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Abstract 

 

Introducing multiple functional groups into the pores of metal-organic frameworks 

(MOFs) promise sophisticated properties. Precise control over the position of these 

functional groups would enable the 3D chemical environment of discrete void spaces to be 

tailored. This was an outstanding challenge prior to this work. In this thesis we present a 

study of the synthesis, characterization and properties of MOFs that can meet this goal. 

These MOFs are multicomponent in nature, being built up from three geometrically 

distinct organic ligands. Functional groups can be appended to these ligands and are 

incorporated in precise locations and with perfect order in the frameworks. The chemical 

environment of the pores of these MOFs is “programmed” by these functional groups. 

MOFs constructed in this way give rise to exceptional gas adsorption characteristics, 

unexpected stability towards water vapour, and tunable catalytic properties. 

 

 

  



ii 

  

 

  



iii 

Contributions 

 

All the work in this thesis was completed by Lujia Liu 

except 

 

 All elemental analyses were performed by the Campbell Microanalytical Laboratory at 

the University of Otago, New Zealand. 

 Some gas adsorption isotherms presented in Chapter 2 and 3 were measured by Dr. 

Matthew Hill and Dr. Kristina Konstas at CSIRO. 

 Truxene, H3hmtt, and a precursor of H3hett were synthesized by David Lun. David Lun 

also conducted scale up recrystallization of some truxene-based ligands. 

 ES-MS analyses for H3hbtt and H3hhtt were conducted by Dr. Marie Squire at 

University of Canterbury 

 David Perl wrote a computer script to extract the data presented in Figure 4.21. 

 H2L1-Boc and H2L1 (Chapter 5), which were fully characterized in his previous work, 

were provided by David Lun.[1] 

  



iv 

Acknowledgements 

 

I would like to take the opportunity to thank the large number of people who have 

contributed to my PhD research and thesis.  First, I would like to thank my supervisor 

Associate Professor Shane Telfer for providing me this wonderful PhD opportunity and 

scholarship to carry out research in MOF chemistry.  Thanks for his enthusiastic, 

encouraging and patient guidance to my research from the big picture all the way to 

technical details.  Thanks for providing funding for me to attend conferences and visit 

Professor Randy Snurr’s group in Northwestern University. 

I would also like to thank my co-supervisor, Professor Geoff Jameson, for his much-

valued guidance in crystallography and other scientific discussions during my research and 

thesis writing. I still remembered the day that he helped us to solve the structure of MUF-

7a which set this thesis in motion. I also thank Dr. Pat Edwards for assisting specialized 

NMR experiments, Associate Professor Gareth Rowlands for discussions and advice on 

organic synthesis, Dr. Hui Yang for his assistance with isotherm data analyses, David Perl 

for writing a computer script that greatly assisted to process simulation results, Amy Toms 

for help with fluorescence spectroscopy, Trevor Loo and Dr. Vyacheslav Filichev for their 

technical assistance, and Jianyu Chen, Jordan Taylor, Niki Murray, and Dr. Matthew 

Savoian’s assistance in optical, confocal, and scanning electron microscopy. I also thank 

Sebastian Blackwood, Heather Jameson, Dr. Alan Ferguson and all other current and past 

Telfer group members for scientific discussions and technical assistance. 

A special acknowledgement goes to David Lun for his much-valued technical 

assistance in organic synthesis, HPLC, ES-MS, NMR training and providing some 

valuable ligands. 

I thank Professor Randy Snurr for hosting my visit and all his group members, 

especially Dr. Pritha Gosh, for their training and assistance in computational MOF 

chemistry. I must also thank Dr. Matthew Hill, Dr. Kristina Konstas and Dr. Aaron 

Thornton for their assistance in measuring gas adsorption isotherms and related 

calculations. 

I thank NeSI for providing computational resources, staff from Campbell 

Microanalytical Laboratory at the University of Otago for elemental analyses, Dr. Geoff 

Waterhouse from University of Auckland for measuring a preliminary gas adsorption 

isotherm, Dr. Marie Squire from University of Canterbury for some ES-MS experiments, 

Dr. Jack Evans for generating some hypothetical MOF structures, and Dr. Yonghwi Kim 



v 

and Professor Kimoon Kim from Pohang University of Science and Technology for 

generously providing a trial sample of H3hmtt. 

I would like to acknowledge the financial support from The MacDiarmid Institute for 

Advanced Materials and Nanotechnology for a Doctoral scholarship, Institute of 

Fundamental Sciences for my fourth year PhD funding, and the Chinese Scholarship 

Council for an Outstanding Chinese PhD student award. I also thank the IFS postgraduate 

travel fund and New Zealand Institute of Chemistry travel fund for supporting me to attend 

conferences in Dunedin, Edinburgh and Kobe, and to visit Professor Randy Snurr’s group 

in Chicago. I greatly thank the MacDiarmid Institute for organizing and supporting annual 

student and postdoc symposiums and AMN-7 conference in Nelson (special thanks to 

Associate Professor Shane Telfer for organizing this conference). 

I also thank IFS administration and technical staff for their great assistance during my 

PhD research and thesis writing. 

Finally, I must thank my family for their support and encouragement over the last few 

years. Especially I would like to thank my wife Minxuan Du for her great help, 

understanding and support. 

 

 

  



vi 

Abbreviations 

 

ANG  adsorbed natural gas 

BET  Brunauer-Emmett-Teller 

CNG  compressed natural gas 

CSIRO  Commonwealth Scientific and Industrial Research Organization 

DEF  N,N-diethylformamide 

DFT  density functional theory 

DMF  N,N-dimethylformamide 

DOE  U.S. Department of Energy 

GCMC  Grand Canonical Monte Carlo 

HKUST  Hong Kong University of Science and Technology 

IRMOF  isoreticular metal-organic framework 

IUPAC  International Union of Pure and Applied Chemistry 

LNG  liquefied natural gas 

MAF  metal azolate framework 

MC  multicomponent 

MC-MOF  multicomponent metal-organic framework 

MCP  microporous coordination polymer 

MIL  Matérial Institut Lavoisier 

MOF  metal-organic framework 

MTV  multivariate 

MTV-MOF multivariate metal-organic framework 

MUF  Massey University framework 

NMR  nuclear magnetic resonance 

PCN  porous coordination network 

PCP  porous coordination polymer 

PSA  pressure swing adsorption 



vii 

PSD  pore size distribution 

PSM  postsynthetic modification 

PXRD  powder x-ray diffraction 

RH   relative humidity 

SBU  secondary building unit 

SC-XRD  single crystal x-ray diffraction 

SEM  scanning electron microscopy 

STP  standard temperature and pressure 

SUMOF  Stockholm University metal-organic framework 

TGA  Thermogravimetric analysis 

TSA  temperature swing adsorption 

UiO  University of Oslo 

UMCM  University of Michigan crystalline material 

VSA  vacuum swing adsorption 

XRD  X-ray diffraction 

ZIF   zeolitic imidazolate framework 

 

  



viii 

Reference chart of common ligands 

CO2H

CO2H

CO2H

HO2C CO2H

CO2H

CO2H

CO2H

CO2HHO2C

CO2H

CO2H

OH

HO

H2bdc H2dobdc
H2bpdc

H3btc

H3btb  
 

Reference chart of common metal clusters 

 

 
 

  



ix 

Publications and thesis structure 

 

Publications relevant to this thesis 

1. L. Liu and S. G. Telfer, Systematic Ligand Modulation Enhances the Moisture 

Stability and Gas Sorption Characteristics of Quaternary Metal-Organic Frameworks, J. 

Am. Chem. Soc. 2015, 137, 3901-3909. 

I carried out the experimental and computational work, put together the electronic 

supporting information, and wrote the first draft of this paper. 

 

2. L. Liu, K. Konstas, M. R. Hill and S. G. Telfer, Programmed Pore Architectures in 

Modular Quaternary Metal-Organic Frameworks, J. Am. Chem. Soc. 2013, 135, 17731-

17734. 

I carried out the experimental and computational work, put together the electronic 

supporting information, and contributed to the writing of this paper. 

 

Additional publications 

3. J. Sirirak, D. J. Harding, P. Harding, K. S. Murray, B. Moubaraki, L. Liu and S. G. 

Telfer, Spin Crossover in cis Maganese(III) Quinolylaldiminates, Eur. J. Inorg. Chem. 

2015, 2015, 2534-2542. 

4. J. Sirirak, D. J. Harding, P. Harding, L. Liu and S. G. Telfer, Solvatomorphism and 

Electronic Communication in Fe(III) N,N-Bis(salicylidene)-1,3-propanediamine 

Dimers, Aust. J. Chem. 2015, 68, 766-773. 

5. A. Ferguson, L. Liu, S. Blackwood and S. G. Telfer, Recent Developments in Metal-

Organic Framework (MOF) Chemistry, Chemistry in New Zealand 2014, 78, 113-118. 

6. D. J. Harding, W. Phonsri, P. Harding, I. Gass, K. S. Murray, B. Moubaraki, J. D. 

Cashion, L. Liu and S. G. Telfer, Abrupt Spin Crossover in an Iron(III) 

Quinolylsalicylaldimine complex: Structural Insights and Solvent Effects, Chem. 

Commun. 2013, 49, 6340-6342. 

7. A. S. Gupta, R. K. Deshpande, L. Liu, G. I. N. Waterhouse and S. G. Telfer, Porosity 

in Metal-Organic Frameworks Following Thermolytic Postsynthetic Deprotection: Gas 

Sorption, Dye Uptake and Covalent Derivatisation, CrystEngComm 2012, 14, 5701-

5704. 

  



x 

  

  



xi 

Table of Contents 
Chapter 1  Introduction ................................................................................................ 1

1.1 General introduction to metal-organic frameworks ............................................... 1

1.2 MOFs comprising more than one type of ligand ................................................. 16

1.3 Applications of Metal-organic frameworks ......................................................... 19

1.4 Introduction to selected experimental and computational techniques ................. 27

Chapter 2  The First Quaternary Zinc-Carboxylate MOF ...................................... 33

2.1 Introduction .......................................................................................................... 33

2.2 Results and discussion ......................................................................................... 34

2.3 Conclusion ........................................................................................................... 42

2.4 Experimental section ............................................................................................ 42

Chapter 3  Programmable Pore Architectures in Quaternary MOFs .................... 46

3.1 Introduction .......................................................................................................... 46

3.2 Results and discussion ......................................................................................... 47

3.3 Conclusion ........................................................................................................... 58

3.4 Experimental section ............................................................................................ 59

Chapter 4  Quaternary MOFs with Enhanced Water Stability .............................. 62

4.1 Introduction .......................................................................................................... 62

4.2 Results and discussion ......................................................................................... 62

4.3 Conclusion ........................................................................................................... 82

4.4 Experimental section ............................................................................................ 84

Chapter 5  Catalysis by MC-MOFs ............................................................................ 93

5.1 Introduction .......................................................................................................... 93

5.2 Results and discussion ......................................................................................... 94

5.3 Conclusion ......................................................................................................... 110

5.4 Experimental section .......................................................................................... 112

Chapter 6  Summary and Prespectives .................................................................... 119

6.1 Thesis summary ................................................................................................. 119

6.2 Perspectives on catalysis in quaternary MOFs .................................................. 119



xii 

6.3 Introducing more exotic functional groups in quaternary MOFs ...................... 120

6.4 Exploring more example of quaternary MOFs .................................................. 121

6.5 Higher order MC-MOFs .................................................................................... 121

6.6 Applications ....................................................................................................... 122

References .................................................................................................................... 123

 

 



Chapter 1 Introduction 
 

1 

Chapter 1  
 

Introduction 

 

1.1 General introduction to metal-organic frameworks 

1.1.1 Definition, terminology and nomenclature 

MOFs are a class of two or three dimensional porous materials. They are constructed 

with metal ions or metal-containing clusters and divergent organic linkers that bridge 

multiple metal ions or clusters into network-like structures. According to IUPAC 

recommendations, a metal-organic framework, abbreviated to MOF, is a coordination 

network with organic ligands containing potential voids.[2] Here, a coordination network 

refers to a coordination compound extending, through repeating coordination entities, in 

one dimension, but with cross-links between two or more individual chains, loops, or 

spiro-links, or a coordination compound extending through repeating coordination entities 

in two or three dimensions. IUPAC also defines a coordination polymer as a coordination 

compound with repeating coordination entities extending in one, two, or three dimensions. 

As shown in Figure 1.1, MOFs are a subset of coordination networks which are again a 

subset of coordination polymers. 

 

 
Figure 1.1 A diagram showing that MOFs are a subset of coordination networks, and that 

coordination networks are further subset of coordination polymers. 
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There are other terms that individual research groups use, or formerly used, in place of 

MOFs, such as porous coordination polymers (PCPs, by Kitagawa’s group), porous 

coordination networks (PCNs, by Zhou’s group), and microporous coordination polymers 

(MCPs, by Matzger’s group). Materials initially reported using these terms are also 

classified as MOFs in this thesis. 

An IUPAC task group is currently revising the nomenclature of coordination and 

inorganic polymers.[2] Generally, when referring to a MOF, its nickname (e.g. MOF-5[3]) or 

abbreviated formula [e.g. Mg2(dobdc),[4-6] dobdc = 2,5-dioxido-1,4-benzenedicarboxylate], 

are commonly used. IUPAC also agrees researchers can give important new compounds 

trivial names based on their place of origin followed by a number, such as HKUST-1 

(HKUST = Hong Kong University of Science and Technology),[7] MIL-101 (Matérial 

Institut Lavoisier),[8] and UiO-66 (UiO = University of Oslo).[9] Systematic nomenclature 

is usually avoided because it is too cumbersome. In some cases, when a formula is not a 

unique description of a MOF and can cause ambiguity, its nickname is preferred. For 

instance, MIL-101[8] / MIL-88B[10] and MOF-177-NH2 / UMCM-308[11] are two pairs of 

polymorphic frameworks[11] with common abbreviated formulae, Cr3O(H2O)2F(bdc)3 (bdc 

= benzene-1,4-dicarboxylate) and Zn4O(atb)2 [atb = 2,4,6-tris(4-carboxyphenyl)aniline], 

respectively. Also, MUF-177, [12] Zn/btb-ant and Zn/btb-tsx[13] have the same formula: 

Zn4O(btb)2 [btb = 1,3,5-tris(4-carboxyphenyl)benzene]. IRMOF-9 and IRMOF-10 are 

closely related versions of Zn4O(bpdc)3 (bpdc = biphenyl-4,4 -dicarboxylate). IRMOF-10 

has an open lattice while IRMOF-9 is doubly interpenetrated i.e., a second copy of the 

framework grows inside the pores of the first.  

 

1.1.2 A brief history of MOFs 

The antecedents of MOF materials can be traced as far back as 1706 when Prussian 

blue was synthesized as a pigment. Its X-ray single crystal structure shows that six-

coordinated Fe(II) and Fe(III) ions are connected by a linear divergent ligand CN , forming 

a three-dimensional framework-like polymeric structure with a cubic network topology 

(Figure 1.2). Prussian blue is a typical example of a coordination polymer. The regularity, 

simplicity, and beauty of this highly symmetrical cubic network inspired MOF chemists to 

construct materials with similar structures. 



Chapter 1 Introduction 
 

3 

 
Figure 1.2 X-ray single crystal structure of Prussian blue Fe4[Fe(CN)6]3.[14] Water 
molecules in the lattice are omitted for clarity. To generate a structure displaying 

alternating orientation of the cyano groups, the Pm3m space group was chosen. Colour 
code: brown: iron; grey: carbon; blue: nitrogen. 

 

In 1990,[15] Robson proposed that spontaneous self-assembly between four-coordinated 

tetrahedral or six-coordinated octahedral metal nodes and rod-like linear divergent organic 

ligands could potentially lead to materials with the following features: 

1) High crystallinity, porosity, thermal, chemical, and mechanical stability with low 

density; 

2) Pores that allow the diffusion, inclusion and separation of guest molecules; 

3) Post-synthetic modification of the organic ligands, i.e. chemical modification of the 

ligands following their incorporation into the network structure; 

4) Catalytically-active sites in the material for heterogeneous catalysis applications; 

5) Cooperative catalytic activity between multiple sites. 

As will now be outlined, over the past 25 years, most of these remarkable properties 

have been achieved in MOFs. 

The term metal-organic framework was first used by Yaghi in 1995.[16,17] However, the 

properties of the two compounds, Cu2(4,4 -bipy)3(NO3)2
[16] and Co(btc)(pyridine)[17], 

reported at that time did not really distinguish themselves from other coordination 

polymers. The real breakthrough happened in 1999 when Yaghi and Williams 

independently reported two materials: MOF-5[3] and HKUST-1.[7]  
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Figure 1.3 A scheme showing the conceptual route to MOF-5 by linking bdc ligands with 

tetranuclear zinc(II) nodes. Right: X-ray single crystal structure of MOF-5 featuring a 
cubic network topology (pcu). Hydrogen atoms are omitted for clarity. Colour code: blue: 

zinc; grey: carbon; red: oxygen. 

 

MOF-5 was synthesized from zinc nitrate and 1,4-benzenedicarboxylic acid (H2bdc). It 

features a cubic network (pcu) structure just like Prussian blue (Figure 1.3). The six-

coordinate iron cations are replaced by Zn4O(CO2)6 clusters and the cyano anions by linear 

bdc ligands. This zinc cluster is known from the crystal structure of basic zinc acetate 

Zn4O(CH3CO2)6.[18] The rational concept of linking existing metal carboxylate cluster 

chemistry with divergent organic ligands to form preconceived networks distinguished this 

approach from shake-and-bake chemistry. The report of MOF-5 caused great excitement 

because it: 

1) Showed permanent porosity upon guest removal. Traditional coordination polymers 

synthesized with single metal nodes are usually somewhat flexible and can transform to 

denser phases after guest removal, thus precluding permanent porosity. 

2) Displayed the highest porosity and surface area ever recorded. Its Langmuir surface 

area was calculated to be 2900 m2/g and pore volume 1.04 cm3/g. It was later found that by 

using optimal synthetic conditions and careful handling, its BET (Brunauer-Emmett-

Teller[19]) surface area can be as high as 3800 m2/g (4400 m2/g for the Langmuir surface 

area).[20] 

3) Is thermally stable up to 300 °C.  This is another benefit of using metal carboxylate 

cluster nodes in place of metal cations. The binding strength between such clusters and 
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carboxylate ligands are stronger than coordination bonds between single metal cations and 

neutral organic ligands (see section 1.1.5.1 for further discussion). 

As mentioned above, pcu is the symbol of a cubic network. Network symbols are 

usually described with three lower cases letter in bold. Detailed information regarding 

network symbols can be found in the literature.[21] 

 

 
Figure 1.4 A scheme showing the conceptual route to HKUST-1 by linking btc ligands 

with dinuclear copper(II) paddlewheel nodes. Right: single crystal X-ray structure of 
HKUST-1 featuring a tbo network topology. Hydrogen atoms are omitted for clarity. 

Colour code: green: copper; grey: carbon; red: oxygen. 

 

HKUST-1 was synthesized from copper nitrate and benzene-1,3,5-tricarboxylic acid 

(H3btc). It has a three-dimensional network structure with tbo topology. HKUST-1 is also 

permanently porous upon the removal of occluded solvent molecules, and it has a high 

BET surface area (1850 m2/g in a later study[22]). In the original report, the coordinated 

water occupying the axial coordination sites of the paddlewheel clusters of the as-

synthesized material was removed to reveal open metal sites (coordinatively unsaturated 

metal sites, also known as exposed metal sites). These open metal sites can bind to 

introduced pyridine. This is one of the very earliest examples of the postsynthetic 

modification (PSM) of a MOF (the term post-synthetic modification was later used by 

Cohen in 2007).[23] PSM is the chemical modification of a MOF following its synthesis. 

This includes 1) Removal of coordinated small molecules to reveal open metal sites.[24-26] 2) 

Introduction of new ligands into the framework by coordinating to open metal sites.[6,27-30] 

3) Chemical functionalization of the organic ligands.[31] 4) Deprotection of organic ligands 

to reveal functional sites using thermolabile[1,32,33] and photolabile[34-36] protecting groups. 
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5) Postsynthetic ligand and metal exchange[37-39] (PSE, also known as solvent assisted 

linker exchange,[40,41] SALE). 6) Postsynthetic metalation of open Lewis base sites.[42-44] 

The open metal sites and ability to be chemically modified post-synthetically lead to 

some amazing properties of HKUST-1: to date, it is still the record-holding material for 

methane storage;[22,45] TCNQ (7,7,8,8,-tetracyanoquinododimethane) functionalized 

HKUST-1 shows ultrahigh electrical conductivity;[46] and can act as a heterogeneous 

catalyst.[47-49] HKUST-1 is less water sensitive than MOF-5 so it can be conveniently 

handled in air.[50] 

Notably, merging metal carboxylates and traditional coordination polymers to construct 

MOFs was not a straightforward quest. Clues can be found in three MOFs reported prior to 

MOF-5: MOF-2, MOF-3 and MOF-4, in which zinc(II) and bdc ligands combine under 

different synthetic conditions.[51-53] To construct the target Zn4O(CO2)6 cluster of MOF-5 

the synthetic method was complicated: hydrogen peroxide was used to generate the 4-

oxygen that sits at the centre of the tetranuclear zinc(II) cluster. This synthetic protocol 

was greatly improved in 2002 when Yaghi’s group found that simply heating zinc nitrate 

and H2bdc in DEF (N,N-diethylformamide) could afford MOF-5 crystals.  This method is 

also generally applicable to fifteen other MOFs reported in the same paper.[54] 

Solvothermal reactions of organic ligands in combination with a metal source in DMF 

(N,N-dimethylformamide), DEF or other formamide solvents has become a general 

synthetic protocol for zinc(II)-carboxylate MOFs.[12,55-57] It is generally believed that trace 

water in the reaction mixture can serve as the source of the central 4-oxygen of the 

Zn4O(CO2)6 clusters and the use of hydrogen peroxide is not necessary.[58] 

Another milestone established in Yaghi’s 2002 paper is that ligands that are chemically 

functionalized or elongated are compatible with this general synthetic route. As shown in 

Figure 1.5, under the same reaction conditions, all of these ligands can form MOFs with 

the same overall network structures. Because the resulting frameworks share the same 

network topology, these MOFs are categorized as isoreticular MOFs (IRMOFs). 

Isoreticularity is a very important concept in MOF chemistry. The term is derived from 

“reticular synthesis”, which is described as the process of assembling judiciously designed 

rigid molecular building blocks into predetermined ordered structures (networks), which 

are held together by strong bonding.[59] 
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Figure 1.5 Isoreticular MOFs synthesized from ligands that are differently functionalized 

or altered in their lengths. 

 

An exponential expansion of MOF chemistry started at that time. Since 2009, the 

number of publications on metal-organic frameworks produced each year has exceeded 

that of coordination polymers (Figure 1.6). The actual number of publications on MOFs 

are underestimated because some research groups used (or are still using) alternative terms 

instead of “MOF”. 

 

 
Figure 1.6 Number of publications with the topic coordination polymers (green) and 

metal-organic frameworks (orange) in the past 20 years (source: SciFinder, 15/05/2015). 
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1.1.3 Other archetypal MOFs 

MIL-101 was reported by Ferey’s group in 2005.[8] It was initially synthesized under 

hydrothermal conditions by mixing chromium(III) nitrate and H2bdc in the presence of 

hydrofluoric acid. HF-free synthetic conditions were developed later.[60] Four six-

connected Cr3O(H2O)2F(CO2)6 clusters and six bdc ligands define the vertices and edges, 

respectively, of a tetrahedral cage (Figure 1.7). Each tetrahedral cage is linked with four 

other identical cages through sharing their vertices. An mtn network that has the same 

topology as zeolite MTN is produced.[61-63] This framework features two types of 

mesopores which have diameters of 29 Å and 34 Å. MOFs with such large pores were very 

rare at that time.[61,62] These large pores enable MIL-101 to encapsulate a lacunary Keggin 

anion PW11O39
7- with a diameter of 13.1 Å. The hydrolytic and chemical stability of MIL-

101 together with MIL-100[61] set another milestone in MOF history because most of the 

MOFs reported earlier are prone to hydrolysis when exposed to atmospheric water vapour 

or liquid water.[8,50,64-70] This superior stability makes MIL-101 compatible with sulfonic 

acid functional groups and the corresponding MOF, MIL-101-Cr-SO3H, can be used as a 

solid Brønsted acid catalyst.[71,72] The coordinated water molecules on the 

Cr3O(H2O)2F(CO2)6 cluster can be removed to reveal open metal sites, and these open 

metal sites can be further functionalized for enantioselective catalysis[73] and selective gas 

adsorption.[28,29,74] For instance, polyethyleneimine functionalized MIL-101s have shown 

great promise in real-life flue gas treatment and natural gas purification systems because of 

their high performance, excellent stability and low cost.[28,29,74] When replacing chromium 

by other trivalent metals, such as Fe(III)[75], Sc(III)[76] and V(III),[77] isoreticular 

frameworks can be obtained. Among these variants, iron based MILs are biodegradable 

and exhibit acceptably low biotoxicity. Their potential applications in biomedical imaging 

and drug delivery have been investigated.[78,79] 
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Figure 1.7 A scheme showing the conceptual route to MIL-101 by linking bdc ligands 
with trinuclear trivalent metal nodes. Right: X-ray single crystal structure of MIL-101 

featuring two types of mesopores. Hydrogen atoms are omitted for clarity. Colour code: 
orange: chromium; grey: carbon; red: oxygen. 

