaid H4ODA diffractogram which indicates 

that the linker has been consumed to make a new crystallographic phase. This new phase 

was indexed using DICVOL as implemented in DASH. A Pawley refinement was then 

performed using the found lattice parameters (Table 21). Structure solution was 

attempted using EXPO and DASH, but due to peak broadness and lack of information of 

unit-cell contents the structure remains unsolved. 
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Figure 80 PXRD diffractogram of IR-MOF-74-Zn synthesis attempt using water (a). Overlaid 
diffractogram of H4ODA linker (b). Pawley refinement using lattice parameters from Table 21 (c). 
Experimental (blue), H4ODA diffractogram (black), calculated (red), hkl indices (tick marks). Data 
collected on Bruker D8 Advance. 
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Table 21 Lattice parameters of IR-MOF-74-Zn water LAG intermediate. Parameters are a result of Pawley 
refinement. 

Crystal system Monoclinic 

Space group P2 

a (Å) 29.6(3) 

b (Å) 3.0(9) 

c (Å) 18.3(1) 

β (°) 113.5(7) 

Volume (Å3) 1490(5) 

Rwp (%) 2.77 

 

5.3.2.3 Optimised Reaction 

Eventually a successful reaction method was found which produced IR-MOF-74-Zn in 

10 hours of milling (Section 5.2.2.2). Reaction time, milling ball mass, solvent starting 

material ratio, total starting material mass were all permuted to find the optimised 

reaction. The milling time is a significant improvement over the previously reported Mg 

analogues two-day solvothermal reaction time.  

5.3.2.3.1 PXRD 

Figure 81 shows the PXRD diffractogram of IR-MOF-74-Zn as collected at DLS I11. In 

the Pawley refinement, the presence of a small amount of a IR-MOF-74-Zn intermediate 

is evident at 4 °2θ. In addition, zinc oxide peaks are also present, albeit the peaks are of 

low intensity.  
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The Pawley refinement was used to determine the lattice parameters of the IR-MOF-74- 

Zn phase. The lattice parameters of IR-MOF-74-Mg were used as a starting point (Figure 

81).180 Comparison of the lattice parameters determined here for IR-MOF-74-Zn with the 

previously reported Co, Ni and Mg analogues,  reveals a significant enlargement of the c 

parameter. However, the first peak corresponding to the c-axis is not present until 

2θ = 11.74° with very little intensity so confidence in the refined value is low (Table 22). 

Given the similarity of the ionic radii of Co2+, Ni2+ and Zn2+(0.72, 0.74 and 0.72 Å 

respectively), this would suggest the lattice parameters of the Zn analogue should be very 

similar.    
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Figure 81 Powder X-ray diffraction pattern for IR-MOF-74-Zn and Pawley refinement. Sample contains 
unreacted zinc oxide (marked with *). Inset shows refinement at low angle. Curves: experimental (blue), 
calculated (red), difference curve (grey), tick marks (calculated hkl indices for phase). Data collected on 
DLS I11. 
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Table 22 Comparison of lattice parameters between IR-MOF-74-Mg published lattice parameters 180 and 
IR-MOF-74-Zn Pawley refinement. IR-MOF-74-Mg refinment was performed on an activated sample. The 
Pawley refinement on the IR-MOF-74-Zn sample was performed on an as-synthesised sample. 

IR-MOF-74 analogue Mg Zn 

Crystal system Trigonal Trigonal 

Space group R-3 R-3 

a (Å) 44.4044(4) 48.87(3) 

c (Å) 6.38782(9) 6.84(4) 

Volume (Å3) 11745.2(9) 14147(4) 

 

 

 

Figure 82 shows the difference in peak positions of IR-MOF-74-Mg as synthesised by 

Nguyen et al.180 comparison of the peaks indicates that the as-synthesised samples have 

much larger a and b crystallographic axis than the activated samples as evidenced by the 

shifts in the peaks. The first two peaks correspond to the hkl indices 110 and 030 which 

both show a significant shift in 2θ between the as-synthesised and activated samples. This 

might suggest that IR-MOF-74 is flexible, it is possible that the framework swells 

Figure 82 Comparison of first three peaks of IR-MOF-74-Mg between as synthesised and activated 
samples. Data taken from paper by Nguyen et al. As synthesised (Bottom), Activated (red), black lines to 
show peak shifts. 
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increasing unit-cell size when solvents are present in the pores. Flexible MOFs are not 

uncommon, in particular the MIL-53 family of MOFs all exhibit large changes in unit-cell 

volume when solvent is added or removed.183 

As the Rietveld refinements for IR-MOF-74-Mg were performed on the activated sample 

which has smaller lattice parameters than the as-synthesised IR-MOF-74-Mg the 

comparison between IR-MOF-74-Mg and IR-MOF-74-Zn becomes poor.  

 

5.3.2.3.2 Elemental analysis 

Table 23 shows the experimentally determined C, H and N content for an as-synthesised 

IR-MOF-74-Zn sample. The predicted formula used was  

Zn2(ODA)(DMF)2(NH3)2.5(H2O)2 elemental formula  Zn2H32.5N5.5O12C22. There is a 

difference between the experimental formula and the predicted formula, which is most 

likely due to additional solvent on the surfaces/ in the pores of the structure which does 

not divide into neat ratios. Ammonia has been used as one of the solvents present in the 

sample. DMF is known to decompose to dimethylamine and eventually ammonia when 

in contact with metal-ions and moisture even at room temperature.184 It is possible that 

the DMF decomposed during the extended milling reaction required to synthesise IR-

MOF-74-Zn. 

Table 23 CHN analysis results of as-synthesised IR-MOF-74-Zn. 

Element Experimental (%) Predicted (%) 

C 37.43 37.92 

H 4.94 4.70 

N 10.73 11.06 
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5.3.2.4 Scaled up reaction 

It was found that synthesis of IR-MOF-74-Zn was possible to scale-up to make 1 g 

batches of the framework, albeit with a significantly longer reaction time than the small-

scale synthesis (Section 5.2.2.4).  

5.3.2.4.1 PXRD 

Figure 83 shows the collected PXRD pattern of the scaled-up synthesis method 

(Section 5.2.2.4). The figure shows an improvement over the original synthesis method 

as no intermediate peaks are present in the sample; only small zinc oxide peaks (2θ = 32 °, 

34 °, 36 °). 

Figure 83 Collected PXRD pattern of scaled-up synthesis of IR-MOF-74-Zn. Collected on Bruker D8 
Advance. Starred peaks correspond to unreacted zinc oxide in wurtzite polymorph. 
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A simultaneous Pawley and Rietveld refinement was carried out using the refined lattice 

parameters of IR-MOF-74  (Pawley) given in Table 24 and zinc oxide (Rietveld). This 

resulted in very good agreement with the experimental data, with an Rwp of 4.98 %, 

though only a few peaks are clear in the IR-MOF-74 phase (Figure 84). 

 

  

Table 24 shows the comparison of the refined lattice parameters determined for IR-MOF-

74-Zn produced by the standard synthesis (Retsch MM400 mill) and by the scaled-up 

synthesis methods (Retsch PM 100). Both synthesis methods produce samples with very 

similar lattice parameters with a variation of only 0.9% in the a parameter. The 

improvement in Rwp for the second refinement is probably related to two factors, the 

absence of IR-MOF-74-Zn intermediates in the pattern, and the modelling of the 

zinc-oxide phase in a simultaneous Rietveld refinement.  
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Figure 84 Simultaneous Pawley and Rietveld refinements of IR-MOF-74-Zn and ZnO phases. 
Experimental (blue), calculated (red), hkl indices for IR-MOF-74-Zn ( lower tick marks), hkl indices for 
ZnO (upper tick marks). Collected on Bruker D8 Advance. 
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Table 24 Comparison of refined lattice parameters between IR-MOF-74-Zn synthesis methods. Shaker ball 
mill synthesis method described in Section 5.2.2.1; planetary ball mill synthesis method described in 
Section 5.2.2.4. 

Synthesis method Shaker ball mill Planetary ball mill 

Crystal system Trigonal Trigonal 

Space group R-3 R-3 

a (Å) 48.87(3) 48.4(12) 

c (Å) 6.84(4) 6.84(3) 

Volume (Å3) 14147(4) 13890(6) 

Rwp (%) 11.2 4.98 

 

5.3.3 Attempts to solve IR-MOF-74-Zn crystal structure 

Attempts were made to solve the crystal structure of IR-MOF-74-Zn from X-ray powder 

diffraction data. The IR-MOF-74-Zn sample was prepared using the reaction method 

described in Section 5.2.2.1 using the Retsch MM 400 mill. Peak intensities were 

extracted from the DLS I11 diffractogram using the refined Pawley lattice parameters 

(Figure 85). This extracted diffractogram was then used with DASH to create simulated 

annealing runs to attempt to solve the crystal structure. It was assumed that the atomic 

coordinates would be very similar to those of MOF-74-Zn with the linker sitting on a 

centre of inversion and zinc atoms sitting on general positions around a 3-fold rotation 

axis. To simplify the model, no solvent was included (the structure was treated as the 

activated structure). 
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Figure 85 Extracted diffractogram of IR-MOF-74-Zn. Hkl indices are shown under the first few peaks. 

Across 100 simulated annealing runs, the best structure is not entirely correct. The best 

result is shown in Figure 86 and Figure 87. While the linker is correctly placed in the 

unit-cell it is incorrectly oriented around the c-axis. This incorrect position is due to the 

lack information in the extracted peak phase. The largest issue is the lack of sharp peaks, 

only 7 peaks in the diffractogram have enough intensity to extract any information.  

