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Chapter 1 Introduction 

1.1. General introduction to metal-organic frameworks (MOFs) 

1.1.1. Definition, terminology and nomenclature 

Figure 1-1. The diagram (top) represents Coordination Compound family according to IUPAC 
classification, and the definition of subclasses of the Coordination Compound was tabulated 

(bottom). 
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1.1.2. A brief history of MOFs 

Figure 1-2. A schematic diagram of the derivation of MOF-5 from the basic zinc acetate complexes 
by replacing acetate with the bridging linker bdc. 
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Figure 1-3. A histogram of the number of publications in each year retrieved by the search term 
'metal-organic framework' in SciFinder. 
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1.1.3. Building blocks and topology 

Figure 1-4. A few representative secondary building units (SBUs) which were depicted with ball & 
stick and polyhedral models. 
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Figure 1-5. A few examples of (a) di-, (b) tri- and (c) tetra-topic organic linkers, and (d) nitrogen-
based linkers. 
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Figure 1-6. The two frameworks have the same diamond-like connectivity, so their topologies are 
represented with dia. However, the nodes in (b) are polynuclear augmented cluster, so the suffix '-

a' was added to describe the augmented node. 
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1.1.4. Synthesis and activation of MOFs 
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Figure 1-7. The process of DMF decomposition and the way how resulting formic acid and 
dimethylamine are utilised in MOF-5 crystal formation. Hydrogen atoms were omitted for clarity. 
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Figure 1-8. A schematic diagram of the activation process with solvent exchange and vacuum. 
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1.1.5. Postsynthetic modification 

1.1.5.1. Addition of guest components 

Figure 1-9. A few examples of ligands in various MOFs before (a) and after (b) postsynthetic 
metalation. 
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1.1.5.2. Implanting a functional group to the ligand backbone 
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1.1.5.3. Replacing structural components 

Figure 1-10. (a) Four different functional groups were added to the bdc-NH2 ligand in MIL-53(Al)-
NH2 by forming a covalent bond through the PSM; (b) A brief scheme of PSD; IRMOF-Pro-Boc was 

synthesised from the Boc protected ligand, then the Boc group was removed by thermolysis to 
yield IRMOF-Pro. 
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1.2. Diversity of MOFs 

Figure 1-11. The parent structure was built from ligand L0 and L1 along with Zn(II). The linear ligand 
L1 was exchanged with L2, and then L2 was successively exchanged with L3, L4 or L5 by means of 

SALE. The blue sphere represents Zn. 
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1.2.1. Isoreticular chemistry in MOFs 

Figure 1-12. 3×3 Unit cell of IRMOF with pcu topology is shown on the left, and various linear 
organic ligands are depicted on the right. The ligands sharing the same backbone are presented 

with the same colour. 



Chapter 1. Introduction 

16 

1.2.1.1. Physical diversity 

Figure 1-13. (a) Ditopic linear linkers to synthesise MOF-74 series; (b) ball and stick representation 
of MOF-74 structure indicating 1D channel pore; (c) the polyhedra model of a continuous SBU 

along the z-axis with a coordinating DOT ligand which illustrates how o-hydroxyl group cooperates 
with carboxylate to form the infinite SBUs. 
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Figure 1-14. (a) The smallest (PCN-61 with btei) and largest (PCN-610 with ttei) frameworks in the 
PCN-6x series; (b) hexatopic linkers building PCN-6x series. The large spheres indicate void spaces 

in the frameworks. 
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1.2.1.2. Chemical diversity 

α

Figure 1-15. Bio-MOF-12, (a) non-bonding nitrogen atoms, N4 and N5 in adeninate; (b) each pair of 
propionate and adeninate coordinates on the equatorial position and another pair of adeninate 
coordinates on the axial position of the cobalt paddlewheel SBU through neutral nitrogen atom, 

N1; (c) the free nitrogen N4 and N5, and the carbon chains depicted in orange exposed to the 
channel space. Hydrogen atoms were omitted for clarity. 
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Figure 1-16. A schematic diagram of the syntheses of a MUF-7 series. Eight different MOFs which 
provide a distinct pore environment are synthesised from various combinations of the non-

functionalised or functionalised version of each ligand set. 
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Figure 1-17. (a) Brief scheme of formation of LIFM-10 series; (b) a few distinct properties of each 
MOFs composed of different metal ions. 
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1.2.2. Complexity and heterogeneity in MOFs 

1.2.2.1. Multicomponent MOFs (MC-MOFs) 
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Figure 1-18. A schematic diagram of MUF-8 and MUF-84 synthesis. 
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Figure 1-19. The various potential outcomes from the MUF-7 synthesis. Each ligand can form its 
own MOF as the orange arrows indicate, and two subsets of two ligands combination also form the 
distinct structure as indicated with blue and green arrows. MUF-7 can be formed only in the case 

of winning the competition among the potential MOF formations. 
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1.2.2.2. Multivariate MOFs (MTV-MOFs) 

Figure 1-20. The tritopic btb in MUF-7 was replaced with the complex of Cu(I) and PyC, and the 
linear bpdc was replaced with a slightly shorter linker, ndc. 
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1.3. Application of MOFs 

Figure 1-21. (a) MTV-MOF-5, which was built from nine different bdc derived linkers possessing a 
various functional group(s); (b) MTV-MOF-74, which consists of ten different metal ions. 
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1.3.1. Hydrogen storage and CO2 capture 

1.3.1.1. H2 storage 
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Figure 1-22. NOTT-100, -101, -102 and -103 were prepared from the organic linker L1, L2, L3 and 
L4, respectively along with Cu(II). The BET surface area, pore diameter, pore volume and total H2 

adsorption in wt% of each framework were also presented. 
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1.3.1.2. CO2 capture 
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Table 1-1. Summary of gas adsorption data and IAST-calculated selectivities for the MUF-16 at 1 bar 
and 293 K.
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1.3.2. Catalysis 

Figure 1-23. The conceptual diagram showing interchangeable azobenzene isomer moiety in PCN-
123. Only two azobenzenes were presented without H atoms for the clarity. 
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1.3.2.1. Open metal sites on SBU 
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1.3.2.2. Organic components on the ligand backbone 

Figure 1-24. (a) A schematic diagram of inducing open metal sites on the paddlewheel SBU of 
HKUST-1; (b)-(e) a few example reactions which are catalysed by the activated HKUST-1. 
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Figure 1-25. A few examples of organic linker possessing the catalytic functional groups which are 
depicted in yellow and the catalytic reactions conducted by each MOF catalysts. 
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Figure 1-26. A designing scheme of urea containing ligand based on a well-known symmetrical 
thiourea catalyst. 
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1.3.2.3. Metalloligands 

1.3.2.4. Metalloporphyrin based MOFs 

Figure 1-27. Various form of porphyrin derived ligands which possess different type and number of 
binding groups. 
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1.3.2.5. Metallosalen-based MOFs 

Figure 1-29. (a) A schematic diagram of MMPF-3 synthesis; (b) the epoxidation reaction of trans-
stilbene catalysed by MMPF-3. 

Figure 1-28. (a) A schematic diagram of ZnPO-MOF synthesis; (b) a proposed mechanism of the 
acyl-transfer reaction between pyridin-4-ylmethanol and N-acetylimidazole. 
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Figure 1-30. (a) A schematic diagram of syntheses of a few examples of MOF catalysts containing 
Zn(salen) derived ligand; (b) the reactions catalysed by the resulting catalysts. 
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1.4. Introduction to selected experimental techniques 

Figure 1-31. (a) A schematic diagram of syntheses of Cat-3(Zn) and Cat-3(Cd); (b) the asymmetric 
sulfide oxidation reaction catalysed by Cat-3s. 



Chapter 1. Introduction 

39 

1.4.1. BET surface area calculation 
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1.4.2. X-ray crystallography 

1.4.2.1. The fundamental principles 

Figure 1-32. An example of N2 adsorption at 77K and the plots resulted in successive data 
processing to obtain a linear regression line in order to get the variables for the equation (2). 
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𝑎⃗, 𝑏⃗⃗ 𝑐

𝑏⃗⃗ 𝑐 𝑎⃗ 𝑐 𝑎⃗ 𝑏⃗⃗

Figure 1-34. (a) Two different sets of lattice planes revealed in the different orientation of a crystal 
sample. (b) a unit cell sliced by a set of lattice planes (3, 2, 1); (c) a schematic diagram of reflected 
X-rays on two lattice planes in order to induce the Bragg's Law; the sphere represent a content in 

the unit cell. 

Figure 1-33. (a) The asymmetric unit; (b) the unit cell constructed from the asymmetric unit 
(highlighted in yellow) through symmetry operations; (c) a crystal which is a pack of unit cells 

(depicted yellow cube). 
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θ

θ λ

Figure 1-35. An example of the single-crystal X-ray diffraction pattern, a few of the diffraction spots 
are indexed with Miller indices. 
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θ

1.4.2.2. Single-crystal X-ray diffraction (SCXRD) 
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1.4.2.3. Powder X-ray diffraction (PXRD) 

Figure 1-36. The step by step procedure refining the contents in the unit cell; (a) the initial coarse 
structure suggested by ShelXT; (b) the structure during the refinement procedure, brown spheres 

are local electron density suggested by the software; (c) the complete structure. 
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θ θ

θ ( a)

Figure 1-37. The difference in diffraction pattern with respect to the number of crystal sample; all 
three data collected with the same condition (scan width: 360 ° and exposure time: 60 secs). (a) a 

single crystal; (b) a few crystals; (c) ground crystals 
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Figure 1-38. (a) An example of a converted 2D plot from a PXRD pattern; (b) the converted 2D plot 
(purple) matches the calculated pattern for MUF-7 (orange) among various potential PXRD 

patterns, strongly indicating the crystal sample is MUF-7. 