 

UiO-66 was reported by Lillerud’s group in 2008.[9] It was synthesized from 

zirconium(IV) chloride and H2bdc in DMF. Twelve-connected Zr6O4(OH)4(CO2)12 clusters 

are linked by linear bdc linkers into a fcu network. UiO-66 is also found to be extremely 

stable in water, aqueous acid, base and common organic solvents.[80] The 

Zr6O4(OH)4(CO2)12 cluster is the key to its stability due to its high thermodynamic 

stability.[81] The hydrolysis of the first carboxylate site has an energy penalty of 38.2 kcal 

mol-1.[82] The stability of UiO-66 makes it highly tolerant to a wide range of ligand 

functional groups which are typically incompatible with other MOFs.[83-87] Both the metal 

and organic ligands of UiO-66 can be exchanged post-synthetically to deliver UiO-66 

derivatives that are unable to be synthesized directly.[37,39] The Zr6O4(OH)4(CO2)12 cluster 

has also been used to construct other MOFs with high porosity and extraordinary stability 

towards acids and bases.[88-94] 
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Figure 1.8 A scheme showing the conceptual route to UiO-66 by linking bdc ligands with 

hexanuclear nodes. Right: X-ray single crystal structure of UiO-66 featuring a cubic 
network topology (fcu). Hydrogen atoms are omitted for clarity. Colour code: blue: zinc; 

grey: carbon; red: oxygen. 

 

ZIF-8 (ZIF = zeolitic imidazolate framework), also known as MAF-4 (MAF = metal 

azolate framework), was first reported by Chen’s group in 2006.[95] Later in the same year, 

Yaghi’s group independently reported the same compound, and found it to be extremely 

stable in water and aqueous base (boiling 8 M NaOH).[96] It is synthesized from zinc nitrate 

and 2-methylimidazole in DMF or water.[97] The hydrolytic stability of ZIF-8 can be 

explained by the strong coordination bond between the zinc cation and imidazolate 

nitrogen atoms. However, ZIF-8 is very sensitive to acid. The effective cage diameter of 

ZIF-8 is 12.5 Å with a window size about 3.3 Å.[95]  
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Figure 1.9 A scheme showing the conceptual route to ZIF-8 by linking 2-

methylimidazolate ligands with mononuclear Zn(II) nodes. Right: X-ray single crystal 
structure of ZIF-8 featuring a sod network topology that resembles sodalite. Hydrogen 

atoms are omitted for clarity. Colour code: blue: zinc; purple: 2-methylimidazole. 

 

 
Figure 1.10 A scheme showing the synthetic route to MOF-74. Right: X-ray single crystal 
structure of MOF-74 featuring a one-dimensional channels. Hydrogen atoms are omitted 

for clarity. Colour code: blue: M2+; grey: carbon; red: oxygen. 

 

Zn-MOF-74, also known as CPO-27-Zn or Zn2(dobdc) (dobdc = 2,5-dihydroxo-1,4-

benzenedicarboxylate), was first reported by Yaghi’s group.[98] The metal cations are 

coordinated with both phenoxide and carboxylate oxygens from the ligand to form a one-
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dimensional infinite chain. MOF-74s feature hexagonal 1D channels (Figure 1.10) and the 

channel diameter can be tuned by changing the length of the ligand.[99] The MOF with the 

largest channel of 85 Å is constructed with a ligand that is 50 Å long (Figure 1.11) and it is 

large enough to encapsulate green fluorescent proteins.[99] Many other divalent metals can 

form MOF-74 structures such as Co(II),[100] Ni(II),[25] Mn(II, III),[101] Mg(II),[4,6,27] and 

Fe(II, III).[102-104] MOF-74 containing 10 different metals are also known.[105] 

HO

O OH

O

HO

OH

 
Figure 1.11 Structure of an elongated ligand that generates an isoreticular MOF-74 

featuring a 85 Å diameter channel. 

 

Coordinated water molecules in MOF-74s can be removed to reveal open metal sites. 

Fe-MOF-74 with open metal sites can effectively separate olefin/paraffin mixtures.[103] It 

can also oxidize ethane to ethanol by N2O when the iron(II) sites are diluted with 

magnesium(II).[104] Open metal sites in MOF-74 can be also further functionalized for 

various purposes. For example, Long’s group has demonstrated that a series of 

ethylenediamine functionalized MOF-74s [mmen-M2(dobpdc), M= Mg, Mn, Fe, Co, 

Zn].[6,27,106] can adsorb a significant amount of CO2 at low pressure. Among these MOFs, 

mmen-Mg2(dobpdc) and mmen-Mn2(dobpdc) have shown great promise for the capture of 

CO2 from flue gas mixtures, especially at high working temperatures.[6] 

Figure 1.12 shows how many times these typical MOFs were mentioned in the 

literature. It should be noted these numbers are well underestimated for MOF-5, HKUST-1, 

and MOF-74 because of their many alternative names. 
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Figure 1.12 The number of publications containing the exact names of some typical MOFs. 

The number on each bar shows when the MOF was first reported. Source: Scifinder, 25th 
May, 2015. 

 

1.1.4 Synthesis of MOFs 

The initial synthesis of MOF-5 involved the slow diffusion of triethylamine into a solution 

of zinc nitrate and H2bdc in a solvent mixture of DMF, chlorobenzene and small amount of 

hydrogen peroxide.[3] At room temperature, triethylamine gradually diffused into the 

solution to deprotonate the H2bdc ligand. This triggers the formation of MOF-5. The 

development of using DEF (or DMF) as a solvent for solvothermal MOF synthesis is based 

on the well-known acid catalysed decomposition of formamides which can occur in the 

presence of water at elevated temperature:[107]  Diethylamine is produced gradually, which 

deprotonates H2bdc and promotes the formation of MOF-5.[11,58] 
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Scheme 1.1 Hydrolysis of formamide solvents in the presence of water generates 
diethylamine. R = Me, Et, iPr, nBu. 

The concentration of water also plays an important role in the formation of Zn4O-

carboxylate MOFs because in solvothermal reactions water is the source of the central 

oxide ion. We observed recently that the on-set crystallization time of such MOFs are 
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water-concentration dependent. When using very dry solvents, it takes longer to form MOF 

crystals. On the other hand, when the water concentration is too high, due to the strong 

propensity of zinc(II) to coordinate with water, other phases can form.[51-53,98]  

When it comes to the syntheses of MOFs that use trivalent or tetravalent metals, 

modulators are usually used to slow down MOF growth. For example, the structures of 

UiO-66 (Figure 1.8), UiO-67, and UiO-68 were first solved from powder X-ray diffraction 

patterns because large single crystals could not be grown.[9] It was later found that the 

addition of benzoic acid to the reaction mixture afforded a product with better crystallinity 

and larger crystal size[108] to enable the first single-crystal structure of a zirconium MOF to 

be determined. The role of the modulator is to compete with the ligand for the metal 

coordination sites. This reduces the number of viable crystal nuclei that form and promotes 

the formation of a smaller number of larger crystals rather than a large number of 

microcrystals. 

Solvothermal reactions are usually carried out in scintillation vials (Figure 1.13). The 

advantage of using glass vials as compared to autoclaves is that the reactions can be 

monitored easily without changing the reaction temperature. Other conditions such as 

hydrothermal,[8] microwave,[109] mechanochemical,[110] sonochemical[111] and 

electrochemical[112,113] reactions are also known to produce MOFs.[114] 

 

 
Figure 1.13 Left: a picture of a MOF precursor solution prepared by dissolving ligands 
and zinc nitrate in DEF. Right: After reacting the precursor solution at 85 °C overnight, 

colourless MOF crystals were found to grown on the surface of the glass vial. 

 

 

1.1.5 Structural diversity of metal-organic frameworks 

Structural diversity is one of the most fascinating features of MOFs. Unlike other 

porous materials, such as carbons, zeolites and mesoporous silicas, in which the number of 

the building blocks and their geometries are very limited, MOFs can draw from a very 

extensive library of inorganic metal ions and clusters as well as an unlimited array of 
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organic ligands. By February 2015, the total number of MOF structures deposited in the 

Cambridge Structural Database had already exceeded 100,000.[115] 

 

1.1.5.1 Diversity of inorganic clusters 

As shown in the MOF examples described earlier, most MOFs are constructed with 

metal clusters instead of single metal ions (except for ZIFs). Clusters bring several 

advantages: 1) Bidentate ligands are often used and being part of the clusters and this aids 

stability. 2) The flexible geometry of a single metal ion that is coordinated with multiple 

monodentate ligands can usually cause framework to collapse upon removal of occluded 

solvent molecules, whereas the rigidity of clusters enables permanent porosity. 3) This 

rigidity also helps to create materials with predictable structures. 4) The binding energy 

between organic ligands and clusters is usually higher than that of metal ions and 

monodentate ligands, thus the resulting frameworks with clusters are more thermally 

stable.[59,116] The examples show earlier highlight the most typical clusters. Zn4O(CO2)6 is 

six-connected and has octahedral geometry. Cu2(CO2)4 is four-connected and adopts 

square planar geometry. The axial positions of this copper paddlewheel SBU (secondary 

building unit) can also coordinate with divergent monodentate ligands such as dabco (1,4-

diazabicyclo[2.2.2]octane),[117] 4,4 -bipyridine,[118] and SiF6
- anions[119] as “pillars” to form 

“pillar-layer” MOFs. Cr3F(H2O)2(CO2)6 is six-connected and has a trigonal prismatic 

geometry. This geometry is common for six-connected SBUs that are constructed with 

trivalent metals. The versatility of SBUs is further described in the literature.[116] 

 

1.1.5.2 Diversity of organic ligands 

The essential requirement of the organic ligands used to build up MOFs is that they 

feature two or more binding sites that can coordinate to different clusters and thus produce 

a polymeric (rather than discrete) structure. A vast number of ligand structures are 

compatible with this requirement. Figure 1.14a shows some typical organic linkers: linear 

ditopic,[120] triangular tritopic,[12] square planar tetratopic,[121] tetrahedral tetratopic,[122,123] 

and planar hexatopic[124] linkers. These ligands can also be desymmetrized (Figure 1.14b). 

In addition, functional groups can be also introduced on the ligands to tune to the chemical 

characteristics of the MOF pores (Figure 1.14c).  
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Figure 1.14 Examples of typical organic ligands featuring a) high symmetry with 2-,[120] 3-

,[12] 4-,[121-123] and 6-connectivity,[124] b) 2-[125], 3-,[126] 4-,[127] and 6-connectivity[128] with 
reduced symmetry, c) different functional groups that endow MOFs with useful properties. 

 

 

1.2 MOFs comprising more than one type of ligand 

1.2.1 Multivariate MOFs (MTV-MOFs) 

The MTV approach involves co-assembling groups of organic ligands that have the 

same backbone but different appended functional groups into the same framework. The 

term MTV-MOF was first used by Yaghi in 2010 when up to eight different ligands 
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(H2bdc and its derivatives) were incorporated into a MOF-5 type structure (MTV-MOF-5, 

Figure 1.15).[129] The most complex MTV-MOF-5 contains eight different ligands. The 

different ligands are not placed in specific locations in the lattice because they are not well 

discriminated during MOF growth. Their distribution may not be altogether random, 

however, and some clustering of ligands is thought to occur. Evidence to support this 

comes from advanced solid state NMR techniques.[130] The individual ligands do not 

cluster in specific regions of these crystals, as evidenced by 1H NMR spectra of digested 

crystal sections. Non-random local distribution of the ligands is probably responsible for 

the unexpected gas adsorption characteristics of these materials. 

 

 
Figure 1.15 A scheme showing that MTV-MOF-5 family are synthesized by mixing 

multiple ligands from the left hand side ligand library and reacting with zinc nitrate in DEF 
to afford MOFs comprising multiple ligands.[129]  

 

To the best of my knowledge, the earliest MTV-MOF was reported in 2005 by Kim’s 

group.[131] H2bdc, H2tmbdc (tmbdc = 2,3,5,6-tetramethylbenzene-1,4-dicarboxylate), dabco 

and zinc nitrate are reacted in DMF to form a pillar-layer MOF with a formula 

Zn2(bdc)(tmbdc)(dabco). Zn2(CO2)4 paddlewheel clusters connect four carboxylate ligands 

in 2D layers which are linked in the third dimension by dabco “pillars”. The position of 

dabco is distinct from the other two ligands whereas the distribution of bdc and tmbdc 

ligands is indistinguishable by diffraction experiments and is considered as a solid solution 

i.e., they are distributed randomly. Cohen’s group has recently shown that a MTV-MOF 

can act as a tandem catalyst by introducing two ligands that have different catalytic 

moieties.[132] MTV-MOFs can also be built up from sets of different metal ions, rather than 

different ligands. For example, Yaghi’s group demonstrated that up to ten different metals 

can be incorporated into a MTV-MOF-74.[105] 

From these examples, we can see that the MTV approach reliably produces MOFs with 

predictable lattice structures and containing multiple functional groups. However, this 

approach lacks of control over the location of these functional groups. This means that the 

pores of MTV-MOFs are heterogeneous, which is a drawback for applications involving 
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guest adsorption and catalysis. To overcome this challenge, we turned our attention to 

multicomponent MOFs (MC-MOFs). 

 

1.2.2 Multicomponent MOFs (MC-MOFs) 
In contrast to the MTV approach, MC-MOFs are built up from ligands that are 

geometrically distinct. These ligands are differentiated during the crystallization process 

and occupy specific positions in the resulting lattice. Therefore, if functional groups are 

appended to these ligands, they will also be located in precise locations in the framework. 

The first MC-MOF, which contains two distinct ligands (H3btc and H2bdc) and one 

metal cluster [Zn3(CO2)8], was reported in 2003.[133] This ternary MC-MOFs did not arouse 

too much attention until 2008, when Matzger’s group reported a ternary MOF constructed 

from Zn4O clusters, bdc and btb and known as UMCM-1 (UMCM = University of 

Michigan crystalline material).[55] Since bdc is a linear ditopic ligand and btb is a triangular 

tritopic ligand, they are located in distinct lattice sites and the framework is ordered and 

periodic. UMCM-1 also had a recording-breaking BET surface area at that time of 4160 

m2g-1. Since the discovery of UMCM-1, many more ternary MOFs with a ditopic and a 

tritopic ligands have been reported.[56,134-137] Interestingly, new examples often surpass 

previous records for the most porous known material.[56,134] 

A practical challenge faced when synthesizing MC-MOFs is that the individual ligands 

can independently form MOFs. This introduces at least two competing phases during the 

synthesis of a ternary MC-MOF. The production of phase-pure UMCM-1 required careful 

adjustment of the feed ratio of H3btb and H2bdc. High H3btb/H2bdc ratios produce phase 

pure MOF-177 [(Zn4O(btb)2][12] or a mixed phase of MOF-177 and UMCM-1, while lower 

ratios lead to phase pure UMCM-1. If this ratio is too low, however, a mixture of UMCM-

1 and MOF-5 is produced. Instead of using a tritopic and a ditopic ligand as described 

above, it is possible to use two ditopic or two tritopic ligands to synthesize ternary MOFs. 

For example, SUMOF-4 [Zn4O(bdc)3/4(bpdc)3/4],[138] UMCM-8 [Zn4O(bdc)3/4(2,6-

naphthalenedicarboxylate)3/4],[139] and UMCM-9 [Zn4O(bdc)3/4(2,6-

naphthalenedicarboxylate)3/4][139] are three examples where two ditopic ligands of different 

lengths build up ternary MOFs. Lah et al. reported an anionic MOF, 

(NH2(CH3)2)3[Zn6(btc)4(bdc)], which used two tritopic ligands of different size, btb and 

btc.[140] 
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1.3 Applications of metal-organic frameworks 

The scope of applications of MOFs is very broad. They can be used in chemical 

sensing,[141] non-linear optics,[142] electron[143-147] and proton[148-150] conduction, battery 

cathode materials,[151] photovoltaics,[46] semiconductors,[46,144] guest inclusion,[8,99,152] 

biomedical imaging,[79] drug delivery,[78,153] cancer therapy,[154] just to name a few areas. 

Chemical Society Reviews has published two themed issues on the topic metal-organic 

frameworks: one in 2009[155] and a recent one in 2014.[156] Chemical Reviews also had a 

MOF themed issue in 2012.[157] A selection of the more important applications of MOFs 

will be briefly introduced here. 

 

1.3.1 Gas storage and separation 

Perhaps the most significant applications of MOFs are in gas storage and separation. 

Although this was proposed by Robson back in 1990, the prevention of framework 

collapse upon solvent guest removal was an outstanding challenge.[15] The first 

breakthrough was made by Yaghi’s group when they found MOF-2 to be permanently 

porous and able to take up ~120 cm3 of N2 (at STP) per gram of MOF material at 77 K.[53] 

After that, various applications for gas storage and separation have been developed.[158-161] 

These include a hydrogen fuel cell powered vehicle, Mercedes-Benz F125, which uses a 

MOF as a hydrogen storage material.[162] Other practical applications relating to gas 

storage and separation have shown great promise, and MOF materials are now in the 

process of industrialization and commercialization.[163] 

 

1.3.1.1 Natural gas storage 

Natural gas is predominantly methane. It has the highest gravimetric energy density 

and emits the least amount of CO2 per unit of energy production among all fossil fuels. 

Because methane has a low boiling point (112 K), it is normally a gas at room temperature. 

It has a critical point of 190.6 K and 46 bar, which means it is impossible to liquefy 

methane at room temperature no matter how much pressure is applied.[164] These 

thermodynamic characteristics make it challenging to provide methane with the volumetric 

energy density requirements of automobile applications. To tackle this challenge, two 

technologies have been developed and are most commonly used nowadays: liquefied 

natural gas (LNG) and compressed natural gas (CNG). 

LNG systems are operated at low temperature (111 K) which makes them difficult to 

be implemented in automobiles. In a CNG system, which operates at room temperature, 
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methane is pressurized to 200-250 bar in an on-board hard container and can provide 

volumetric energy densities that are 240-290 times greater than methane at atmospheric 

pressure. There are several drawbacks to this technology: 1) The volumetric energy density 

is still lower than petroleum or diesel and the fuel tank usually takes up more space. 2) 

Fuel tank walls are usually very thick to hold that pressure so they are heavy. 3) Such high 

pressures arouse safety concerns. 4) CNG refuelling stations need to operate at very high 

pressure so methane can be delivered to the vehicle tanks. This process is very energy 

intensive and it is very expensive to build the required infrastructure. 

Alternatively, adsorbed natural gas (ANG) seems to be a promising solution to 

overcome these disadvantages. In an ANG system, porous materials are placed in the gas 

tank to adsorb the fuel gas molecules on their internal surfaces. As a result, most of the 

methane molecules are adsorbed on the surface and no longer contribute to the bulk 

pressure. To store the same amount of methane, the pressure of an ANG tank is much 

lower than that of a CNG system. This could result in lighter and safer natural gas tanks as 

well as cheaper operation costs. The U.S. Department of Energy (DOE) had set a target for 

ANG system by 2015: 180 v/v STP at 298 K and 35 bar.[161] 

To test whether MOFs can meet this goal, their high pressure methane adsorption 

isotherms are measured. The first such isotherm was measured in 1997 by Kitagawa’s 

group. A capacity of 77 v/v STP at 30 bar was measured, which means that every volume 

unit of MOF can adsorb the amount of methane found in 77 volume units at STP.[165] Since 

then, researchers have been synthesizing new materials with tailored structures with better 

performance. MOF-5 and MOF-177 showed promise for methane storage in the early stage 

of MOF history.[54,56] MOF-177 was used to build the first prototype vehicle that is 

powered by an ANG system with a MOF adsorbent. The vehicle was tested by driving 

around the world using local natural gas supplies. 

In 2007, Zhou’s group reported a MOF, PCN-14, showing a methane uptake capacity 

of 230 v/v STP at 290 K and 35 bar. This capacity is 28% higher than the DOE target and 

outperformed the best known porous carbon, which has a capacity of ~200 v/v STP.[24] 

This MOF is constructed with square planar Cu2(CO2)4 paddlewheel clusters and a planar 

tetratopic carboxylate ligand, adip [5,5 -(9,10-anthracenediyl)di-isophthalate]. Upon 

activation, the coordinated solvent molecules occupying the axial positions of the SBUs 

are removed to reveal open metal sites. These open metal sites of the copper paddle wheel 

interact strongly with methane molecules and are believed to be the key to the high 

methane storage capacity. Since then, a few research groups competitively reported new 

copper paddlewheel MOFs with open metal sites, exhibiting high methane storage capacity. 
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Similar materials (PCN-14 and NOTT-107[127]), or even the exact same materials (NU-

125[166] and NOTT-122[167]) were reported and published back to back. In addition to these 

copper paddlewheel MOFs, other MOFs with open sites, such as MOF-74 variants were 

also investigated and were found to have high methane uptake.[26] 

Besides open metal sites, another key structural feature of high methane uptake 

materials was identified by a computational study conducted by Wilmer, Snurr and co-

workers. They selected some existing organic ligands and SBUs and generated a library of 

nearly 140,000 hypothetical MOF structures in silico.[168] By calculating the theoretical 

methane storage capacities of these materials using a grand canonical Monte Carlo (GCMC) 

method, an optimal pore size which is the same size (or as twice the size) as a methane 

molecule was identified, i.e., pores should be 4 Å or 8 Å wide. 

In 2013, Hupp’s and Long’s groups independently published two papers with a striking 

finding: the MOF material with the highest storage and working capacity for storing 

methane is actually HKUST-1, which was reported back in 1999 (227 v/v STP at 35 bar, 

267 v/v STP at 65 bar, and 190 v/v STP working capacity)![22,45] HKUST-1 has copper 

paddlewheel clusters with open metal sites and pores with diameter of ~4, 10 and 11 Å. A 

subsequent in-depth study showed that open metal sites are the primary adsorption sites 

responsible for adsorbing the methane molecules, which are then distributed throughout the 

framework cavities.[169] 

HKUST-1 has seemingly met the new DOE target for methane storage. However, two 

practical challenges still need to be considered. 1) The packing loss between individual 

MOF crystals in an ANG tank would lead to ~25% space being unoccupied. 2) Minor 

components of the natural gas, especially water vapour, can have much strong binding 

strengths to open metal sites, which could drastically reduce the storage and working 

capacity of an ANG system that uses MOFs with open metal sites. 3) Due to the presence 

of water vapour, the long term stability and capacity of the filling material in an ANG tank 

also needs to be considered. Copper paddlewheel MOFs and MOF-74 with open metal 

sites are known to be susceptible to hydrolysis.[81] 

To tackle the last two concerns, people are now turning their attention to robust MOFs 

that are also highly porous. These MOFs are usually constructed with highly charged metal 

ions, M(III) or M(IV), which are generally known to be resistant to hydrolysis even after 

being immersed in water. Zirconium(IV) MOFs are currently being widely studied and 

notable progress has also been made with aluminium(III) MOFs.[170] 
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MOF-based ANG systems have now been industrialized and thoroughly tested on 

small and heavy-duty vehicles. Due to the oil price change, BASF has postponed the 

release of these products into the market. Nevertheless, consumers will likely find them on 

the market in the next couple of years.[163] 

 

1.3.1.2 CO2 capture 

Global CO2 emissions exceeded 30 gigatonnes in 2012. 44% of CO2 emissions come 

from the burning of coal in electricity plants (Figure 1.16).[171] To prevent CO2 from being 

released into the atmosphere, capturing CO2 from the post-combustion flue gas is 

potentially the most practical and effective solution. The major component of flue gas is 

nitrogen (~70%), followed by CO2 (10-15%), water vapour (10-12%) and other minor 

gases. To selectively capture CO2 from the flue gas mixtures, current technology involves 

using aqueous organic amine solutions.   This is a highly effective method but suffers from 

a major drawback: the desorption of CO2 from a saturated amine solutions is energy 

intensive. This is because the desorption of CO2 requires a high temperature and water has 

a high thermal capacity. This process typically consumes around 30% of the total energy 

generated from burning coal.[159] To reduce this energy penalty, porous adsorbents, which 

have generally lower enthalpies for adsorbing CO2, are currently being investigated. The 

tunable pore sizes and chemical characteristics of MOFs make them ideal candidates for 

flue gas treatment. Some MOFs have already shown great promise and better performance 

than the current state-of-the-art technology.[6] 

 

 
Figure 1.16 Global total primary energy supply and total CO2 emission contributed by 

fossil fuel and other energy sources in 2012. 
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To adsorb CO2 from flue gas mixtures, several design principles need to be considered. 

First, the sorbent should be highly selective for CO2 over other components, especially N2 

and H2O. Second, the material should be stable to saturated water vapour under standard 

operating conditions. Third, the working capacity of the material should be as high as 

possible. And last, the regeneration energy should be optimal, i.e., as low as possible. This 

implies that the adsorption enthalpy for binding CO2 should be as low as possible while 

meeting the first three criteria. 

Over the years, researchers have found several strategies that can increase the 

adsorption selectivity of CO2 over N2. For example, open metal sites,[4,49] tuning the 

window size to allow CO2 (kinetic diameter = 3.3 Å) to pass through the framework but 

not nitrogen (kinetic diameter = 3.64 Å),[172] introducing polar functional groups to 

enhance electrostatic interactions between the framework and CO2,[28,29,173] and tuning the 

pore size for optimal CO2 adsorption.[28,29] However, some of these strategies may have 

drawbacks for practical applications. First, MOFs constructed with divalent metals with 

open metal sites are generally susceptible to hydrolysis in the presence of water vapour, 

and water is more likely to occupy these open metal sites thus reduce the adsorption 

capacity. Second, blocking nitrogen from entering the MOF pores can cause permeability 

issues. Third, overly strong non-covalent interactions between the host and CO2 can 

increase the heat of adsorption to the point where regeneration of the material is energy 

intensive. 