 

Figure 86 Best structure solution attempt from powder diffraction data of IR-MOF-74-Zn showing packing 
viewed down the c-axis. 
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In the simulated annealing runs, the zinc atoms were allowed to move freely while the 

linker was fixed to the centre of inversion. As can be seen in Figure 87, the Zn-O bond 

distances are incorrect as they are much too close together (expected 1.6-1.9 Å, some as 

short at 1.1 Å in the simulated annealing structure). This result ultimately shows that 

finding a definitive structure for IR-MOF-74-Zn will only be possible with single-crystal 

X-ray diffraction data requiring the growth of suitable single crystals; ultimately meaning 

a solvothermal synthesis method will need to be developed.  

 

5.3.4 Stability of IR-MOF-74-Zn in solvents 

In order to figure out the best activation method for IR-MOF-74-Zn it was first immersed 

in several solvents for multiple days to test stability (Section 5.2.3). These solvent 

stability tests were necessary as it was found that the previously reported activation 

methods for isoreticular MOF-74 analogues did not work. In addition to measuring the 

MOFs’ direct solvent stability, a single step activation was also attempted (Section 

5.3.4.1.5). Figure 88 shows the powder pattern of IR-MOF-74-Zn before soaking in any 

solvent. 

Figure 87 Formula unit of best crystal structure solution of IR-MOF-74-Zn. Elements colours as follows: 
carbon (grey), oxygen (red), hydrogen (yellow), nitrogen (blue), zinc (light blue). 
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Figure 88 Initial PXRD pattern of IR-MOF-74-Zn before soaking in any solvent. Data collected on Bruker 
D8 Advance. 

5.3.4.1 PXRD 

5.3.4.1.1 DMF  

Figure 89 shows the diffractogram of an IR-MOF-74-Zn sample after immersion for 3 

days in DMF. The sample was stable in DMF with very little change in peak intensity; 

unsurprising as the framework was synthesised using DMF as a solvent. Unfortunately, 
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Figure 89 Diffractogram of IR-MOF-74-Zn after immersion in DMF for 3 days. Data collected on Bruker 
D8 Advance. 
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DMF is unsuitable for solvent exchange for activation as the boiling temperature is very 

high. 

 

5.3.4.1.2 Chloroform 

Figure 90 shows the PXRD pattern of IR-MOF-74-Zn after being soaked in chloroform 

for 3 days. After soaking the IR-MOF-74-Zn phase has entirely disappeared indicating 

that the framework has entirely decomposed. The only crystalline phase visible in 

diffractogram is a wurtzite zinc oxide phase (starred peaks on Figure 90) 

5.3.4.1.3 Hexane 

Figure 91 shows the PXRD pattern of IR-MOF-74-Zn after soaking in hexane for 3 days. 

The peaks attributed to the MOF phase have changed considerably, but the framework 

seems to remain partially intact. A Pawley refinement was performed (Figure 92) to 

compare the lattice parameters of the framework to prior to soaking (Table 25). 

Comparison of the lattice parameters suggests that the total unit-cell volume has changed 

by 2.8% meaning the framework unit-cell has not changed considerably after soaking; 

Figure 90 PXRD pattern of IR-MOF-74-Zn immersed in chloroform. Starred peaks correspond to zinc 
oxide wurtzite phase. Data collected on Bruker D8 Advance. 
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however, the decrease in IR-MOF-74-Zn peak intensity suggests some amount of 

framework decay. 

 

Figure 91 PXRD pattern of IR-MOF-74-Zn after soaking in hexane. Starred peaks correspond to zinc oxide 
Wurtzite phase. Data collected on Bruker D8 Advance. 

 

Figure 92 Pawley refinement of IR-MOF-74-Zn after soaking in hexane. Data collected on Bruker D8 
Advance. 
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Table 25 Comparison of lattice parameters between IR-MOF-74-Zn before and after soaking in hexane for 
3 days. 

 Before hexane soaking After hexane soaking 

Crystal system Trigonal Trigonal 

Space group R-3 R-3 

a (Å) 48.4(12) 48.2(2) 

c (Å) 6.84(3) 6.7(5) 

Volume (Å3) 13890(6) 13510(9) 

Rwp (%) 4.99 9.5 

 

5.3.4.1.4 Methanol 

Figure 93 suggests that IR-MOF-74-Zn also degrades in methanol as the peaks 

corresponding to the framework entirely disappeared after soaking in methanol for 3 days.  

 

Figure 93 PXRD pattern of IR-MOF-74-Zn after soaking in methanol. Starred peaks correspond to zinc 
oxide phase. Data collected on Bruker D8 Advance. 

5.3.4.1.5 Vacuum 

An IR-MOF-74-Zn sample was placed under vacuum and heated to 333 K and held at 

temperature for 12 hours. The collected PXRD pattern of the vacuum treated sample is 

shown in Figure 94 and shows the complete decomposition of the IR-MOF-74-Zn phase. 
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This is a consequence of attempting activation without first exchanging DMF from the 

pores. The direct activation of the framework was attempted to confirm that solvent 

exchange was in fact necessary as some MOFs can be activated straight after synthesis. 

 

Figure 94 Collected PXRD pattern of IR-MOF-74-Zn after placing under vacuum for 12 hours. Starred 
peaks correspond to zinc oxide phase. Data collected on Bruker D8 Advance. 

5.3.4.1.6 Water 

Soaking IR-MOF-74-Zn in water for 3 days produced a large change in powder pattern 

(Figure 95). The IR-MOF-74-Zn phase entirely disappeared and was replaced a new 

phase. This new phase was unknown and unreported. The lattice parameters of this phase 

were indexed using DICVOL as implemented in DASH 141. A Pawley refinement was 

performed using the found lattice parameters. 
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The new phase was compared to H4ODA, H4ODA.2(DMF), and 4-aminosalicylic 

acid. 185 It was found that there was no peak overlap indicating that this was, in fact, a 

new phase. 

Table 26 Refined lattice parameters of IR-MOF-74-Zn water decomposition phase. 

Crystal system Monoclinic 

Space group P21 

a (Å) 18.75(2) 

b (Å) 5.54(9) 

c (Å) 14.0(1) 

β (°) 108.6(6) 

Volume (Å3) 1380(3) 

Rwp (%) 6.259 
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Figure 95 PXRD of IR-MOF-74-Zn after soaking in water for 3 days. Pawley refinement of water 
decomposition phase (inset). Curves: experimental (blue), calculated (red). Data collected on Bruker D8 
Advance. 
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5.3.5 Attempted Activation of IR-MOF-74-Zn 

The solvent stability experiments outlined in Section 5.3.4 revealed that IR-MOF-74-Zn 

decomposes quickly in methanol (the most common solvent used for solvent exchange), 

but that framework stability in hexane was reasonable. With this knowledge an activation 

method was designed which used hexane to first exchange the DMF from the pores of 

IR-MOF-74-Zn. After solvent exchange the IR-MOF-74-Zn sample was heated in a 

vacuum oven to remove hexane. PXRD and surface area analysis were used to measure 

remaining framework stability and test for permanent porosity. 

5.3.5.1 PXRD 

Figure 96 shows the collected diffractogram of the activated IR-MOF-74-Zn sample. 

After activation the IR-MOF-74-Zn phase has almost entirely disappeared leaving only 

small very broad peaks (ZnO peaks are also visible as sharp peaks at 32, 34, 36 °2θ). 

 

Figure 96 Powder X-ray diffraction pattern of "activated" IR-MOF-74-Zn sample. Starred peaks 
correspond to zinc oxide phase. Data collected on Bruker D8 Advance. 

This degradation of the IR-MOF-74-Zn crystalline phase is a strong indicator that the 

framework has collapsed, but to further confirm ChemBET surface area analysis was 

performed on the sample. 
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5.3.5.2 ChemBET 

Figure 97 shows the surface area analysis of an “activated” IR-MOF-74-Zn sample. The 

total surface area of the sample is 3.09 m2g-1 which is significantly smaller than the 

theoretical surface area of 2200 m2 g-1. The extremely small surface area result indicates 

an effectively “non-porous” sample; which gives further evidence that the sample 

decomposes using the attempted activation technique. 

 

 

5.3.6 In-Situ monitoring of IR-MOF-74-Zn synthesis 

Attempts were made to find if any crystalline reaction intermediates were formed during 

the mechanochemical synthesis of IR-MOF-74-Zn. As MOF-74-Zn formed crystalline 

intermediates (see Section 3.3.7), it seemed likely that IR-MOF-74-Zn would as well. To 

this end, an experiment was designed in which the reaction was paused part way through 

and PXRD collected on small amounts of the reaction mixture. This experiment was both 
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Figure 97 Chem BET surface area result for IR-MOF-74-Zn. 
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carried out in-house on the Bruker D8 Advance, as well as at DLS I11 to collect high-

resolution powder diffraction data. 

5.3.6.1 PXRD on in-house data 

In-house data were initially used to measure the appearance of the IR-MOF-74-Zn phase 

(most clearly seen in the low-angle region in Figure 98). Figure 98 shows the changes in 

PXRD during the formation of IR-MOF-74-Zn from 6 hours into the synthesis process. 

As can be seen, the IR-MOF-74-Zn phase does not begin to appear until the mixture has 

been milled for 8 hours. 

 

Apart from the formation of IR-MOF-74-Zn (and the disappearance of an intermediate 

phase), the collection of powder patterns in Figure 98 show little change across the final 

2 hours of synthesis; however, it was assumed that as with the synthesis of MOF-74-Zn 

Figure 98 Powder diffraction patterns of IR-MOF-74-Zn synthesis as a function of time. Boxed region 
corresponds to the region of the first peak of IR-MOF-74-Zn phase. 
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several intermediate phases would form and be consumed early in the reaction. To test 

this theory an experiment at DLS I11 was designed which would monitor the reaction 

process focussing on the early hours of the synthesis (due to time constraints of the 

experiment). 

Figure 99 shows the change in powder diffraction pattern of the experiment with time. 

The changes in powder pattern show three intermediates forming throughout the reaction. 