Chapter 2. MUF-7 vs MUF-77 

47 

Chapter 2 MUF-7 vs MUF-77 

2.1. Introduction 

Figure 2-1. A series of MOFs composed of the simplest building blocks, zinc and bdc (in a purple 
circle), in [010] projection. Except for MOF-5,[4] the identifier was borrowed from CSD to refer to 

the unnamed structures (PUCYAO,[60] PEKGAO,[61] BADZAK[66] and IFABIA_01[108]); the red line 
indicates a unit cell. 
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Figure 2-2. Five different UMCM series MOFs composed of a tritopic and a ditopic linker, and two 
different factors that determine the structure. (a) Geometrical factor, length ratios between 

ditopic and tritopic linkers; (b) statistical factor, feed ratios between the two linkers 
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2.1.1. The first quaternary multi-component MOF 
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2.1.2. A successor of MUF-7 

Figure 2-3. (a) Two linear and one tritopic linkers composing MUF-7; (b) four different pores in 
MUF-7; the spheres indicate the void spaces in each pore. 
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Figure 2-4. (a) Two linear and one tritopic linkers composing MUF-77; (b) three different pores in 
MUF-77; the spheres indicate the void space in each pore 
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2.2. Isomerism of two frameworks 

2.2.1. Similar but different  

θ

Figure 2-5. The calculated (calc.) and experimental (exp.) PXRD patterns of MUF-7 and MUF-77; the 
optical images of both crystals were also shown along with the corresponding PXRD pattern. The 

peaks inside the shaded boxes are the characteristic peaks which are used to differentiate the two 
different frameworks. 
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θ

θ
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Figure 2-6. (a) The original model of a single unit cell of MUF-7 (Type L) and 2×2×2 unit cell of MUF-
77 (Type S). The red line indicates a unit cell border, and the blue dashed line was drawn for an 
easier comparison for the size difference between the two unit cells. (b) The simplified model of 

each framework (c) Different arrangement of small pores from each framework. 
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2.2.2. Rule breakers 

2.2.2.1. Large functional groups 
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Figure 2-7. Two examples of linker combination which form the type-L frameworks, (a) the bdc 
derivative alone causes the type-L framework; (b) all three linkers cooperatively lead to the type-L 

framework.
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Figure 2-8. (a) The closely packed two diphenyl quinoxaline moieties in pore-III; (b) a close-up view 
of two bdc-dpq-OMe ligands in pore-III and (c) the close-up view through the z-axis, which well 

illustrates the mutually interlocking four phenyl rings through the edge to face pi stacking. 
Unnecessary H atoms were omitted for clarity; The phenyl rings that belong to different ligand 

were displayed in different colours.

Figure 2-9. Two phenyl rings on dbp moiety 
are not rotatable due to the bridging bond  (in 

red) connecting two rings.
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2.2.2.2. H3cbtt (5,10,15-cyclobutyltruxene-2,7,12-tricarboxylate)  

Figure 2-10. The tritopic linker, H3cbtt forms only type-L frameworks no matter which the two 
linear linkers are. 
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2.2.3. Both phases in a synthesis 

2.2.3.1. Both phases in the same synthesis batch 

θ

Figure 2-11. The top and side view of coordination geometry around zinc cluster of the two 
frameworks, (a) MUF-77 (type-S) and (b) MUF-88 (type-L). 
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Figure 2-12. (a) PXRD pattern shows the characteristic peaks of both type-L and type-S; (b) 
Randomly selected twenty crystals from a single synthesis batch. The phase was determined by 

unit cell determination from thirty diffraction images of each crystal and was indicated using 
different colours (MUF-7: blue, MUF-77: red); an example diffraction pattern of (c) MUF-7 and (d) 

MUF-77.
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2.2.3.2. A single crystal composed of polycrystalline domains of the two frameworks 

Figure 2-13. PXRD patterns collected from the crystal samples which were synthesised at the 
different temperature of 65, 85 and 105 °C. 
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Figure 2-14. The optical microscopy image of the irregularly shaped crystals and the corresponding 
PXRD pattern which well match the calculated type-S diffraction pattern.
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Figure 2-15. Both (a) and (b) are the same diffraction pattern, however, a few diffraction spots do 
not match the predicted ones for type-S, but match the predicted ones for type-L. 
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Figure 2-16. (a) The ligand combinations for the co-crystal and type-L_x frameworks; (b) the 
comparison of relative spot intensity between the two groups, a and b in each framework. There is 
a notable difference in the trends of spot intensities between co-crystal and the other three MUF-7 

structures.
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2.3. The difference in application 

Figure 2-17. A schematic diagram of cat-L (type-L) and cat-S (type-S) syntheses.
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2.3.1. Experiments 

2.3.1.1. Catalyst preparation 
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2.3.1.2. Catalysis 

Figure 2-18. (a) General procedure of MOF synthesis with the prolinyl group, initially protected by a 
Boc groups, as a secondary (catalytic) functional group; (b) the schematic diagram showing the 

thermal decomposition of a cyclobutyl ring to a vinyl group on the cbtt linker upon heating.
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Figure 2-19. Aldol reactions with five different aldehyde substrates were catalysed by the two 
catalysts.

Figure 2-20. HPLC chromatograms of aldol reactions of five aldehyde substrates. The product peaks 
were shaded with light orange, and the corresponding ees, calculated from the peak areas, for 

each catalyst were also presented on right. The un-assigned peaks belong to the dehydrated aldol 
product.
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2.4. Conclusion 
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2.5. Experimental section 

2.5.1. General procedures 

α

α

θ
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2.5.2. Aldol reaction 

2.5.2.1. MOF synthesis (1 mL scale) 

Table 2-1. The substances and required amount for MOF syntheses 

 type-S type-L MUF-88 

Zn(NO3)2.6H2O (mg) 16.5 16.5 16.5 

tritopic linker (mg) hmtt: 2.2 cbtt: 2.0 cbtt: 2.0 

H2bpdc-pro-Boc (mg) 2.4 2.4 H2bpdc: 1.3 

H2bdc (mg) 1.3 2.0 1.3 

benzoic acid (mg) 8 8 8 

H2O (mL) 0.05 0.05 0.05 

DEF (mL) 1 1 1 

2.5.2.2. Catalyst activation  

2.5.2.3. Aldehyde stock solution (35 mM) preparation 

μ

# 1 2 3 4 5 6 7 8 

mass(mg) 11.8 13.0 16.1 8.7 10.6 8.6 10.6 10.9 

Figure 2-21. Eight different aldehyde substrates for aldol reaction 



Chapter 2. MUF-7 vs MUF-77 

73 

2.5.2.4. General catalysis procedure 

µ

2.5.2.5. PXRDs 

Figure 2-22. PXRD patterns of the three crystal samples used for the aldol catalysis reaction. The 
two sets of PXRD patterns indicate that the crystallinity was not lost for all samples after the aldol 

reaction and the eight times recycling experiments.
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Chapter 3 Remote asymmetric induction – Part 1 

3.1. Introduction 

3.1.1. Conventional asymmetric MOF catalysts 



Chapter 3. Remote asymmetric induction – Part 1 

75 

3.1.2. The prior study of type-S (MUF-77 derived) catalyst 

Figure 3-1. A schematic diagram of Ce-MDIP synthesis, PYI was not integrated into Ce-MDIP
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Figure 3-2. (a) A schematic diagram of MUF-77 catalyst synthesis, the chiral catalytic auxiliary 
prolinyl group was installed onto either bpdc or bdc. (b) various modulating groups were exploited 

to bring divergent chemical environments to the catalytic pocket.
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Table 3-1. The result from Aldol reaction of acetone and p-nitrobenzaldehyde catalyzed by MUF-77 
analogues comprised of various linker combinations
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3.2. Experiments and Results 

3.2.1. Initial hypothesis 

Figure 3-3. A schematic diagram of the RAI catalyst concept. (a) A racemic mixture is produced 
without a chiral modulator; (b, c) a certain enantiomer is preferrentially produced depending on 
the chirality of the introduced chiral modulator. The green circles indicate a pore space and no 

reaction mechanism is involved.
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• 

• 

• 

• 

• 

3.2.2. Catalyst design 
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3.2.3. Screening with homogeneous catalyst and MOF catalyst 

Figure 3-4. (a) Three organic linkers of the type-S framework, the coloured balls indicate the 
possible positions to add functional groups; (b) the ligand arrangement surrounding pore-C and a 
schematic illustration of the functional groups attached to the linkers. Shaded area indicates the 

pore space. 
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Figure 3-5. A few examples of (a) achiral catalysts installed to Me2bpdc for the homogeneous 
catalysis test reactions and (b) the target asymmetric reactions 
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3.2.4. Chiral induction 

𝑒𝑒 (%) =  
𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝐴 − 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝐵

𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝐴 + 𝑒𝑛𝑎𝑛𝑡𝑖𝑜𝑚𝑒𝑟 𝐵
× 100 Equation 1 

Figure 3-6. The schematic diagrams of (a) catalyst synthesis from bpdc-gua, bdc and hmtt; (b) the 
target Henry reaction; and (c) HPLC chromatogram of the reaction mixture after catalysis.
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Figure 3-7. A schematic diagram for modulator synthesis. 2-bromo bdc was coupled with chiral 
isopropyl oxazolidinone or benzyl oxazolidinone moiety.
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Table 3-2. The ligand combination in MUF-77 analogues used as catalyst or controls for the Henry 
reaction.