A recent advance in the field mitigates many of these concerns. In 2015, Long’s group 

reported a series of “phase changing” MOF adsorbents.[6] These MOFs are extended MOF-

74 materials with their open metal sites functionalized by N,N -dimethylethylenediamine. 

As shown in Figure 1.17, rather than forming carbamates with dangling uncoordinated 

amine groups (as originally thought),[103,106] CO2 molecules are inserted into the metal-

nitrogen bond to form infinite one-dimensional carbamate chains. This chain reaction 

results in cooperative CO2 capture: negligible adsorption of CO2 occurs at very low 

pressures but this is followed by a steep rise in the adsorption isotherm over a very small 

pressure range (Figure 1.18b). These “phase changing” MOF adsorbents outperform state-

of-the-art technologies in several ways: 1) They have exceptionally high working 

capacities as compared to conventional porous materials (Figure 1.18a). 2) Impressively, 

these MOFs are capable of working under saturated water vapour and exhibited no loss in 

working capacities after ten adsorption-desorption cycles. 3) They are capable of adsorbing 

CO2 from flue gas at high temperatures. 4) The temperature gap for adsorption and 

desorption are small so that the energy penalty for sorbent regeneration is low. Long’s 
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group has started a company to scale up these “phase changing” MOF adsorbents to 

implement this technology in coal power plants. 

 

 
Figure 1.17 A mechanism of CO2 adsorption in “phase changing” MOF adsorbents: 

mmen-M2(dobpdc) (M = Mg, Mn, Co, Fe). CO2 molecules were inserted into the metal-
nitrogen bond to form one-dimensional carbamate chains along the channels of the MOFs. 

 

 
Figure 1.18 A comparison of classical microporous adsorbents (a) and “phase changing” 

MOF adsorbents (b) showing higher working capacities and lower temperature 
requirements for “phase changing” MOF adsorbents. Reproduced from reference[6] with 

permission from Nature Publishing Group. 

 

1.3.1.3 Other separations using MOFs 

In industry, gas separation often involves cryogenic distillation. This process is very 

energy intensive and is usually carried out on a large scale due to its nonlinear cost-scale 

relationship. As an alternative technology, adsorption-based gas separation is more flexible 

and cost-effective.[174] Capturing specific gases with an adsorbent is achieved based on the 

different adsorption characteristics of individual gas components. To release adsorbed gas 

molecules, adsorbents are treated either by reducing the pressure to one atmosphere 

(pressure swing adsorption, PSA), applying controlled vacuum to subatmospheric pressure 

(vacuum swing adsorption, VSA), or heating to a higher temperature (temperature swing 
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adsorption, TSA).[158] The measurement of adsorption isotherms of gas mixtures is difficult 

therefore the potential of a material to perform gas separations is typically assessed using 

single component gas adsorption isotherms. These isotherms are fitted using an isotherm 

model (described below in section 1.4.1) then the gas adsorption selectivity is calculated 

using ideal adsorbed solution theory (IAST).[175] This yields selectivity as a function of 

total pressure for a binary gas mixture with known composition. To test materials 

experimentally for their ability to separate gas mixtures, breakthrough experiments can be 

conducted. In 2012, Long’s group discovered that Fe-MOF-74 can be used to separate 

paraffin/olefin mixtures[103] by using breakthrough experiments. An equimolar 

propane/propylene mixture was flowed in to a column packed with Fe-MOF-74 with a 

constant flow rate. The outlet gas was analysed with gas chromatography and 100% pure 

propane was initially collected, indicating that the propylene had been retained by the 

MOF. Once the MOF reached saturation, the propylene broke through and was detected by 

gas chromatography. To collect the propylene that was bound to the open iron sites of the 

MOF, a flow of pure nitrogen was passed through the column. They also developed a 

method to simulate breakthrough curves from single gas adsorption isotherm data and 

found that the simulated curves matched very well with the experimental breakthrough 

data. This method is now being used to assess separation capabilities for other gas mixtures 

and MOFs.[176] 

In 2013, Long’s group reported a MOF with one-dimensional triangular channels and 

its application in the enrichment of branched hexanes from hexane mixtures to produce 

petroleum with a higher research octane number (RON).[177] When a hexane mixture is 

flowed through a column packed with this MOF, n-hexane is strongly adsorbed in the 

pores while the branched hexane can easily pass through. This process can produce hexane 

mixtures with RON greater than 92. Conversely, current technology uses a zeolite-sieving 

process can produce a final RON of nearly 83 and requires subsequent distillation. 

In steel manufacturing, exhaust CO is mixed with N2 and burned to produce CO2. 

Separating CO from N2 can eliminate this energy waste and reduce CO2 emissions. It is 

challenging to separate these gases using zeolite-based adsorbents due to their size 

similarity. The current technology for CO separation employs an energy-intensive 

chemical adsorption method.[178] To improve this process, Kitagawa’s group discovered a 

flexible MOF, which can adsorb weakly coordinated CO.  The binding of CO is 

cooperative in that the initial binding event triggers a global structural change which 

promotes the adsorption of more CO.[179] This material is effective in enriching CO from 

CO/N2 mixtures. 
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1.3.2 Highlights of other applications 

1.3.2.1 Crystalline sponge 

In 2013, Fujita’s group reported a zinc based MOF which is capable of adsorbing a 

range of guest molecules and aligning them with periodic order. This enables the structural 

determination of these guests by X-ray crystallography.[180] These crystalline sponges thus 

have transformative potential for determining the structures of natural products and 

pharmaceuticals since these compounds do not need to be themselves crystallized for the 

diffraction experiments.  This method is applicable to: 1) Substrates which are liquids at 

room temperature. 2) Samples on a sub-microgram scale. 3) Enantiopure compounds for 

absolute structure determination. 4) Analytes collected as fractions from HPLC as a 

prototype HPLC-SCXRD analytical method. It is estimated that 20-30% of organic 

compounds can be crystallized in this crystalline sponge. 

In the original paper, the authors also completely determined the stereochemistry of all 

three chiral centres of a scarce natural product, Miyakosyne A. However, in a later 

announcement these authors declared that the determination of these chiral centres might 

be incorrect. Fujita’s group subsequently published an article in Nature Protocols with 

detailed step-by-step procedures for this method.[181]  

MOFs that can be used as crystalline sponges are very rare. There are two key features 

of this Fujita’s MOF. First, its ligand has an electron-deficient core, which is the basis of 

the strong host-guest interactions. Second, the MOF itself crystallizes in a low symmetry 

space group C2/c, which means the guests can be taken up without crystallographic 

disorder. 

 

1.3.2.2 Toxic gas adsorption and destruction 

Back in 2011, Navarro’s group reported on toxic warfare gas removal using MOFs as 

adsorbents.[182,183] More recently, three striking papers have been published on the rapid 

hydrolysis of toxic gases and their analogues.[184-186] In these studies, UiO-66 

functionalized with LiOtBu,[9] NU-1000[187] and MOF-808[188] were used. Hupp’s group 

found that Zr6 clusters with low ligand connectivity exhibit fast catalytic turnover due to 

their high concentrations of Lewis acid sites.[185,186] Navarro’s group found that LiOtBu 

functionalized UiO-66 can accelerate the hydrolysis of warfare gases despite its highest 

connectivity (12-connected).[184] They also integrated this UiO-66@LiOtBU with a textile 

and found this composite is also highly active. 
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1.4 Introduction to selected experimental and computational techniques 

1.4.1 Gas adsorption 

1.4.1.1 Essentials of the adsorption process 

To better understand how a MOF adsorbs, stores, sieves and separates gases, some 

basics of the adsorption process are introduced below. 

 
Figure 1.19 A schematic representation of a) gas molecules in contact with a surface. 
Green circles represent  molecules in the gaseous phase and orange circles represent 
adsorbed gas molecules, b) gas molecules in a container showing some of them are 

adsorbed on the surface, c) an illustrative view of a container with a higher surface area for 
adsorbing gas molecules. 

 

Figure 1.19a illustrates the adsorption of gas molecules on a surface. Green circles 

represent bulk gas molecules while orange circles represent adsorbed molecules. For 

physisorption, where the interaction between the gas molecules and the surface is 

reversible, adsorption is attributed to the noncovalent interactions between gas molecules 

and the surface. Figures 1.19b and c highlight how an increased surface area in a given 

volume of space will increase the fraction of molecules that are adsorbed to the surface and 

thus reduce the pressure. 

An adsorption isotherm plots the amount of gas adsorbed on the surface as a function 

of the pressure at a constant temperature. Several theoretical models have been developed 

to describe adsorption isotherms, such as Henry, Langmuir, Brunauer-Emmett-Teller 

(BET),[19] and others.[189] 

 

1.4.1.2 BET surface area calculations 

The BET model is the most widely accepted by the porous materials community to 

calculate a material’s apparent surface area. Experiments are usually carried out by 

measuring a nitrogen isotherm at 77 K (Figure 1.20a as an example). It was found in the 

past that often the entire isotherm doesn’t fit well with the model (Figure 1.20c is derived 

from experimental data and supposed to be linear according to the BET equation). In order 
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to obtain a reportable value, researchers have chosen a region of the isotherms which 

appear to be linear when the BET equation is applied. The choice is often arbitrary and can 

cause large deviations in surface area depending on the pressure region selected.[137] To 

regulate this chaos, Walton and Snurr proposed a procedure for deciding on appropriate 

pressure ranges for calculating BET surface areas,[190] which were followed in this thesis: 

1) The isotherm region where  increases versus , where  is the 

amount of N2 adsorbed, was identified. Here,  is the relative pressure, P being the 

pressure at for the adsorbent in equilibrium with the porous material at each point of 

measurement and P0 is the condensation pressure of the adsorbent at the temperature of 

measurement. 

2) Within this isotherm region, sequential data points that led to a positive intercept in 
the plot of  against , were found. This plot yields a slope , and a positive 

intercept . The number of gas molecules adsorbed in the initial monolayer is . 

3) The BET surface area was then calculated according to the following equation: 

 

Where  is Avogadro’s constant, and  is the cross-sectional area of a N2 molecule, 

which is 16.2 . 

 
Figure 1.20 a) An example N2 adsorption isotherm measured at 77K for MUF-7a.[191,192] b) 
A plot to find the pressure region that meets the first consistency criterion for BET surface 
area calculation according to the method proposed by Walton and Snurr.[190] c) A plot to 

find the pressure region that meets the second consistency criterion. d) BET plot. 
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1.4.1.3 Pore volume calculations 

When adsorption reaches saturation, the isotherm plateaus. At this point, the total pore 

volume of the material can be calculated by assuming that the adsorbed gas is in a 

condensed liquid-like phase. Because the amount of adsorbed gas is known, its 

corresponding volume is simply calculated based on the density of the liquid adsorbate. 

The total mass of the adsorbing material is always precisely measured prior to an isotherm 

measurement. 

 

1.4.1.4 Isosteric heat of adsorption calculations 

Heats of adsorption (Qst) are quantitative enthalpic measures of the affinity of a porous 

material for a given guest molecule. These values are calculated according to the method 

described in the literature.[193] Briefly, two isotherms that are measured at two different 

temperatures are first fit to a virial equation: 

 

where N is the amount of gas adsorbed at the pressure P. 

Then, to calculate Qst, the fitting parameters from the virial equation are used in the 

following equation: 

 

where R is the universal gas constant. 
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1.4.1.5 Introduction to a gas adsorption analyser 

 

 
Figure 1.21 A cartoon showing the essential components of a gas adsorption analyser. 

 

 

Figure 1.21 illustrates the key components of a gas adsorption analyser. A sample tube 

containing MOF crystals is evacuated and immersed in to a bath with a constant 

temperature. The instrument then doses a known amount of gas into the sample tube and 

reads the pressure frequently. The equilibration of adsorbed and non-adsorbed gas is 

known to be reached when the pressure reaches a constant value. The amount of gas 

adsorbed in the MOF sample can be calculated by taking the difference of pressure 

expected from the real gas law and the equilibrated pressure. This process is repeated so a 

plot of amount adsorbed versus equilibration pressure is obtained as an adsorption isotherm. 
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1.4.1.6 Reliability of measurements and calculations 

The reliability of gas adsorption measurements were tested on a MOF sample prepared 

in our lab using our Quantachrome Autosorb iQ2 instrument. The average total N2 uptake 

saturation at 77 K of this sample was 991.4 cm3/g (STP) with a standard deviation of 1.2 

cm3/g (STP) based on four independent measurements. Because the standard error is only 

0.12 % of the mean value, the error bar is much smaller than the symbol size on a typical 

gad adsorption isotherm plot (Figure 1.20a). For this reason, standard deviation, or other 

error or uncertainty estimates, are thus not conventionally reported for adsorption 

isotherms. When the amount of gas adsorbed in a MOF sample is very low, the instrument 

can struggle to produce accurate measurements. When this happens, an isotherm curve is 

usually not smooth, indicating the background noise is significant. 

Sample preparation and activation can significantly impact gas adsorption 

measurements. BET surface areas and pore volumes calculated from a N2 adsorption 

isotherm measured at 77 K can be used to compare with the theoretical values[194,195] of a 

MOF. This comparison can provide an idea of how well a given MOF sample was 

prepared and activated and whether regions that are closed off to guest molecules are 

present. 

When calculating BET surface areas, the choice of the pressure region is still somewhat 

arbitrary even when strictly following the consistency criteria mentioned earlier. The 

choice of pressure range can have a pronounced impact on the surface area.[137]  

Once the pressure region for the BET equation has been decided, linear regression 

using a least squares method produces standard deviations for the slope and intercept, 

which provide a good estimate of the uncertainty in the BET surface area (Figure 1.20d). 

In the example described in section 1.4.1.2, the standard deviation in the BET surface area 

is 8 m2/g. Therefore, in this thesis, all BET surface area values are rounded to the nearest 

10 m2/g. 

 

 

1.4.2 Grand Canonical Monte Carlo (GCMC) simulations 

Gas adsorption in MOFs can be simulated by calculating the amount of gas adsorbed 

by a porous material as a function of pressure at a given temperature.[196] Because the 

number of molecules in a system can be quite large, it is impractical to employ quantum 

mechanical calculations. Less computationally-intensive force-field based simulations are 
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generally used. In force-field based simulations, the Lennard-Jones interactions are used to 

describe the potential between two atoms (framework plus guest and guest plus guest): 

 

where VLJ is the Lennard-Jones potential,  is the depth of the potential well,  is the 

distance of two atoms when their potential is zero, r is the distance of two atoms, rm is the 

distance of two atoms where their Lennard-Jones potential is minimum (Figure 1.22). In 

addition to the Lennard-Jones potential, charge interactions between atoms are also 

calculated to mimic interactions between framework atoms and polar molecules. 

 

 
Figure 1.22 Lennard-Jones potential plot of nitrogen with its parameters taken from 

DREIDING force field. 

 

In a typical simulation, each gas molecule is randomly inserted to the internal void of a 

MOF and the total Lennard-Jones potentials are calculated. If this random insertion Monte 

Carlo (MC) move is energetically favourable, then it is accepted and contributes to the 

ensemble. Other MC moves used in simulations are rotation of a gas molecule, deletion-

reinsertion, and swapping gas identities. All simulations in this thesis were conducted 

using the RASPA code with the permission from the authors.[197] 
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Chapter 2  
 

The First Quaternary Zinc-Carboxylate Metal-Organic 
Framework 

 

2.1 Introduction 
Since ternary multicomponent MOFs (MC-MOFs) that are constructed with two 

distinct organic ligands are well established, we wondered whether it would be possible to 

introduce a third organic ligand and thus synthesize some quaternary MC-MOFs. Another 

ligand would add a new dimension of complexity and functionality to the frameworks and 

could potentially open up a whole new area of exciting chemistry. This potential was 

identified by Yaghi’s group in a review article published in Science in 2013.[57] They 

proposed that the ‘materials beyond’ will feature multiple kinds of building units (ligands) 

that are arranged within crystals with specific sequences. Although it is clear that MC-

MOFs will be ideal candidates to explore this exciting chemistry, synthesizing MC-MOFs 

using as few as three or four distinct ligands remained an outstanding challenge at that 

time, because such chemistry was believed to give mixed phases rather than a single phase 

comprising mixed components. 

One stern challenge that is encountered in the synthesis of quaternary (and higher order) 

MOFs is finding sets of linkers that are mutually compatible for inclusion in a lattice. 

Although clear design rules have not yet emerged, it is likely that the relative metrics 

(length and topology) of the ligands are a key factor.[136,191] A second challenge is 

presented by the multitude of phases that compete for formation with the desired 

product.[55] For sets of organic linkers and only one type of metal node, using the 

simplifying assumption that each organic linker and linker pair only forms a single phase, 

the total number of theoretical possible competing phases, N, can be deduced by the 

following equation: 

 

where n is the number of linkers in the set. Thus, there are six phases that compete with a 

quaternary MOF, which increases to 14 for a quinary MOF, and 1022 for a MOF 

comprising ten distinct linkers (Electronic Appendix B). 
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2.2 Results and discussion 

Reacting three geometrically distinct ligands, H3btb (btb = benzene-1,3,5-tribenzoate), 

H2bpdc (bpdc = 4,4 -biphenyldicarboxylate) and H2bdc (bdc = 1,4-benzenedicarboxylate) 

with Zn(NO3)2 in DEF (N,N -diethylformamide) at 85 °C for 16 hours afforded colourless 

crystals with well-defined edges, as shown in the right hand side of Figure 2.1 (the green 

colour comes from the glass slide and was exaggerated by white balance settings of the 

camera). Single-crystal X-ray diffraction experiments showed that it belongs to the cubic 

space group I-43d. By solving the single crystal structure, we found the presence of all 

three ligands in this MOF. The three ligands in MUF-7a are aligned in a perfect order with 

precise locations (Figure 2.2). This was the first known quaternary MOF, which we termed 

Massey University Framework – 7a (MUF-7a). It has a formula 

[Zn4O(btb)4/3(bpdc)1/2(bdc)1/2]. 

 

 
Figure 2.1 Synthetic route to MUF-7a with an optical microscopy image of a single crystal 

with a truncated rhombic dodecahedron geometry. 

 

The three ligands, together with Zn4O nodes, describe two types of cavities: i) 

dodecahedral cavities constructed with twelve Zn4O nodes, eight btb linkers, three bpdc 

linkers, and three bdc linkers (Figure 2.3), and ii) pseudo-tetrahedral cavities which are 

delineated by four Zn4O nodes, four btb linkers and two linear linkers. There are three 

subtypes of pseudo-tetrahedral cavities that differ by the identities of the two linear linkers 

that define them (Figure 2.4): a) two bpdc linkers, b) a bpdc / bdc linker pair  and c) two 

bdc linkers. 
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Figure 2.2 A view of the single crystal X-ray structure of MUF-7a showing the positions 

of three ligands: btb, bpdc, and bdc. 

 

Table 2.1 Summary of x-ray crystallography data collection and refinement details of MUF-7a 

MOF MUF-7a 

Formula C47H26O13Zn4 

Formula weight 1060.16 

Crystal size (mm) 1.20×1.12×1.01 

Temperature (K) 293(2) 

Wavelength (Å) 1.54178 

Crystal system cubic 

Space group I-43d 

Unit cell length (Å) 60.2324(11) 

Unit cell volume (Å3) 218520(12) 

Z 48 

Dcalc  (g cm-3) 0.387

μ (mm-1) 0.733 

F(000) 25536 

Reflns coll./unique, Rint 1694151/31006, 0.0601 

Data range 6.6°<  <65° or  6.7 Å > d > 0.85 Å 

Index ranges  -67 h 70, -70 k 70, -70 l 70 

Completeness  99.8% 

Tmin, Tmax 0.47, 1.00 

R indices for data with I>2 (I) R1 = 0.0829; wR2 = 0.2387 

R indices for all data  R1 = 0.0888; wR2 = 0.2463 

Largest difference peak and hole (e Å-3) 0.68 / 0.40
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Figure 2.3 Single crystal X-ray structure of MUF-7a highlighting the dodecahedral cavity 

as an orange sphere. 

 

 
Figure 2.4 Single crystal X-ray structure of MUF-7a highlighting three kinds of pseudo-
tetrahedral cavities delineated with four Zn4O nodes, four btb linkers and (a) two bpdc 
linkers (pink), (b) a bpdc / bdc linker pair (blue) and (c) two bdc linkers (grey). Ligand 

colour code: btb: grey, bpdc: blue, bdc: green. 

 
Figure 2.5 Representations of the crystal structure of MUF-7a showing (a) the relationship 
between the large dodecahedral cavity (yellow) and the three types of surrounding pseudo-
tetrahedral cavities (blue, grey and pink).  The three ligands are color-coded: green = btb; 
orange = bdc; purple = bpdc; and (b) A tiling image, produced using 3dt,[198] highlighting 

the central dodecahedral cavity in yellow and the three types of surrounding pseudo-
tetrahedral cavities (blue, grey and pink). 
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Figure 2.6 Competing phases that could form during the synthesis of MUF-7a. A Zn4O 

MOF that is constructed with bpdc and btb is unknown.[136] 

 

It was a great challenge to obtain MUF-7a in phase-pure form because each of the three 

organic linkers could form a MOF by itself (Figure 2.6). The btb ligand readily combines 

with Zn4O clusters to produce MOF-177, [Zn4O(btb)2],[12] which was found to be a 

persistent impurity in the first attempts at synthesizing MUF-7a.  IRMOF-9, 

[Zn4O(bpdc)3],[54] and MOF-5 [Zn4O(bdc)3],[3] can also form from the linear linkers. Pairs 

of linkers can also combine to produce ternary MOFs: UMCM-1 [Zn4O(btb)4/3(bdc)][55] 

and SUMOF-4 [Zn4O(bpdc)(bdc)2].[138] A MOF containing btb and bpdc together with 

Zn4O clusters is not known, presumably because of the size mismatch between these 

ligands. Post-synthetic purification methods that usually work for small molecule 

chemistry would not work in this case because the reaction products are not soluble. We 

thus sought to adjust the synthetic conditions so that only MUF-7a forms during the 

synthesis. 

When the stoichiometry of the three linkers in MUF-7a was used as the feed ratio (btb: 

bpdc: bdc = 8: 3: 3), the major product was MOF-177. This is because all carboxylate 

groups are equally reactive.[55] Thus the probability of H3btb reacting with zinc is 1.5 times 

higher than H2bpdc or H2bdc. To prevent the formation of MOF-177, the amounts of 
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H2bpdc and H2bdc in the reaction mixture were gradually increased (btb: bpdc: bdc = 3: 4: 

4). This suppressed the formation of MOF-177, though led to the formation of UMCM-1 as 

a major side product. To eliminate UMCM-1, we increased the concentration of H2bpdc 

and dropped H2bdc (btb: bpdc: bdc = 3: 5: 3). After a reaction time of 24 hours, MUF-7a 

was the major product with IRMOF-9 as a minor impurity. It was then found that the 

IRMOF-9 phase only starts to form when the reaction was left for longer than 18 hours. To 

achieve the highest yield without any impurities, a reaction time of 16 hours was found to 

be optimal. 

To confirm the phase purity of MUF-7a, we conducted a range of experiments. First, 

optical microscopy images (Figure 2.7) showed only one type of crystal and no other solid 

material is present after synthesis. Under crossed polarizers on an optical microscope, all 

of the crystals remained permanently extinguished, regardless of their rotational position, 

indicating they all belong to a cubic crystal system. To eliminate the possibility that other 

MOFs with cubic systems, such as MOF-5 or IRMOF-10 were present, we measured the 

powder X-ray diffraction pattern of the bulk sample and found it agrees very well with the 

simulated pattern predicted from its single-crystal structure (Figure 2.8). Thus, the 

presence of any other phases is eliminated. To check whether there are any unreacted 

ligands trapped in the MOF pores, we digested as-synthesized MUF-7a crystals in a 

solution of DCl / DMSO-d6, and measured its 1H NMR spectra (Figure 2.9). The integral 

ratio between the three ligands is in perfect agreement with the stoichiometry of MUF-7a, 

indicating no unreacted ligands are trapped inside the MOF. In addition, we did elemental 

analysis and the result was in good agreement with theory. 

 

 
Figure 2.7 Microscopy images of MUF-7a showing its phase purity. a) A cluster of four 
MUF-7a crystals. b) A stacked image with multiple images that were taken with different 

focal planes. 
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Figure 2.8 Powder XRD patterns of as-synthesized, freshly activated (by heating crystals 

exchanged with CH2Cl2  under vacuum) bulk samples, and the pattern of MUF-7a 
simulated from its single crystal structure. 

 

 
Figure 2.9 1H NMR spectra of digested MUF-7a with occluded DEF solvent molecules 

showing the integrals that match with the formula [Zn4O(btb)4/3(bpdc)1/2(bdc)1/2]. 

 

 

The 1H NMR spectrum of digested MUF-7a showed the presence of significant amount 

of DEF solvent molecules (20 DEF molecules per formula). This finding indicates that 

MUF-7a is highly porous and could potentially show permanent porosity after removal of 

these DEF molecules. To confirm this hypothesis, we decided to do some gas adsorption 

experiments. 
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MUF-7a was first activated to remove the solvent occluded in its pores during 

synthesis. To accomplish this, as-synthesized crystals of MUF-7a were soaked in fresh 

anhydrous DMF and the solvent was replenished several times over a period of three days. 

The crystals were then soaked in CH2Cl2 for three days, replacing the CH2Cl2 every day. 

The CH2Cl2-solvated crystals were then transferred to a pre-weighed gas adsorption 

sample tube and were desolvated by heating under dynamic vacuum with a rate of 

1 °C/minute to 80 °C and held for 10 hours. Gas adsorption measurements were then 

conducted. 