The first intermediate to form is shown in (1), the intermediate forms in 60 minutes of 

milling. The second intermediate to form is (2); this intermediate forms in 240 minutes 

of milling, and the third intermediate (3) which forms in 540 minutes of milling is marked 

with an exclamation mark.  

 

Figure 99 PXRD pattern of IR-MOF-74-Zn milling reactions collected at Diamond I11 λ=1.38 Å. Powder 
patterns were collected for every 60 minutes of milling, starting at zero minutes. The largest peak 
corresponding to (1) is starred (*). The largest peak corresponding to (2) is marked with an X. The largest 
peak corresponding to (3) is marked with !. 
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After the formation of (3), no further changes were observed in the reaction. It is assumed 

that this lack of progress in the reaction is due to the continuous opening of the milling 

jar throughout the experiment to obtain samples for PXRD. A second almost identical 

experiment was run which greatly reduced the number of times the sample jar was opened 

was designed. This second experiment milled the reaction for a total of 4.5 hours before 

opening for the first time. The diffraction patterns of this second experiment are shown 

in Figure 100. The assumption that opening the milling jar was impeding the milling 

reaction seems plausible as the reaction progressed significantly faster in the second 

experiment; however, for unknown reasons the reaction still did not progress to 

completion. Regardless, across the in-situ milling reaction experiments a number of 

crystalline intermediate phases were found which were further investigated. 

 

* * * 

Figure 100 Second milling reaction to attempt to produce IR-MOF-74-Zn, data collected at Diamond 
Lightsource beamline I11. Milling reaction was sealed and milled for 4.5 hours before opening. All powder 
patterns are a mixture of (3) and ZnO, ZnO peaks are marked with stars (*). 
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5.3.6.1 Characterisation of new phases 

So far three new intermediate phases have been found in the IR-MOF-74-Zn 

mechanochemical synthesis. A single-crystal structure has only been found for one of the 

intermediates; descriptions of milling times to form and powder pattern refinements 

follow. 

5.3.6.1.1 IR-MOF-74-Zn 1st intermediate (1) 

The powder pattern of (1) is shown in Figure 101 as isolated from the 1st milling 

experiment. The crystal structure of (1) corresponds to the DMF solvate of H4ODA as 

described in Section 5.2.1.1 (H4ODA.2(DMF) formula: C16H12N2O8,2(C3H7NO)).  

A Rietveld refinement was performed (Figure 102) to compare the lattice parameters 

between the H4ODA.2(DMF)  structure described in Section 5.3.1.2.2 and (1); this 

comparison is shown in Table 27. The similarity in lattice parameters confirms that the 

first intermediate formed in the synthesis of IR-MOF-74-Zn is H4ODA.2(DMF) . 
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Figure 101 PXRD pattern of (1), collected on DLS I11. Starred peaks correspond to ZnO Wurtzite phase. 
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Table 27 Comparison of Rietveld lattice parameters of (1) between in-house X-ray data and DLS I11 data. 
In-house data collected on Bruker D8 Advance. 

 DLS I11 experiment 

refinement 

In-house Pawley 

refinement 

a (Å) 7.075(1) 7.069(5) 

b (Å) 8.242(3) 8.244(7) 

c (Å) 10.574(3) 10.583(7) 

α (°) 72.10(3) 73.07(4) 

β (°) 81.15(6) 81.23(5) 

γ (°) 86.00(6) 85.90(5) 

Volume (Å3) 582.8(4) 582.9(8) 

Rwp (%) 6.27 8.244 

 

5.3.6.1.2 IR-MOF-74-Zn 2nd intermediate (2) 

(2) is the second intermediate which forms during the mechanochemical synthesis of IR-

MOF-74-Zn. So far, the crystal structure of (2) has yet to be determined, but the following 

are the current best fitting lattice parameters along with the Pawley refinement 

comparison to the experimental data. Figure 103 shows the collected powder pattern 

along with Pawley refinement of (2) as collected at DLS I11. Lattice parameters were 
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Figure 102 Rietveld refinement of (1) using DLS I11 data λ=1.38 Å. 

 



 
 

174 
 

indexed using DICVOL as implemented in DASH and used as part of a Pawley 

refinement. The lattice parameters are shown in Table 28 

Table 28 Refined lattice parameters for (2) 

Crystal system Monoclinic 

Space group P2 

a (Å) 23.70(4) 

b (Å) 32.53(4) 

c (Å) 10.90(5) 

β (°) 97.4(4) 

Volume (Å3) 8330(4) 

Rwp (%) 5.056 
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Figure 103 Experimental powder pattern and Pawley refinement of (2). Experimental (blue), calculated 
(red), hkl indices (tick marks): (2) (lower ticks), ZnO (upper ticks). 
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5.3.6.1.3 IR-MOF-74-Zn 3rd intermediate (3) 

(3) is seemingly the final intermediate that forms in the synthesis of IR-MOF-74-Zn.  As 

with (2), the crystal structure of (3) has yet to be solved. (3) formed in lab experiments in 

5 hours of milling in the IR-MOF-74-Zn experiment. It was also possible to synthesise 

(3) by milling a 1.5:1 mixture of Zn: H4ODA for 6 hours. Lattice parameters of (3) were 

obtained using DICVOL as implanted in DASH. The lattice parameters were used in a 

Pawley refinement which shows good agreement to the experimental data 

(Figure 104, Table 29).  
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Figure 104 PXRD pattern and Pawley refinement of (3). Experimental (blue), calculated (red), hkl indices 
(tick marks). Collected on DLS I11 λ=1.38 Å. 
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Table 29 Refined lattice parameters of (3). 

Crystal system Triclinic 

Space group P-1 

a (Å) 7.92(3) 

b (Å) 19.77(4) 

c (Å) 36.21(3) 

α (°) 89.9(6) 

β (°) 88.2(5) 

γ (°) 80.7(2) 

Volume (Å3) 5590(7) 

Rwp (%) 7.74 

Attempts were made at solving (3) using DASH 141 and EXPO 146; however, both methods 

were unsuccessful at solving the crystal structure. The refined volume of (3) made 

predicting the contents of the unit-cell impossible from a combinatorial perspective. (3) 

is potentially a framework type structure, though no similar structures exist on the CSD 3 

which would aid in structure identification.  
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5.4 Discussion 

5.4.1 Discussion on the synthesis of IR-MOF-74-Zn 

This chapter provides compelling evidence that isoreticular MOF-74-Zn structures can 

be synthesised via mechanochemical methods. This mechanochemical synthesis is novel 

as apart from MOF-74-Zn no other frameworks in the MOF-74 family have been 

synthesised via a mechanochemical method; Furthermore, this is the first reported 

synthesis of IR-MOF-74-Zn.  

Finding a successful synthesis method required working through several factors. It was 

found that the factors that affected the synthesis most were milling reaction time and 

milling ball size and mass. Changing solvent volume had little effect on the total reaction 

time providing that a minimum of 0.5 μL/mg of DMF was used in the reaction. In theory 

rate of milling might also be an important factor, but the shaker mill used in the synthesis 

had a max rate of 30 Hz which was used in all experiments. Reaction temperature could 

also be an important factor as recently published data suggests that reaction mixture initial 

temperature can have a large influence on total reaction time.186 As with 

mechanochemical reactions of MOF-74-Zn (Section 3.4.1), DMF purity was a major 

factor in the success rate of the mechanochemical synthesis. Water contaminated DMF 

would significantly hinder the reaction speed and produce different reaction 

intermediates. This effect on reaction intermediates is not surprising as solvents have a 

huge effect on hydrating reaction mixtures and producing solvated intermediates. 187 

Studying the synthesis of IR-MOF-74-Zn using in-situ PXRD monitoring gave insight 

into the reaction pathways of the synthesis. Most importantly, it established that 

crystalline intermediates formed during the synthesis. The presence of crystalline 

intermediates was not guaranteed as many mechanochemical reactions only form 

amorphous intermediate phases, 188 if intermediates are formed at all.  



 
 

178 
 

The result of the systematic study of the factors influencing the synthesis is the IR-

MOF-74-Zn framework. Although confirmation of the structure of the framework has not 

yet been achieved,  the strongest piece of evidence for the successful synthesis of IR-

MOF-74-Zn is the analysis of the PXRD data along with similar trends in intermediate 

formation, as for MOF-74-Zn. Unfortunately, thus far, we have been unable to activate 

the framework to access the very large internal surface area. Solvent instability of IR-

MOF-74-Zn seems to be a large factor as PXRD demonstrates that the framework 

crystalline phase decomposes very quickly in many common solvents. However, this 

might be a result of removing coordinated DMF from the pores of the framework too 

forcefully. Supercritical CO2 extraction has been proven to be an effective activation 

method for delicate MOF structures; 123 and this is therefore  an avenue well worth 

exploring in the future. 

5.4.2 IR-MOF-74-Zn intermediates 

In this chapter, intermediates formed during the mechanochemical synthesis of IR-

MOF-74-Zn have been studied. Three crystalline intermediate phases have been found, 

with each appearing and disappearing throughout the reaction. So far, only one crystal 

structure has been determined, which corresponds the first intermediate which formed 

within the first sampling of the reaction. The crystal structure of the first intermediate is 

a DMF solvate of the H4ODA linker, which gives evidence that solvation effects are very 

important for mechanochemical reactions. Unfortunately, the crystal structures of the 

final two crystalline intermediates have yet to be solved. The largest hurdle in solving the 

final two intermediates crystal structure is unit-cell size, which, in these cases pushes up 

to the limits of structures that can easily be solved using powder X-ray diffraction 

structure solution methods (in both cases simulated annealing runs which account for 
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possible unit-cell contents are in excess of 40 degrees of freedom, and the success rate 

for simulated annealing runs in DASH approaches sub 1% after 30 degrees of freedom).  