Figure 3-8. The normalised HPLC chromatograms for Henry reaction of m-nitrobenzaldehyde and 
nitromethane with the prepared catalysts, includling the controls. The corresponding ee calculated 

by the integration of the two enatiomeric product peaks were shown with the chromatograms.
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3.3. Enhancing enantioselectivity 

3.3.1. Various aldehyde substrates 

Figure 3-9. HPLC chromatograms of Henry reactions with a few selected benzaldehyde substrates. 
The reactions with 3-nitrobenzaldehyde derivatives showed particularly high conversion (the 

benzaldehyde peaks were very small or completely disappeared). The HPLC conditions all vary and 
presented in Table 3-3.
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3.3.2. Solvent effect 
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Figure 3-10. (a) A schematic synthesis diagram of cat-1s ([Zn4O(hhtt)1.33(bpdc-gua)0.5(bdc-
bnox(S))0.5]); (b) the target Henry reaction; (c) fifteen different solvents tested for the target 

reaction.
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Figure 3-11. HPLC analyses for the products catalysed by the same RAI catalyst in 15 different 
reaction medium. The two product peaks were highlighted with yellow and the corresponding ee 

was written along with each chromatogram.
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3.3.3. Chiral modulators 

3.3.3.1. Size and position 

Figure 3-12. A schematic diagram of catalyst preparation to test various modulator groups. The 
prepared catalysts were denoted as cat-x, where x is the number for each bdc derived modulator.

Figure 3-13. How the two parameters, size (1 vs 2 vs 3) and position (2 vs 4) of chiral motif, affect 
inducing enantioselectivity will be investigated using these four modulators.
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3.3.3.2. Extending out from the bdc backbone 

Figure 3-14. (a) When the dihedral angle between carboxylate and phenyl ring of bdc is zero, O1 
and C1 on bnox could almost touch O2 while the oxazolidinone moiety is spinning around the C-N 

bond; (b) O1 and C1 are still too close to the Zn node even if the dihedral angle is 90°.
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Figure 3-15. The extended version of chiral modulators; a methylene group was inserted as a 
spacer between the bdc backbone and oxazolidinone moiety. 
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3.3.3.3. Mono- vs di-substituted bdc 

Figure 3-16. The optimised geometry of the two bdc derived chiral modulators at an equilibrium 
level. Both top view and side view clearly show the chiral motif on the oxazolidinone moiety 

stretching out close to an orthogonal direction to the planar of bdc.
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Figure 3-17. Simplified models of the successive pore-Cs in a row with different pore environments 
induced by (a) mono-functionalised bdc or (b) bi-functionalised bdc. The red spheres indicate the 

pore space occupied by both catalyst and modulator units, whereas the blue sphere represents the 
pore space occupied by the catalyst unit only. 
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3.3.3.4. Various alkyl chains on truxene 

Figure 3-18. Mono- vs bi-functionalised bdc modulator with bnox(s) and the corresponding ee 
induced by RAI catalyst prepared from each modulator.
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Figure 3-19. (a) A schematic diagram of catalyst preparation with the truxene derivatives for testing 
their influence on ee; (b) four different truxene derivatives tested

Figure 3-20. HPLC chromatograms and the corresponding ee of the catalysed reactions by RAI 
catalysts composed of different tritopic linkers 
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3.4. Conclusion 
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3.5. Experimental section 

3.5.1. General procedures 

α

α

θ
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3.5.1.1. PXRD 

Figure 3-21. PXRD plots for the crystal samples used in this chapter.



Chapter 3. Remote asymmetric induction – Part 1 

99 

3.5.2. Henry reaction and HPLC analysis 

3.5.2.1. General reaction procedure 

µ

3.5.2.2. Standard reaction stock (35 mM) preparation 

3.5.2.3. Stock preparation for solvent screening experiment (for section 3.3.2) 

3.5.2.4. Various aldehyde substrates 
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Figure 3-22. Aldehyde substrates for Henry reaction to test RAI catalysts 

Table 3-3. The aldehyde substrates relatively well catalysed by the RAI catalysts were presented 
with their HPLC analysis condition and the corresponding ee.
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3.5.2.5. HPLC chromatograms of the Henry reaction catalysed by cat-1 – 7 (section 3.3.3).  

Figure 3-23. HPLC chromatograms with the corresponding ee which induced various chiral 
modulators, 1–7.
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Chapter 4 Remote asymmetric induction – Part 2 

4.1. Developing the RAI catalyst model 

4.1.1. Pore-C model 
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Figure 4-1. (a) Three different pores, A, B and C in the type-S framework; (b) four different pores, I, 
II, III and IV in the type-L framework. The pore-colours indicate the ligand combination which 
surrounding the pore; pink – bpdc and tritopic, green – bdc and tritopic, and black – all three.
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4.1.2. Changing direction 

Figure 4-2. (a) The calculated PXRD patterns of type-L and type-S framework; (b) the characteristic 
peaks (shaded) appearing at low 2θ range were zoomed.
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4.1.3. Pore-I model 

Figure 4-3. (a) Approximately one unit cell of the type-S framework (left) and its simplified model 
with three different pores (right); (b) the type-L framework of the same size for easier comparison 

with the type-S framework. The large sphere indicates pores and the colour denotes the 
surrounding linker combinations; pink – bpdc and tritopic linker, green – bdc and tritopic linker, 

and black – all three linkers. All the secondary functional groups and hydrogen atoms were omitted 
for clarity.
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α iii

Figure 4-4. (a) The spatial arrangement of bpdc and bdc backbone in pore-I of the type-L 
framework; (b) a plausible conformation of the catalyst and chiral modulator; (c) likely interactions 

between catalyst, modulator and reactants.
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γ iii

α

γ

4.2. Interpretation of the experiment results with the two different models 

4.2.1. Various modulators 
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Figure 4-5. (a) A schematic procedure of the catalyst synthesis using various bdc derived chiral 
modulators; (b) ten different modulators and the corresponding crystal phase and ee were also 

presented with each ligand; (c) PXRD patterns of the catalysts prepared from various modulators.
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4.2.2. Various alkyl chains on the tritopic linkers 

Figure 4-6. (a) Simplified spatial arrangement of catalyst and modulator units in pore-C of cat-1r; 
(b) the reactants (2-chloro-5-nitrobenzaldehyde and MeNO2) were added to pore-C.
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Figure 4-7. (a) The crystal structure of Br3htt showing the orthogonally evolving hexyl chains from 
the planar of truxene; (b) the schematic diagram of the two different pores and arrangement of 

the hexyl chains stretching out from the truxene linkers surrounding the pores.
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Figure 4-8. (a) Four different truxene derivatives with alkyl chains in different lengths; (b) HPLC 
chromatograms catalysed by the crystals; (c) PXRD patterns for the crystals synthesised from the 

truxene derivatives
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Figure 4-9. (a) A schematic diagram of catalyst syntheses at different temperatures; (b) the PXRD 
patterns of the three catalysts synthesised at 75, 85 and 95 °C; (c) the HPLC chromatograms of the 
Henry reaction products catalysed by those three catalysts, the corresponding ee for each reaction 

was presented.
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4.3. Further tweaks to enhance enantioselectivity 
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# Washing Reaction mixture 

Sample 1 regular washing* normal 

Sample 2 
soaked in the mixture of acetic acid and acetone (5 % v/v) 

for three hours before regular washing 
normal 

Sample 3 regular washing 
acetic acid was 
added (1 % v/v) 

* Crystals were successively washed with acetone (×3) and dioxane (×3), and solvents were removed 

using a glass capillary tube. 
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Figure 4-10. HPLC chromatograms for the reactions catalysed by three different catalysts which 
treated in different ways and recycled three times. No catalytic activity of acetic acid was observed 

(bottom black chromatogram).
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4.4. Conclusion 

Figure 4-11. The ees produced by Sample 1-3 over the recycling experiments were plotted. The ee 
for the first run of Sample 2 was omitted due to its unreliable data caused by too slow catalysis.
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4.5. Experimental section 

4.5.1. X-ray crystallography 

4.5.1.1. SCXRD of cat-1s 

4.5.1.2. [Zn4O(hhtt)1.33(bpdc)0.5(bdc)0.5] at different temperature 

Figure 4-12. A crystal sample in a sealed capillary tube with the reaction medium.

https://drive.google.com/drive/folders/1mEMRFRL3ME5N6OtzIjeEWkluLPOIArSg?usp=sharing
https://drive.google.com/drive/folders/1mEMRFRL3ME5N6OtzIjeEWkluLPOIArSg?usp=sharing
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Figure 4-13. The asymmetric unit cell of [Zn4O(hhtt)1.33(bpdc)0.5(bdc)0.5] at three different 
temperatures (173, 273 and 333 K).

Table 4-1. Summary of X-ray crystallography data collection and refinement details of the selected 
single-crystal structures.
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Chapter 5 Postsynthetic inter-ligand coupling reaction 

5.1. Introduction 

Figure 5-1. A schematic diagram of alternating bpdc and bdc which were equipped with functional 
groups shown as blue and yellow balls in the type-S framework (top); and the new functional group 

formed using the post-synthetic modification reaction (bottom).