Gas adsorption experiments were conducted at CSIRO on a Micromeritics ASAP 2040 

instrument. First, a nitrogen adsorption isotherm was measured at 77 K. As shown in 

Figure 2.10a, MUF-7a takes up 1251 cm3 (STP)/g nitrogen at 77 K at saturated loading 

(P/P0 = 0.995). P/P0 is a partial pressure defined by the ratio of the actual pressure and the 

condensation pressure of the adsorbate gas at the measurement temperature. A two-step 

steep rise of the uptake below P/P0 = 0.1 is characteristic of materials that have both 

micropores (pore diameter < 2 nm[199]) and mesopores (2 nm  pore diameter  50 n). This 

two-step event is thus in good agreement with the single crystal x-ray structure of MUF-7a, 

which showed the pores in these size ranges exist. The BET surface area of MUF-7a was 

calculated to be 4050 m2/g. We later found that MUF-7a prepared in DMF instead of DEF 

can be better activated and takes up more N2 (1394 cm3/g, STP). The corresponding BET 

surface area is 4450 m2/g. This value is very close to the calculated[194] geometric surface 

area (4483 m2/g). The pore volume calculated from the N2 isotherm of MUF-7a prepared 

in DMF is 2.16 cm3/g, which compares well with the calculated[195] pore volume of 2.31 

cm3/g. 

 

 
Figure 2.10 a) Nitrogen adsorption (filled symbols) and desorption (open symbols) 

isotherm measured at 77 K. Material synthesized in DMF takes up higher amount of N2. b) 
Gas adsorption (filled circles) and desorption (open circles) isotherms of MUF-7a 
measured at 77 K (H2: blue) and 273 K (CO2: red, CH4: green, and N2: orange). 
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Gas adsorption isotherms were also measured for a range of other gases. MUF-7a 

adsorbs a moderate amount of CO2 at 273 K and 120 kPa (30.4 cm3/g, Figure 2.10b). Due 

to the strong noncovalent interactions between polar CO2 molecules and porous hosts, as 

expected this is higher than N2 (5.0 cm3/g) and CH4 (12.3 cm3/g). Such selective 

adsorption of gases is characteristic of MOFs and enables potential applications such as 

flue gas treatment, landfill gas separation and natural gas purification.[200] 

MUF-7a also adsorbs a considerable amount of hydrogen at 77 K. To compare with 

other known MOFs, the amount of adsorbed hydrogen is best expressed in units of mass of 

hydrogen per mass of framework. MUF-7a takes up 12.4 mg/g hydrogen at 77 K and 120 

kPa (Figure 2.10b), which is comparable to MOF-5 (13.2 mg/g at 77 K and 101 kPa) and 

MOF-177 (12.5 mg/g at 77 K and 101 kPa).[201] An uptake value for 12.4 mg/g converts to 

a total volumetric uptake of 5.13 mg/cm3 by taking the bulk mass of H2 into consideration. 

It is worth noting that the bulk mass of H2 under the same conditions but without an 

adsorbent is only 0.37 mg/cm3 (Figure 2.11a). By introducing MUF-7a as an adsorbent, the 

volumetric storage capacity of H2 is increased nearly 13 fold compared to an empty vessel 

at ambient pressure and cryogenic temperature. This illustrates the promise of MOFs as 

fuel tank filler materials for hydrogen powered vehicles. 

 

 
Figure 2.11 a) Volumetric H2 excess (circles) and total (squares) uptake at 77 K for MUF-

7a compared with the bulk hydrogen (black dotted line). b) Thermogravimetric analysis 
(TGA) trace of CH2Cl2-solvated MUF-7a. 

 

In addition to its high porosity and ability to take up gases, MUF-7a also displays 

excellent thermal stability. Thermogravimetric analysis (TGA) of CH2Cl2-solvated MUF-

7a crystals shows a mass loss of 50%, when the sample was heated to 30 °C due to escape 

of the solvent. The remaining desolvated framework is stable up to 400 °C before the onset 

of thermal decomposition is observed (Figure 2.11b). 
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2.3 Conclusion 

In conclusion, the first quaternary MC-MOF, MUF-7a, has been discovered. This was 

achieved by copolymerizing btb, bpdc, bdc and Zn4O metal nodes. Through careful 

adjustment of reaction time and the feed ratio of the organic components, phase pure 

material was obtained. The single crystal X-ray structure of MUF-7a shows the three 

organic linkers are aligned in specific location in the framework lattice. The crystal 

structure of MUF-7a exhibits a range of pore types, and this void space can be accessed by 

guest molecules following framework activation. This cavity makes MUF-7a an ideal 

platform to explore more sophisticated chemistry involving linkers with functional groups, 

as presented in the next chapter.  

 

 

2.4 Experimental section 

2.4.1 General procedures 

All starting compounds and solvents were used as received from commercial sources 

without further purification unless otherwise noted. H3btb[202] was prepared via a literature 

procedure. Column chromatography was carried out on silica gel (grade 60, mesh size 230-

400, Scharlau). NMR spectra were recorded at room temperature on Bruker-400 and 

Bruker-500 Avance instruments, with the use of the solvent proton as an internal standard. 

IR spectra were collected on a Thermo Scientific Nicolet 5700 FT-IR spectrophotometer 

equipped with an attenuated total reflection (ATR) module (Smart Omni sampler, Ge 

crystal). Spectra were measured at a resolution of 4 cm 1. Elemental analyses were 

performed by the Campbell Microanalytical Laboratory at the University of Otago, New 

Zealand. Care was taken to limit the exposure of all MOFs to the atmosphere. 

 

2.4.2 MOF synthesis and characterization 

1,3,5,-Tris(4-carboxyphenyl)benzene (13.2 mg, 0.030 

mmol), 4,4 -biphenyldicarboxylic acid (12.1 mg, 0.050 

mmol) and benzene-1,4-dicarboxylic acid (5.0 mg, 0.030 

mmol) were combined with Zn(NO3)2·4H2O (55.2 mg, 

0.211 mmol) in dry DEF (4.0 mL) in a 20 mL vial and 

sonicated for 5 minutes before being heated in an 85 °C 

isothermal oven for 16 hours to obtain colorless crystals of MUF-7a. Yield: 37.4 mg. Anal. 
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calcd. for [C47H26O13Zn4]·4H2O: C, 49.86; H, 3.03; Found: C, 49.73; H, 2.73. FT-IR: 1608 

(s), 1586 (s), 1537 (s), 1260 (m), 1181 (w), 1104 (w), 1059 (m), 1016 (m), 854 (m), 808 

(m), 779 (s), 749 (w), 704 (w).  To scale up the synthesis, a parallel synthetic method was 

adopted (multiple vials using the scale described above). 

DMF method: H3btb (329 mg, 0.75 mmol), biphenyl-4,4 -dicarboxylic acid (365 mg, 

1.5 mmol) and 1,4-benzenedicarboxylic (62 mg, 0.37 mmol) were combined with 

Zn(NO3)2·4H2O (1.388 g, 5.3 mmol) in dry DMF (100 mL) and water (1.5 mL) in a 500 

mL Schott bottle which had been treated with Sigmacote and sonicated for 5 minutes 

before being heated in an 85 °C isothermal oven for 24 hours to obtain colorless crystals of 

MUF-7a. 

 

2.4.3 1H NMR analysis of digested MOF samples 

For 1H NMR spectroscopy, the mother liquor of the as-synthesized MOF crystals was 

replaced with fresh dry DEF multiple times. The MOF crystals were then filtered through a 

sintered glass filter funnel under suction and the surfaces of the crystals were allowed to 

dry. The crystals were then digested using the following protocol: 23 μL of a 35% DCl 

solution in D2O was mixed with 1 mL of DMSO-d6 to give a DCl/DMSO-d6 stock solution. 

Around 5 mg of MOF was digested in 150 μL of this stock solution together with 500 μL 

of DMSO-d6. Spectra were acquired immediately following dissolution. 

 

2.4.4 Thermogravimetric Analysis (TGA)  

Thermogravimetric analyses were performed on a TA Instruments Q50 instrument.  

Freshly prepared MOF samples were washed with DMF then activated by soaking in 

CH2Cl2 for several days. Samples were then transferred to an aluminum sample pan, the 

solvent bound to the surface of the crystals was evaporated, and then measurements were 

commenced under an N2 flow with a heating rate of 5 °C /min. 

 

2.4.5 Single crystal X-ray diffraction 

MOF crystals were mounted together with some dry DEF in a polymer sleeve on a 

Rigaku Spider diffractometer equipped with a MicroMax MM007 rotating anode generator 

(Cu  radiation, 1.54180 Å), high-flux Osmic multilayer mirror optics, and a curved image-

plate detector.  Data were collected at 293 K and were integrated and scaled and averaged 
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with FS Process.[203]  XPREP[204] was used to determine the space group and the structures 

were solved using SHELXS[204] and refined with SHELXL.[204]  

All atoms were found in the electron density difference map. Electron density 

difference maps were carefully analyzed for the possible presence of disordered framework 

components.  All non-hydrogen atoms were refined anisotropically. Unrestrained atomic 

displacement parameters sometimes produced high Ueq values during the refinement thus 

ISOR, DELU and SIMU commands were introduced as appropriate with careful 

adjustments of the standard deviations.  FLAT commands were introduced when necessary 

for some phenyl rings. Most of the bridging phenyl rings of the btb ligands were disordered. 

A free variable was used in each case to define the relative occupancies of the two sites. 

 

2.4.6 Powder X-ray diffraction patterns 

All powder X-ray diffraction experiments were carried out on a Rigaku Spider X-ray 

diffractometer with Cu K  radiation (Rigaku MM007 microfocus rotating-anode generator), 

monochromated and focused with high-flux Osmic multilayer mirror optics, and a curved 

image plate detector. The data were obtained from freshly prepared MOF samples that had 

been ground into slurry in a small amount of DEF and kept damp with DEF throughout the 

measurement.  The two-dimensional images of the Debye rings were integrated with 

AreaMax[205] to give 2  vs I diffractograms. The predicted powder pattern of MUF-7a was 

generated from its single-crystal structure using Mercury v3.0. 

 

2.4.7 Gas adsorption measurements 

Low pressure adsorption isotherms were measured by a volumetric method using a 

Micromeritics ASAP 2420 instrument.  Freshly prepared MOF samples were washed with 

DMF then activated by soaking in CH2Cl2 for several days, transfer to a pre-dried and 

weighed analysis tube contained in specially designed Schlenk glassware under a constant 

positive flow of argon atmosphere.  Excess CH2Cl2 was removed under vacuum before the 

sample tube was stoppered with a Transeal cap, heated at 1 ºC per minute to 80 ºC under 

vacuum then held under a dynamic vacuum at 10-6 Torr for 24 h.  Accurate sample masses 

were calculated using degassed samples. All adsorption measurements used ultra-high 

purity gases. 
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2.4.8 Computational details 

The geometric surface area of MUF-7a was calculated to be 4181 m2/g by the method 

described by Düren et al.[206]  This involves rolling a spherical probe, with diameter was 

set to the van der Waals diameter of N2 (3.72 Å),[207] over the framework atoms. The 

diameters of the framework atoms were also set to their van der Waals diameters which 

were calculated by multiplying their Lennard-Jones collision diameters, , by 21/6. The  

values of all framework atoms were taken from the DREIDING force field.[208] The total 

pore volumes of these materials that are accessible to helium were calculated by a method 

detailed in the literature.[195] 
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Chapter 3  
 

Programmable Pore Architectures in Quaternary Zinc-
Carboxylate Metal-Organic Frameworks 

 

3.1 Introduction 

The three linkers in MUF-7a are positioned in predetermined locations in the lattice. If 

functional groups are appended to the three ligands, they too will be located in specific 

framework sites. These functional groups will point into certain pore regions of the MOF. 

If multiple functional groups are introduced to a particular pore, this creates a relatively 

complex pore environment. If the ligands are modular, then this pore environment can be 

rationally designed and tuned. This kind of chemistry is not known in the literature. The 

closest examples are MTV-MOFs and functionalized versions of UMCM-1,[34,42] both of 

which suffer a random or near-random distribution of functional groups and thus 

heterogeneous sets of pores. 

Based on the results of Chapter 2, MUF-7a is an ideal platform to demonstrate the 

proof-of-principle of this concept. Figure 3.1 presents a conceptual illustration of the aims 

of this chapter. We planned to synthesize functionalized analogues of H2bdc, H2bpdc, and 

H3btb, and introduce them into isoreticular variants of MUF-7a. 

 

or oror+ +

 

Figure 3.1 A schematic illustration showing how programmed pores can be generated by 
precisely organising ligands with appended functional groups. 
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3.2 Results and discussion 

3.2.1 Designing functionalized ligands to circumvent crystallographic disorder 

MOFs commonly crystalize in high symmetry space groups. This means that the atoms 

comprising a ligand are often crystallographically identical. For example, in both MOF-5[3] 

[Zn4O(bdc)3] and HKUST-1[7] [Cu2(btc)4/3], only two carbon atoms of the ligand’s phenyl 

ring are in the asymmetric unit. This can create disorder when the linkers are 

functionalized in a way that is inconsistent with the crystallographic symmetry. A good 

example of this is replacement of the bdc linker of IRMOF-3, the MOF-5 analogue with 2-

amino-1,4-benzenedicarboxylate. Because the space group of MOF-5 and IRMOF-3 is the 

same, the amino group is disordered over four sites. 

With respect to MUF-7a, single-crystal X-ray diffraction reveals that there are three 

symmetry elements that can potentially generate disorder: twofold axes for the linear 

linkers and a threefold axis for one of the btb linkers (Figure 3.2). To combat disorder in 

functionalized variants of MUF-7a, functional groups should be introduced in a way that is 

compatible with these ligand site symmetries.  

 
Figure 3.2 Crystallographic site symmetries of the bdc, bpdc and btb ligands in MUF-7a. 

Atoms with the same number are related by crystallographic symmetry operations. 

 

Since bdc resides on a two-fold rotational axis parallel to its short axis (Figure 3.2), it 

should be functionalized with identical groups on its 2 and 3 positions or on its 2, 3, 5, and 

6 positions to avoid disorder by symmetry. Co-planarity of the carboxyl groups and phenyl 

rings, which is probably important to maintain the overall lattice structure, is much more 
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likely in the former case than the latter. This informed the choice of naphthalene-1,4-

dicarboxylate (ndc, Figure 3.3) as an analogue of bdc. Similarly, the bpdc ligand also has a 

two-fold crystallographic symmetry axis that relates the two phenyl rings, so a 2,2  or 

2,2 ,6,6  substitution pattern will prevent disorder. In addition, ligands that can maintain 

perfect planarity will be geometrically disposed to adopting the fully planar conformation 

observed for bpdc in MUF-7a. The benzo[c]-cinnoline ligand (bcc) was chosen with these 

considerations in mind (Figure 3.3). 

 
CO2H

CO2H

CO2H

CO2H

N
N

H2ndc H2bcc  
Figure 3.3 Substituted bdc and bpdc ligands designed according to their crystallographic 

site symmetry elements to generate programmed-pore analogues of MUF-7a. 

 

Two crystallographically independent btb ligands are present in MUF-7a. One of these 

has a three-fold rotational axis perpendicular to its central phenyl ring, while the other does 

not have crystallographically imposed symmetry (Figure 3.2). H3L1, H3L2 and H3L3 were 

initially chosen or designed to be compatible with the three-fold rotational axis (Figure 3.4). 

However, L1 was later found to be incompatible with the synthesis of MUF-7 and did not 

generate functionalized MUF-7 even when btb was used to dope the synthesis. This is 

probably due to its propensity to form a known zinc(II)-based MOF.[209] 

Efforts to incorporate L2 into a MUF-7a analogue were also unsuccessful. Instead, it 

produced a new MOF (detailed in the Electronic Appendix A). This MOF has large 

dihedral angles between the central and peripheral phenyl rings, and this phenomenon was 

also observed by others in a closely related ligand.[210] The bulkiness of methoxy groups on 

the central phenyl ring of L2 forced the peripheral phenyl rings to be twisted (Figure 3.5 

and Table 3.1, DFT: B3LYP/6-31G). This implies that the dihedral angle in the three-fold 

symmetrical ligand is a key factor in the propensity of MUF-7 type frameworks to form. 

 



Chapter 3 Programmed-Pore MOFs 
 

49 

N

N

N

CO2H

CO2HHO2C

CO2H

CO2HHO2C

OMe

OMe

MeO

CO2H

CO2HHO2C

BrBr

Br

Br Br

Br

CO2H

CO2HHO2C

OMe

MeO

OMe

H3L1 H3L2

H3L3 H3btb-OMe  
Figure 3.4 Substituted btb ligands designed to be compatible with the crystallographic site 

symmetry of btb in MUF-7a. 

 

The synthesis of H3L3 was not successful, so we finally chose to use H3btb-OMe[211] as 

the functionalized version of btb to generate variants of MUF-7a. Since its calculated 

dihedral angles between the central and peripheral phenyl rings are very similar to those of 

btb (Figure 3.5 and Table 3.1), btb-OMe is likely to be compatible with the synthesis of 

MUF-7a derivatives. 

 
Figure 3.5 Calculated structures of btb3 , btb-OMe3  and L23  showing the different 

dihedral angles of central-peripheral phenyl rings. 
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Table 3.1 Summary of geometry optimized structures of btb3 , btb-OMe3  and L23  

Ligand Dihedral angles of central-peripheral phenyl rings (°)a 

btb3  35.4 35.4 35.6 

btb-OMe3  34.4 34.6 35.2 

L23  51.8 53.7 69.6 
a Ligand geometries were optimized using a DFT method (B3LYP/6-
31G) implemented by the Gaussian 09[212] software package  

 

 

3.2.2 Synthesis and X-ray crystal structures of programmed-pore MOFs (PP-MOFs) 

As illustrated in Figure 3.6, there are eight possible combinations of bdc/ndc, bpdc/bcc, 

and btb/btb-OMe that can produce MUF-7a analogues. All seven new MOFs, named as 

MUF-7b-h, were successfully synthesized. Single crystal X-ray diffraction experiments 

revealed that they all adopt I-43d space group and have ith-d topology (Table 3.2).  They 

are isoreticular to MUF-7a (Table 3.3). 

 

CO2H

CO2H

CO2H

CO2H

CO2H

CO2HHO2C

Zn(NO3)2+ +

DEF
CO2H

CO2H

CO2H

CO2H

OR OR

N
N

CO2H

CO2HHO2C

OR

O

O O

MUF-7a [Zn4O(btb)4/3(bpdc)1/2(bdc)1/2]

MUF-7b [Zn4O(btb)4/3(bcc)1/2(bdc)1/2]

MUF-7c [Zn4O(btb)4/3(bpdc)1/2(ndc)1/2]H2bdc H2bpdc
H3btb

H2bccH2ndc H3btb-OMe

MUF-7d [Zn4O(btb)4/3(bcc)1/2(ndc)1/2]

MUF-7e [Zn4O(btb-OMe)4/3(bpdc)1/2(bdc)1/2]

MUF-7f [Zn4O(btb-OMe)4/3(bcc)1/2(bdc)1/2]

MUF-7g [Zn4O(btb-OMe)4/3(bpdc)1/2(ndc)1/2]

MUF-7h [Zn4O(btb-OMe)4/3(bcc)1/2(ndc)1/2]

 
Figure 3.6 Synthetic routes to MUF-7a-h. 

 

The synthetic routes to MUF-7b-h are broadly similar to that to MUF-7a. However, 

due to the subtle differences in the reactivity and solubility of the functionalized ligands, 

each reaction condition was carefully adjusted to obtain phase-pure materials in good 
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yields. It is also found in some cases that direct synthesis failed to reliably produce phase-

pure MOFs with high crystallinity. We solved this problem by developing a seeding 

technique that uses a small amount of crystal seeds to induce crystallization of the desired 

phase. Similar to MUF-7a, optical microscopy, powder XRD (Figure 3.7) and 1H NMR 

spectroscopy were used and all these results indicate phase purity of MUF-7b-h. 

 

 

 
Figure 3.7 Simulated PXRD pattern of MUF-7a and experimental patterns of MUF-7a-h. 
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Single crystal XRD experiments showed that, as hoped for, the ligands of MUF-7a are 

simply replaced by their functionalized counterparts in the lattice of MUF-7b-h (Figure 

3.8). Since their space group and unit cell parameters remain unchanged (Table 3.3), the 

crystallographic site symmetries of the ligands are also retained. 

It is also possible for the ligands to suffer from positional disorder. For example, the 

pyridazine ring of the bcc ligand can be positioned on either side of the carboxyl-carboxyl 

axis of the ligand. To determine whether positional disorder exists in these MOFs, we 

carefully analysed the observed electron density maps generated from their single crystal 

XRD data (Figure 3.9 and Electronic appendix A). No disorder of this kind was found: all 

functional groups were located on these maps exclusively on one side of the carboxyl-

carboxyl axis (bcc and ndc) or of the centroid-carboxyl axes (btb-OMe). The important 

conclusion from this analysis is that the functional groups of each ligand occupy specific 

positions in the lattice. 

 

 
Table 3.3 Summary of the key properties of MUF-7a and its programmed-pore analogues, 
MUF-7b-h 

  MUF-7a MUF-7b MUF-7c MUF-7d MUF-7e MUF-7f MUF-7g MUF-7h 

linker set 
btb 
bpdc 
bdc 

btb 
bcc 
bdc 

btb 
bpdc 
ndc 

btb 
bcc 
ndc 

btb-OMe 
bpdc 
bdc 

btb-OMe 
bcc 
bdc 

btb-OMe 
bpdc 
ndc 

btb-OMe 
bcc 
ndc 

unit cell lengtha 60.2324 
(11) 

60.2289 
(7) 

60.2326 
(6) 

60.2136 
(6) 

60.3052 
(11) 

60.2594 
(6) 

60.2920 
(2) 

60.2419 
(6) 

space group I-43d I-43d I-43d I-43d I-43d I-43d I-43d I-43d 
densityb 0.387 0.392 0.396 0.401 0.429 0.435 0.438 0.444 
surface areac 4450 4480 3910 3790 3910 3000 3820 4000 
pore volumed 2.16 2.15 1.84 1.84 1.84 1.30 1.74 1.93 
void fractione 0.892 0.894 0.888 0.891 0.858 0.858 0.853 0.853 
CO2 uptakef 30.3 32.3 31.5 30.5 46.4 37.5 52.7 58.8 
aIn Å. bIn g/cm3, determined from X-ray crystal structures. cIn m2/g, derived from N2 adsorption isotherms at 77 K using the 
BET method.[190] dIn cm3/g, calculated from N2 adsorption isotherms at 77K. eCalculated using helium insertion method[195] in 
the RASPA code.[197] fExcess adsorption at 273 K and 120 kPa, in cm3/g (STP). 
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Figure 3.8 Systematic modulation of the three ligands of MUF-7a to produce MUF-7b-h. 

This delivers an isoreticular set of MOFs with programmed pores. The bpdc ligand is 
highlighted in purple, bcc in blue, bdc in khaki, ndc in orange, and the methoxy groups of 

btb-OMe in green. 

 

 

 
Figure 3.9 Selected observed electron density maps generated from the single crystal XRD 

data of MUF-h showing the functional groups of bcc (left), ndc (middle) and btb-OMe 
(right) are exclusively on one side of their carboxyl-carboxyl axes without positional 

disorder. 
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Table 3.4 Structures and bending angles of bpdc, bcc, bdc and ndc ligands obtained from 
MUF-7a/h crystal structures and DFT calculations  

 MUF-7a MUF-7h Geometry optimizedb 

ligand structures 
and bending 
angles (°)a 

 
178.1 

 
172.6 

 
173.5 

 
178.8 

 
176.3 

 
172.9 

aBending angles for bpdc/bcc linkers are defined by the two carboxyl carbon atoms and the centroid of 4 and 
4  carbon atoms. Bending angles for bdc/ndc linkers are defined by the two carboxyl carbon atoms and the 
centroid of the bdc phenyl ring. bDFT/B3LYP/6-31G. 

 

The preferred rotational orientations of the linear linkers can be explained by 

comparing their crystallographic ligand geometries and their optimized ligand structures 

using DFT methods. The single crystal structure of MUF-7a shows that the carboxyl-

carboxyl axes of the bpdc and bdc ligands are both slightly bent even without functional 

groups (Table 3.4). This distortion probably arises to accommodate the bpdc and bdc 

linkers, which have different lengths in the same lattice (Figure 2.3). Geometry-optimized 

structures of the functionalized linear ligands, bcc and ndc, also exhibit a degree of 

bending even as free anions. This distortion is maintained when they are incorporated into 

the MOF lattice and ensures that their appended functional groups are positioned 

exclusively on one side of their carboxyl-carboxyl axis. 

The three linkers of MUF-7b-h are perfectly ordered in the crystal lattice. This has a 

very interesting consequence for one of the tetrahedral pores in these MOFs: it 

accommodates both the bcc and ndc functional groups (Figure 3.8). This pore has a 

complex pore environment yet it is perfectly ordered and all pores in the crystal are 

identical. Therefore we termed MUF-7b-h “programmed-pore” MOFs since their pore 

environments are regular and are determined by the substituents on the component ligands. 
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3.2.3 Porosity and gas adsorption studies 

The 1H NMR spectra of acid digested as-synthesized crystals of MUF-7b-h show a 

significant amount of occluded DEF solvent. Thermogravimetric analysis (TGA) reveals 

significant weight loss up to 50 °C, showing that the frameworks retain ~50-70 wt% 

solvent upon exchange with CH2Cl2 (Figure 3.10). These results are consistent with the 

large void spaces observed by X-ray crystallography and in good agreement with their 

calculated void fractions (Table 3.3). 

 
Figure 3.10 Thermogravimetric analysis (TGA) traces of CH2Cl2-solvated MUF-7a-h. 