 As the final frameworks of MOF-74-Zn and IR-MOF-74-Zn are very similar it is worth 

comparing the two frameworks intermediates to work out if the reaction route is also 

similar. As with MOF-74-Zn, crystalline intermediates are formed during the synthesis 

of IR-MOF-74-Zn. In both cases the first intermediate that forms are DMF solvates of 

the linker used to make the framework (Figure 105), and in both cases the linker solvate 

disappears early in the reaction to be fully replaced by a second intermediate. 

Unfortunately, the first intermediate is as far as we can compare for crystal structures. 

However, we can also see the trend that the unit-cell volume of the intermediates 

increases throughout the milling reactions, and in both cases the first intermediate has the 

smallest unit-cell volume and the final intermediate has the largest unit-cell volume.  

a 

b 

Figure 105 Structures of the first intermediates in the mechanochemical synthesis of the IR-MOF-74-Zn 
family of frameworks. 1st intermediate of MOF-74 viewed down the b-axis (H4DHTA.2(DMF) 
Formula C8H6O6,2(C3H7NO)) (a). 1st intermediate of IR-MOF-74 synthesis as viewed down c-axis 
(H4ODA.2(DMF) formula: C16H12N2O8,2(C3H7NO)) (b). Cell axis labels: a (red), b (green), c (blue). Atoms 
present: carbon (grey), oxygen (red), nitrogen (blue), hydrogen (pink). 
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5.5 Further work 

The work discussed in this chapter describes the first steps toward the synthesis and 

characterisation of a new microporous metal-organic framework. There is evidence that 

the framework was successfully synthesised, but the crystal structure has yet to be solved. 

Attempts were made at solving the crystal structure using PXRD structure solution, but 

lack of information made total structure solution impossible. To sidestep this issue growth 

of single-crystals of IR-MOF-74-Zn would be required, most likely with a solvothermal 

method. It would also be ideal to solve the crystal structure of the remaining intermediates, 

though single-crystal growth would also be necessary. Finally, further experimentation is 

required in order find a suitable activation method for the framework. Most mesoporous 

frameworks use a supercritical CO2 activation method which might be met with more 

success than the simple solvent exchange, vacuum oven heat method. 
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5.6 Conclusion 

In this chapter the synthesis and characterisation of IR-MOF-74-Zn has been reported. 

IR-MOF-74-Zn is a new metal-organic framework that has been synthesised via a 

mechanochemical method. The synthesis method was based on the mechanochemical 

synthesis of MOF-74-Zn. A number of similarities exist between the synthesis of the two 

frameworks which might indicate that a whole new series of isoreticular MOF-74-Zn 

structures can be synthesised via mechanochemical methods. In addition to the successful 

synthesis of IR-MOF-74 three new intermediate structures have been isolated, with the 

crystal structure of the first intermediate (H4ODA.2(DMF) formula: 

C16H12N2O8,2(C3H7NO)) solved via PXRD structure solution methods. 
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Chapter 6- Miscellaneous crystal structures containing MOF 

linkers 

6.1 Introduction 

Presented in this chapter are a collection of novel crystal structures which were solved 

throughout the PhD. The structures described fall in to three Sections: the crystal structure 

of 2,5-dihydroxyterepthalic acid (H4DHTA) and the crystal structure of its potassium salt, 

the crystal structure of a novel 1D coordination polymer made using 

4,4’-oxalylbis(imino)]bis(2-hydroxybenzoic acid) (H4ODA, the linker used to synthesise 

IR-MOF-74-Zn), and the crystal structure of a DMF solvate of H4TDA.  

H4DHTA is the linker used to synthesise MOF-74-Zn and so knowing the crystal 

structure is very useful, because it  allows for a Rietveld refinement of the MOF-74 

reaction mixture from the very beginning of synthesis. The potassium salt of H4DHTA 

was found in a contaminated batch of H4DHTA. Analysis of the contaminated batch 

revealed that it was a novel crystal structure, so is reported here. 

The 1D coordination polymer of zinc and H4ODA, which can be formulated as 

Zn2Ac2H2ODA(DMF)2, is a paddlewheel coordination polymer which forms when zinc 

acetate dihydrate is used during the attempted mechanochemical synthesis of IR-

MOF-74-Zn instead of zinc oxide. 

The H4TDA DMF solvate formula H4TDA(DMF)4 is a novel crystal structure of a linker 

which can be used to make large MOF-74 isoreticular frameworks. 
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6.2 Experimental 

6.2.1 Structure solution of H4DHTA 

H4DHTA was purchased from Alfa Aesar and used without any further purification. 

PXRD data were collected on the Bruker D8 Advance according to Section 2.9.2.5 and 

on DLS I11 according to 2.9.2.5. Data were indexed using DICVOL as implemented in 

DASH. Simulated annealing as implemented in TOPAS was run and final result refined 

using DFT according to Section 2.9.2.3. 1H NMR and 13C NMR were collected according 

to Section 2.11.1, both 5 mg of each sample were dissolved in 5 mL of deuterated DMSO. 

6.2.2 Structure solution of KH3DHTA.(H2O) 

A batch of H4DHTA purchased from Alfa Aesar was contaminated upon arrival. It was 

determined to be KH3DHTA via structure solution from single-crystal X-ray diffraction. 

Single-crystals of KH3DHTA.(H2O) were grown by dissolving 100 mg of KH3DHTA in 

20 mL of hot deionised water. The solution was hot filtered and left to cool for 4 days 

after which small single-crystals (colourless needles) suitable for single-crystal X-ray 

diffraction were found. Single-crystal X-ray diffraction and structure solution were 

performed according to the procedure outlined in 2.9.1.1. As purchased “H4DHTA”was 

compared to the solved crystal structure using Rietveld refinement in Topas according to 

the procedure outlined in Section 2.9.2.5. 2 mg KH3DHTA was dissolved in 5 mL d6-

DMSO for NMR. 1H NMR and 13C NMR were performed according to Section 2.11.1. 

6.2.3 Synthesis and Structure solution of Zn2H2ODA.DMF2(H2O)2 

2.2 mmol ZnAc.H2O and 1.1 mmol H4ODA were added to a 25 mL stainless steel milling 

jar along with a single 9 g stainless steel milling ball and 300 μL DMF. The jar was sealed 

and milled for 120 minutes on the Retsch MM 400 shaker mill. A PXRD pattern of the 

resultant powder was performed on the Bruker D8 Advance according to the procedure 

outlined in Section 2.9.2.3. Lattice parameters were determined using the DICVOL 
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function as implemented in DASH and a Pawley refinement performed using TOPAS 4.2. 

A simulated annealing run was performed using the refined lattice parameters. The 

fragments used in the simulated annealing run were as follows: Half H2ODA molecule 

with dummy atom to anchor fragment to centre of inversion, one DMF molecule, one O 

atom representing an H2O molecule, and one Zn atom. H2ODA fragment was fixed to 

special position but otherwise all components were allowed to move freely during 

simulated annealing (degrees of freedom= 17). The resultant structure was further refined 

by adding missing hydrogen atoms to water molecules; then structure refined using DFT. 

A rigid body refinement was performed on the DFT energy minimised structure to give 

the final crystal structure and CIF (see appendix). A Rietveld refinement using TOPAS 

was performed to confirm the agreement of the determined crystal structures with the  

experimental powder pattern.   

6.2.4 Synthesis of H4TDA  

H4TDA (4,4’-[1,4-phenylenebis-(carbonylimino)]bis(2-hydroxybenzoic acid)]) was 

synthesised following the method described by Nguyen180 et al with no alterations made. 

6.2.4.1 Synthesis and structure solution of H4TDA(DMF)2 

10 mg H4TDA was dissolved in 20 mL hot DMF. The solution was hot filtered and left 

to cool partially uncovered for 5 days. After cooling colourless needle-like single-crystals 

suitable for single-crystal X-ray diffraction were found. Single-crystal X-ray diffraction 

and structure solution was performed according to the procedure outlined in Section 

2.9.1.1.  
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Table 30 Crystallographic and refinement details for the crystal structures described in this chapter. Powder diffraction Data/restraints/parameters field corresponds to number 
of refined parameters.  

Identifier H4DHTA KH3DHTA.(H2O) Zn2H2ODA.DMF2(H2O)2 H4TDA(DMF)2 
Solution method Powder diffraction Single-crystal Powder diffraction Single-crystal 
Empirical formula C8H6O6 C8H7KO7 C26H30N4O14Zn2 C34H44N6O12 
Formula weight 198.13 254.24 753.31 728.75 
Temperature (K) 293 150.00(10) 293 155(8) 
Crystal system Triclinic Triclinic Triclinic Triclinic 
Space group P-1 P-1 P-1 P-1 
a (Å) 4.2824(2) 6.6993(10) 8.1713(5) 7.7582(4) 
b (Å) 5.5514(2) 8.6495(17) 8.9405(7) 9.9345(6) 
c (Å) 8.1931(3) 9.0380(16) 11.7390(7) 12.9348(8) 
α (˚) 93.45(2) 65.763(18) 103.083(5) 68.299(6) 
β (˚) 102.22(2) 74.448(14) 102.571(4) 78.096(5) 
γ (˚) 96.84(2) 78.465(15) 105.152(3) 72.020(5) 
Volume (Å3) 188.28(2) 457.65(16) 770.56(10) 876.242 
Z 1 2 1 1 
ρcalc g (cm3)  1.845  1.381 
μ (mm-1)  5.354  0.106 
F(000)  260.0  386.0 
Crystal size/mm  0.45 × 0.03 × 0.02  0.14 × 0.12 × 0.07 
Radiation (Å) CuKα (λ = 1.54184) CuKα (λ = 1.54184) CuKα (λ = 1.54184) MoKα (λ = 0.71073) 
2Θ range for data collection (°)  10.976 to 122.538  6.534 to 58.656 
Index ranges  -7 ≤ h ≤ 7, -9 ≤ k ≤ 9, -10 ≤ l ≤ 9  -10 ≤ h ≤ 10, -13 ≤ k ≤ 13, -

17 ≤ l ≤ 17 
Reflections collected 114 3992 687 22954 
Independent reflections  1381 [Rint = 0.0700, Rsigma = 0.0786]  4338 [Rint = 0.0547, Rsigma = 

0.0405] 
Data/restraints/parameters 54 1381/0/152 54 4338/0/279 
Goodness-of-fit on F2  1.032  1.041 
Final R indexes [I>=2σ (I)]  R1 = 0.0452, wR2 = 0.0960  R1 = 0.0551, wR2 = 0.1249 
Final R indexes [all data]  R1 = 0.0690, wR2 = 0.1095  R1 = 0.0741, wR2 = 0.1380 
Largest diff. peak/hole (e Å-3)    0.74/-0.30 
R factors(Pawley, Rietveld) (%) 4.04, 4.95 4.53 3.95, 5.39 5.59 
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6.3 Results 

6.3.1 H4DHTA 

6.3.1.1 NMR 

13C NMR of H4DHTA (Figure 106a) indicates that there are 4 carbon environments plus 

the environment for the deuterated DMSO used to dissolve H4DHTA (DMSO-d6 

multiplet at 40 ppm). Peaks were assigned to the relevant carbon environments (Figure 

106b). 