Chapter 5. Postsynthetic inter-ligand coupling reaction 

122 

5.1.1. Azide-alkyne click reaction 
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5.1.2. Inter-ligand coupling reactions 

Figure 5-2. The heat-driven inter-linker PSM conducted in IRMOF-9 derived framework.
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Figure 5-3. The schematic diagram of inter-ligand polymerisation with guest molecules
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5.2. Result and discussion 

5.2.1. Ligand design  

Figure 5-4. (a) The conceptual diagram of before and after the inter-ligand azide-alkyne click 
reaction between the two linear ligands L1 and L2 in the type-S framework; (b) Two different sister 
frameworks , MUF-80a and MUF-80b, were synthesised from hmtt, L1, zinc nitrate and respectively 

L2 or L3.
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5.2.2. Post-synthetic modification reaction with MUF-80a 

≡
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Figure 5-5. (a) A schematic diagram of MUF-80a-1 and -2 syntheses; (b) the PSM click reactions 
between the linkers in the frameworks and guest molecules.
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Figure 5-6. 1H NMR of the frameworks before and after the click reaction with the guest molecules 
for the control experiment.
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≡ ≡ −

Figure 5-7. (a) PXRD patterns and (b) IR spectrascopies of the frameworks before and after the click 
reaction with the guest molecules for the control experiment.
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Figure 5-8. (a) A schematic diagram of MUF-80a synthesis; (b) PXRD patterns before and after the 
click reaction with MUF-80a; (c) 1H NMR spectrum of the digested MUF-80a sample in DMSO-

d6/DCl mixture.
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Figure 5-9. The 2,5-functionalised bdc illustrates the rotational and positional disorders of the side 
groups attached to the bdc backbone in a crystal lattice.
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Figure 5-10. The crystal structures of (a) MUF-80a and (b) MUF-80ac are presented with one model 
among four disordered ones. The bdc and bpdc backbones were coloured green and pink, 

respectively.
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Figure 5-11. The IR spectra of MUF-80a, MUF-80a-1* and MUF-80ac. The azide peak disappeared 
in MUF-80ac spectrum. MUF-80a-1* refers to the crystal sample after heating.

Figure 5-12. 1H HMR spectrum of MUF-80ac.
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Figure 5-14. Two plots of N2 physorption isotherm at 77K for before and after azide-alkyne click 
reaction.

Figure 5-13. SEM images of MUF-80a and MUF-80ac, before and after PSM reaction, respectively
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Figure 5-15. A simulated triazole containing alkyl chain by 3D modelling software after inter-ligand 
cross-linking click reaction between the two ligands, L1 and L2. The position of L1 and L2 

backbones are fixed at proper positions with a similar arrangement to the geometry in the crystal 
lattice. The bond lengths between atoms composing the chain were longer than normal, indicating 

the chain length is not long enough to fill the gap between L1 and L2.
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5.2.3. Post-synthetic modification reaction with MUF-80b 

Figure 5-16. (a) A schematic diagram of MUF-80b synthesis; (b) PXRD pattern and (c) crystal 
structure of MUF-80b. 
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Figure 5-17. A schematic diagram showing three different ways to crosslink L1 and L3 with different 
PSM reactions, exploiting catalysts or heating to trigger the azide-alkyne cyclisation reaction 
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Figure 5-18. IR spectra of MUF-80b, bc-1, bc-2 and bc-3. The azide peak at 2100 cm-1 of MUF-80b 
was disappeared after PSM click reaction in all three cases.
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Figure 5-20. SEM images of MUF-80b and its derivatives after PSM reaction; the scale bar is 
equivalent to 200 μm 

Figure 5-19. The crystal structure of MUF-80bc-3. The triazole containing crosslinked alkyl chain 
which connects L1 and L3 is properly solved. 
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Figure 5-21. The stacked 1H NMR spectra of MUF-80b and its derivatives after the PSM reaction for 
an easier comparison. The multiplets appearing at 3.2 ppm were because of the contaminated 

samples.



Chapter 5. Postsynthetic inter-ligand coupling reaction 

141 

Figure 5-22. TGA plots of MUF-b and its derivatives after PSM. The mass loss at around 200 °C due 
to azide decomposition in MUF-80b is shown in the inset plot. 

Table 5-1. BET surface areas and total pore volume of MUF-80a and MUF-80b before and after the 
PSM azide-alkyne cyclisation reaction.
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Figure 5-23. Overlaid plots of pore volume distribution of MUF-80b and its derivatives for an easier 
comparison after the PSM click reaction.
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Table 5-3. The isosteric heats of adsorption of CH4, CO2, C2H4 and C2H6 at zero loading in kJ·mol-1.

Table 5-2. The calculated values for the average pore width and FWHM of the pore-C using 
Gaussian fits.
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5.3. Conclusion  
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5.4. Experimental section 

5.4.1. General procedure 

α

α

θ
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5.4.2. Post-synthetic click reaction 

μ
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5.4.3. Analyses 

5.4.3.1. SCXRD (Single-crystal X-ray diffraction) 

Table 5-4. Summary of X-ray crystallography data collection and refinement details of MUF-80a, ac, 
b, bc-1, bc-2 and bc-3

https://drive.google.com/drive/folders/1mEMRFRL3ME5N6OtzIjeEWkluLPOIArSg?usp=sharing
https://drive.google.com/drive/folders/1mEMRFRL3ME5N6OtzIjeEWkluLPOIArSg?usp=sharing
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5.4.3.2. Gas adsorption 

5.4.3.2.1. N2 adsorption at 77 K data and BET plots 

Figure 5-24. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80a. 
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5.4.3.2.2. Physisorption of various gases at 273 and 293 K 

Figure 5-25. Gas adsorption and desorption isotherms of MUF-80a at 273 K. 

Figure 5-26. N2, CH4, CO2, C2H4 and C2H6 adsorption and desorption isotherms at 293 K of MUF-80a.
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5.4.3.2.3. Isosteric heat of adsorption (Qst) calculations[164] 

𝒍𝒏𝑷 =  𝒍𝒏𝑵 +
𝟏

𝑻
∑ 𝒂𝒊𝑵

𝒊

𝒎

𝒊=𝟎

+ ∑ 𝒃𝒊𝑵
𝒊

𝒏

𝒊=𝟎

 

𝑸𝒔𝒕 =  −𝑹 ∑ 𝒂𝒊𝑵
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Figure 5-27. Isosteric heats of adsorption for MUF-80a plotted as a function of uptake.
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5.4.3.2.4. Pore size distributions 

Figure 5-28. Pore volume distribution plot of MUF-80b and the Gaussian fit for pore-C
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Chapter 6 Sequence-specific polymerisation using a MOF scaffold 

6.1. Introduction 

Figure 6-1. A schematic diagram of polymerisation with (a) hetero-coupling or (b) homo-coupling.
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6.2. Result and discussion 

6.2.1. Ligand and experiment design 

Figure 6-2. A schematic diagram showing the arrangement of the two linear linkers, bpdc and bdc, 
(a) bpdc and bdc alternate; (b) each pair of bdc and bpdc alternate. 

Figure 6-3. The concept of synthesising the sequence-specific polymer using a guest molecule to 
link the bpdc and bdc derivatives equipped with the same functional group.
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Figure 6-4. A few examples of coupling reactions between the bpdc and bdc derivatives equipped 
with the same functional group in the type-S framework using (a) alkene metathesis reaction, (b) 

alkyne-alkyne Glaser coupling or (c) guest mediated azide-alkyne click reaction.
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6.2.1.1. Alkene-alkene coupling reactions 

Figure 6-5. A few examples of olefin homo-coupling reactions. 

Figure 6-6. A schematic diagram of ligands syntheses for the postsynthetic polymerisation utilising 
homo-coupling reaction.



Chapter 6. Sequence-specific polymerisation using a MOF scaffold 

156 

Figure 6-7. (a) PXRD pattern of MUF-80c, MUF-80cc and the calculated type-S framework (the 
characteristic peaks were filled with red); (b) crystal structure of MUF-80c, pentene chains were 

modelled with the ball-and-stick model.

Figure 6-8. Grubbs 2nd 
generation catalyst 

(G2C).
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Figure 6-9. 1H NMR spectra of MUF-80c and MUF-80cc.

MUF-80c 

MUF-80cc 
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6.2.1.2. Alkyne-alkyne coupling reactions 

Figure 6-10. The crystal structure of MUF-80d. The hexyne chains, which are attached to bdc 
backbone (green) and bpdc backbone (pink), are clearly shown.
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Figure 6-11. (a-c) The optical microscopy images of MUF-80d and its derivatives; (d) PXRD patterns 
of MUF-80d and derivatives after polymerisation reaction. The charateristic peaks of type-S 

framework were filled with red.
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Figure 6-12. 1H NMR spectra of (a) MUF-80d, (b)MUF-80dc-c, after Glaser coupling reaction and (c) 
MUF-80dc-t, coupled by heating. The NMR samples were prepared by dissolving crystals in either 

DMSO-d6/DCl mixture (for a and c) or NaOD/D2O mixture (for b).
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Figure 6-13. A schematic diagram of intramolecular alkyne-alkyne [2+2] cycloaddition; the 
formation of cyclobutadiene species was proved with a trapping experiment with cyclopentadiene 

derivatives to give rise to the Diels-Alder adduct.
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Figure 6-14. TGA analyses of MUF-80d and MUF-80dc-t after the alkyne-alkyne [2+2] thermal 
cycloaddition reaction.
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Figure 6-15. Crystal structure of MUF-80dc-t. The cyclobutadiene consisting of C30, C31, C48 and 
C49 was modelled based on the arrangement of those carbon atoms.
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Figure 6-16. (a) N2 adsorption isotherm at 77K and the total pore volume and BET surface area of 
MUF-80d and MUF-80dc-t;(b) the pore size distributions of pore-C in each framework; (c) The 

isosteric heats of adsorption of CH4, CO2, C2H4 and C2H6 at zero loading in kJ·mol-1.
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6.2.1.3. Guest-mediated coupling 

Figure 6-17. A schematic diagram of guest-mediated coupling reaction utilising the azide-alkyne 
click reaction.
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Figure 6-18. (a) PXRD patterns of MUF-80e and MUF-80ec; the characteristic peaks of type-S 
framework are filled with red. (b) The crystal structure of MUF-80e; two pairs of azide groups 

attached to each linear linker are clearly shown.

Figure 6-19. Schematic visualisation of the three different outcomes from the guest mediated 
coupling reaction.
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Figure 6-20. IR spectra of MUF-80e and MUF-80ec. The characteristic peak belonging to azide were 
disappeared after the azide-alkyne click reaction.