 

MUF-7b-h are permanently porous upon careful activation (heating to 80 °C with a rate 

of 1 °C/min under dynamic vacuum). At 77 K, N2 adsorption isotherms display a saturation 

uptake capacity between 800 and 1400 cm3(STP)/g (Figure 3.11). Two-step steep rises in 

these isotherms were observed for all samples, corresponding to Type II isotherms,[213] 

which are characteristic of mesoporous materials and consistent with the pore dimensions 

observed by X-ray crystallography. The BET surface areas of MUF-7b-h calculated from 

their N2 adsorption isotherms are between 3000 and 4500 m2/g (Table 3.3), and their total 

pore volumes are estimated to be between 1.30 and 2.15 cm3/g (Table 3.3). We note that 

MUF-7f exhibits slightly reduced values due to the difficulties in fully activating this 

material. 
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Figure 3.11 Left: N2 adsorption (closed symbols) and desorption (open symbols) isotherms 

measured at 77K for MUF-7a-h. Right: Pore size distribution plots for MUF-7a-h, 
calculated from N2 isotherms measured at 77 K. 

 

 
Figure 3.12 CO2 adsorption isotherms measured for MUF-7a-h at 273 K. 

 

This series of MOFs displays a fascinating trend in its CO2 adsorption isotherms 

(Figure 3.12). For MOFs with btb ligands (MUF-7a-d), the CO2 adsorption capacities are 

clustered within a small range. Conversely, differences are pronounced for MOFs with btb-

OMe ligands (MUF-7e-h,). The functional groups on bcc and ndc ligands exert an impact 

on CO2 adsorption only when methoxy groups are present, enhancing CO2 adsorption 

capacity by up to 94%. Similar levels of enhancement typically require the introduction of 

highly polar functional groups on the pore surface.[159]  

It appears that a synergistic effect operates amongst these ligands since the CO2 uptake 

capacities are nonlinear. This synergistic effect may arise from the pore topography of 

these MOFs. Their pore-size distributions, calculated from their N2 adsorption isotherms 

measured at 77 K, are modulated by the ligand functional groups (Figure 3.11). Across the 

MUF-7a-h series, a larger population of smaller tetrahedral pores (6 - 12 Å) appears due to 
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the increasing bulk of the ligands. On the other hand, the large dodecahedral pores, with a 

diameter of ~19 Å, are largely unaffected by the ligand substituents, consistent with the X-

ray crystallographic results. The relationship between pore size and CO2 adsorption 

capacity is illustrated in a recent theoretical study: Wilmer et al. simulated CO2 adsorption 

of over 130,000 hypothetical MOFs and found the optimal pore diameter is around 6 – 12 

Å.[200] The appearance of pores in the size regime in MUF-7e-h underlines their high CO2 

adsorption capacities. 

 

3.3 Conclusion 

In summary, to generate MOFs that are complex and modular yet well ordered, we 

developed a strategy of systematic functionalization of a quaternary MOF that is 

constructed with three topologically distinct linkers. By introducing substituted analogues 

of these ligands, a set of isoreticular frameworks is delivered, with the MOF structure 

rationally varied while the topology is maintained. To combat randomness and disorder, 

the substitution patterns of the ligands are judiciously designed to be compatible with their 

crystallographic site symmetries. MOFs produced in this way feature “programmed-pores” 

– multiple functional groups compartmentalized in a predetermined array with a periodic 

lattice – and are capable of complex functional behaviour. Synergistic effects between 

multiple functional groups introduced via a pore-programming approach elevate the 

properties of PP-MOFs beyond conventional frameworks. In these examples, 

unconventional CO2 adsorption trends, including capacity enhancement close to 100%, 

emerge from synergistic effects. 

Shortly after we published our report on MUF-7a-h, Matzger’s group reported another 

family of Zn4O based quaternary MOFs.[214] Zhou’s group also reported some zirconium 

based quaternary MOFs around the same time is as the results from Chapter 4 were 

published.[215] 
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3.4 Experimental section 

General procedures, TGA, PXRD and gas adsorption measurements follow the same 

protocols described in Chapter 2. 1H NMR spectroscopy of digested MOF samples are 

acquired using the same procedure with the spectra available in Electronic Appendix A. 

 

3.4.1 Ligand synthesis 

H3L1[216,217] and H3btb-OMe[211] were synthesized following literature procedures with 

their NMR spectra match those originally reported.[211] The synthesis of H3L2 and partial 

synthesis of H3L3 is available in Electronic Appendix A. 

H2bcc was synthesized according to the following route with detailed procedures and 

characterization data of its intermediates available in Electronic Appendix A: 

 
CO2Me

CO2Me

NO2
NO2

H2

Pd/C

CO2Me

CO2Me

NH2
NH2

H2O2

HOAc

CO2Me

CO2Me

N
N

1) aq. KOH / THF

2) HCl

CO2H

CO2H

N
N

 

 

H2bcc: 1H NMR (400 MHz, DMSO-d6):  8.53 (dd, J = 8.5 Hz, 1.7 Hz, 2H), 9.08 (d, J 

= 8.6 Hz, 2H), 9.20 (d, J = 1.5 Hz, 2H), 13.7 (s, 2H) ppm. 13C NMR (125 MHz, 

D2O/KOH):  121.71, 121.93, 129.91, 132.62, 138.36, 143.48, 173.03 ppm. ES-MS 

(negative mode, H2O/KOH/CH3OH): m/z = 133.22 ([C14H6N2O4]2-, calcd. 133.02). Anal. 

calcd. for (C14H8N2O4)·1.25H2O: C, 57.83; H, 3.64; N, 9.64; Found: C, 57.84; H, 3.17; N, 

9.53. FT-IR: 1699 (s), 1619 (m), 1577 (w), 1543 (w), 1479 (w), 1418 (m), 1363 (w), 1286 

(s), 1220 (s), 1152 (w), 1126 (w), 916 (m), 835 (m), 755 (s), 731 (m). 
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3.4.2 MOF synthesis and characterization 

MOF synthesis was carried out in at oven maintained at 85 °C.  For IR spectroscopy, 

the mother liquor was removed and the crystals were washed with fresh dry DEF three 

times.  Solvent exchange with CH2Cl2, which was exchanged three times over three days, 

was then carried out. Where necessary, complete desolvation was achieved in an 80 °C 

vacuum oven. 

In general, three ligands and zinc nitrate tetrahydrate were dissolved or well-suspended 

in DEF in a scintillation vial. Crystal seeds were added when needed. The vial was heated 

to 85 °C for various period of time and allowed to cool naturally. This yields crystals of 

MUF-7b-h. To scale up the synthesis, multiple reactions were carried out and the crystals 

were combined for further analyses. Detailed procedures and additional characterization 

data (1H NMR spectra and optical microscopy images) of MUF-7b-h is available in 

Electronic Appendix A. 

 

 

3.4.3 Single crystal x-ray diffraction 
MOF crystals were mounted together with some dry DEF in a polymer sleeve on a Rigaku 

Spider diffractometer equipped with a MicroMax MM007 rotating anode generator (Cu  

radiation, 1.54180 Å), high-flux Osmic multilayer mirror optics, and a curved image-plate 

detector.  Data were collected at 293 K and were integrated and scaled and averaged with 

FS Process.[203]  XPREP[204] was used to determine the space group and the structures were 

solved using SHELXS[204] and refined with SHELXL.[204]  

All atoms were found in the electron density difference map except the carbon atoms of 

some of the methoxy groups of the btb-OMe ligands, which were placed in chemically 

reasonable positions.  Electron density difference maps were carefully analyzed for the 

possible presence of disordered framework components.  All non-hydrogen atoms were 

refined anisotropically (except for some methoxy groups of the btb-OMe ligands as 

described below).  Unrestrained atomic displacement parameters sometimes produced high 

Ueq values during the refinement thus ISOR, DELU and SIMU commands were introduced 

as appropriate with careful adjustments of the standard deviations.  FLAT commands were 

introduced for some phenyl rings. 

The ndc ligands in MUF-7c, MUF-7d, MUF-7g and MUF-7h were found to be disordered 

across a twofold symmetry element that results in slightly different orientations of this 
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ligand. In certain cases FLAT and SADI commands were employed to produce a 

chemically realistic model of the naphthyl rings.  In MUF7a-d, most bridging phenyl rings 

of the btb ligands were disordered.  A free variable was used in each case to define the 

relative occupancies of the two sites corresponding to two slightly different conformation 

of this ligand. In MUF-7e-h, most bridging phenyl rings and appended methoxy groups of 

the btb-OMe ligands were disordered over two sites.  Again, a free variable was used in 

each case to define the relative occupancies of the two sites.  This disorder hampered an 

unrestrained refinement of these phenyl rings and methoxy substituents therefore the 

following restraints were used when necessary: (i) C and O atoms were refined 

isotropically, (ii) DFIX restraints were employed for the C—OMe bond, (iii) a FLAT 

command to ensure the O atom was co-planar with the phenyl ring, and (iv) the phenyl 

rings were modeled as ideal hexagons. 

 

 

3.4.4 Computational details 

Geometric surface area, theoretical pore volume and void fraction calculations follow 

the exact same procedure in Chapter 2. Geometry optimization calculations were 

performed using Gaussian 09.[212] Calculations were carried out by using density functional 

theory (DFT), with Becke’s three-parameter exchange functional (B3)[218] in combination 

with the correlation functional of Lee, Yang and Parr (LYP).[219] The 6-31(G) basis set was 

used for all geometry optimization calculations. Tables containing atomic coordinates for 

optimized structures for ligand anions are available in Electronic Appendix A. 
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Chapter 4  
 

Quaternary MOFs with Enhanced Water Stability 

 

4.1 Introduction 

In Chapter 3, we demonstrated the chemistry of pore programming in quaternary 

MOFs for the first time. The success in this proof-of-concept study provides a solid ground 

for further pursuing more complicated and advanced chemistry in quaternary MOFs. 

However, there is one practical challenge that needs to be addressed before we move in 

this direction – the water sensitivity of the MUF-7 family. In fact, the water sensitivity of 

Zn4O-carboxylate MOFs is one of the biggest concerns in the MOF community, especially 

given the numerous advantages of using zinc, such as its low toxicity, huge abundance, 

relative low density and reliable synthesis that usually produce crystals suitable for 

structure determination.[20,81,220] Studies focusing on enhancing the hydrolytic stability of 

Zn4O MOFs are rarely documented in the literature.[182,221-224] Most of these early studies 

used PXRD alone to determine whether these MOFs are stable after exposure to liquid or 

gaseous water, which could be deceptive. This is because if a MOF is partially collapsed, 

say 80% of its porosity is lost after water exposure, the remaining 20% of the crystalline 

portion will strongly contribute to the PXRD signal, whereas the 80% portion, which is 

usually amorphous, is undetectable. 

 

4.2 Results and discussion 

4.2.1 Synthesis and structure of MUF-77-ethyl 

To induce greater water stability in MUF-7 analogues, we decided to employ truxene-

based ligands in place of btb. These ligands maintain the three-fold symmetry of btb, but 

are much more rigid and can be easily functionalized with hydrophobic alkyl groups (R 

groups, Scheme 4.1). The first member of this truxene series of ligands is H3hett (Figure 

4.1, hett = 5,5',10,10',15,15'-hexaethyltruxene-2,7,12-tricarboxylate). This ligand has been 

reported in the literature, as has its hexamethyl analogue.[202,225]  The other truxene ligands 

reported in this chapter were not known prior to this study. A more efficient synthetic route 

than that described in the literature was developed for these ligands. This relied on the 

Friedel-Crafts acetylation of alkylated truxene rather than bromination followed by 

carboxylation. 
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Scheme 4.1 The synthetic route to truxene ligands 

 

 
Figure 4.1 The synthetic route to MUF-77-ethyl and a view of its network structure, as 

determined by X-ray crystallography. Three ligands in the network structure are coloured 
as light brown (hett), green (bpdc) and pink (bdc). 

 

Reacting H3hett, H2bpdc, and H2bdc with Zn(NO3)2 produces MUF-77-ethyl, a 

quaternary metal-organic framework with the formula [Zn4O(hett)4/3(bpdc)1/2(bdc)1/2] 

(Figure 4.1). Single crystal x-ray diffraction experiment indicates that MUF-77-ethyl 

belongs to the cubic space group Pm-3 with a density of 0.49 cm3/g (Table 4.1). Similar to 

MUF-7a, the bulk phase purity of MUF-77-ethyl was determined by powder X-ray 

diffraction (Figure 4.2), 1H NMR spectroscopy of a digested sample (Figure 4.3), optical 

microscopy, and elemental analysis. 

By optimizing the synthetic route to MUF-77-ethyl we were able to obtain this material 

in high yield and with perfect phase purity. MUF-77-ethyl appears to be a 

thermodynamically stable phase that is readily assembled at the expense of competing 

phases. In contrast to many members of the MUF-7 family, the formation of MUF-77-ethyl 

is not particularly sensitive to the feed ratio of the three ligands and does not require crystal 

seeding. 
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Figure 4.2 Simulated and experimental PXRD patterns of MUF-77-ethyl. 

 

 
Figure 4.3 1H NMR spectrum of MUF-77-ethyl (with occluded DMF solvent molecules) 

digested with DMSO-d6/DCl showing the integrals that match with the formula 
[Zn4O(hett)4/3(bpdc)1/2(bdc)1/2]. 

 

MUF-77-ethyl features two types of dodecahedral cavity and one type of tetrahedral 

cavity, as highlighted in Figure 4.4. The larger dodecahedral cavity is defined by twelve 

Zn4O clusters, eight hett ligands and six bpdc ligands, while bdc ligands replace the bpdc 

ligands around the smaller dodecahedral cavity. Each tetrahedral cavity is delineated by 

four Zn4O clusters, four hett ligands, a bpdc ligand and a bdc ligand.  
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Figure 4.4 Views of the X-ray crystal structure of MUF-77-ethyl highlighting (a) the 
larger dodecahedral cavity, (b) the smaller dodecahedral cavity, and (c) the tetrahedral 

cavity. Hydrogen atoms are omitted for clarity. 

 

The larger dodecahedral mesopore of MUF-77-ethyl spans 34.5 Å at its widest point 

and can accommodate a sphere with a diameter of 18.5 Å (Figure 4.4a). The smaller 

dodecahedron has an interatomic span of 32.6 Å and accommodates a 16.5 Å sphere 

(Figure 4.4b). The tetrahedral cavity can house a sphere of diameter ~10 Å (Figure 4.4c). 

The free pore diameter, which is defined as the diameter of the largest sphere which can 

freely pass throughout the framework, is calculated to be 6.5 Å.[226] 

It is illustrative to compare the structural characteristics of MUF-77-ethyl with those of 

MUF-7a, which is constructed from Zn4O SBUs and bdc, bpdc and btb linkers (Figure 

4.5).[191] In both cases the three ligands are linked by six-connected Zn4O SBUs into a 

framework with ith-d topology. At each SBU four tritopic ligands occupy the equatorial 

positions, and one bpdc and one bdc ligand fill the axial sites. Differences arise due to the 

lower symmetry of MUF-7a, which generates three distinct tetrahedral cavities with 

diameters of ~10 Å, along with a unique dodecahedral cavity which spans 33.7 Å at its 

widest point. The free pore diameter of MUF-7a is 9.1 Å, which is larger than that of 

MUF-77-ethyl due to the bulky truxene ligand of the latter. 

 



Chapter 4 Quaternary MOFs with enhanced water stability 
 

66 

 
Figure 4.5 Comparison of MUF-7a (a) and MUF-77-ethyl (b). 

 

The solvent occluded in the pores of MUF-77-ethyl during synthesis is easily removed 

to produce an activated material that has a high affinity for molecular guests. Its capacity 

for taking up N2 at 77 K is 1004 cm3/g. A BET surface area of 3600 m2/g and a pore 

volume of 1.53 cm3/g were calculated from the adsorption isotherm (Figure 4.6). The close 

agreement of these values to the calculated geometric surface area (3850 m2/g)[194] and the 

theoretical pore volume (1.52 cm3/g, calculated by PLATON[227]) underscore the stability 

of the framework in the absence of guest solvent. 

 

 
Figure 4.6 Nitrogen adsorption (filled circles) and desorption (open circles) isotherm of 

MUF-77-ethyl measured at 77 K. 
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4.2.2 Water stability of MUF-77-ethyl 

We were delighted to find that MUF-77-ethyl is relatively stable towards water vapour. 

Following removal of the occluded solvent, a sample was exposed to ambient air (40-50 % 

RH) at 20 °C for 205 days. No changes to the morphology or transparency of the crystals 

were detectable by optical microscopy (Figure 4.7). Powder XRD patterns were recorded 

throughout the exposure period and they were found to remain unchanged (Figure 4.8). A 

single crystal of MUF-77-ethyl exposed to ambient air for 35 days displayed an excellent 

single-crystal X-ray diffraction pattern to a resolution beyond 0.81 Å (Figure 4.9). A full 

set of crystallographic data recorded on this aged crystal yielded refinement statistics 

superior to a freshly-prepared, solvated specimen. As a point of comparison, activated 

MUF-7a exposed to air for only 32 hours produces a poor single-crystal diffraction pattern, 

indicating a loss of crystallinity (Figure 4.9), and notable changes are evident in its PXRD 

pattern after several days (Electronic Appendix B). 

 

 
Figure 4.7 Microscopy images of MUF-77-ethyl crystals after being aged at 40-45 % RH 

for a) 24 hours and b) 205 days. 

 
Figure 4.8 Powder X-ray diffraction patterns (Cu  radiation) of MUF-77-ethyl; freshly 
activated and aged samples exposed to 40-50 % relative humidity at 20 °C for the stated 

period. 
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Figure 4.9 Left: A representative diffraction image of a desolvated single crystal of MUF-
77-ethyl which had been aged at 40-50% relative humidity at 20 °C for 35 days. Right: A 
representative diffraction image of a desolvated single crystal of MUF-7a which had been 

aged at 40-50% relative humidity at 20 °C for 32 hours. 

To quantify the stability of MUF-77-ethyl towards humid air we turned to the 

measurement of gas adsorption isotherms before and after periods of exposure to ambient 

air. This allows the porosity of an aged sample to be compared to its pristine state. 

Following the exposure of MUF-77-ethyl to humid air (RH = 40 – 50%) for 3 and 11 days, 

CO2 (273 K) and N2 (77 K) isotherms were measured (Figure 4.10 and Table 4.2). The 

uptake of CO2 by aged MUF-77-ethyl is 42.8 and 42.6 cm3/g (at 1 atm) after 3 and 11 days, 

respectively, which is almost identical to a pristine sample (42.9 cm3/g). The pore volumes 

calculated from N2 adsorption isotherms after 3 and 11 days aging are 1.54 and 1.51 cm3/g, 

respectively, which are close to its pristine state (1.55 cm3/g). Remarkably, prolonged 

aging for 100 days did not reduce its pore volume (1.59 cm3/g, Figure 4.10). Conversely, 

considerable losses in porosity and CO2 uptake capacity were found for MUF-7a under the 

same conditions (Figure 4.11 and Table 4.2) 

 

 
Figure 4.10 Left: Nitrogen adsorption (filled circles) and desorption (open circles) 

isotherms measured at 77 K for pristine and aged MUF-77-ethyl under 40-50% relative 
humidity. Right: CO2 adsorption (filled circles) and desorption (open circles) isotherms 
measured at 273 K for pristine and aged MUF-77-ethyl under 40-50% relative humidity. 
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Figure 4.11 Left: Nitrogen adsorption (filled circles) and desorption (open circles) 

isotherms measured at 77 K for pristine and aged MUF-7a under 40-50% relative humidity. 
Right: CO2 adsorption (filled circles) and desorption (open circles) isotherms measured at 

273 K for pristine and aged MUF-7a under 40-50% relative humidity. 

 

The observed stability of MUF-77-ethyl, which indicates that it can be handled 

indefinitely under typical laboratory conditions, is a surprising revelation. It is well 

established that Zn4O-carboxylate MOFs are prone to decomposition by water 

vapour.[220,221,223,228,229] The instability of MUF-7a described above is typical for this class 

of MOF. In other examples, MOF-5[3] and UMCM-1[55] are known to degrade rapidly in 

ambient conditions,[221,223,228] and MOF-177,[12] which is used as an adsorbent in prototype 

natural gas fuel tanks,[230] collapses upon exposure to 40% RH for three days.[229] Although 

a few literature examples have shown moderate resistance to moisture,[182,221,223,224,231] 

improving their stability in this regard is of considerable current interest.[222,224,231]  

Both MUF-77-ethyl and MUF-7a are quaternary MOFs that are constructed from 

similar ligand sets and identical SBUs. Why does their stability toward humid air differ so 

remarkably? We note that the major difference between the frameworks is the identity of 

the tritopic ligand: hett in MUF-77-ethyl and btb in MUF-7a. On this basis, there are two 

plausible reasons behind the superior stability of MUF-77-ethyl: First, hett is more 

hydrophobic than btb, which may lead to a drop in the affinity of MUF-77-ethyl for water 

vapour vis-à-vis MUF-7a. Second, the truxene backbone of hett is more rigid than btb, 

which may impede substitution reactions, such as hydrolysis, at the Zn4O SBUs. 

Differences in basicity arising from the electron-rich truxene core may be discounted since 

the estimated pKa of H3hett (3.42 ± 0.70) is very similar to that of H3btb (3.46 ± 0.10).[232] 
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4.2.3 Synthesis and structure of other MUF-77 frameworks  

To examine these points in detail and optimize this class of MOF for water stability, we 

designed a family of truxene-based tritopic ligands that feature alkyl chains of different 

lengths (Figure 4.12). Since the overall geometry of these ligands is the same as the hett 

ligand, we anticipated that quaternary MOFs which are isoreticular to MUF-77-ethyl could 

be produced. We indeed found this to be the case and were able to prepare the five new 

quaternary MOFs depicted in Figure 4.12 in high yield and perfect phase purity. We 

characterized these frameworks by single crystal XRD (Table 4.1), 1H NMR spectroscopy 

of digested samples (Electronic Appendix B), PXRD (Electronic Appendix B), optical 

microscopy, and elemental analyses. 

 

MUF-77-methyl

MUF-77-ethyl

MUF-77-butyl

MUF-77-hexyl

MUF-77-octyl

MUF-77-decylR = methyl, H3hmtt
R = ethyl, H3hett
R = n-butyl, H3hbtt
R = n-hexyl, H3hhtt
R = n-octyl, H3hott
R = n-decyl, H3hdtt

Zn(NO3)2

DEF / H2O

[Zn4O(hmtt)4/3(bpdc)1/2(bdc)1/2]
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Figure 4.12 Synthetic route to the MUF-77 series of materials. 

 

The resistance of these materials to atmospheric water vapour enabled us to use 

desolvated crystals for all single crystal X-ray diffraction experiments. The structures of 

MUF-77-methyl and -butyl indicate that the alkyl chains extend normal to the truxene 

plane (as observed for MUF-77-ethyl) and are directed into both the large and small 

dodecahedral cavities. This appears to be a favorable alignment of the alkyl chains based 

on the solid state structure of 2,7,12-triacetyl-5,5',10,10',15,15'-hexaoctyltruxene (Figure 

4.13). Shorter alkyl chains (up to hexyl) can be fully accommodated in the large 

dodecahedral cavities (Figure 4.14). The tetrahedral cavities (diameters ~8 Å), on the other 

hand, are largely unaffected. It was not possible to accurately model the disposition of the 

alkyl chains in MUF-77-octyl and -decyl using X-ray crystallography data due to disorder, 

although it is evident that they occupy most of the dodecahedral void spaces and spill over 

into the tetrahedral cavities. 
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Figure 4.13 ORTEP diagrams for 2,7,12-triacetyl-5,5 ,10,10 -15,15 -hexaoctyltruxene 

showing 50% ellipsoid probability. 

 
Figure 4.14 Views of the large dodecahedral cavities of MUF-77-methyl (left) and MUF-
77-hexyl (right) showing the alkyl groups appended to the truxene ligand in space-filling 

mode. 
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Table 4.2 Summary of the key properties of the MUF-77 series and MUF-7a. 

 MUF-7a MUF-77-
methyl 

MUF-77-
ethyl 

MUF-77-
butyl 

MUF-77-
hexyl 

MUF-77-
octyl 

MUF-77-
decyl 

ligand set 
btb 
bpdc 
bdc 

hmtt 
bpdc 
bdc 

hett 
bpdc 
bdc 

hbtt 
bpdc 
bdc 

hhtt 
bpdc 
bdc 

hott 
bpdc 
bdc 

hdtt 
bpdc 
bdc 

cell 
dimensiona 60.232 29.953 29.951 29.936 29.861 29.812 29.806 

space group I-43d Pm-3 Pm-3 Pm-3 Pm-3 Pm-3 Pm-3 
densityb 0.387 0.452 0.494 0.578 0.667 0.754 0.839 
BET surface 
areac 4450 3600 3600 3250 2170 1570 1170 

pore volumed 2.16 1.85 1.55 1.21 1.00 0.65 0.48 
porosity after 
aginge 73/61 98/101 99/98 99/98 86/74 87/75 81/74 

CO2 capacity 
after agingf 79/71 98/99 100/99 99/98 89/83 89/82 87/84 

Qst
0g 15.0/12.9 17.4/14.3 18.1/14.2 19.7/15.5 19.9/15.5 19.5/16.0 16.0/19.8 

water conc.h 2.06 0.11 0.09 0.22 0.20 0.41 0.46 
aIn Å. bIn g/cm3. cBET surface area in m2/g. dIn cm3/g, calculated from the N2 adsorption isotherm at 77 K and P/P0 = 
0.995. eAt 77 K in % with respect to pristine samples after aging for 3/11 days. fAt 273 K in % with respect to pristine 
samples after aging for 3/11 days. gHeat of adsorption at zero loading in kJ/mol, CO2/CH4. hConcentration of adsorbed 
water in the framework pores in mol/L at 50% RH. 