Figure 106. (a) 13C NMR of H4DHTA; (b) 13C environment assignment for H4DHTA. 
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Presented in Figure 107a are the 1H NMR data of H4DHTA. Peaks were assigned to the 

structure of H4DHTA (Figure 107b). Only one peak corresponding to H4DHTA is visible 

in the 1H NMR, the peak for environment 3 on the diagram (Figure 107b); the other two 

peaks correspond to water (broad peak at 3.3 ppm) and DMSO-d6 (peak at 2.3 ppm). 

Environments 1 and 2 appear as an extremely broad peak centred around 11 ppm. This 

extreme peak broadening is commonly seen with carboxylic groups exchanging 

hydrogens.189  

1 
1+2 

Figure 107. (a) 1H NMR of H4DHTA;(b) H environment assignment of H4DHTA. 
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6.3.1.2 PXRD 

Figure 108 shows the collected PXRD pattern of the as-purchased from supplier 

H4DHTA. 

 

Figure 108 PXRD pattern of H4DHTA as collected on Bruker D8 Advance (λ =1.5406 Å) 

A search on the CCDC CSD 3 for the crystal structure of H4DHTA revealed that no such 

structure had been deposited on the database, so an effort was made to solve the crystal 

structure using powder structure solution. Lattice parameters for the phase were indexed 

using DICVOL as implemented in DASH 141 and a Pawley refinement was used to 

confirm the found lattice parameters. 

6.3.1.3 Structure solution process 

Data shown in Figure 108 were first indexed using DASH DICVOL indexing function. 

This gave reasonable starting lattice parameters (Table 31, second column). Using the 

lattice parameters and the area under each peak, a TOPAS simulated annealing run was 

created. A quick initial run was conducted using a complete linker rigid body, but it was 
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determined that the molecule was sitting on a centre of inversion, effectively producing 

doubled atomic sites (Figure 109). Therefore, in the subsequent run half of a 2,5-

dihydroxyterepthalic acid linker was used as the rigid body input. 

 

 

Figure 109 First structure solution with doubled sites. Atoms present carbon (grey), oxygen (red), hydrogen 
(white). 

 

Figure 110 Final Topas simulated annealing solution, showing H-bonding (internal, blue lines)(external 
red lines). Atoms present carbon (grey), oxygen (red), hydrogen (white). 
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Shown in Figure 110 is the final simulated annealing solution. The hydrogen position on 

the carboxyl group is clearly incorrect as it lies far from the predicted H-bonding lines. 

To improve and confirm the solution, DFT was run to minimise the energy of the structure. 

Figure 111 DFT optimised structure of 2,5-dihydroxyterephthalic acid showing H-bonding (internal – blue 
lines) (external – red lines). Atoms present: carbon (grey), oxygen (red), hydrogen (yellow). 

Shown in Figure 111 is the optimised structure following DFT calculations. Bond lengths 

in the optimised structure are all slightly shorter, except for H-O hydroxyl bonds which 

have increased from 0.8Å to 1.0Å. The other large difference is in the carboxyl hydrogen 

angle which has decreased from 120˚ to 109˚. These optimisations are not easily 

achievable using simulated annealing.  

Although powder diffraction data had been collected on I11, the structure solution was 

carried out using laboratory X-ray data, as refinements using I11 data were not 

satisfactory, either due to radiation damage from the beam or due to the geometry of the 

MYTHEN detector setup.  

A Rietveld refinement using laboratory powder X-ray diffraction data, together with the 

lattice parameters from the Pawley refinement, and the atomic coordinates from DFT, 

was carried out (Figure 112).  Scale parameter, spherical harmonics for preferred 

orientation, a simple axial model for peak shapes, and thermal parameters of atom 

coordinates were refined. This resulted in good agreement with the experimental data, 

and gave a final Rwp of 4.96%, only 0.95 higher than the Pawley refinement. 
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Figure 112 Final PXRD Rietveld refinement of bulk powder of H4DHTA (C8H6O6). Observed data (blue), 
model (red), difference (grey). Data collected on the Bruker D8 Advance. 

 

Table 31 Lattice parameters as used through refinements. (Initial from indexing, Final Pawley from Topas 
Pawley refinement, Final Rietveld from final refinement). 

Parameter Initial Final Pawley Final Rietveld 

a (Å) 5.5624 5.55 5.55 

b (Å) 8.2017 8.19 8.19 

c (Å) 4.2829 4.28 4.28 

α (˚) 102.23 102.2 102.2 

β (˚) 96.73 96.8 96.8 

γ (˚) 93.52 93.4 93.4 

Volume (Å3) 188.8883 188.283 188.283 

Rwp  4.011 4.96 
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6.3.1.4 Description of the crystal structure of H4DHTA 

The CIF of H4DHTA can be found in the appendix (formula C8H6O6). H4DHTA 

crystallises in the P-1 space group (Figure 113), with the centre of the H4DHTA molecule 

located at the centre of inversion, at  (½ ½ 0).  

 

Figure 113 Crystal structure of H4DHTA. (a) Packing of H4DHTA as viewed down the a-axis. (b) 
Packing of H4DHTA as viewed down the c-axis. Key for elements: carbon (grey), oxygen (red), 
hydrogen (pink) Key for axis: a-axis (blue), b-axis (red), c-axis (green). 

(a) (b) 
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The structure exhibits both intramolecular and intermolecular H-bonding (Figure 114). 

Intermolecular H-bonding occurs between neighbouring carboxylic and hydroxyl groups; 

intramolecular H-bonding occurs between the hydroxyl group and carboxyl group (Table 

32). The hydrogen bonding in this crystal structure is very similar to the H-bonding seen 

in other DHTA based structures, such as  the DMF solvate of H4DTA and 

ZnH2DHTA(DMF)2(H2O)2 (see Sections 3.3.7.2. and 3.3.7.4.).  

Table 32 List of bond hydrogen bond lengths present in H4DHTA. Numbers refer to Figure 114.  

Hydrogen bonding environment Distance (Å) 

1 1.627 

2 1.638 

3 2.542 

 

 

 

Figure 114 H-Bonding in the crystal structure of H4DHTA showing H-bonding between three 
neighbouring H4DHTA molecules. Intramolecular H-bonds (blue), intermolecular H-bonds (red). Key for 
elements: carbon (grey), oxygen (red), hydrogen (pink)  

3 

2 
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6.3.2 KH3DHTA(H2O) 

One of the batches of H4DHTA purchased from Alfa Aesar had unexpected properties: 

the powder was a far paler yellow than previous  H4DHTA batches received and did not 

form MOF-74 in the usual 90-minute reaction time. It was suspected that this batch was 

contaminated in some way, and therefore a range of analytical techniques were exploited 

to investigate this.  

6.3.2.1 NMR 

The first analytical technique used was NMR to confirm that 2,5-dihydroxyterephthalic 

acid was present. 

The collected 13C NMR for KH3DHTA(H2O) is shown in Figure 115(a). The 

experimental 13C NMR is very similar to that previously collected for H4DHTA (Section 

6.3.1.1) and the peak assignments are the same. The only difference is a slight shift of all 

peaks upfield by 5 ppm. As the DMSO-d6 peaks have also shifted, this is a difference in 

collection parameters and not a substantial change in the composition of the molecule. 
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Shown in Figure 116a is the experimental 1H NMR spectrum for KH3DHTA. The 

spectrum is again very similar to the 1H NMR spectrum for H4DHTA (Section 6.3.1.1); 

the only meaningful difference between the two is the much smaller peak corresponding 

to environment 3. This reduction in relative peak height is due to the lower concentration 

of KH3DHTA(H2O) used in this measurements when compared to the initial H4DHTA 

data collection. ; The lower concentration is consequence of the lower solubility in 

DMSO-d6  ofKH3DHTA(H2O) when compared to H4DHTA. 

  

Figure 115(a) 13C NMR of KH3DHTA(H2O). (b) Structural formula of H4DHTA used for peak assignment. 
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3 

Figure 116a: 1H NMR of KH3DHTA(H2O). Figure 12b: Structural formula of KH3DHTA used for peak 
assignment. 

b 
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6.3.2.2 PXRD 

Comparing the experimental diffractograms of the contaminated H4DHTA and a previous 

H4DHTA batch indicated that the former was an entirely different phase (Figure 117). 

The powder diffraction pattern for the contaminated H4DHTA contains none of the peaks 

found for the crystalline  H4DHTA phase (Section 6.3.1), indicating that this is a different 

phase. The lattice parameters of the contaminated H4DHTA phase were determined using 

TOPAS and used to search the CCDC CSD. Without knowing the elemental composition 

of the phase solving from powder X-ray diffraction data was impossible and therefore 

attempts to grow single-crystals were consequently carried out. 
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Figure 117 Comparison PXRD patterns of two H4DHTA batches. Red: contaminated H4DHTA batch. 
Blue: non-contaminated H4DHTA. Collected on the Bruker D8 Advance. 
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6.3.2.3 Single-crystal X-ray Diffraction 

Figure 118 shows the crystal on which single-crystal X-ray diffraction was performed. 