Figure 6-21. The 1H spectra of MUF-80e and MUF-80ec. The sharp peaks of the bridging methylene 
(4 – 5 ppm) were shifted to (5 – 6 ppm) and the peaks belonging to L1 and L7 were slightly 

broadened after the click reaction with guest molecule.
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Figure 6-22. TGA analyses of MUF-80e and MUF-80ec after the azide-alkyne click reaction with the 
guest component, dioctyne.
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Figure 6-23. (a) Optical microscopy image and (b) SEM image of MUF-80ec. Cracks and holes were 
noted, indicating the stress during the click reaction.

Figure 6-24. The crystal structure of MUF-80ec. 
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Figure 6-25. (a) N2 adsorption isotherm at 77K and the total pore volume and BET surface area of 
MUF-80e and MUF-80ec;(b) the pore size distributions of pore-C in each framework; (c) The 

isosteric heats of adsorption of CH4, CO2, C2H4 and C2H6 at zero loading in kJ·mol-1.

Figure 6-26. The poresize distribution of MUF-80e and MUF-80ec. The statistics from the Gaussian 
fit for pore-C were also presented.
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6.3. Conclusion 

Table 6-1. The isosteric heats of adsorption of CH4, CO2, C2H4 and C2H6 at zero loading in kJ·mol-1. 
Two adsorption measurements at two different temperatures, 273 K and 293 K, were used for the 

calculation.
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6.4. Experimental section 

6.4.1. General procedures 

α

α

θ
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6.4.2. Post-synthetic coupling reactions 

6.4.2.1. Alkene-alkene coupling reaction 

6.4.2.1.1. Test reaction with styrene 

µ

°

6.4.2.1.2. Post-synthetic alkene metathesis with G2C 

6.4.2.1.3. Post-synthetic alkene metathesis with W(CO)6 

6.4.2.1.4. Post-synthetic dimerisation of alkene with zirconocene 

μ

μ
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6.4.2.2. Glaser-Hay coupling 

6.4.2.2.1. Test reaction with phenylacetylene 

μ

μ μ

6.4.2.2.2. MUF-80dc-c 

μ

6.4.2.3. Guest-mediated azide-alkyne click reaction 

f μ

 
g μ  
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6.4.3. Analyses 

6.4.3.1. PXRDs 

Figure 6-27. PXRD patterns of various MOFs before and after postsynthetic coupling reactions. 
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6.4.3.2. SCXRD 

Table 6-2. Summary of X-ray crystallography data collection and refinement details of MUF-80c, 
MUF-80d, MUF-80dc-t, MUF-80e and MUF-80ec.

https://drive.google.com/drive/folders/1mEMRFRL3ME5N6OtzIjeEWkluLPOIArSg?usp=sharing
https://drive.google.com/drive/folders/1mEMRFRL3ME5N6OtzIjeEWkluLPOIArSg?usp=sharing
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6.4.3.3. IR spectroscopy 

Figure 6-28. IR spectra of MUF-80d and MUF-80dc-t. The characteristic peaks belonging to the 
terminal alkyne were disappeared after the alkyne-alkyne thermal coupling reaction.
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Chapter 7 Summary and Perspectives 

7.1. Thesis summary 
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7.2. Brønsted acid catalyst 
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Figure 7-1. (a) bdc linkers functionalised with sulfonic or phosphonic acid; (b) bpdc derived chiral 
modulating groups; (c) a schematic diagram of Brønsted acid catalyst synthesis; (d) a target 

reaction (cyclisation of 2-aminobenzamide and 3-nitrobenzaldehyde) to test the prepared Brønsted 
acid catalysts.
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β

α  and α

) α

Figure 7-2. The HPLC chromatograms of some reaction mixtures for the reaction of 2-
aminobenzamide and 3-nitrobenzaldehyde catalysed by selected catalysts.

Figure 7-3. A few examples of bpdc derivatives which can be utilised as a chiral modulator in RAI 
catalysts together with bdc-s.
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7.3. MOF synthesis with pre-linked chains 

Figure 7-4. (a) A schematic diagram of a dimer synthesis comprised bdc and bpdc; (b) the type-S 
framewrok was formed from the dimer.
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Figure 7-5. Schematic diagrams for synthesising the phase pure framework; (a) the type-L 
framework can be formed from the two dimers, bpdc-bpdc and bdc-bdc; (b) the type-S framework 

will probably be formed if the equimolar two trimers were used together.
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Figure 7-6. Functionalised (a)dimers and (b) trimers.
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Appendix A. For Chapter 2 

A.1. Phase determination of co-crystal 

A.1.1. Procedure 

Figure A-1. The linker combinations which used to synthesise the co-crystal (irregularly shaped 
crystal) and three type-L frameworks.
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σ

Figure A-2. An example of HKL file content for the diffraction spots belong to the same lattice plane 
(35 42 1). The intensity for the spot collected several times at different orientation angles with 

respect to the incident ray during the measurement, and scaled intensity of the diffraction spots 
and corresponding errors are recorded along with the HKL indices.
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• 

Figure A-3

• 

• 

• 

 

Figure A-3. The circles are the predicted diffraction spot positions based on the calculations with 
the type-S framework. Two groups of spots, which do not superimpose with the predicted spots of 
the type-S framework (group a) or which are enclosed in the predicted type-S spots (group b), were 

carefully chosen to sample various intensities of the spots.
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Figure A-4. The comparison of relative spot intensities between two groups, a and b in each 
framework. There is a notable difference in the trends of spot intensities between co-crystal and 

the other three MUF-7 structures.
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A.1.2. HKL data 

Table A-1. The HKL index and corresponding intensity data retrieved from the HKL files of the 
selected frameworks. 

 Co-crystal type-L_1 type-L_2 type-L_3 

a0 

1 -42 35 -0.27 0.41 
1 -42 35 -0.18 0.29 
35 -1 42 0.1 0.33 
35 -1 42 0.18 0.26 
-35 1 42 -0.16 0.21 
-1 42 35 0.03 0.49 
35 1 42 0.05 0.25 
-1 -42 35 -0.26 0.41 
1 42 35 0.36 0.49 
42 35 1 -0.22 0.27 
-1 -42 35 -0.54 0.29 
35 1 42 -0.09 0.32 
-35 -1 42 0.19 0.23 

-1 42 -35 2.01 0.32 
35 42 -1 1.84 0.36 
-1 42 -35 1.99 0.34 
1 42 35 1.62 0.36 
42 35 1 1.3 0.35 
1 35 -42 1.35 0.27 
35 42 -1 1.46 0.35 
-1 42 35 1.4 0.35 
1 42 -35 1.73 0.33 
1 42 -35 1.12 0.28 
35 42 1 1.73 0.34 
42 35 -1 2.08 0.38 
35 42 1 1.96 0.36 

1 -35 42 0.6 0.04 
42 1 -35 0.61 0.06 
-1 -35 -42 0.63 0.06 
-42 -1 -35 0.59 0.05 
1 35 -42 0.55 0.05 
-42 1 35 0.53 0.05 
-35 42 1 0.69 0.05 
-42 1 35 0.63 0.05 
-35 42 1 0.63 0.05 
-35 42 -1 0.6 0.05 
-42 -1 35 0.67 0.05 
1 -35 -42 0.59 0.06 
-42 1 -35 0.55 0.05 
42 -1 -35 0.62 0.06 
-42 -1 35 0.61 0.05 
-1 35 -42 0.57 0.05 
-35 42 -1 0.53 0.05 
-1 -35 42 0.59 0.05 

42.00 -35.00 1.00 0.36 0.07 
35.00 -1.00 42.00 0.34 0.06 
35.00 1.00 -42.00 0.33 0.07 
35.00 1.00 -42.00 0.38 0.1 
42.00 35.00 -1.00 0.49 0.08 
1.00 -42.00 35.00 0.41 0.07 
-1.00 -42.00 -35.00 0.35 0.07 
1.00 -42.00 35.00 0.39 0.07 
-1.00 -42.00 35.00 0.38 0.07 
35.00 1.00 42.00 0.34 0.06 
1.00 -42.00 -35.00 0.32 0.07 
42.00 -35.00 -1.00 0.43 0.07 
42.00 35.00 1.00 0.35 0.06 
35.00 -1.00 -42.00 0.35 0.07 
35.00 -1.00 -42.00 0.48 0.11 
-1.00 -42.00 35.00 0.39 0.07 

a1 

9 -1 32 0.75 0.16 
-1 32 9 0.74 0.26 
1 32 -9 0.62 0.32 
32 9 -1 0.76 0.21 
9 -1 32 0.73 0.21 
1 -32 9 1.12 0.21 
32 9 -1 1.36 0.23 
1 -32 9 1.02 0.26 
-1 32 -9 0.44 0.34 
32 9 1 0.8 0.16 
-1 -32 9 0.88 0.2 
1 32 9 0.75 0.29 
32 9 1 0.81 0.2 
32 9 1 0.71 0.23 
9 1 32 0.74 0.18 

1 32 9 53.99 1.35 
-1 32 -9 54.05 1.3 
1 32 9 51.85 1.25 
-9 32 1 54.82 1.29 
9 32 -1 55.22 1.33 
-9 32 1 55.04 1.34 
1 9 -32 53.18 1.24 
9 32 -1 53.19 1.36 
-1 32 -9 55.31 1.36 
-9 32 -1 54.86 1.33 
9 32 1 55.14 1.32 
9 32 1 52.1 1.35 
1 32 -9 54.21 1.48 
-1 9 -32 52.6 1.23 
-9 32 -1 55.07 1.28 
-1 32 9 54.3 1.38 
1 32 -9 54.63 1.31 