 

By modulating the lengths of the truxene substituents the pore characteristics of this 

isoreticular family of MOFs can be systematically modified (Figure 4.15, Figure 4.16 and 

Table 4.2). All frameworks can be activated by solvent exchange with dichloromethane 

followed by desolvation under vacuum at 80 °C. N2 sorption isotherms at 77 K allow the 

estimation of BET surface areas, which extend from 1170 to 3600 m2/g. Pore volumes 

range from 1.85 to 0.48 cm3/g and are directly related to the size of the alkyl substituent on 

the truxene ligand. Using a computational method, we calculated their pore size 

distributions from their single-crystal X-ray structures. This yields a plot of normalized 

pore population as a function of pore diameter (Figure 4.17). The result shows a reduction 

in the space available in the two large dodecahedral cavities (~18.5 and 21.0 Å in MUF-77-

methyl) as the alkyl substituents lengthen. This is consistent with X-ray crystal structures 

that show that the alkyl substituent occupies this cavity. 
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Figure 4.15 Nitrogen adsorption (filled circles) and desorption (open circles) isotherms at 
77 K for MUF-7a and the MUF-77- series. Colour code: black: MUF-7a, blue: MUF-77-
methyl, red: MUF-77-ethyl, green: MUF-77-butyl, orange: MUF-77-hexyl, purple: MUF-

77-octyl and grey: MUF-77-decyl. 

 

 
Figure 4.16 A plot showing the density, pore volume, surface area, volumetric CO2 and 

CH4 uptake at 1 atm and 273 K for MUF-7a and the MUF-77 series. 

 

 
Figure 4.17 Pore size distributions for MUF-77-methyl, -ethyl -butyl and -hexyl calculated 

from their X-ray crystal structures. 



Chapter 4 Quaternary MOFs with enhanced water stability 
 

75 

 

4.2.4 Water stability of MUF-77 family 

To test the influence of the length of the alkyl substituents on the stability of these 

frameworks towards atmospheric humidity, a series of gas and vapour adsorption 

isotherms were measured. The samples for these measurements were first activated then 

aged in air at a relative humidity of 40 – 50 % for three days and for 11 days. PXRD 

patterns were taken during the aging period and no changes could be discerned for any of 

these materials (Electronic Appendix B). N2 (77 K) and CO2 (273 K) isotherms were 

measured using the aged materials, and uptake capacities at 0.995 atm (N2) and 1 atm (CO2) 

were used as points of comparison with pristine specimens to determine the relative loss of 

porosity. 

A counter-intuitive trend across the MUF-77 series emerges from the data presented in 

Figure 4.18. Frameworks with longer alkyl chains are less stable towards water vapour! 

Specifically, a cluster of frameworks with high stability comprises MUF-77-methyl, MUF-

77-ethyl and MUF-77-butyl. Amongst this group, there are negligible changes in structure 

over the aging period. It is noteworthy that a 100 day aging experiment on MUF-77-butyl 

also resulted in minimal porosity loss (Figure 4.19). A second group of lesser stability 

contains MUF-77-hexyl, MUF-77-octyl and MUF-77-decyl. These MOFs lose about 25% 

of their capacity for adsorbing N2 after 11 days of aging, and their CO2 uptake capacity 

diminishes by around 17%. MUF-7 is the least stable of the frameworks under 

investigation. 
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Figure 4.18 Relative porosities and CO2 uptake capacities of aged MUF-77s and MUF-7a 

plotted as a fractional capacity with respect to the capacity of their pristine samples. N2 
isotherms measured at 77 K and CO2 isotherms at 273 K. 

 

 
Figure 4.19 Left: Nitrogen adsorption (filled circles) and desorption (open circles) 

isotherms measured at 77 K for pristine and aged MUF-77-butyl under 40-50 % RH. Right: 
CO2 adsorption (filled circles) and desorption (open circles) isotherms measured at 273 K 

for pristine and aged MUF-77-butyl under 40-50% RH. 

 

A close inspection of experimental water adsorption isotherms[64,233] (Figure 4.20) 

together with Grand Canonical Monte Carlo (GCMC) simulations[197,234,235] provides 

insights into this surprising trend. The following observations are pertinent: (i) Water 

vapour uptake rises slowly as a function of the partial pressure at low RH, as expected for 
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hydrophobic materials. (ii) In the isotherm region corresponding to the relative humidity of 

our aging experiments (40 - 50%), the concentration of water in the void space of the 

frameworks can be calculated by dividing the amount of excess water uptake (in mmol/g) 

by the measured pore volume of the MOF (in cm3/g, Figure 4.20). The concentration of 

adsorbed water in the framework pores correlates with the length of the alkyl substituent 

on the truxene ligand; surprisingly, longer chains leads to higher water concentrations 

(Figure 4.20). (iii) The simulations provide information on the sites of water molecule 

adsorption. As shown in Figure 4.21 and Table 4.3, the frequency and relative probability 

of water molecules being adsorbed closer to Zn4O SBUs increases with longer alkyl 

substituents. 

 

 
Figure 4.20 Left: Water vapour adsorption isotherms measured at 298 K for MUF-7a 

(black), MUF-77-methyl (blue), -ethyl (red), -butyl (green), -hexyl (orange), -octyl (purple) 
and -decyl (grey). Right: Adsorption isotherms presented to highlight the concentration of 

adsorbed water molecules in the framework void space as a function of RH. 

 

 
Figure 4.21 The distances between adsorbed water molecules and the closest Zn4O SBU as 

calculated by GCMC simulations for MUF-77-methyl (blue), -ethyl (red), -butyl (green) 
and –hexyl (orange). 
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Table 4.3 Frequency and probability of water near Zn4O SBUs in some MUF-77 materials. 

MOF Total frequency Frequency for 0 < dmin  5 Å Probability for 0 < dmin  5 Å 
MUF-77-methyl 636629 281504 44.2% 
MUF-77-ethyl 604884 384874 63.6% 
MUF-77-butyl 793494 528802 66.6% 
MUF-77-hexyl 930710 666636 71.6% 

 

Table 4.4 Pore volume comparison for MUF-7a and MUF-77s calculated from N2 and 
H2O isotherms. 

MOF From N2 isotherms at 77 K (cm3/g) From H2O isotherms at 298 K (cm3/g)  

MUF-7a 2.16 0.162  

MUF-77-methyl 1.85 0.127  

MUF-77-ethyl 1.55 0.254  

MUF-77-butyl 1.21 0.226  

MUF-77-hexyl 1.00 0.142  

MUF-77-octyl 0.65 0.110  

MUF-77-decyl 0.48 0.108  

 

MUF-77-ethyl was used for further water vapour sorption experiments where the RH 

was cycled multiple times between 10% and various maximum RH values (Figure 4.22). 

Material treated in this way was then analysed by PXRD, optical microscopy and a N2 

adsorption isotherm. After 20 cycles of water vapour adsorption and desorption to 70% RH, 

no visual changes to the MOF crystals were apparent (Figure 4.23). The PXRD pattern and 

N2 isotherm were also identical to those of pristine specimens (Figure 4.23 and Figure 

4.24). When MUF-77-ethyl was subject to 20 cycles to 75% RH, which lies at the 

beginning of the steep rise in water vapour uptake, we found the crystals turned almost 

opaque (Figure 4.23) and lost 40 % of their uptake capacity for N2 (Figure 4.24). Their 

PXRD pattern, however, did not change, which reinforces the notion that PXRD alone is 

not adequate to determine whether a MOF is stable under certain conditions.[81,233] After 

only 3 cycles to 80% RH, which is at the halfway point of the steep rise, the crystals turned 

completely opaque (Figure 4.23) and the material lost most of its porosity (Figure 4.24). 
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Figure 4.22 Top: Twenty water vapour adsorption and desorption isotherms for MUF-77-

ethyl cycled between RH of 0.10 and either 0,70 or 0,75. Bottom: Three water vapour 
adsorption and desorption isotherms for MUF-77-ethyl cycled between RH of 0.10 and 

0.80. 

 

 
Figure 4.23 PXRD pattern of MUF-77-ethyl before and after water adsorption and 

desorption cycles between 10 % RH and different maximum humidity. 
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Figure 4.24 N2 isotherms for MUF-77-ethyl measured at 77 K before and after water 
adsorption and desorption cycles between 10 % RH and different maximum humidity. 

 

Several important findings emerge from the foregoing observations on water vapour 

uptake: 

1. The contrasting stabilities of MUF-7a and MUF-77-methyl demonstrate that 

introducing truxene-based ligands in quaternary MOFs dramatically enhances their 

stability towards humidity. This arises from the truxene ligand, which confers a higher 

degree of hydrophobicity than btb. MUF-77-methyl therefore adsorbs less water vapour 

than MUF-77-methyl. The enhanced rigidity of the truxene ligand also plays a role by 

inhibiting the displacement of the ligands around the zinc clusters by incoming H2O. We 

note that ligand rigidification has been found by other worker to enhance MOF stability 

towards shear forces.[94] 

2. The steep rise of the water vapour uptake in the sorption isotherms corresponds to 

pore filling, which causes the degradation of the framework crystallinity and porosity 

(Figure 4.23). After pore filling occurs the water sorption is largely irreversible, 

presumably because of chemisorption to the components of the collapsed frameworks. 

3. The stable group of materials, MUF-77-methyl, -ethyl, and -butyl, can be used, 

handled, or stored at up to 70 % RH over long periods of time. We ascribe this to their 

relatively low affinity for water vapour, as evidenced by their water vapour sorption 

isotherms. 

4. The instability of the MUF-77 materials with longer alkyl substituents under ambient 

conditions is due to a combination of a high concentration of water in their void volumes at 

relevant RHs and the close proximity of the adsorbed water molecules to the Zn4O clusters. 
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These factors promote hydrolysis of the zinc(II) clusters leading to framework collapse.[236] 

This underlies the counterintuitive relationship between ligand hydrophobicity and MOF 

stability. 

Valuable trends in CO2 and CH4 adsorption capacities emerge from adsorption 

isotherms measured for these gases across the MUF-77 series. Volumetric uptake of CO2 

and CH4 peaks at MUF-77-hexyl (Figure 4.25). Increases of 237 % and 172 % are 

observed for CO2 and CH4, respectively, with respect to MUF-7a. These increases are 

achieved simply by modifying the pores with space-filling alkyl chains rather than the 

conventional approach of introducing polar functional groups or open metal sites.[159,161] 

Related observations have been made in other studies.[191,237-239] We can understand the 

trends exhibited by the MUF-77 series by analysis of the isosteric heats of adsorption, 

which increase as the alkyl chain becomes longer (Table 4.2, Figure 4.26), and the 

available pore volume, which naturally decreases with increasing substituent size. MUF-

77-hexyl represents the point at which an optimum combination of heat of adsorption and 

pore volume is reached. MOFs with shorter alkyl chains feature open pores, which provide 

relatively few favourable noncovalent interactions between the framework walls and gas 

molecules. Alkyl chains of intermediate length (e.g., butyl, hexyl) are ideal in that they 

induce pore topographies with significant nooks and crannies that maximize the number of 

favourable noncovalent interactions with guest molecules. Overly long alkyl chains, on the 

other hand, overfill the pores and render them featureless and smaller than optimal, which 

limits the number of guest molecules that can be bound. 
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Figure 4.25 Gravimetric (left) and volumetric (right) gas adsorption capacities for CO2 

(top) and CH4 (bottom) taken from adsorption isotherms at 1 atm and 273 K for MUF-7a 
(black), MUF-77-methyl (blue), -ethyl (red), -butyl (green), -hexyl (orange), -octyl (purple) 

and -decyl (grey). 

 

 
Figure 4.26 Isosteric heat of adsorption plots for the adsorption of CO2 (left) and CH4 

(right) by MUF-7a and MUF-77s. 

 

4.3 Conclusion 

The synthesis of an isoreticular family of quaternary Zn4O carboxylate MOFs with a 

series of truxene-based tritopic linkers generates unique insights into the ways in which 

MOF characteristics can be systematically optimized. The planarity of truxene ligand 
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inhibits the formation of competing phases, allowing reactions involving large ligand sets 

to converge on the desired multicomponent frameworks. The rigidity and hydrophobicity 

of the truxene moiety also enhances the stability of these MOFs towards water vapour to 

the point where several of these materials can be openly handled in standard laboratory 

environments over a time period of at least several months. By modulating the substituents 

on the truxene ligands, we made the surprising discovery that members of this series with 

long alkyl chains are less stable toward ambient humidity. Water adsorption isotherms 

combined with GCMC simulations revealed that this counter-intuitive finding can be 

rationalized by an increased concentration of water in the framework pores at low RH and 

the propensity for this adsorbed water to reside close to the Zn4O SBUs. Systematic ligand 

modulation also resulted in tunable CO2 and CH4 adsorption characteristics. The CO2 

uptake for the best performing material is more than treble that of its non-functionalized 

analogue. 

These insights are enabled by the multicomponent nature of the MUF-77 series. A 

selected ligand, in this case the tritopic truxene liker, can be appended with substituents 

that systematically modify the pore characteristics. Such modifications would typically 

lead to low porosity and a breakdown in the isoreticular relationship for MOFs that 

comprise just one ligand. A key advantage of multicomponent MOFs is that  collectively 

 ligand sets are able to maintain the open structure of parent frameworks even if 

significant changes are made to one of their members. This enables enlightening 

relationships between ligand structures, pore characteristics, and functional performance to 

be established. The modification of all three linkers to produce variants of MUF-77 with 

programmed pores is an exciting prospect. 
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4.4 Experimental section 

4.4.1 General procedures 

All starting compounds and solvents were used as received from commercial sources 

without further purification unless otherwise noted. Truxene[240] and 5,5 ,10,10 ,15,15 -

hexaethyltruxene[225] were prepared via literature procedures. Column chromatography was 

carried out on silica gel (grade 60, mesh size 230-400, Scharlau). NMR spectra were 

recorded at room temperature (unless otherwise noted) on Bruker-400 and Bruker-500 

Avance instruments, with the use of the solvent proton as an internal standard.  Elemental 

analyses were performed by the Campbell Microanalytical Laboratory at the University of 

Otago, New Zealand. 

 

4.4.2 Ligand synthesis and characterization 

All truxene-based ligands were synthesized starting from truxene according to Scheme 

4.1. Detailed procedures and spectroscopic data on these ligands and their intermediates 

are available in the Electronic Appendix B. 

 

H3hbtt: 1H NMR (500 MHz, DMSO-d6):  0.33 – 0.48 (m, 30H), 0.80 (m, 12H), 2.20 

(m, 6H), 3.00 (m, 6H), 8.04 (d, J = 8.3 Hz, 3H), 8.08 (s, 3H), 8.44 (d, J = 8.3 Hz, 3H) ppm. 
13C NMR (125 MHz, DMSO-d6):  13.63, 22.15, 26.30, 35.56, 55.49, 123.10, 124.43, 

128.25, 129.22, 137.67, 143.36, 147.15, 153.11, 167.41 ppm. ES-MS (positive mode): m/z 

= 811.49 ([C54H67O6]+, calcd. 811.49). Anal. calcd. for [C54H66O6]: C, 79.96; H, 8.20; 

Found: C, 79.72; H, 8.23. 

H3hhtt: 1H NMR (400 MHz, DMSO-d6):  0.37 (m, 12H), 0.50 (t, J = 6.6 Hz, 18H), 

0.70-0.91 (m, 36H), 2.18 (m, 6H), 2.98 (m, 6H), 8.08 (d, J = 8.3 Hz, 3H), 8.11 (s, 3H), 

8.48 (d, J = 8.3 Hz, 3H), 13.04 (m, br, 3H) ppm. 13C NMR (100 MHz, DMSO-d6):  13.59, 

21.49, 23.44, 28.64, 30.89, 35.90, 55.57, 122.99, 124.33, 128.22, 129.19, 137.62, 143.37, 

146.97, 153.06, 167.48 ppm. ES-MS (positive mode): m/z = 979.68 ([C66H91O6]+, calcd. 

979.68). Anal. calcd. for [C66H90O6]·0.5 H2O: C, 80.20; H, 9.28; Found: C, 80.07; H, 9.38. 

H3hott: 1H NMR (500 MHz, DMSO-d6, 40 °C):  0.39 (m, 12H), 0.63 (t, J = 6.9 Hz, 

18H), 0.76-0.96 (m, 60H), 2.17 (m, 6H), 2.98 (m, 6H), 8.07 (d, J = 8.2 Hz, 3H), 8.10 (s, 

3H), 8.48 (d, J = 8.2 Hz, 3H) ppm. 13C NMR (125 MHz, DMSO-d6, 40 °C):  13.53, 21.66, 

23.27, 28.03, 28.37, 28.77, 31.02, 35.76, 55.42, 122.87, 124.11, 128.02, 129.16, 137.54, 
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143.25, 146.83, 152.93, 167.27 ppm.  Anal. calcd. for [C78H114O6]·0.5 H2O: C, 80.99; H, 

10.02; Found: C, 81.02; H, 10.16. 

H3hdtt: 1H NMR (500 MHz, DMSO-d6, 80 °C):  0.45 (m, 12H), 0.73-1.14 (m, 102H), 

2.20 (m, 6H), 2.97 (m, 6H), 8.06 (d, J = 8.2 Hz, 3H), 8.10 (s, 3H), 8.46 (d, J = 8.3 Hz, 3H) 

ppm. 13C NMR (125 MHz, DMSO-d6, 80 °C):  13.15, 21.41, 23.05, 27.97, 28.08, 28.38, 

28.50, 30.71, 35.69, 55.23, 122.65, 123.74, 127.61, 129.06, 137.35, 142.97, 146.62, 152.70, 

166.87 ppm.  Anal. calcd. for [C90H138O6]: C, 82.14; H, 10.57; Found: C, 82.08; H, 10.77. 

 

4.4.3 MOF synthesis and characterization 

In general, three ligands and zinc nitrate tetrahydrate were dissolved or well-suspended 

in DEF and H2O (3-5% v/v) in a scintillation vial which had been pretreated with 

Sigmacote. The vial was heated to 85 °C for various period of time and allowed to cool 

naturally. This yields crystals of the MUF-77 series. To scale up the synthesis, a similar 

reagent ratio was used and scaled up accordingly. Reactions were carried out in Schott 

bottles with various amounts of solvents. Detailed procedures and characterization data (1H 

NMR spectra, optical microscopy images and elemental analyses) of the MUF-77 family 

are available in Electronic Appendix B. 

 

4.4.4 1H NMR analysis of digested MOF samples 

For 1H NMR spectroscopy, the mother liquor of the as-synthesized MOF crystals was 

replaced with fresh dry DMF multiple times. The MOF crystals were then filtered through 

a Büchner funnel on a filter paper under suction and the surfaces of the crystals were 

allowed to dry. The crystals were then digested using the following protocol: 23 μL of a 35% 

DCl solution in D2O was mixed with 1 mL of DMSO-d6 to give a DCl/DMSO-d6 stock 

solution. Around 5 mg of MOF was digested in 150 μL of this stock solution together with 

450 μL of DMSO-d6. Spectra were acquired immediately following dissolution. Spectra 

for all MOFs are presented in Electronic Appendix B. 

 

4.4.5 Thermogravimetric analysis (TGA) 

Thermogravimetric analyses were performed on a TA Instruments Q50 instrument. 

Measurements were made under a N2 flow with a heating rate of 5 °C /min. 

TGA of DMF-solvated MOFs: The mother liquor of the as-synthesized MOF crystals 

was replaced with fresh dry DMF multiple times. The MOF crystals were then filtered 
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through a Büchner funnel on filter paper under suction and the surfaces of the crystals were 

allowed to dry. 

TGA of desolvated MOFs: The mother liquor of the as-synthesized MOF crystals was 

replaced with fresh dry DMF multiple times. The MOF crystals were then soaked in DMF 

overnight. The solvent was then replaced with fresh dry dichloromethane multiple times. 

The MOF crystals were then soaked in dichloromethane overnight. The MOF crystals were 

then evacuated under high vacuum to afford desolvated MOFs. 

 
Figure 4.27 Thermogravimetric analysis (TGA) traces of DMF solvated (left) and 

desolvated(right) MOFs 

 

4.4.6 Single crystal X-ray diffraction 

Data collections were performed on a Rigaku Spider diffractometer equipped with a 

MicroMax MM007 rotating anode generator (Cu  radiation, 1.54180 Å), high-flux Osmic 

multilayer mirror optics, and a curved image-plate detector. Data were integrated and 

scaled and averaged with FS Process.[203]  XPREP[204] was used to determine the space 

group and the structures were solved using direct method under SHELXS[204] and refined 

with SHELXL[204] under an Olex 2[241] graphical interface. Crystallography of MOFs will 

be described here, whereas crystallography of 2,7,12-triacetyl-5,5 ,10,10 ,15,15 -

hexaoctyltruxene is detailed in Electronic Appendix B. 

As-synthesized MOF crystals were soaked in fresh dry DMF and DMF was replenished 

few times within a day. The crystals were soaked overnight then the solvent was 

exchanged with dry dichloromethane and dichloromethane was again replenished several 

times. The crystals were soaked in dry dichloromethane overnight before being activated in 

a vacuum oven (0.5 Torr) at 80 °C overnight. The vacuum oven was back filled with 

humid air (~70 % relative humidity) to produce crystals suitable for single crystal X-ray 

diffraction analyses. 
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MOF crystals were analyzed within a few days of activation, except for MUF-77-ethyl, 

which was aged at 40 - 50% relative humidity at 20 °C for 35 days before being analyzed. 

All data were collected at 293 K.  It is noteworthy that the data quality of these 

activated crystals is better than that of the crystals in their solvated form. Room 

temperature data collection also produced better refinement statistics than low temperature 

data collection. 

All zinc, oxygen and non-alkyl carbon atoms were found in the electron density 

difference maps and refined anisotropically. All hydrogen atoms were calculated and 

refined as a riding model. The treatment of the atoms of the alkyl chains is described below. 

MUF-77-methyl and MUF-77-ethyl 

All alkyl carbon atoms were found in the electron density difference map and refined 

anisotropically. 

MUF-77-butyl 

All eight carbons atoms of the two butyl groups were found in the electron density 

difference map. The four carbon atoms which are least distant from the truxene core were 

refined anisotropically and the rest of the carbon atoms were refined isotropically. One 

terminal carbon atom of a butyl group was found to be disordered over two sites. The 

occupancies of these two possible locations were refined freely but sum up to one. The 

same atomic displacement parameters were used for these two locations. Some distance 

restraints were used when appropriate. 

MUF-77-hexyl 

Six out of twelve carbon atoms of the two hexyl groups were found in the electron 

density difference map. All other carbon atoms are disordered and were not modeled. The 

two terminal carbon atoms were refined isotropically (with a displacement parameter fixed 

to 1.2 times that of the adjacent carbon atom) and the remaining alkyl carbon atoms were 

refined anisotropically. SQUEEZE[227] found that there are 762 unallocated electrons 

which compares with the 1152 electrons of unmodeled carbon and hydrogen atoms. 

MUF-77-octyl 

Six out of sixteen carbon atoms of the two octyl groups were found in the electron 

density difference map. All other carbon atoms are disordered and were not modeled. The 

four terminal carbon atoms were refined isotropically (with a displacement parameter fixed 

to 1.2 times that of the adjacent carbon atom) and the remaining alkyl carbon atoms were 

refined anisotropically. Two distance restraints were used. SQUEEZE found that there are 
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1103 unallocated electrons which compares with 1920 electrons of unmodeled carbon and 

hydrogen atoms. 

MUF-77-decyl 

Six out of twenty carbon atoms of the two decyl groups were found in the electron 

density difference map. All other carbon atoms are disordered and cannot be located. Thus 

these carbon atoms are not modeled. The four terminal carbon atoms were refined 

isotropically and the remaining alkyl carbon atoms were refined anisotropically. Two 

distance restraints were used. The same atomic displacement parameters were used for the 

two  carbons atoms. SQUEEZE found that there are 1719 unallocated electrons which 

compares with 2688 electrons of unmodeled carbon and hydrogen atoms. 

 

4.4.7 Powder x-ray diffraction patterns 
All powder X-ray diffraction experiments were carried out on a Rigaku Spider X-ray 

diffractometer with Cu K  radiation (Rigaku MM007 microfocus rotating-anode generator), 

monochromated and focused with high-flux Osmic multilayer mirror optics, and a curved 

image plate detector. The data were obtained from either freshly prepared MOF samples 

that had been ground into slurry in a small amount of DEF and kept damp with DEF 

throughout the measurement, or desolvated MOF samples (prepared in the same way as the 

samples of the single crystal X-ray experiments) that were ground then fixed to a mount 

with a minimum amount of Fomblin oil. The two-dimensional images of the Debye rings 

were integrated with 2DP[242] to give 2  vs I diffractograms. The predicted powder patterns 

of the MOFs were generated from their single-crystal structures using Mercury v3.3. 
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Figure 4.28 Simulated and experimental PXRD patterns of MUF-77 series. 

 

  



Chapter 4 Quaternary MOFs with enhanced water stability 
 

90 

4.4.8 Gas adsorption measurements and calculations 

Low pressure gas adsorption isotherms were measured by a volumetric method using a 

Quantachrome Autosorb iQ2 instrument. Freshly prepared MOF samples were washed 

with DMF then activated by soaking in dry CH2Cl2 for several days then transferred to a 

pre-dried and weighed analysis tube. Excess CH2Cl2 was removed under vacuum and the 

tube back filled with argon before being heated at 1 °C per minute to 80 °C under vacuum.  