Olex2 was used to solve the crystal structure from the data collected. There was 

uncertainty as to what the counter ion in the salt was present in the structure. The possible 

counter ions were K, Ca, Na, and Mg. There was the possibility that both the carboxylic 

acid groups on the DHTA molecule were deprotonated to form H2DHTA2- allowing for 

calcium and magnesium salts (see CCDC refcodes: EXUFEK,190 EMEZAX191 for 

calcium and magnesium terephthalic acid salts). Through trial and error it was determined 

that potassium gave the lowest R value; potassium and sodium salts have been reported 

for terephthalic acid but not 2,5-dihydroxyterephthalic acid (see CCDC refcode 

HUKYOB192 for sodium and ZEFNIH193 for potassium respectively). Further evidence 

that the cation was potassium comes from the synthesis method for H4DHTA which uses 

potassium carbonate.111  

6.3.2.4 Description of the crystal structure 

The potassium salt of H4DHTA crystallises as a monohydrate in space group P-1 (Table 

30 column 3). The asymmetric unit contains one potassium cation, one DHTA molecule, 

and one water molecule (Figure 119a). The DHTA molecules are linked by symmetric 

Figure 118 Single-crystal used to solve the KH3DHTA(H2O) structure, mounted for data collection. Crystal 
is a colourless needle. 
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and very short H-bonds to form long chains. The unit-cell centre of symmetry is located 

between neighbouring DHTA molecules. All contents of the unit-cell sit on general 

positions (Figure 121b). The potassium ion also sits on a general position and is 

surrounded by 6 oxygens of the nearby carboxyls and one water (Figure 119b).  

 

The DHTA molecules form infinite chains aligned between the crystallographic b and c-

axes. These chains are formed due to the hydrogen bonds of neighbouring carboxyl 

groups (Figure 121a). The potassium ion sits in between the H3DHTA chains 

coordinating to the carboxyl groups of H3DHTA.  

 

 

 

 

 

 

Figure 119a: asymmetric unit of K3DHTA(H2O). 15b: oxygens surrounding potassium cation. Elements 
present: Potassium (purple), carbon (grey), oxygen (red), hydrogen (pink). 

b 
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The structure has further hydrogen bonding with hydroxyl groups, which form hydrogen 

bonds  to each other as well as their neighbouring carboxyl groups (Figure 120). 

Figure 120 KH3DHTA(H2O) demonstrates extensive hydrogen bonding. Hydrogen bonds are shown as 
blue dotted lines. Red dashed lines represent intermolecular hydrogen bonding. Elements present: Carbon 
(grey), oxygen (red), hydrogen (pink), potassium (purple). Numbers on hydrogen bonds correspond to 
Table 33 

Figure 121a: Chains of H3DHTA showing the close hydrogen-hydrogen distance indicated by star. Figure 
121b: packing of KH3DHTA(H2O) as viewed down the c-axis. Yellow spheres represent crystallographic 
centres of inversion. Elements present: Carbon (grey), oxygen (red), hydrogen (pink), potassium (purple). 

* 

a 

b 

1 

2 
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Table 33 Hydrogen bond lengths for KH3DHTA(H2O) corresponding to numbers on Figure 122. 

Hydrogen bonding environment Distance (Å) 

1 1.639 

2 2.595 

3 2.954 
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6.3.3 ZnAcH2ODA(DMF) 

During the initial attempts to synthesise IR-MOF-74-Zn (Chapter 5), reactions with 

different zinc metal sources were performed. In particular, zinc acetate was used  instead 

of zinc oxide (zinc oxide was used in all other MOF-74 syntheses) to find out if it would 

result in the formation of IR-MOF-74. Instead of IR-MOF-74-Zn, a new, unreported 

phase was produced. PXRD was performed on the product to try to determine the nature 

of the new phase.  

6.3.3.1 PXRD 

Shown in Figure 122a is the collected PXRD pattern for Zn2AcH2ODA(DMF).  
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Figure 122. (a) PXRD pattern of ZnAcH2ODA(DMF) as collected on Bruker D8 Advance. Figure 122(b) 
Rietveld refinement using zinc acetate dihydrate as the starting model. Curves present: Experimental 
(blue), calculated (red), difference (grey). 

a 

b 



 
 

203 
 

 

Table 34 Comparison of lattice parameters for Zn2AcH2ODA(DMF) determined using a 

Pawley refinement and a Rietveld refinement. Pawley and Rietveld refinements prior to 

DFT energy minimisation did not have cell parameters in standard settings. 

Refinement method Pawley Rietveld before 

DFT 

Final Rietveld 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a (Å) 12.76(11) 12.760(6) 8.1713(5) 

b (Å) 8.941(7) 8.940(3) 8.9405(7) 

c (Å) 8.171(5) 8.171(3) 11.7390(7) 

α (°) 74.85(4) 74.84(3) 103.083(5) 

β (°) 116.12(4) 116.12(4) 102.571(4) 

γ (°) 112.07(5) 112.06(3) 105.152(3) 

Volume (Å3) 770(11) 770.50(6) 770.56(10) 

Rwp 4.533 6.875 5.39 
 

6.3.3.2 Description of the crystal structure of Zn2Ac2H2ODA(DMF)2 

A Rietveld refinement using zinc acetate dihydrate was attempted, but this refinement 

revealed that the zinc acetate phase had been completely consumed during the reaction 

(Figure 122b). The loss of zinc acetate indicated that, provided the product of the reaction 

was a single phase, this product had a 2:1 ratio of zinc to ODA. The powder diffraction 

pattern for this product was indexed using DICVOL as implemented in DASH (Table 34 

second column) and a Pawley refinement using the lattice parameters run in TOPAS 

(Figure 123). The Pawley refinement was in excellent agreement with the experimental 

data (Rwp = 4.53%), so a structure solution using DASH was attempted. 
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Figure 123 PXRD pattern of Zn2AcH2ODA(DMF) and Pawley refinement using lattice parameters 
determined by indexing in Topas. Curves present: Experimental (blue), calculated (red), difference (grey), 
reflection markers (tick marks). 

Based on the volume of the unit cell and the likely components of the crystal structure, 

the fragments used in the simulated annealing runs were as follows: half an H2ODA 

molecule bonded to one zinc atom, one acetate ion, and one DMF molecule (Figure 124). 

The half H2ODA fragment was created using the atom coordinates from the 

H4ODA(DMF)2 structure described in Section 5.3.1.2.2 with a zinc atom added at the end 

of the carboxyl group. Given the ratio of H4ODA to zinc in the reaction mixture, and the 

presence of acetate in the reaction mixture,  it was assumed that the structure would 

contain  a paddlewheel, and so the zinc atom was added at the average distance and bond 

angle found across all structures in the CCDC CSD3 containing zinc paddlewheels.  
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(a)    (b)     (c) 

 

After 400 runs the best solution reached a χ2 value 23.18. The structure looked chemically 

sensible, and the DMF and acetate fragments had formed into a paddlewheel during the 

simulated annealing. A scale-only Rietveld refinement was performed to confirm that the 

structure described the bulk powder. The Rietveld refinement (Rwp 6.875) was poorer 

than the Pawley refinement meaning that the model could be improved (Table 

34 column 3).  

As individual atoms in fragments do not move during simulated annealing, individual 

atom coordinates, especially hydrogens, can often be improved. A DFT energy 

minimisation was performed on the DASH solution to try and improve the fit.  

Figure 124 Fragments used in DASH structure solution of Zn2AcH2ODA(DMF).(a) Acetate fragment; (b) 
Half H2ODA molecule with zinc atom. Atom with star is the dummy atom used to anchor unit cell; (c) 
DMF molecule. Key: carbon (grey), oxygen (red), nitrogen (blue), zinc (light blue), hydrogen (pink). 

* 

Figure 125 DASH simulated annealing structure for Zn2AcH2ODA(DMF) showing coordination around 
zinc paddlewheel. Elements present: carbon (grey), oxygen (red), nitrogen (dark blue), zinc (light blue) 
hydrogens omitted for clarity. 
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After DFT energy minimisation, the largest changes in the structure came from hydrogen 

positions and bond angles around the paddlewheel. This is unsurprising as the 

paddlewheel bond angles and lengths were set to the average values from the CCDC CSD 

for paddlewheel structures (Figure 126). After minimisation, the bond angles around the 

paddlewheel changed significantly, in particular the angle (ODA)O-Zn-O(DMF) 

changed from 92 ° to 98 °; while both values are in the accepted range 98 ° is much more 

reasonable.194 After energy minimisation, a final Rietveld rigid-body refinement was 

performed to ensure that the refined model correctly described the data. The final fit 

(Rwp =5.39) constitutes a significant an improvement over the initial Rietveld using the 

simulated annealing structure (Table 34 column 4). 

  

Figure 126 Comparison of the between DASH solution and DFT energy minimisation for the structure of 
Zn2AcH2ODA(DMF), illustrating changes in bond lengths and angles. DASH simulated annealing solution 
(left), DFT energy minimisation (right). Key: carbon (grey), oxygen (red), nitrogen (dark blue), zinc (light 
blue). 

a 
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Table 34 Comparison of lattice parameters for Zn2AcH2ODA(DMF) determined using a Pawley refinement 
and a Rietveld refinement. Pawley and Rietveld refinements prior to DFT energy minimisation did not 
have cell parameters in standard settings. 