1 32 9 53.99 1.35 
-1 32 -9 54.05 1.3 
1 32 9 51.85 1.25 
-9 32 1 54.82 1.29 
9 32 -1 55.22 1.33 
-9 32 1 55.04 1.34 
1 9 -32 53.18 1.24 
9 32 -1 53.19 1.36 
-1 32 -9 55.31 1.36 
-9 32 -1 54.86 1.33 
9 32 1 55.14 1.32 
9 32 1 52.1 1.35 
1 32 -9 54.21 1.48 
-1 9 -32 52.6 1.23 
-9 32 -1 55.07 1.28 
-1 32 9 54.3 1.38 
1 32 -9 54.63 1.31 
-1 32 -9 8.86 0.3 
-32 9 -1 8.81 0.31 

9.00 1.00 -32.00 7.58 0.56 
1.00 32.00 -9.00 8.14 0.56 
9.00 -1.00 32.00 7.57 0.56 
-1.00 -32.00 -9.00 7.77 0.56 
-1.00 32.00 9.00 8.12 0.56 
1.00 -32.00 9.00 7.49 0.57 
1.00 -32.00 9.00 7.91 0.56 
-9.00 1.00 32.00 7.74 0.56 
9.00 1.00 32.00 7.58 0.56 
-1.00 -32.00 9.00 7.89 0.56 
-9.00 -1.00 32.00 7.80 0.56 
1.00 -32.00 -9.00 7.23 0.57 
-1.00 32.00 -9.00 8.00 0.56 
9.00 -1.00 -32.00 7.44 0.56 
-1.00 -32.00 9.00 7.24 0.57 
1.00 32.00 9.00 8.33 0.56 

a2 

3 34 -9 2.19 0.43 
-3 34 9 3.77 0.46 
9 -3 34 2.98 0.35 
3 -34 9 4.12 0.35 
3 -34 9 3.42 0.38 
9 -3 34 2.64 0.28 
34 9 3 3.67 0.44 
3 34 9 3.8 0.59 
34 9 3 3.9 0.32 
34 9 3 3.63 0.36 
-3 34 -9 2.16 0.44 
9 3 34 2.69 0.33 
-3 -34 9 3.32 0.42 

-3 34 -9 37.57 1.04 
34 3 -9 36.55 1.02 
-3 34 -9 36.53 0.99 
9 34 -3 37.41 1.01 
9 34 -3 35.7 1.04 
-9 34 3 38.11 0.96 
-9 34 3 36.79 1.14 
3 34 9 38.08 1.06 
3 34 9 36.32 0.95 

3 34 -9 36.97 1 
9 34 3 36.9 1.05 
-9 34 -3 38.01 1.03 
-3 34 9 37.43 1.03 
34 9 -3 37.01 1.04 
-9 34 -3 37.4 0.98 
3 34 -9 35.6 1.03 

-3 34 9 5.12 0.18 
-9 -3 -34 4.78 0.18 
-3 34 9 4.59 0.18 
-34 9 3 5.02 0.18 
-34 9 3 4.97 0.19 
3 34 -9 4.89 0.18 
-34 -9 -3 4.94 0.19 
9 3 -34 5.08 0.19 
-34 9 -3 4.87 0.19 
9 -3 -34 4.87 0.18 
-9 3 -34 4.68 0.18 
-34 9 -3 5 0.19 
3 34 9 4.88 0.18 
-34 -9 3 4.95 0.18 
-3 34 -9 4.95 0.18 
-34 -9 3 4.83 0.19 
-3 34 -9 4.94 0.18 

3.00 -34.00 9.00 5.85 0.46 
-9.00 3.00 34.00 6.33 0.45 
3.00 34.00 -9.00 6.61 0.46 
9.00 -3.00 34.00 6.34 0.45 
-3.00 34.00 9.00 6.14 0.45 
3.00 -34.00 9.00 6.08 0.45 
9.00 3.00 -34.00 6.15 0.45 
-3.00 -34.00 -9.00 5.98 0.46 
9.00 3.00 34.00 5.95 0.45 
-9.00 -3.00 34.00 6.03 0.45 
9.00 -3.00 -34.00 6.20 0.45 
-3.00 34.00 -9.00 6.22 0.45 
3.00 -34.00 -9.00 6.23 0.46 
-3.00 -34.00 9.00 5.97 0.46 
3.00 34.00 9.00 6.61 0.46 
-3.00 -34.00 9.00 6.32 0.45 

a3 

13 -13 42 4.07 0.42 
-13 42 13 4.52 0.65 
13 -42 13 4.45 0.46 
13 -13 42 3.67 0.45 
42 -13 13 4.08 0.42 
-13 -13 42 3.42 0.44 
-13 -42 13 5.21 0.53 
-13 -42 13 4.96 0.51 
13 13 42 4.05 0.51 
42 13 13 4.14 0.49 
42 13 13 4.42 0.61 
-13 -13 42 4.44 0.41 
42 13 13 4.69 0.44 

-13 42 13 25.7 0.88 
13 42 -13 24.88 0.91 
-13 42 -13 27.97 0.89 
13 42 -13 25.86 0.87 
42 13 -13 25.06 0.91 
13 42 13 26.02 0.97 
42 13 13 26.63 0.95 

13 42 -13 5.02 0.2 
-42 13 13 5.16 0.2 
13 13 -42 5.36 0.21 
-13 -13 -42 5.23 0.2 
-42 -13 -13 5.11 0.21 
-42 13 13 5.03 0.2 
-13 42 13 5.59 0.19 
42 13 -13 5.36 0.2 
-42 -13 13 5.31 0.21 
13 -13 -42 5.23 0.2 
-42 -13 13 5.05 0.2 
-42 13 -13 5.14 0.21 
-13 -13 42 5.13 0.19 
-13 42 -13 4.95 0.2 
-13 42 -13 5.04 0.2 
-13 -42 13 4.94 0.2 
-42 13 -13 4.82 0.21 

13.00 42.00 -13.00 4.59 0.34 
13.00 -42.00 13.00 4.24 0.34 
-13.00 -42.00 -13.00 4.33 0.35 
13.00 13.00 -42.00 4.91 0.38 
13.00 -13.00 42.00 4.54 0.34 
13.00 13.00 -42.00 4.35 0.34 
13.00 -42.00 13.00 4.47 0.35 
-13.00 -42.00 13.00 4.57 0.34 
13.00 -13.00 -42.00 4.55 0.34 
-13.00 -13.00 42.00 4.20 0.34 
13.00 42.00 13.00 4.55 0.34 
13.00 -42.00 -13.00 4.46 0.35 
-13.00 13.00 -42.00 4.55 0.38 
-13.00 -42.00 13.00 4.68 0.35 

a4 

17 -9 42 4.82 0.43 
-9 42 17 4.39 0.68 
9 -42 17 4.37 0.44 
9 -42 17 4.49 0.5 
17 -9 42 4.28 0.46 
17 9 42 4.3 0.48 
-17 -9 42 3.6 0.39 
-9 -42 17 5.33 0.54 
-9 -42 17 4.58 0.57 
42 17 9 4.42 0.62 
9 42 17 2.56 0.57 
42 17 9 3.55 0.49 

-9 42 -17 31.36 0.98 
42 9 -17 32.55 1.03 

-17 42 9 32.72 1 
17 42 -9 31.71 1.06 
42 17 9 32.09 1.07 
-9 42 -17 34.89 1.03 
17 42 -9 32.17 1.01 
9 42 17 32.29 1.08 
42 -9 -17 31.66 0.98 
9 42 -17 33.24 1.06 
9 42 -17 31.07 0.99 
-9 42 17 33.77 1.05 
17 42 9 32.93 0.98 
17 42 9 32.09 1.08 
42 17 -9 32.35 1.07 

9 42 -17 5.16 0.2 
-42 17 9 5.13 0.2 
-9 42 17 5.08 0.19 
17 9 -42 5.17 0.21 
-42 17 9 5.18 0.21 
-42 -17 -9 5.2 0.21 
-42 -17 9 5.29 0.2 
-9 42 -17 5.18 0.2 
-42 17 -9 5.28 0.22 
17 -9 -42 5.37 0.21 
-42 17 -9 5.26 0.22 
-17 -9 42 5.37 0.2 
-9 -42 17 5.29 0.2 
-42 -17 9 5.17 0.21 

-9.00 -42.00 -17.00 3.38 0.31 
9.00 42.00 -17.00 4.48 0.31 
9.00 -42.00 17.00 3.83 0.32 
17.00 -9.00 42.00 4.43 0.31 
9.00 -42.00 17.00 4.21 0.31 
17.00 9.00 -42.00 3.28 0.34 
17.00 9.00 -42.00 4.02 0.31 
9.00 42.00 17.00 4.61 0.31 
17.00 -9.00 -42.00 3.79 0.3 
-9.00 -42.00 17.00 3.99 0.32 
17.00 9.00 42.00 4.18 0.31 
9.00 -42.00 -17.00 3.40 0.31 
-9.00 -42.00 17.00 4.15 0.31 



Appendix A. For Chapter 2 

208 

 Co-crystal type-L_1 type-L_2 type-L_3 

a5 

-19 1 38 2.17 0.24 
19 -1 38 3.04 0.35 
1 -38 19 3.08 0.41 
1 -38 19 3.02 0.5 
-1 38 19 1.77 0.47 
1 38 19 1.82 0.48 
38 19 1 3.65 0.58 
-19 -1 38 2.12 0.25 
38 19 1 3.49 0.53 
19 1 38 2.68 0.44 
-1 -38 19 1.8 0.36 
-1 -38 19 1.76 0.41 

19 38 -1 18.78 0.71 
19 38 -1 17.83 0.74 
-1 38 -19 17.07 0.66 
1 19 -38 18.01 0.62 
-1 38 -19 17.46 0.71 
1 38 19 18.59 0.74 
38 1 -19 17.56 0.67 
38 19 1 17.34 0.73 
1 38 -19 18.01 0.72 
19 38 1 16.85 0.73 
38 -1 -19 17.36 0.67 
-1 38 19 17.81 0.73 
1 38 -19 17.14 0.67 
38 19 -1 18.17 0.74 
19 38 1 19.07 0.71 
-1 19 -38 18.56 0.63 