The sample was then held under a dynamic vacuum at 10-6 Torr for 10 hours. Accurate 

sample masses were calculated using degassed samples after sample tubes were backfilled 

with nitrogen. All sorption measurements used ultra-high purity gases. Isotherms can be 

found in Electronic Appendix B and additional isotherm fitting figures and data are 

available in Electronic Appendix D. 

 

4.4.9 Aging experiments on activated frameworks 

Activated MOF samples were aged in air at 40-50% relative humidity and 20 °C. 

Microscopy images, powder X-ray diffraction patterns and gas sorption measurements 

were conducted on pristine and aged samples. Most of the aging experiments were 

performed on samples directly after gas adsorption measurements except for two 

specimens: MUF-77-ethyl and MUF-77-butyl, which were prepared separately by heating 

CH2Cl2-solvated samples in a vacuum oven (3.5 mbar) to 80 °C overnight. Aged samples 

were evacuated to 10-6 Torr at 20 °C for 5 hours prior to the gas adsorption measurements. 

PXRD patterns and Gas adsorption data pre- and post-aging are detailed in Electronic 

Appendix B. 

 

4.4.10 Water vapour sorption measurements 

Water adsorption isotherms were measured by a volumetric method using a 

Quantachrome Autosorb iQ2 instrument. Deionized water was degassed at 3.5 Torr for 2 

hours before being used. Freshly prepared MOF samples were washed with DMF then 

activated by soaking in dry CH2Cl2 for several days, transferred to a pre-dried and weighed 

analysis tube. Excess CH2Cl2 was removed under vacuum and back filled with argon 

before the sample was heated at 1 °C per minute to 80 °C under vacuum then held under a 

dynamic vacuum at 10-6 Torr for 10 hours. Accurate sample masses were calculated using 

degassed samples after backfilling with nitrogen. Water adsorption and desorption data for 

MUF-7a and MUF-77 series are detailed in Electronic Appendix B. 
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4.4.11 Modeling, calculations and simulations 

MOF models 

Single crystal structures of MUF-77-methyl and MUF-77-ethyl were used directly for 

all the calculations and simulations without modification. For MUF-77-butyl, most of its 

atomic coordinates were taken from the single crystal structure except that one disordered 

carbon atom and its related hydrogen atoms were deleted. Chemically reasonable locations 

for the missing carbon and hydrogen atoms were added to generate a model for MUF-77-

hexyl, and the positions of these generated atoms were optimized by using CHARMm 

force field using the Discovery Studio 3.5 software pack.[243]  

Geometric surface area calculations 

The geometric surface areas of the frameworks were calculated by the method 

described by Düren et al.[194] This involves rolling a spherical probe, with diameter was set 

to the van der Waals diameter of N2 (3.72 Å),[244] over the framework atoms. The 

diameters of the framework atoms were also set to their van der Waals diameters which 

were calculated by multiplying their Lennard-Jones well-depth diameters, , by 21/6. The  

values of all framework atoms were taken from the DREIDING force field.[208] The results 

are listed in Table 4.5. 

 

Table 4.5 Some calculated and experimentally determined results for selected MUF-77s. 

MUF-77 -methyl -ethyl -butyl -hexyl 

BET surface area (m2/g) 3600 3600 3250 2170 

Geometric surface area (m2/g) 4031 3836 3120 1787 

Pore volume (cm3/g, from experimental N2 
isotherm) 

1.85 1.55 1.21 1.00 

Pore volume (PLATON) 1.74 1.52 1.16a No datab 

Pore volume (helium insertion method) 1.88 1.60 1.20 0.89 

Maximum pore diameter (Å) 21.1 18.5 13.6 11.2 

Pore limiting diameter (Å) 7.1 6.5 5.7 4.4 
a) Based on a model where only one orientation of disordered component is considered. b) Not calculated 
because some carbon and hydrogen atoms are not found on the electron density difference map. 

 

Theoretical pore volume calculations 

Theoretical pore volumes were calculated by PLATON[227] and the helium insertion 

method.[195] Results from both methods are listed in Table 4.5. 
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Maximum pore diameter, free pore diameter and pore size distributions 

The maximum pore diameters, free pore diameters and pore size distributions of MOFs 

were calculated using Poreblazer v3.0.2.[226] A cubelet size of 0.2 Å was employed. The 

results are listed in Table 4.5. 

 

Water vapor adsorption simulations 

The locations of water molecules adsorbed in the MOFs were predicted using the grand 

canonical Monte Carlo (GCMC) simulation method described by Snurr et al.[234] The 

Lennard-Jones parameters for all framework atoms were taken from the DREIDING force 

field, which are listed in Table 4.6. Partial charges of the framework atoms were calculated 

with the EQeq method.[245] The TIP4P force field was used to describe water molecules, in 

which case the negative charge is moved off the oxygen atom by 0.15 Å and towards the 

hydrogen atoms.[246] This charge is applied to a dummy atom (M) which is located on the 

bisector of the HOH angle. The oxygen-hydrogen bond length is 0.9572 Å and the HOH 

angle is 104.52° according to this force field. 

Simulations were performed using the RASPA software package.[197] The water vapor 

pressure used for all the simulations at 50 % RH and 298 K is 1585 Pa. Three GCMC 

moves were used with unequal probability as detailed in the original paper.[234] After one 

million initialization cycles, five million cycles of GCMC moves were performed and the 

coordinates for all adsorbed water molecules were recorded. The distances between these 

water oxygen atoms and all 12 Zn4O cluster oxygen atoms in a MOF unit cell were 

calculated. The shortest distances were used to calculate the distance distribution plots 

presented in the main manuscript. 
 

Table 4.6 Lennard-Jones parameters and partial charges for MOF and water atoms. 

Atom Type  (Å)  / kB (K) Charge method or value (e) 

Zn (MOF) 4.045 27.677 EQeq 

O (MOF) 3.033 48.158 EQeq 

C (MOF) 3.473 47.856 EQeq 

H (MOF) 2.846 7.649 EQeq 

O (H2O) 3.154 78.0 0 

H (H2O) 0 0 0.52 

M (H2O) 0 0 -1.04 
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Chapter 5   
 

Catalysis by Multicomponent Metal-Organic Frameworks 

 

5.1 Introduction 

Catalysis is a vital part of both fundamental and applied chemistry. One great 

advantage of using heterogeneous catalysts is the facile separation of the product and the 

catalyst. However, solid heterogeneous catalysts have their own disadvantages. One 

significant disadvantage is that a solid has very low relative surface area that is exposed to 

the reactants.[247] This prevents most of the catalyst from getting involved in the reaction. 

The exceptionally high surface area, and high thermal and chemical stability of MOFs 

make them ideal heterogeneous catalysts.[57,73,248,249] In the past decade, rapid advances 

have been made in the field of MOF catalysis.[30,72,85,132,152,185,250-258] 

A compelling advantage of multicomponent MOFs over other MOF catalysts is that, as 

demonstrated by the MUF-7 and MUF-77 families of materials, pockets with a precise 

three-dimensional array of pre-selected functional groups can be created. To create 

analogues that are catalytically-active, these pockets might be designed to feature 

activation sites that bind and preorganize substrates by covalent or H-bonding to initiate a 

reaction, and modulator sites that may influence the reaction rate and product selectivity 

via noncovalent interactions.[259,260]  The design of linkers with activation and modulator 

sites can be guided by small-molecule catalysts, supramolecular catalysts and enzymes.[261-

264]  Stereoselectivity can potentially be induced by either the activation site (a chiral 

catalytically-active functional group) or by a chiral modulator group.  By fabricating broad 

families of catalytically-active multicomponent MOFs with pockets that are varied 

systematically, turnover frequencies and stereoselectivities might be able to be optimised. 

In this way, catalysis by multicomponent MOFs could have parallels with enzymes in that 

catalytic activity stems from a well-ordered array of functional groups in a compartment 

that can be engineered by a kind of “site-directed mutagenesis”.[260,265] 
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5.2 Results and discussion 

5.2.1 Synthesis and characterization of a MUF-77 catalyst 
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Scheme 5.1 Synthetic route to MUF-77-methyl-1-Boc and MUF-77-methyl-1.  The latter 

can be prepared by thermolysis of MUF-77-methyl-1-Boc (red arrows) or by direct 
synthesis (blue arrows). 

 

We targeted the synthesis of a MUF-77 variant that bears a chiral, enantiopure, 

catalytically-active proline unit[1] attached to the bpdc ligand. The two routes to this MOF 

are shown in Scheme 5.1.  In the first route (red arrows) the thermolabile protecting group 

strategy that has previously been developed earlier by our group[1,32,33] was employed. This 

involves first installing a tert-butoxycarbonyl (Boc) protected proline group, which 

prevents the amino functionality from interfering with MOF synthesis, to produce a 

precursor framework. Post-synthetic deprotection by simple heating releases the Boc group 

as CO2 and isobutylene, which escape from the framework.  The second route to a proline 

derivative of MUF-77 is shown with blue arrows.  Here, an unprotected proline substituent 

is present on the bpdc ligand and the MOF is synthesized directly.  

The first route was implemented by the solvothermal reaction of H3hmtt, (S)-H2L1-

Boc,[1] H2bdc and zinc nitrate in DEF. This produced only one type of well-faceted, 

colourless crystals.  Similar to other members of the MUF-7 and MUF-77 families, the 

crystals are fully extinguished at all rotational positions under crossed polarisers on an 
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optical microscope, indicating that they belong to a cubic crystal system. The powder X-

ray diffraction pattern of these crystals, following activation by desolvation, is almost 

identical to MUF-77-methyl indicating that it is isoreticular to MUF-77 (Figure 5.1a). An 
1H NMR spectrum of a digested sample shows a ratio of 8:3:3 of the three ligands (Figure 

5.2). These experiments confirm the formula, structure, and phase-purity of this new MOF, 

MUF-77-methyl-1-Boc. 

Following the second route, a solvothermal reaction of H3hmtt, (S)-H2L1, bdc and zinc 

nitrate produced MUF-77-methyl-1-direct, as evidenced from single-crystal X-ray analysis. 

However, later experiments showed that this MOF was catalytically inactive, thus to 

produce a catalytically-active MOF catalyst we focused on the first route. 

 

 
Figure 5.1 a) Simulated MUF-77-methyl PXRD pattern and experimental PXRD patterns 

of MUF-77-methyl, MUF-77-methyl-1-Boc and MUF-77-methyl-1. b) Nitrogen adsorption 
isotherms of MUF-77-methyl-1-Boc, MUF-77-methyl-1 and MUF-77-methyl-1-direct 

measured at 77 K. 

 

To reveal the catalytically-active proline sites, MUF-77-methyl-1-Boc was 

thermolyzed at 200 °C for 10 hours under a dynamic vacuum. This process successfully 

removed the Boc protecting group, as evidenced by 1H NMR spectroscopy of digested 

MOF crystals: the two peaks at 1.33 and 1.35 ppm, which correspond to the tert-butyl 

groups of the two conformers of (S)-H2L1-Boc in solution, disappear (Figure 5.2).  The 

crystallinity of MUF-77-methyl-1 is maintained after thermolysis since its PXRD pattern is 

almost identical to MUF-77-methyl-1-Boc (Figure 5.1a). The porosity and surface area of 

MUF-77-methyl-1 is also unchanged after thermolysis, as indicated by the similarity of the 

N2 adsorption isotherms measured at 77 K for the two frameworks (Figure 5.1b). 
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Figure 5.2 Upper: 1H NMR spectra of digested MUF-77-methyl-1-Boc showing the 

integrals that match with the formula [Zn4O(hmtt)4/3(L1-Boc)1/2(bdc)1/2]. Note that two sets 
of proton peaks of H2L1-Boc are attributed to its two conformers in solution. Lower: 1H 
NMR spectra of digested MUF-77-methyl-1 showing the integrals that match with the 

formula [Zn4O(hmtt)4/3(L1)1/2(bdc)1/2]. The spectrum of H2L1 is also complicated by the 
existence of two conformers. Overlaid 1H NMR spectra of digested MUF-77-methyl-1-Boc 

together with H2L1-Boc in DMSO-d6 can be found in Electronic Appendix C. 
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Figure 5.3 Optical (left) and SEM (right) microscopy images of MUF-77-methyl-1 

crystals produced by thermolysis of MUF-77-methyl-1-Boc. 

 

Optical and scanning electron microscopy (SEM) images show that MUF-77-methyl-1 

crystals maintain their perfect macroscopic integrity and transparency after thermolysis 

(Figure 5.3). This indicates the thermolysis of MUF-77-methyl-1-Boc is a single-crystal to 

single-crystal transformation.  

Single X-ray crystallography of MUF-77-methyl-1-Boc shows that the framework 

diffracts to high Bragg angles.  The best fit of the systematic absences and the |E2 – 1| 

value (0.977) are given by the centrosymmetric Pm-3 space group.  This is the same space 

group as MUF-77-methyl. However in reality it cannot be correct since it contains 

symmetry elements that are incompatible with the enantiopure proline moiety.  The chiral 

space group P23 is also a viable choice. However the refinement was still carried out in 

Pm-3 for the following reasons. 1) The atoms of the pyrrolidine ring and Boc group of the 

proline unit, which encompass the chiral part of the MOF, were not visible on electron 

density difference map. 2) The proline group is disordered by crystallographic symmetry 

over the 2, 2 , 6, and 6  positions in the same way in both space groups. 3) Refinement in 

P23 resulted in unrealistic bond length values. 4) Refinement in P23 ended up with a Flack 

parameter very close to 0.5, again indicating that a racemic twinned model better fits 

experimental data, which is unrealistic. 

Initial refinement in Pm-3 showed the overall framework structure of MUF-77-1-Boc 

is nearly the same as MUF-77-methyl (described in Chapter 4), except for the bpdc 

backbone. In MUF-77-methyl-1-Boc, the biphenyl rings of L1-Boc are disordered over 

two locations since they lie just off special positions defined by a mirror plane. This 

implies that the proline group is disordered over eight positions since it is attached to any 

one of the four crystallographically-equivalent 2/2'/6/6  carbon atoms of the biphenyl rings. 

To generate a model of MUF-77-methyl-1-Boc for the final refinement, relative atomic 

positions for most of the atoms of the L-proline-Boc unit were taken from the crystal 
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structure of a related compound (S)-Me2L2 (see section 5.2.4). MUF-77-methyl-1 was 

modelled similarly with excellent refinement statistics (Table 5.1). 

 

Table 5.1 Crystallography data summary of MUF-77-methyl-1-Boc and MUF-77-methyl-1 

MOF MUF-77-methyl-1-Boc MUF-77-methyl-1 

Formula C64H50NO14.5Zn4 C61.5H46NO13.5Zn4 

Formula weight 1326.53 1276.47 

Crystal size (mm) 0.803 × 0.803 × 0.736 0.727 × 0.645 × 0.620 

Temperature (K) 290(2) 291(2) 

Wavelength (Å) 1.54178 1.54178 

Crystal system cubic cubic 

Space group Pm-3 Pm-3 

Unit cell length (Å) 29.9444(6) 29.9461(3) 

Unit cell volume (Å3) 26850.2(16) 26854.7(8) 

Z 6 6 

Dcalc  (g cm-3) 0.492 0.474

μ (mm-1) 0.794 0.782 

F(000) 4062 3900 

Reflns coll./unique, Rint 103365 / 9316, 0.0518 103850 / 9315, 0.0307 

Data range 6.6°< <72° or  6.7Å>d >0.81Å 6.6°< <72° or  6.7Å>d >0.81Å 

Index ranges  -32 h 36, -35 k 36, -30 l 21 -15 h 36, -36 k 33, -36 l 21 

Completeness  99.7% 99.7% 

Tmin, Tmax 0.39, 1.00 0.76, 1.00 

R indices for data with 

I>2 (I) 
R1 = 0.0681; wR2 = 0.1865 R1 = 0.0372; wR2 = 0.1034 

R indices for all data  R1 = 0.0795; wR2 = 0.1945 R1 = 0.0414; wR2 = 0.1170 

Largest difference peak 

and hole (e Å-3) 
0.48 / 0.71 0.24 / 0.47 
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Figure 5.4 A view showing the tetrahedral cavity of the crystal structure of MUF-77-

methyl-1. The position of the (S)-proline group is determined using a combination of the 
experimental X-ray diffraction data of MUF-77-methyl-1 and (S)-Me2L2. The bpdc 

backbone of L1 is coloured in orange. bdc ligand is coloured in magenta. The methyl 
groups of hmtt ligands are highlighted in green. 

 

In the structure of MUF-77-methyl-1, the immediate environment of every proline 

group is identical, which is ideal for producing a uniform outcome to reactions catalysed 

by this group. The proline nitrogen points towards the interior of the tetrahedral cavity 

which is defined by four hmtt ligands, a bdc ligand and the L1 itself (Figure 5.4). Because 

there is no exact translational relationship between the proline groups of its adjacent pores, 

they are not strictly identical. That is, the proline groups in neighbouring pores will be 

randomly oriented with respect to one another. However, these differences between the 

sites of catalysis are expected to be too minor to impact on the catalytic behaviour of the 

proline groups. We consider MUF-77-methyl-1 to be a single-site heterogeneous catalyst 

with a well-defined local environment. 
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5.2.2 Catalysis study 

 

 
Scheme 5.2 An asymmetric aldol reaction that is catalysed by MUF-77-methyl-1. 

 

The aldol reaction as shown in Scheme 5.2 was used to assess the catalytic 

performance of MUF-77-methyl-1. Stock solutions of the reagents were prepared by 

dissolving 4-nitrobenzaldehyde in acetone with various amount of water. Nitrobenzene 

was added as an internal standard for HPLC analysis. No uncatalysed background reaction 

was detected over a period of one month. MOF crystals were then immersed in a known 

amount of a stock solution and the mixture was tumbled or stood at 20 °C for 24 hours. 

The supernatant was analyzed by HPLC with a chiral column. We opted not to stir the 

reaction mixture to avoid grinding the crystals during the reaction, which increases the 

catalytic sites that are on the outer surface of the MOF crystal[266] and can lead to the solid 

catalyst being trapped in the meniscus. 

The effect of catalyst loading was studied first (Table 5.2, entry 1-5). It was found that 

using 30% catalyst (moles of proline with respect to 4-nitrobenzaldehyde). led to a ca. 50% 

conversion of the aldehyde to the aldol product over 24 hours.  This is an ideal conversion 

fraction as it allows variations in the efficiency of the reaction under other conditions to be 

easily identified. Interestingly, we found that the reaction rate does not depend on whether 

the reaction is stood or tumbled (Table 5.2, entry 3 and 6). This implies that unassisted 

diffusion of the substrate and product into and out of the MOF crystals is rapid.  

A range of control experiments were performed. A homogeneous reaction using 

molecular catalyst Me2L1 showed that it only accelerates the reaction with respect to 

MUF-77-methyl-1 by a small margin, which is consistent with rapid diffusion within the 

pores of the MOF catalyst. MUF-77-methyl-1-Boc and MUF-77-methyl-1-direct are both 

catalytically inactive (entries 7 and 8). The former observation is easily understood on the 

basis of the unavailability of the pyrrolidine nitrogen atom, while the latter may be due to 

the side reactions occurred during the MOF synthesis of the pyrrolidine nitrogen atom, as 

evident from 1H NMR spectrum of digested MUF-77-methyl-1-direct. We also filtered the 

catalyst from the reaction mixture and found this to halt the reaction. These control 

experiments imply that the proline unit is the only catalytically-active site, and that the 

catalysis is heterogeneous in nature and not due to dissolved framework components. The 
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failure of route 2 to produce a catalytically competent material underscores the utility of 

the thermolabile protecting groups in introducing catalytic centres to MOFs. 

 
Table 5.2 Aldol reactions catalysed by MUF-77-methyl-1 and related compounds. 

Entry Catalyst Method H2O Cat. 
loading

Conversion Rate 
constant

e.e. 

1 MUF-77-methyl-1 Tumbled 5 9 16 0.17 17 
2 MUF-77-methyl-1 Tumbled 5 21 37 0.46 18 
3a MUF-77-methyl-1 Tumbled 5 30 47,47 0.63 17,19 
4 MUF-77-methyl-1 Tumbled 5 40 60 0.92 17 
5 MUF-77-methyl-1 Tumbled 5 51 70 1.2 17 
6 MUF-77-methyl-1 Stood 5 30 47 0.63 19 
7 MUF-77-methyl-1-Boc Stood 5 30 0 - - 
8 MUF-77-methyl-1-

direct 
Stood 5 30 0 - - 

9 Me2L1 Stood 5 30 52 0.73 31 
10 MUF-77-methyl-1 Stood 0 30 19 0.21 0 
11 MUF-77-methyl-1 Stood 2 30 22 0.25 16 
12 MUF-77-methyl-1 Stood 10 30 64 1.0 23 
13 MUF-77-methyl-1 Stood 20 30 82 1.7 24 

Reaction conditions: 20 °C, 24 hour reaction time, initial concentration of 4-nitrobenzaldehyde is 0.04 M in 
acetone. Water is in % [(V(water)/V(acetone)]. Rate constant unit: mol L-1 (acetone) day-1, based on 
consumption of 4-nitrobenzaldehyde. A detailed definition of the reaction rate constant is available in the 
experimental section. a) Results from two independent experiments. 

 

Next, the effect of water was studied (entry 6 and 10-13). It was found that when the 

concentration of water increases, the reaction not only goes faster but the enantioselectivity 

is also enhanced. Zn4O-carboxylate MOFs typically have very low tolerance to moisture as 

well as liquid water. The ability to conduct this reaction in the presence of 20% liquid 

water is attributed to the exceptional water stability of the MUF-77 family, as 

demonstrated in Chapter 4. In the presence of 20% water, MUF-77-methyl-1 showed 

exceptional resilience: its catalytic activity was undiminished, aside from a small drop after 

the first cycle, for seven cycles (Figure 5.5 right).   

The variations in cycles 2 - 7 are fluctuations in the measurement of the activity of the 

catalyst (its calculated rate constant) and ee of the product. Because the total volume of the 

acetone for these cycles is slightly variable (see experimental section), the initial 

concentration of 4-nitrobenzaldehyde varies accordingly. This allows an estimate of the 

maximum error in the ee values to be ±1 and in the rate constant to be ±5%. 
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Figure 5.5 Left: a plot of catalyst loading versus conversion of 4-nitrobenzaldehyde to the 

aldol product over a 24 hour reaction period. Right: a plot showing the recyclability of 
catalyst MUF-77-methyl-1 under conditions given in Entry 13 of Table 5.2. 

 

5.2.3 Tuning the catalytic pore environment via site-directed “mutagenesis” 
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Scheme 5.3 Synthetic route to the MUF-77-1-Boc and MUF-77-1 series of materials. 
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MUF-77-methyl-1 features an activation site in the form of a proline group. Our plan 

was to tune the outcome of the reactions catalysed by this group by varying the modulator 

sites in its surroundings. The modulator sites we choose to use were alkyl substituents 

appended to the truxene ligand. Using strategies developed in Chapter 4, we synthesized a 

family of MUF-77-1 catalysts with C1 to C10 alkyl chains (Scheme 5.3). Boc-protected 

frameworks were initially synthesized before the catalytically-active proline site was 

revealed by postsynthetic thermolysis. The completeness of the thermolysis reaction, 

which is crucial for maximum catalytic efficiency, was assessed by 1H NMR spectroscopy 

on digested samples. It was found that for methyl-, ethyl-, and butyl- substituted MUF-77-

1-Boc, complete thermolysis requires 10 hours’ heating. A thermolysis time of 20 hours 

was sufficient to fully deprotect the hexyl, octyl and decyl members of the MUF-77-1-Boc 

series. As for MUF-77-methyl-1, 1H NMR, PXRD, optical microscopy and gas adsorption 

studies were conducted to confirm their identity, purity and post-thermolysis porosity of 

these new materials. The PXRD and gas adsorption experiments are summarized in Figure 

5.6. The MUF-77-alkyl-1 MOFs are highly crystalline, isoreticular to one another and have 

permanent porosity. Thus, through site-directed mutagenesis of the truxene ligand a family 

of six MOFs featuring catalytic pores that are systematically varied was successfully 

created. 

 

 
Figure 5.6 a) Experimental PXRD patterns of MUF-77-alkyl-1 MOFs. b) Nitrogen 

adsorption isotherms of MUF-77-methyl-1-Boc and MUF-77-methyl-1 measured at 77 K. 
Adsorption data points for MUF-77-decyl-1 at the pressure range 0 < P/P0 < 0.1 was not 

measured due to the slow adsorption kinetics. 
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The impact of these modifications on the aldol reaction shown in Scheme 5.2 was 

studied. As shown in Table 5.3, a clear trend emerges showing the reaction slows down 

with alkyl chains that are longer than ethyl. The ee of the aldol product fluctuates but is 

generally lower than that measured for MUF-77-methyl-1. 

There are a number of possible explanations for the observed relationship between 

catalyst structure and performance. (i) The MOFs with longer alkyl groups are likely, on 

the basis of the parent MUF-77 series, to be less stable in water; therefore, they may be 

degrading over time. (ii) While it is assumed that the alkyl groups have significant 

flexibility when solvated with acetone under the conditions of the catalysis reaction, the 

longer alkyl chains may be inhibiting the diffusion of the reactants and products to/from 

the active site. This could be examined by the measurement of the diffusion constant of the 

reactants in the frameworks by pulsed-gradient NMR spectroscopy.[267] (iii) It is known 

that the rate determining step of aldol reactions catalysed by molecular proline catalysts is 

the release of the product by hydrolysis of an intermediate iminium ion.[268] On the 

assumption that the rate determining step in MUF-77-1 is the same, longer alkyl 

substituents, which create more hydrophobic environments, might hinder this step and thus 

slow down the reaction. This could be investigated by preparing MUF-77 “mutants” 

featuring hydrophilic modulator sites that induce high concentrations of water in the 

catalytic pore. 