Refinement method Pawley Rietveld before 

DFT 

Final Rietveld 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a (Å) 12.76(11) 12.760(6) 8.1713(5) 

b (Å) 8.941(7) 8.940(3) 8.9405(7) 

c (Å) 8.171(5) 8.171(3) 11.7390(7) 

α (°) 74.85(4) 74.84(3) 103.083(5) 

β (°) 116.12(4) 116.12(4) 102.571(4) 

γ (°) 112.07(5) 112.06(3) 105.152(3) 

Volume (Å3) 770(11) 770.50(6) 770.56(10) 

Rwp 4.533 6.875 5.39 
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6.3.3.2 Description of the crystal structure of Zn2Ac2H2ODA(DMF)2 

Zn2Ac2H2ODA(DMF)2 crystallises in the triclinic P-1 space group. The asymmetric unit 

contains one zinc atom, one acetate ion, one DMF molecule, and half an H2ODA 

molecule (Figure 127a). The middle of the H2ODA molecule and the centre of the zinc 

paddlewheel sit on centres of inversion.  

The two zinc atoms in the paddlewheel are slightly offset and the bond lengths vary on 

each side (Figure 127b). This type of distorted paddlewheel is observed in a number of 

other zinc paddlewheel structures including: CCDC refcode AGOMAN,195 CCDC 

refcode CIRBUD,196 CCDC refcode FISNUT.197 Shown in Figure 129 are the 

coordination around the zinc paddlewheels in the three examples mentioned previously. 

In all cases the C-O-Zn bond angles deviate from each other significantly with largest 

difference occurring in AGOMAN where the bond angles are 138 ° and 116 °. 

 

Figure 127 Structure of Zn2AcH2ODA(DMF)2.(a) Asymmetric unit of Zn2AcH2ODA(DMF)2. Figure 
127(b) Coordination around the zinc paddlewheel showing bond Zn-O bond lengths. Key: carbon (grey), 
oxygen (red), nitrogen (dark blue), zinc (light blue). 

 

(a) 
(b) 
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In the structure described here, H2ODA2- anions link the paddlewheels into infinite one-

dimensional chains, as shown in Figure 128c. Figure 128a shows the packing of the 

unit-cell down the crystallographic a-axis showing the aforementioned chains offset from 

each other, with the paddlewheel located at opposite corners of the unit-cell. Figure 128b 

Figure 129 Spatial arrangement of several paddlewheel structures taken from the CCDC CSD. (a) 
AGOMAN, (b) CIRBUD, (c) FISNUT. Key: carbon (grey), oxygen (red), nitrogen (dark blue), zinc (light 
blue). 

(c) (b) (a) 

Figure 128a Packing of Zn2Ac2H2ODA(DMF)2 showing chains packing across unit-cell. Figure 128b 
Packing of Zn2Ac2H2ODA(DMF)2 showing crystallographic centres of inversion as yellow spheres to show 
symmetry present in unit-cell. Figure 128c single chain of Zn2Ac2H2ODA(DMF)2 to show how a 1 d chain 
forms through the zinc paddlewheel. Elements present: carbon (grey), oxygen (red), nitrogen (dark blue), 
zinc (light blue). 

 

(c) 

(b) 
(a) 
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shows the centres of inversion in the unit-cell as yellow spheres to make the points of 

inversion clearer.  

Zn2Ac2H2ODA(DMF)2 exhibits extensive hydrogen bonding (Figure 130). This 

hydrogen bonding occurs between chains, from the nitrogen on the H2ODA amide group 

to the acetate groups of the paddlewheel. This hydrogen bonding is likely to stabilise the 

packing of the chains. Additionally, hydrogen bonding occurs between 

neighbouring H2ODA hydroxyl and carboxyl groups.  

As the with other H4ODA structure described in this thesis (Section 5.3.1.2.2) the H4ODA 

linker exhibits a twist around the amide – benzene ring in the structure (Figure 132). In 

Figure 132 Zn2Ac2H2ODA(DMF)2 bond angle around amide group to benzene ring to show twist of the 
H2ODA molecule. Elements present: carbon (grey), oxygen (red), nitrogen (dark blue), zinc (light blue). 

Figure 130 Hydrogen bonding present in Zn2Ac2H2ODA(DMF)2. The dashed blue lines correspond to 
hydrogen bonding of shown chains, while white dashed lines correspond to hydrogen bonding of unshown 
chains. Figure 131(a) intra molecular hydrogen bonding. Figure 132(b) intermolecular hydrogen bonding.  
Elements present: carbon (grey), oxygen (red), hydrogen (pink), nitrogen (dark blue), zinc (light blue). 

 

(b) 
(a) 
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this structure the twist is much less extreme, only deviating from 180 ° by 1 °, while the 

DMF solvate of H4ODA had a bond angle of 168 °. 

6.3.4 H4TDA(DMF) 

H4TDA is a MOF linker which can be used to synthesise IR-MOF-74 frameworks. 

H4TDA has the same functional groups as H4ODA, which is discussed in Chapter 5.  

6.3.4.1 Single-crystal X-ray diffraction 

Crystals suitable for single-crystal X-ray diffraction were grown by dissolving H4TDA 

in hot DMF, hot filtering and then leaving to cool for several days. X-ray diffraction was 

performed on these crystals.  

6.3.4.2 Description of the crystal structure 

H4TDA(DMF) crystallises in a triclinic P-1 unit-cell in which the H4TDA molecules sit 

on crystallographic centres of inversion (Figure 133b). The asymmetric unit contains half 

an H4TDA and two DMF molecules; the atoms of the DMF molecules sit on general 

positions (Figure 133a). One of the four methyl groups on the DMF molecules is 

disordered, and has its hydrogens split over 6 sites.  H4TDA molecules pack into chains 

Figure 133a: Asymmetric unit of H4TDA(DMF)4. Figure 18b: Packing of H4TDA(DMF)4 showing centres 
of inversion as yellow spheres. Elements present: Carbon(grey), oxygen (red), hydrogen (pink), nitrogen 
(blue). 

(b) (a) 
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with DMF molecules taking up the space between the chains (Figure 134a). This means 

that chains are sandwiched between DMF molecules (Figure 134b). 

 

 

 

The crystal structure exhibits hydrogen bonding between H4TDA molecules and DMF 

molecules. The H4TDA molecules do not have a hydrogen bonding between each other 

Figure 134 Packing of chains in H4TDA(DMF)4. Figure 19b: packing of H4TDA(DMF)4 as viewed down 
the crystallographic a-axis. Elements present: Carbon(grey), oxygen (red), hydrogen (pink), nitrogen 
(blue). 

(b) 

(a) 
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and do not exhibit any π-stacking. Each H4TDA molecule has hydrogen bonding with 

four DMF molecules. 

The H4TDA molecule exhibits a torsion around the amide linkage of 30 °. This torsion is 

unusual as the most common torsion angle for this type of amide bond is 0 °, but still in 

an accepted range. 182 

 

  

Figure 135 Hydrogen bonding present in H4TDA(DMF)4. Elements present: Carbon(grey), oxygen (red), 
hydrogen (pink), nitrogen (blue). 

(b) 

(a) 
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6.4 Discussion 

6.4.1 H4DHTA and KH3DHTA(H2O) 

The crystal structures of H4DHTA and KH3DHTA(H2O) were successfully solved using 

a combination of X-ray diffraction and NMR spectroscopy.  The need for solving these 

crystal structures was to work out why a contaminated batch of H4DHTA would not 

produce MOF-74-Zn. The only visual difference between the “good” H4DHTA and 

contaminated H4DHTA was a paler yellow colour for the contaminated batch. NMR was 

initially employed to try and work out what was wrong with the contaminated batch, but 

both NMR spectra were almost identical; this at least meant that the contaminated batch 

had DHTA in it. Following the inability to find out the contaminant using NMR, X-ray 

diffraction was used. The crystal structure was successfully solved using single-crystal 

X-ray diffraction by growing crystals of the contaminated compound. The crystal 

structure is new, the only other reported salt of H4TDA is an ammonium salt with 

formula: H3DHTA(NH4)(H2O) CCDC refcode GUSVOH.198 The two salts are extremely 

similar with almost identical lattice parameters and unit-cell volume.  

After solving the structure of KH3DHTA(H2O), it was found that the structure of 

H4DHTA was yet to be reported. As H4DHTA very commonly forms solvates when 

crystallised (see DMF solvate in Section 3.3.7.1 and H2O solvate CCDC refcode 

DUSJUX 159) structure solution from powder X-ray diffraction was used. 

6.4.2 Zn2Ac2H2ODA(DMF)2 

Zn2Ac2H2ODA(DMF)2 is a novel one-dimensional coordination polymer which was 

solved using powder X-ray diffraction structure-solution methods. When attempting to 

synthesise IR-MOF-74-Zn (see chapter 5) zinc acetate dihydrate was substituted for zinc 

oxide to see if IR-MOF-74-Zn would form. Even after milling the reaction mixture for 



 
 

215 
 

10 hours the reaction did not progress beyond Zn2Ac2H2ODA(DMF)2, as established by 

examination of the  PXRD  patterns collected as a function of milling time. 

6.4.3 H4TDA(DMF) 

The crystal structure of H4TDA(DMF) was determined by single-crystal X-ray 

diffraction. H4TDA is the continuation of the work outlined in Chapter 5 of synthesising 

new isoreticular MOF-74 frameworks using mechanochemical synthesis. H4TDA is very 

similar to both H4DHTA and H4ODA, with the same functional groups for coordinating 

to zinc, but with a large distance between the ends of the molecule (Figure 136). 
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Figure 136 sketches of H4DHTA (top), H4ODA (middle), and H4TDA (bottom). 

 To confirm the synthesis of H4TDA, as with H4ODA, a DMF solvate was prepared and 

single-crystal X-ray diffraction performed. This resulted in new crystal structure, which 

is similar to the H4DHTA(DMF)2 and H4ODA(DMF)2 structures as described in sections 

3.3.7.1 and 5.3.1 respectively (Table 35). H4ODA(DMF)2 and H4TDA(DMF)2 are very 



 
 

216 
 

similar, both crystallising in triclinic space groups, while H4DHTA(DMF)2 crystallised 

in a monoclinic space group (Table 30). 