-38 -19 -1 3.51 0.14 
-19 1 38 3.28 0.13 
-38 -19 -1 2.89 0.16 
1 38 -19 3.39 0.14 
19 1 -38 3.57 0.15 
-38 19 1 3.37 0.15 
-38 19 1 3.42 0.15 
-38 -19 1 3.54 0.14 
19 -1 -38 3.65 0.15 
1 38 19 3.49 0.13 
-19 -1 38 3.35 0.13 
-38 19 -1 3.46 0.15 
-38 19 -1 3.25 0.16 
-1 38 -19 3.47 0.14 

1.00 -38.00 19.00 4.70 0.33 
1.00 -38.00 19.00 4.07 0.34 
19.00 -1.00 38.00 4.39 0.33 
19.00 1.00 -38.00 4.48 0.33 
1.00 38.00 -19.00 4.31 0.33 
-1.00 -38.00 19.00 4.93 0.35 
19.00 -1.00 -38.00 4.11 0.33 
1.00 -38.00 -19.00 3.65 0.33 
-1.00 -38.00 19.00 3.97 0.34 
19.00 1.00 38.00 4.64 0.33 
-1.00 38.00 -19.00 4.60 0.34 

a6 

-6 42 22 40.84 2.38 
22 -6 42 39.1 2.22 
6 -42 22 42.01 2.21 
6 -42 22 40.34 2.24 
22 -6 42 40.11 2.19 
-22 -6 42 39.61 2.18 
6 42 22 38.62 2.42 
22 6 42 37.79 2.3 
42 22 6 42.55 2.33 
-6 -42 22 40.27 2.27 
42 22 6 43.41 2.23 
-6 -42 22 34.31 2.22 
22 6 42 41.65 2.21 

42 6 -22 8.18 0.52 
6 22 -42 8.84 0.46 
22 42 -6 7.99 0.53 
42 22 6 9.25 0.6 
-6 42 -22 9.06 0.54 
6 42 22 8.39 0.58 
-6 42 -22 8.22 0.5 
22 42 -6 8.48 0.57 
42 22 -6 8.04 0.57 
-6 42 22 8.91 0.57 
6 42 -22 8.55 0.52 
22 42 6 7.79 0.57 
22 42 6 9.05 0.54 
6 42 -22 8.55 0.56 

-42 22 6 1.89 0.1 
-22 6 42 1.96 0.08 
22 6 -42 1.9 0.1 
-42 -22 -6 1.82 0.1 
-42 22 6 1.94 0.1 
6 42 -22 1.97 0.1 
-42 22 -6 1.83 0.11 
-22 -6 42 1.98 0.09 
-42 -22 6 1.9 0.1 
-6 42 -22 1.88 0.1 
-42 -22 6 1.94 0.1 
22 -6 -42 2.06 0.1 
-42 22 -6 1.95 0.11 

22.00 6.00 -42.00 2.41 0.2 
6.00 -42.00 22.00 2.33 0.2 
22.00 6.00 -42.00 2.52 0.25 
42.00 22.00 -6.00 2.29 0.19 
22.00 -6.00 42.00 2.51 0.2 
6.00 -42.00 22.00 2.57 0.22 
6.00 42.00 -22.00 2.42 0.21 
-6.00 -42.00 -22.00 2.20 0.2 
6.00 -42.00 -22.00 2.63 0.21 
6.00 42.00 22.00 2.44 0.2 
-6.00 -42.00 22.00 2.38 0.21 
42.00 22.00 6.00 2.51 0.19 
-6.00 -42.00 22.00 2.34 0.2 
22.00 -6.00 -42.00 2.41 0.2 
22.00 6.00 42.00 2.42 0.2 

a7 

29 -3 36 6.84 0.53 
36 29 -3 5.71 0.65 
29 -3 36 5.73 0.56 
-3 36 29 5.49 0.69 
-29 -3 36 5.3 0.49 
-29 -3 36 4.74 0.55 
3 36 29 6.18 0.8 
36 29 3 4.5 0.71 
29 3 36 4.26 0.57 
-3 -36 29 6.71 0.64 
-3 -36 29 7 0.56 
29 3 36 6.93 0.53 
29 3 36 5.13 0.62 

29 36 -3 5.91 0.52 
3 36 29 5.5 0.52 
3 29 -36 5.21 0.42 
36 29 3 5.34 0.51 
-3 36 -29 5.45 0.43 
36 29 3 5.79 0.47 
29 36 -3 5.07 0.49 
3 29 -36 5.45 0.46 
-3 36 -29 4.62 0.45 
-3 29 -36 5.31 0.45 
-3 36 29 6.17 0.51 
36 29 -3 4.93 0.5 
36 29 -3 5.59 0.46 
29 36 3 5.38 0.5 
3 36 -29 5.09 0.46 
-3 29 -36 5.32 0.42 
3 36 -29 4.83 0.43 
29 36 3 5.51 0.51 

-36 -29 -3 1.25 0.08 
29 3 -36 1.23 0.08 
-36 29 3 1.25 0.08 
-36 29 3 1.18 0.07 
-29 3 36 1.25 0.06 
3 36 -29 1.27 0.07 
-29 3 36 1.14 0.09 
-3 36 -29 1.09 0.07 
3 -36 -29 1.28 0.08 
-29 -3 36 1.22 0.06 
-36 29 -3 1.32 0.08 
-36 29 -3 1.28 0.08 
29 -3 -36 1.27 0.08 
-36 -29 3 1.27 0.08 

3.00 36.00 -29.00 2.06 0.18 
36.00 29.00 -3.00 2.49 0.18 
-3.00 -36.00 -29.00 1.84 0.18 
36.00 -29.00 3.00 1.72 0.18 
29.00 -3.00 36.00 2.19 0.18 
3.00 -36.00 29.00 2.23 0.18 
3.00 -36.00 29.00 2.30 0.19 
29.00 3.00 -36.00 2.07 0.18 
-3.00 -36.00 29.00 2.12 0.18 
-3.00 -36.00 29.00 2.00 0.19 
36.00 29.00 3.00 2.38 0.17 
3.00 -36.00 -29.00 1.99 0.18 
36.00 -29.00 -3.00 1.88 0.18 
29.00 -3.00 -36.00 1.97 0.18 
29.00 3.00 36.00 2.24 0.18 

a8 

18 -46 36 6.07 0.6 
-18 46 36 5.66 0.86 
36 -18 46 7.15 0.59 
36 -18 46 6.69 0.67 
18 -46 36 6.33 0.57 

18 46 36 7.58 1 
46 36 18 7.27 0.76 
36 18 46 6.64 0.72 
-36 -18 46 7.51 0.62 
-18 -46 36 7.35 0.71 
36 18 46 7.13 0.65 
36 18 46 6.27 0.69 
46 36 18 6.74 0.62 
-18 -46 36 6.81 0.66 

36 46 -18 7.98 0.55 
36 46 -18 8.35 0.57 
46 36 18 8.5 0.58 
-18 36 46 6.5 0.55 
18 36 -46 6.85 0.65 
18 46 36 7.57 0.63 
-18 46 36 7.28 0.59 
18 46 -36 7.34 0.51 
18 46 -36 8.5 0.57 
46 36 -18 8.87 0.6 
36 46 18 7.74 0.74 
18 36 46 7.54 0.6 

-46 36 18 1.11 0.07 
18 46 -36 1.08 0.07 
46 36 -18 1.17 0.08 
36 18 -46 1.09 0.08 
-36 -18 46 1.05 0.07 
-18 -46 36 1.08 0.07 
-36 -18 46 1.1 0.07 
-46 36 -18 1.06 0.07 
-46 -36 18 1.06 0.07 
-46 36 -18 1.11 0.07 
36 -18 -46 1.02 0.07 
-18 46 -36 1.09 0.07 

46.00 36.00 -18.00 0.63 0.09 
18.00 -46.00 36.00 0.54 0.09 
36.00 18.00 -46.00 0.55 0.1 
46.00 -36.00 18.00 0.55 0.08 
36.00 -18.00 46.00 0.58 0.08 
18.00 46.00 -36.00 0.54 0.09 
18.00 -46.00 -36.00 0.55 0.08 
36.00 -18.00 -46.00 0.54 0.08 
46.00 -36.00 -18.00 0.55 0.08 
46.00 36.00 18.00 0.55 0.08 
18.00 46.00 36.00 0.53 0.08 

a9 

-10 44 36 6.28 0.96 
10 -44 36 7.16 0.67 
36 -10 44 9.01 0.66 
36 -10 44 7.94 0.71 
10 -44 36 6.96 0.73 
-36 -10 44 8.64 0.66 
36 10 44 8.74 0.7 
-10 -44 36 7.13 0.8 
44 36 10 9.6 0.82 
-10 -44 36 7.55 0.74 
36 10 44 8.2 0.76 
10 44 36 9.34 1.05 
36 10 44 8.53 0.72 

36 44 -10 6.35 0.56 
44 36 10 7 0.58 
36 44 -10 7.16 0.58 
10 44 36 7.81 0.64 
10 36 -44 7.11 0.47 
-10 44 36 7.81 0.6 
36 44 10 7.69 0.56 
36 44 10 6.91 0.56 
10 44 -36 7.76 0.52 
10 36 44 6.55 0.59 
10 44 -36 7.63 0.57 
44 36 -10 7.9 0.62 