 

Table 5.3 A summary of the aldol reaction between 4-nitrobenzaldehyde and acetone 

catalysed byMUF-77-alkyl-1. 

Entry Catalyst Method H2O Cat. 
loading

Conversion Rate 
constant 

e.e.

1 MUF-77-methyl-1 Stood 20 30 83 1.8 25 
2 MUF-77-ethyl-1 Stood 20 30 85 1.9 16 
3 MUF-77-butyl-1 Stood 20 30 45 0.60 28 
4 MUF-77-hexyl-1 Stood 20 30 25 0.29 23 
5 MUF-77-octyl-1 Stood 20 30 29 0.34 9 
6 MUF-77-decyl-1 Stood 20 30 15 0.16 17 

Reaction conditions: 20 °C, 24 hour reaction time, initial concentration of 4-nitrobenzaldehyde is 0.04 M in 
acetone. Water is in % [(V(water)/V(acetone)]. Rate constant unit: mol L-1 (acetone) day-1, based on 
consumption of 4-nitrobenzaldehyde. A detailed definition of the reaction rate constant is available in the 
experimental section. 
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5.2.4 Catalysis by a proline group appended to the bdc ligand 
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Scheme 5.4 Synthetic routes to H2bdc derived ligands with proline units. 

 

 

Another advantage of using multicomponent MOFs as a platform for heterogeneous 

catalysis is that the framework component to which the catalytic group is appended can be 

varied without inducing global structural change in the material. For the MUF-77 family, a 

catalytic site could be appended to the bdc or the truxene linker (in addition to the bpdc 

linker as described above). From the perspective of synthetic chemistry, the former option 

is more expedient. We therefore synthesized the proline derivatives of H2bdc shown in 

Scheme 5.4. The amide coupling reaction does not lead to any degree of racemization: (S)-

Me2L2-Boc and (S)-Me2L2 exhibit 100 % enantiopurity as determined by HPLC. (R)-

Me2L2-Boc was also prepared to confirm that its peak does not overlap with the S 

enantiomer. The absolute configurations of (S)-Me2L2-Boc and (R)-Me2L2-Boc were 

confirmed by X-ray crystallography (Figure 5.7). 
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Figure 5.7 ORTEP diagrams of the structures of (S)-Me2L2-Boc and (R)-Me2L2-Boc, as 
determined by SC-XRD, showing 50% probability of the atomic displacement ellipsoids. 

Graphics were generated using Olex 2.[241] 

 

 

As illustrated in Scheme 5.5, three MUF-77 variants with proline units on the bdc sites 

were synthesized. The formula of MUF-77-methyl-2-Boc was determined as 

[Zn4O(hmtt)4/3(bpdc)1/2)((S)-L2-Boc)1/2] by 1H NMR spectroscopy of a digested MOF 

sample. Similarly, MUF-77-methyl-2-Boc was heated to 200 °C for 10 hours under 

dynamic vacuum to fully remove the Boc protecting group, affording MUF-77-methyl-2 

with a formula of [Zn4O(hmtt)4/3(bpdc)1/2)((S)-L2)1/2] as confirmed by 1H NMR 

spectroscopy. As a comparison, MUF-77-methyl-2-direct was also synthesized using (S)-

L2 in place of (S)-L2-Boc. 
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Scheme 5.5 Synthetic route to MUF-77-methyl-2-Boc and MUF-77-methyl-2.  The latter 

can be prepared by thermolysis of MUF-77-methyl-2-Boc (red arrows) or by direct 
synthesis (blue arrows). 

 

 

 
Figure 5.8 a) Experimental PXRD patterns of MUF-77-methyl-2-Boc, MUF-77-methyl-2 
and MUF-77-methyl-2-direct. b) Nitrogen adsorption isotherms of MUF-77-methyl-2-Boc, 

MUF-77-methyl-2 and MUF-77-methyl-2-direct measured at 77 K.  
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Figure 5.9 1H NMR spectra of digested MUF-77-methyl-2-Boc and MUF-77-methyl-2. 

Complete thermolysis of the former to produce the latter is confirmed by the disappearance 
of the two proton peaks of the Boc group at 1.24 and 1.41 ppm, contributed from the two 

conformers of (S)-H2L2-Boc. 
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Table 5.4 A summary of the aldol reaction between 4-nitrobenzaldehyde and acetone 
catalysed by MUF-77-alkyl-2. 

Entry Catalyst Time H2O Cat. 
loading

Conversion Rate 
constant 

e.e. 

1 MUF-77-methyl-1 24 5 30 47 0.63 19 
2 MUF-77-methyl-2 6 5 30 55 3.2 -2c 
3 MUF-77-methyl-2 24 5 30 95 3.0 -2c 
4 MUF-77-methyl-2 24 20 30 89 2.2 -9c 
5 MUF-77-methyl-2-

Boc 
24 5 30 0 - - 

6 MUF-77-methyl-2-
direct 

24 5 30 0 - - 

7 (S)-Me2L2 24 5 30 >99 5.4b 30 
Reaction conditions: 20 °C, stood, initial concentration of 4-nitrobenzaldehyde is 0.04 M in acetone. Water 
is in % [(V(water)/V(acetone)]. Reaction time unit: hour. Rate constant unit: mol L-1 (acetone) day-1, based 
on consumption of 4-nitrobenzaldehyde. A detailed definition of the reaction rate constant is available in the 
experimental section. 
a) Calculated from ([Peak area of elimination product]/[Peak area of total aldol products]) x 100 %. b) 
Based on the fitting of kinetic data over the initial 6 hours. c) Negative sign indicates reversed 
enantioselectivity compared to MUF-77-methyl-1. Here the S product is the major enantiomer. 

 

The relocation of the catalytic proline site from the bpdc ligand to the bdc ligand has a 

pronounced impact on the catalysis reaction. First, the reaction is five times faster (Table 

5.4, entry 1 and 2). Second, the enantioselectivity is reversed (Table 5.4, entry 2-4).  

The single crystal X-ray structure of MUF-77-methyl-2 provides additional insight into 

this accelerated catalysis. Similar to MUF-77-methyl-1, the crystal structure of MUF-77-

methyl-2 was solved in Pm-3 and the observed proline unit is disordered by 

crystallographic symmetry over four sites. The first four non-hydrogen atoms attached to 

the phenyl ring of (S)-L2 were found on the electron difference map and the rest of the 

atoms of the proline unit were attached using their idealized positions obtained from 

molecular analogue, (S)-Me2L2-Boc. From the crystal structure (Figure 5.10), it is clear 

that the active site of the catalyst points away from the hydrophobic alkyl chains of the 

truxene, and faces towards a hydrophilic pocket that is close to a Zn4O cluster. The local 

water concentration near the hydrophilic sites is expected to be higher compared to 

hydrophobic sites. Thus the rate determining step, which involves hydrolytic release of the 

product from the proline catalyst, is maybe accelerated. Since the proline unit of MUF-77-

methyl-1 is directed towards a hydrophobic region of the framework (see earlier), it will 

not benefit from this acceleration and its apparent rate constants are smaller of that of 

MUF-77-methyl-2. 
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Figure 5.10 A view showing the tetrahedral cavity of the SC-XRD structure of MUF-77-

methyl-2. The position of the (S)-proline group is determined using a combination of 
experimental X-ray diffraction data of MUF-77-methyl-2 and (S)-Me2L2. The bpdc is 

coloured in oranges. The bdc backbone of L2 is coloured in magenta. The methyl groups 
of hmtt ligands are highlighted in green. 

 

 

 

5.3 Conclusion 

Using the water stable MUF-77 family as platform, we successfully introduced a 

homochiral activation site, an (S)-proline derivative, into the framework through ligand 

functionalization followed by post-synthetic thermal deprotection. This creates a catalytic 

pore with its nearby chemical environment well defined and tunable by modulator sites on 

the truxene coligand. By systematic alterations to this modulator site, an isoreticular family 

of MOFs with tunable hydrophobicities and steric characteristics were created. We showed 

the reaction rate and enantioselectivity of a catalytic aldol reaction can be tuned by the 

strategy. In addition, the position of the catalytic site (activation site) can be altered, which 

changes its immediate chemical environment and both reverses the reaction 

enantioselectivity and increases the reaction rate. 
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Table 5.5 Crystallography summary of MUF-77-methyl-2. 

MOF MUF-77-methyl-2 

Formula C61.5H46NO13.5Zn4 

Formula weight 1276.47 

Crystal size (mm) 0.5 × 0.5 × 0.5 

Temperature (K) 293(2) 

Wavelength (Å) 1.54178 

Crystal system cubic 

Space group Pm-3 

Unit cell length (Å) 29.9603(3) 

Unit cell volume (Å3) 26892.9(8) 

Z 6 

Dcalc  (g cm-3) 0.473

μ (mm-1) 0.781 

F(000) 3900 

Reflns coll./unique, Rint 103850 / 9315, 0.0307 

Data range 6.6°< <72° or  6.7Å>d >0.81Å 

Index ranges  -28 h 29, -33 k 29, -17 l 36 

Completeness  99.6% 

Tmin, Tmax 0.73, 1.00 

R indices for data with I>2 (I) R1 = 0.0364; wR2 = 0.1615 

R indices for all data  R1 = 0.0395; wR2 = 0.1649 

Largest difference peak and hole (e Å-3) 0.29/ 0.47
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5.4 Experimental section 

5.4.1 General procedures 

All starting compounds and solvents were used as received from commercial sources 

without further purification unless otherwise noted. (S)-H2L1-Boc and (S)-H2L1 was 

provided by David Lun using the same batch that was reported and fully characterized in 

cited reference.[1] Column chromatography was carried out on silica gel (grade 60, mesh 

size 230-400, Scharlau). NMR spectra were recorded at room temperature (unless 

otherwise noted) on Bruker-400 and Bruker-500 Avance instruments, with the use of the 

solvent proton as an internal standard. HPLC analyses were carried out using a 

Thermoscientific Ultimate 3000 instrument. 

 

5.4.2 Ligand synthesis 

(S)-Me2L2-Boc, (S)-H2L2-Boc, (S)-Me2L2-Boc and (S)-Me2L2 were synthesized 

according to Scheme 5.4. (R)-Me2L2-Boc was synthesized using the same method as (S)-

Me2L2-Boc, and its spectroscopic data is identical to (S)-Me2L2-Boc. Detailed procedures 

and characterization data is available in Electronic Appendix C. 

 

5.4.3 MOF synthesis and characterization 

In general, three ligands (Table 5.6) and zinc nitrate tetrahydrate (56 μmol) were 

dissolved or well suspended in DEF (1 mL) and H2O (30 μL) in a 4 mL scintillation vial 

which had been pretreated with Sigmacote. The vial was heated to 85 °C for various 

periods of time and allowed to cool naturally. This yields crystals of the MOF catalysts or 

their precursors. To scale up the synthesis, a similar reagent ratio was used. Reactions were 

carried out in Schott bottles with various amounts of solvents.  

For the deprotection reactions, Boc-protected MOFs were thoroughly washed with 

DMF then dichloromethane. These precursor MOF crystals were heated at a rate of 5 °C to 

200 °C under dynamic vacuum and held for 10 or 20 hours. The successful completion of 

the thermolysis reaction was monitored by 1H NMR of digested products. 
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5.4.4 1H NMR analysis of digested MOF samples 

For 1H NMR spectroscopy, the mother liquor of the as-synthesized MOF crystals was 

replaced with fresh dry DMF multiple times. The MOF crystals were then filtered through 

a Büchner funnel on a filter paper under suction and the surfaces of the crystals were 

allowed to dry. The crystals were then digested using the following protocol: 23 μL of a 35% 

DCl solution in D2O was mixed with 1 mL of DMSO-d6 to give a DCl/DMSO-d6 stock 

solution. Around 5 mg of MOF was digested in 150 μL of this stock solution together with 

450 μL of DMSO-d6. Spectra were acquired immediately following dissolution. Spectra 

for all MOFs are presented in Electronic Appendix C. 

 

5.4.5 Single crystal X-ray diffraction 

Data collections were performed on a Rigaku Spider diffractometer equipped with a 

MicroMax MM007 rotating anode generator (Cu  radiation, 1.54180 Å), high-flux Osmic 

multilayer mirror optics, and a curved image-plate detector. Data were integrated and 

scaled and averaged with FS Process.[203]  XPREP[204] was used to determine the space 

group and the structures were solved using direct method under SHELXS[204] and refined 

with SHELXL[204] under an Olex 2[241] graphical interface. Crystallography of MOFs will 

be described here, whereas crystallography of (S)-Me2L2-Boc and (R)-Me2L2-Boc are 

detailed in Electronic Appendix C. 

As-synthesized MOF crystals were soaked in fresh dry DMF and DMF was replenished 

several times within a day. The crystals were soaked overnight then the solvent was 

exchanged with dry dichloromethane and the dichloromethane was again replenished 

several times. The crystals were soaked in fresh dry dichloromethane overnight before 

being activated under dynamic vacuum at 80 or 200 °C for various periods of time. The 

vacuum oven was back filled with nitrogen to produce crystals suitable for single crystal 

X-ray diffraction analyses. 

All zinc, oxygen and carbon atoms from ligand and framework backbones were found 

in the electron density difference maps and refined anisotropically. Ideal positions for all 

hydrogen atoms were calculated and refined as a riding model. The first four non-hydrogen 

atoms coming off the bpdc and bdc ring of (S)-L1-Boc, (S)-L1, and (S)-L2 were found on 

electron density difference maps, despite their low occupancy due to the disorder. To 

complete the models of pyrrolidine rings, their relative atomic coordinates were taken from 

single crystal x-ray structure of (S)-Me2L2 using the FRAG command in Olex 2. In the 

crystal structure of MUF-77-methyl-1-Boc and MUF-77-methyl-1, their functional groups 
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were disordered over eight sites so the corresponding atomic occupancies were fixed at 

0.125 with a fixed isotropic atomic displacement parameter (0.1). MUF-77-methyl-2 was 

treated in a similar way. Although substoichiometric inclusion of L2 was observed by 1H 

NMR spectroscopy, the refinements were still carried out with fully occupied models for 

all ligands. 

 

5.4.6 Powder x-ray diffraction patterns 
All powder X-ray diffraction experiments were carried out on a Rigaku Spider X-ray 

diffractometer with Cu K  radiation (Rigaku MM007 microfocus rotating-anode generator), 

monochromated and focused with high-flux Osmic multilayer mirror optics, and a curved 

image plate detector. The data were obtained from either freshly prepared MOF samples 

that had been ground into slurry in a small amount of DEF and kept damp with DEF 

throughout the measurement, or desolvated MOF samples (prepared in the same way as the 

samples of the single crystal X-ray experiments) that were ground then fixed to a mount 

with a minimum amount of Fomblin oil. The two-dimensional images of the Debye rings 

were integrated with 2DP[242] to give 2  vs I diffractograms. The predicted powder patterns 

of the MOFs were generated from their single-crystal structures using Mercury v3.3. 

 

5.4.7 Gas adsorption measurements and calculations 

Low pressure gas adsorption isotherms were measured by a volumetric method using a 

Quantachrome Autosorb iQ2 instrument. Freshly prepared MOF samples were washed 

with DMF then activated by soaking in dry CH2Cl2 for several days then transferred to a 

pre-dried and weighed analysis tube. Excess CH2Cl2 was removed under vacuum and the 

tube back filled with argon before being heated at 1 °C per minute to 80 °C under vacuum.  

The sample was then held under a dynamic vacuum at 10-6 Torr for 10 hours. Accurate 

sample masses were calculated using degassed samples after sample tubes were backfilled 

with nitrogen. All adsorption measurements used ultra-high purity gases. 

 

5.4.8 Catalysis 

In a typical experiment, a solution with known amount of 4-nitrobenzaldehyde, 

nitrobenzene and water in 250 μL of acetone was added to a vial with pre-weighed 

desolvated catalyst. The vial was either tumbled or allowed to stand for various periods of 

time at 20 °C. After the reaction, 50 μL of the supernatant was diluted with 450 μL of 



Chapter 5 Catalysis by MC-MOFs 
 

116 

hexane and subjected to HPLC analysis. HPLC analysis was carried out using a 

CHIRALCEL OJ-H column with a mixed solvent of hexane and isopropyl alcohol (85:15 

v/v) at a flow rate of 1.2 ml/min. Products were detected according their absorption of 254 

nm UV light. The conversion was calculated by comparing the peak area ratio of 4-

nitrobenzaldehyde and nitrobenzene before and after the reaction. Figure 5.11 shows a 

typical HPLC chromatograph of a reaction mixture with the retention time of each 

compound identified on the figure and figure caption. The ee value of each reaction is 

reported based on the excess of the R enantiomer, which elutes at 16 minutes. 

For recycling experiments, the MOF catalyst was loaded in a vial with a 200 μL glass 

insert to minimize the catalyst loss between cycles. As expected from the narrow stem at 

the bottom, the diffusion of the reactant and the product was slower so the conversion was 

compared against the first cycle to calculate the relative reactivity. For the first cycle, a 

stock solution containing 150 μL acetone was added in to the vial preloaded with 

desolvated catalyst. After the first cycle, 50 μL supernatant was subjected to HPLC 

analysis and the remaining supernatant was decanted. The catalyst was washed with 

acetone at least three times and the catalyst was immersed in minimum amount of acetone 

before adding the stock solution for the next cycle. As expected, due to the increase total 

volume of acetone after the first cycle, the concentration of 4-nitrobenzaldehyde slightly 

decreased and caused the slight drop in reactivity after the first catalytic cycle. 

 
Figure 5.11 Left: A typical HPLC chromatograph of the reaction mixture. Peak 1: 

nitrobenzene, Peak 2: 4-nitrobenzaldehyde, Peak 3: R enantiomer of aldol adduct, Peak 4: 
S enantiomer of aldol adduct, Peak 5: elimination side product. The retention time of 

acetone is 2.7-2.8 min. The retention time of peak 4 and 5 matches with literature 
values[1,269] when using a Daicel Chiralpak AS column, eluting with hexane and iPrOH 

mixture (85:15) with a flow rate of 1 ml/min. Because the elimination product peak 
overlaps with aldol adducts using an AS column, an OJ-H column was used instead.  

Right: A photo showing the setup for recycling experiments. 
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Stock solution A was prepared with 4-nitrobenzaldehyde (1.20 mmol), nitrobenzene 

(1.20 mmol), acetone (30.0 mL) and water (1.50 mL). It was used for reactions in the 

presence of 5% water. Stock solution B was prepared with 4-nitrobenzaldehyde (0.40 

mmol), nitrobenzene (0.40 mmol), acetone (10.0 mL). It was used to determine the impact 

of water concentration on the reaction. Stock solution C was prepared with 4-

nitrobenzaldehyde (1.20 mmol), nitrobenzene (1.20 mmol), acetone (30.0 mL) and water 

(6.00 mL). It was used for reactions with the presence of 20% water. 

 

Calculation of the apparent rate constant 

The reaction rate constant k is calculated based the reaction shown in Scheme 5.2. Thus, 

the reaction rate, r, based on the consumption of 4-nitrobenzaldehyde can be expressed as a 

function of reaction rate constant k and the concentration of 4-nitrobenzaldehyde, [PNBA], 

and acetone [acetone], by assuming the order of the reaction is one based on 4-

nitrobenzaldehyde: 

 

Here, a is the reaction order based on acetone. Since the reaction is carried out in 

acetone, the above equation can be simplified as 

 

where k  is the apparent rate constant. 

Solving this differential equation with the following initial condition: 

 for t = 0 

yields 

 

Here,  is the initial concentration of 4-nitrobenzaldehyde and t is time. 

Plotting ln[PNBA] as a function of time yields a linear relationship, as shown in Figure 

5.12: 
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Figure 5.12 Reaction kinetics plot for calculating apparent rate constant for entry 5 of 

Table 5.4. Note that the unit here for k  is mol L-1 (acetone) hour-1, which was then 
converted to mol L-1 (acetone) day-1. 

 

The linear relationship of the plot proved that the reaction order is indeed one for 4-

nitrobenzaldehyde. This allowed us to calculate the apparent reaction constant for each 

entry by knowing the reaction time and the concentration of 4-nitrobenzaldehyde (by 

HPLC) during the reaction. 
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Chapter 6  
 

Summary and Perspectives 

 

6.1 Thesis summary 

Before we carried out the work for this thesis, multicomponent MOFs (MC-MOFs) that 

are constructed with three geometrically distinct organic ligands were not known.[57] 

Synthesizing MOFs with high complexity had just started to garner interest from MOF 

researchers.[270,271] However, these studies were limited in MTV-MOFs,[129] and functional 

groups included in these frameworks were not well ordered.[130] 

In this thesis, I have demonstrated that it is possible to construct MC-MOFs from three 

geometrically-distinct organic ligands. Moreover, I demonstrated their pores can be 

programed by systematically introducing one, two or three functional groups in the precise 

locations with perfect order.[191] This level of control was unprecedented in the literature. 

The discovery of these quaternary MOFs created a new avenue of MOF chemistry, which 

has recently captured the imagination of other research groups.[214,215] 

Fascinating properties also emerged from these quaternary MOFs, such as their 

exceptional hydrolytic stability.[192] This stability promises practical applications as 

outlined later. Quaternary MOFs also enabled us to design and synthesize catalysts that 

feature activation sites and modulator sites. This chemistry has parallels with enzyme 

active sites. It was not previously known in MOFs, and would be very difficult to achieve 

in any other synthetic materials. 

 

6.2 Perspectives on catalysis in quaternary MOFs 

In Chapter 5, we only studied one catalytic reaction. In future work, it would be 

interesting to screen a wide range of reactions, including and beyond aldol reactions. These 

include Michael, Mannich, Diels-Alder, and Hajos-Parrish-Eder-Sauer-Wiechert reactions, 

which are all known to be catalysed by proline-based catalysts, as shown in Scheme 

6.1.[272,273] In addition, it would also be interesting to incorporate other catalytic moieties in 

quaternary MOFs, as shown in Scheme 6.2. 
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Scheme 6.1 Reactions that are known catalysed by proline. 
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Scheme 6.2 Some examples of catalysts that can be incorporated in MUF-7 and MUF-77 

family. 

 

6.3 Introducing more exotic functional groups in quaternary MOFs 

Up to this point, functionalization of the truxene ligands has been limited to alkyl 

substituents, which are chemically rather mundane. It would be interesting to explore 

functional groups that could bring additional features to MUF-77. As shown in Scheme 6.3, 

according the general synthetic scheme described in Chapter 4, truxene ligands with 

hydrophilic chains or chiral centres could be synthesized. Hydrophilic truxenes which are 

more polar than alkylated ligands could potentially enhance the selective adsorption 

behaviour of MUF-77s towards CO2, and thus make them better sorbents for flue gas 

treatment. 

Chiral substituents on the truxene ligand could be useful for chiral separation and 

asymmetric catalysis. It would be interesting to design and synthesize catalysts that feature 

a) achiral or racemic activation sites with homochiral modulator sites, and b) homochiral 

activation sites with modulator sites feature same or inverted chirality. These catalysts 
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could potentially: 1) Generate enantioselectivity from a remote modulator sites rather than 

the activation unit. 2) Use the modulator site to enhance or override the innate 

enantioselectivity of chiral activation units. 

 

O
O

OTs
n

Br Br
or

R
R

R
R

R R

CO2H

HO2C

CO2H
where R = an interesting

 functional group  
Scheme 6.3 A synthetic scheme to truxene ligands featuring more interesting substituents. 

 

6.4 Exploring more example of quaternary MOFs 

Quaternary MOFs are still underdeveloped with the only existing examples being the 

MUF-7 family, MUF-77 family, UMCM-10-12[214] and PCN-700.[215] It would be 

interesting to explore more quaternary MOFs. Two directions can be considered to achieve 

this goal: 1) Isoreticular expansion or contraction of known quaternary frameworks. It 

would probably be necessary to keep the relative length ratio of the multiple ligands 

constant to achieve this. 2) Explore ligands with different geometries, such as four-

connected square-planar or tetrahedral ligands. Metal clusters featuring different 

connectivities may also be considered. 

 

6.5 Higher order MC-MOFs 

One exciting target would be quinary or higher order MC-MOFs (Scheme 6.4). This 

would be an ambitious target because the number of competing phases will increase 

greater than exponentially, as described in Chapter 2. In silico methods could assist in 

identifying feasible frameworks for targeting in the laboratory.[168]  
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Scheme 6.4 Will this ligand set form a senary MC-MOF comprising five distinct ligands? 

 

6.6 Applications 

The exceptional water stability of MUF-77 family promises their real-world 

applications. First, they could be used as adsorbents for ANG tanks. It is known that MOF-

177, which is highly sensitive to water vapour, was used for methane storage in a prototype 

vehicle. MUF-77-methyl has a very similar porosity to MOF-177 so it could be potentially 

be employed as a longer-lived adsorbent for these fuel tanks. Second, they can be 

integrated into mixed-matrix membranes for gas separation applications under humid 

conditions. For better CO2 separation performance, a core-shell MUF-77 variant 

comprising two truxene ligands, as shown in Scheme 6.5, could be fabricated. Truxene 

ligands with allyl groups could be used for a shell layer to polymerize with membrane 

materials and provide a goof MOF-matrix interface, and the polyethylene glycol 

functionalized truxene ligand may form a core with highly selective CO2 adsorption 

properties. Third, truxene has very interesting photoluminescence properties[274] and 

related applications of the MUF-77 family would be worth investigating. 

 

 
Scheme 6.5 Proposed synthesis of core-shell MUF-77 crystals that can be integrated into 

mixed-matrix membranes for flue gas treatment. 
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