Table 35 Comparison of lattice parameters for series of DMF solvates of linkers used in isoreticular 
MOF-74 synthesis. 

 H4DHTA(DMF)2 H4ODA(DMF)2 H4TDA(DMF)4 

Crystal system Monoclinic Triclinic Triclinic 

Space group P21/n P-1 P-1 

a (Å) 6.879(8) 7.0517(1) 7.7582(4) 

b (Å) 20.818(7) 8.154(2) 9.9345(6) 

c (Å) 5.920(7) 10.483(2) 12.9348(8) 

α (°) 90 72.31(2) 68.299(6) 

β (°) 98.095(4) 81.22(2) 78.096(5) 

γ (°) 90 86.73(2) 72.020(5) 

Volume (Å3) 839.57(3) 567.46(1) 876.24(2) 

 

6.5 Conclusion 

6.5.1 Structures of H4DHTA and KH3DHTA(H2O) 

The key lesson arising from this piece of work is to run always analysis on any chemicals 

purchased from suppliers as, in this instance, time was wasted trying to use contaminated 

H4DHTA, which would never produce MOF-74 for a number of weeks before realising 

the cause. Out of the mistake two new crystal structures have been determined, one of 

which, the structure of H4DHTA, is important for understanding the process by which 

MOF-74 forms. KH3DHTA(H2O) is very similar to other salts of terephthalic acid 

forming layered structures. This find fills out the picture further as it confirms that the 

crystal structures of 2,5-dihydroxyterephthalic acid salts are very similar to those of 

terephthalic acid salts. 

6.5.2 Zn2Ac2H2ODA(DMF)2 

Zn2Ac2H2ODA(DMF)2 is a novel 1-D coordination polymer built from zinc paddlewheels. 
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6.5.3 H4TDA(DMF)4 

H4TDA(DMF)4 is a new crystal structure for the DMF solvate of this linker, which can 

be used to synthesise an isoreticular MOF-74 framework. Based on previous evidence of 

linker DMF solvates discussed in this thesis, this structure will most likely correspond to 

the first intermediate which forms during a mechanochemical synthesis. 

As the framework that could be synthesised from this linker contains significantly larger 

channels than the isoreticular MOF-74 framework described in Chapter 5, further 

investigation using the H4TDA linker is worth pursuing.  
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Chapter 7- Conclusions and further work 

7.1 Conclusions 

The applications of MOFs are showing significant industrial interest as several companies 

begin to produce MOFs on large-scale for many purposes. The mechanochemical 

synthesis of MOFs is already being exploited by one company, MOF technologies ltd, 

and undoubtably more companies will switch to mechanochemical synthesis in the 

coming years. Understanding how MOFs form during mechanochemical synthesis gives 

transferrable knowledge for how other potential MOFs might form; to this end this thesis 

presents the mechanochemical synthesis of two MOFs, one previously synthesised and 

one novel. Both of these MOFs (MOF-74-Zn and IR-MOF-74-Zn) form crystalline 

intermediates which have been indexed and several solved using powder X-ray 

diffraction and single-crystal X-ray diffraction. 

In Chapter 1, the existing drug loading studies of MOFs are presented. The list of drug 

loading studies of MOFs is small, with most of the studies measuring ibuprofen loading. 

As most MOFs are synthesised from toxic metals, or toxic linkers, the MOF-74 family 

of frameworks is presented as a strong candidate for drug loading applications.  

In Chapter 3, the mechanochemical synthesis of MOF-74-Zn Zn2H2DHTA (Zn2C8H2O6) 

is described. MOF-74-Zn was synthesised from an existing mechanochemical method 

and its properties characterised by ChemBET surface area analysis and SEM and 

compared to conventionally synthesised MOF-74-Zn reported in literature. The results 

indicated that the BET surface area of the mechanochemically synthesised samples was 

consistent with the reported solvothermally synthesised MOF-74 values. Unsurprisingly, 

the particle size of mechanochemically synthesised MOF-74-Zn were found to be 

significantly smaller than solvothermally synthesised MOF-74-Zn. It was found that the 
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mechanochemically synthesised MOF particle sizes were influenced by the particle size 

of the starting materials, namely the zinc oxide, allowing for synthesis of MOF-74  with 

particle sizes as small as 200 nm synthesised using 100 nm zinc oxide.  

Furthermore, several new MOF-74 crystalline intermediate structures were found and 

solved using a combination of powder X-ray and single-crystal X-ray diffraction structure 

solution. Three novel crystal structures have been solved: C14H20N2O8, and two 

polymorphs of C14H22N2O10Zn. These solved structures showed a clear progression 

through the reaction as intermediates transitioned from a DMF solvate of H4DHTA to 1D 

coordination polymers involving the zinc. Investigation of the progression of 

intermediates revealed that the solvation of the linker is a very important step in the 

mechanochemical synthesis as MOF-74 does not form when no solvent is used. A final 

intermediate has been indexed, but yet to be solved. Examination of the final 

intermediate’s unit cell suggests the intermediate could also be a porous structure. 

Chapter 4 reports the loading of MOF-74-Zn with ibuprofen for the first time. Several 

analytical techniques were used to measure both the rate of ibuprofen uptake as well as 

maximum loading. UV-Vis spectroscopy was used to measure both the rate and 

maximum loading which suggested the maximum ibuprofen loading was 0.29 g/g (g of 

ibuprofen per g of MOF-74); it was found that the ibuprofen reached 80% of its maximum 

loading in only three hours, but the loading continued throughout a full 100 hours in the 

experiment. This ibuprofen loading value exceeds the reported ibuprofen values of 

MOF-74-Fe and MOF-74-Ni. The surface interactions of ibuprofen and MOF were 

examined using solid-state NMR and inelastic neutron spectroscopy. Analysis of the 

results indicates that the ibuprofen has extensive interactions with the surface of the MOF 

similar to the ibuprofen-surface interactions found in porous silica materials with 
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ibuprofen carboxylic acid  functionality interacting most significantly to the porous 

materials surface.85 

Chapter 5 presents the mechanochemical synthesis of a novel isoreticular MOF-74 

framework based on the VNU-74 family of frameworks. This is the first reported 

synthesis of VNU-II-74-Zn (IR-MOF-74-Zn) through any synthesis method. Finding the 

reaction parameters that would actually synthesis IR-MOF-74-Zn was a challenge which 

involved permuting nearly all the reaction parameters. The synthesis method is very 

similar to the mechanochemical synthesis of MOF-74-Zn.  The framework has a 

suggested as-synthesised formula of Zn2(ODA)(DMF)2(NH3)2.5(H2O)2 with the DMF, 

NH3, and H2O being solvents present in the pores. The presence of NH3 is justified by 

the breakdown of DMF in acidic conditions during the mechanochemical synthesis. 

Attempts to activate IR-MOF-74-Zn have so far been unsuccessful using solvent 

exchange and vacuum oven as tested using ChemBET surface area analysis. The stability 

of IR-MOF-74-Zn in various solvents has been investigated using powder X-ray 

diffraction. IR-MOF-74-Zn was found to be most stable in DMF and hexane. 

Chapter 6 presents four novel crystal structures which were solved as part of the synthesis 

of MOF-74-Zn and IR-MOF-74-Zn. The crystal structures of 2,5-dihydroxyterephthalic 

acid (C8H6O6) and its potassium salt (C8H6O6K(H2O)) are reported. Additionally, the 

crystal structure of the DMF solvate of 4,4’-oxalylbis(imino)]bis(2-hydroxybenzoic acid 

(C16H12N2O8(C3H7O)2) and its zinc paddlewheel coordination polymer 

(Zn2(C2H3O2)2C16H12N2O8(C3H7O)2) have also been reported and characterised. 
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7.2 Future work 

Several MOF-74 and IR-MOF-74 intermediates were found and discussed in this thesis; 

however, only half of the crystal structures have been solved so far. Further structure 

solution would most likely require the growth of single-crystals of the intermediate 

phases, meaning solvothermal synthesis would likely be required. In particular, the 

IR-MOF-74-Zn intermediates have such large unit-cells that structure solution using the 

powder diffraction structure solution methods outlined in this thesis are not viable.  

MOF-74-Zn was successfully loaded with ibuprofen with several pieces of compelling 

evidence including CHN elemental analysis, SS-NMR, UV-Vis spectroscopy, and INS 

spectroscopy all supporting ibuprofen being present in the MOF sample. Ibuprofen 

unloading was, however, not successfully presented as the framework decayed in 

phosphate buffer solution making detection of ibuprofen concentration impossible with 

UV-Vis spectroscopy alone. To circumvent this issue, HPLC connected to UV-VIS could 

be a credible strategy to separate H4DHTA and ibuprofen UV-Vis signals.  

While IR-MOF-74-Zn has been successfully synthesised using a mechanochemical 

method, the exact crystal structure has not been solved. The technique used for creating 

crystal structures for other isoreticular MOF-74 frameworks involved creating simulated 

models of the framework and minimising their energy using DFT methods.94, 180  This 

method could be applied to the IR-MOF-74-Zn framework for the purposes of solving 

the crystal structure, direct solvothermal synthesis of the framework is also an option.  

Activation of the IR-MOF-74-Zn framework is also required as the potential surface area 

is totally inaccessible in its current state. Attempts to activate the framework described 

in this thesis were unsuccessful and resulted in the collapse of the framework, however, 

other activation methods exist which are better suited to unstable frameworks. The 
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method which will probably have the highest chance of success is supercritical CO2 

extraction which has been used in multiple instances of difficult to activate 

frameworks.122, 123, 199 After activation ChemBET could then be used to measure the 

internal surface area of the IR-MOF-74-Zn framework. 
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