36 -10 44 0.75 0.05 
-44 36 10 0.68 0.05 
36 10 -44 0.74 0.07 
10 44 -36 0.71 0.05 
-44 36 10 0.73 0.06 
-36 10 44 0.73 0.05 
-36 -10 44 0.77 0.06 
-44 36 -10 0.65 0.06 
-44 36 -10 0.73 0.06 
-36 -10 44 0.75 0.05 
36 -10 -44 0.65 0.09 
-10 44 -36 0.64 0.06 
-44 -36 10 0.67 0.06 

36.00 44.00 -10.00 1.02 0.12 
44.00 -10.00 36.00 0.86 0.09 
44.00 10.00 -36.00 0.95 0.16 
-10.00 -36.00 -44.00 0.62 0.11 
10.00 -36.00 44.00 0.89 0.11 
36.00 44.00 10.00 0.97 0.11 
44.00 -10.00 -36.00 0.87 0.14 
-10.00 -36.00 44.00 0.86 0.11 
10.00 -36.00 -44.00 0.62 0.13 



Appendix A. For Chapter 2 

209 

 Co-crystal type-L_1 type-L_2 type-L_3 

b0 

-6 42 40 3.18 0.62 
6 -42 40 4.29 0.59 
40 -6 42 2.76 0.45 
6 -42 40 3.13 0.44 
40 -6 42 3.54 0.56 
-6 -42 40 3.13 0.45 
-6 -42 40 3.37 0.58 
42 40 6 4.09 0.74 
-40 -6 42 3.02 0.4 
40 6 42 2.84 0.5 
6 42 40 3.43 0.65 
40 6 42 3.41 0.42 

-6 40 42 0.47 0.33 
40 42 -6 0.34 0.3 
6 42 40 0.49 0.32 
6 40 -42 0.41 0.24 
42 40 6 -0.17 0.28 
40 42 -6 0.25 0.28 
6 40 -42 0.7 0.3 
40 42 6 0.51 0.3 
42 40 -6 -0.02 0.27 
6 40 42 0.77 0.34 
6 42 -40 0.4 0.25 
6 42 -40 0.28 0.27 
40 42 6 0.57 0.3 
-6 42 40 0.36 0.3 
42 40 -6 0.69 0.34 

-40 42 6 0.04 0.02 
-42 6 40 0.03 0.02 
-40 42 6 0.03 0.02 
42 6 -40 0.02 0.03 
-42 -6 40 0.03 0.02 
-40 42 -6 0.03 0.02 
-40 42 -6 0.03 0.02 
-40 -42 6 0.03 0.02 
42 -6 -40 0.04 0.03 
-6 40 -42 0.03 0.03 
-42 -6 40 0.06 0.02 

-6.00 -42.00 -40.00 0.56 0.09 
42.00 -40.00 6.00 0.50 0.08 
6.00 -42.00 40.00 0.46 0.08 
40.00 -6.00 42.00 0.70 0.08 
40.00 6.00 -42.00 0.41 0.07 
42.00 40.00 -6.00 0.67 0.09 
40.00 6.00 -42.00 0.43 0.09 
6.00 -42.00 40.00 0.61 0.09 
40.00 -6.00 -42.00 0.64 0.09 
42.00 -40.00 -6.00 0.37 0.07 
6.00 -42.00 -40.00 0.47 0.08 
-6.00 -42.00 40.00 0.69 0.09 
-6.00 -42.00 40.00 0.72 0.09 
42.00 40.00 6.00 0.64 0.09 
40.00 -6.00 -42.00 0.47 0.1 

b1 

4 -34 8 205.61 10.19 
34 -8 4 198.86 10.18 
4 34 -8 195.91 10.29 
-4 34 8 189.89 10.22 
8 -4 34 194.45 10.17 
34 8 4 193.22 10.17 
-4 -34 8 199.34 10.22 
8 4 34 188.88 10.17 
-4 -34 8 194.66 10.19 
-8 -4 34 192.93 10.12 
-4 34 -8 196.14 10.31 
34 8 4 195.13 10.24 
4 34 8 196.7 10.28 
34 8 4 196.47 10.2 

8 34 -4 10.87 0.49 
-4 34 -8 11.36 0.52 
34 4 -8 10.8 0.51 
4 34 8 11.21 0.53 
-8 34 4 10.89 0.45 
-8 34 4 11.58 0.61 
8 34 -4 10.83 0.52 
-4 34 -8 11.27 0.48 
4 34 8 10.35 0.45 
8 34 4 10.62 0.48 
8 34 4 11.26 0.53 
-4 34 8 11.22 0.52 
4 34 -8 10.36 0.48 
4 34 -8 11.03 0.52 
-8 34 -4 10.5 0.46 
34 8 -4 10.48 0.51 
-8 34 -4 10.8 0.51 
-4 34 8 11.59 0.44 

-34 -8 -4 0.86 0.06 
-4 34 8 0.83 0.04 
-34 8 4 0.89 0.05 
-4 34 8 0.91 0.05 
-8 -4 -34 0.84 0.05 
8 4 -34 0.85 0.05 
4 34 -8 0.9 0.05 
-34 8 4 0.8 0.05 
-34 8 -4 0.84 0.06 
-34 -8 4 0.85 0.05 
8 -4 -34 0.88 0.05 
4 34 8 0.81 0.05 
-8 4 -34 0.84 0.05 
-34 -8 4 0.89 0.06 
-34 8 -4 0.84 0.06 
-4 34 -8 0.86 0.05 
-4 34 -8 0.84 0.05 

8.00 -4.00 34.00 1.47 0.13 
4.00 -34.00 8.00 1.56 0.13 
4.00 -34.00 8.00 1.67 0.14 
-4.00 -34.00 -8.00 1.93 0.14 
-4.00 34.00 8.00 1.48 0.14 
-8.00 4.00 34.00 1.70 0.13 
4.00 34.00 -8.00 1.56 0.14 
8.00 4.00 -34.00 1.64 0.14 
-8.00 -4.00 34.00 1.64 0.14 
4.00 34.00 8.00 1.49 0.13 
8.00 4.00 34.00 1.58 0.13 
-4.00 -34.00 8.00 1.57 0.13 
4.00 -34.00 -8.00 1.68 0.14 
-4.00 34.00 -8.00 1.57 0.14 
-4.00 -34.00 8.00 1.70 0.15 
8.00 -4.00 -34.00 1.62 0.14 

b2 

8 -40 14 105.19 5.59 
14 -8 40 106.34 5.66 
-8 40 14 109.17 5.67 
14 -8 40 102.02 5.57 
8 -40 14 109.41 5.61 
-8 -40 14 106.28 5.62 
14 8 40 103.3 5.62 
40 14 8 102.21 5.58 
-8 -40 14 104.91 5.64 
40 14 8 107.39 5.68 
8 40 14 108.52 5.74 
40 14 8 108.44 5.61 
-14 -8 40 107.04 5.55 

-8 40 -14 2.89 0.34 
40 8 -14 2.32 0.32 
8 40 14 2.89 0.36 
14 40 -8 2.82 0.35 
14 40 -8 2.59 0.32 
40 14 8 2.73 0.34 
-8 40 -14 2.88 0.31 
-8 40 14 2.95 0.35 
8 40 -14 2.62 0.3 
8 40 -14 2.96 0.35 
14 40 8 3.84 0.52 
-14 40 -8 3.53 0.34 
14 40 8 2.89 0.36 
40 14 -8 3.16 0.36 

-14 -8 -40 0.61 0.04 
8 40 -14 0.69 0.05 
14 8 -40 0.78 0.06 
-40 -14 -8 0.73 0.06 
-40 14 8 0.64 0.05 
-8 40 14 0.66 0.05 
-8 40 14 0.66 0.04 
-40 14 8 0.75 0.05 
-40 -14 -8 0.74 0.06 
-40 -14 8 0.62 0.05 
14 -8 -40 0.6 0.05 
-8 40 -14 0.72 0.05 
-14 -8 40 0.73 0.05 
-40 14 -8 0.73 0.06 
-40 14 -8 0.65 0.06 
-40 -14 8 0.67 0.05 
-8 40 -14 0.68 0.05 
-8 -40 14 0.68 0.05 
8 40 14 0.71 0.04 

8.00 -40.00 14.00 0.45 0.08 
14.00 -8.00 40.00 0.50 0.08 
14.00 8.00 -40.00 0.41 0.1 
8.00 -40.00 14.00 0.53 0.07 
14.00 8.00 -40.00 0.58 0.08 
8.00 40.00 -14.00 0.49 0.08 
-8.00 -40.00 -14.00 0.43 0.08 
14.00 -8.00 -40.00 0.53 0.08 
8.00 40.00 14.00 0.64 0.08 
8.00 -40.00 -14.00 0.47 0.07 
14.00 8.00 40.00 0.42 0.06 
-8.00 -40.00 14.00 0.54 0.08 
-14.00 8.00 -40.00 0.50 0.1 
-14.00 -8.00 40.00 0.52 0.07 

b3 

-20 10 24 97.77 5.42 
24 -20 10 105.35 5.46 
20 -10 24 102.8 5.45 
10 -24 20 99.02 5.46 
20 -10 24 103.8 5.48 
24 -20 10 108.3 5.45 
24 20 -10 103.81 5.49 
10 -24 20 105.02 5.45 
20 10 24 107.83 5.51 
-20 -10 24 105.52 5.45 
-24 -20 10 106.43 5.49 
24 20 10 103.48 5.52 
-10 -24 20 107.41 5.46 
-10 -24 20 103.61 5.48 
-20 -10 24 99.16 5.47 
10 24 20 109.07 5.53 
-24 -20 10 103.84 5.47 

24 20 10 15.27 0.58 
20 24 -10 15.21 0.59 
24 20 10 14.94 0.57 
20 24 -10 14.85 0.58 
24 10 -20 15.57 0.58 
24 10 -20 15.66 0.55 
-10 24 -20 15.82 0.55 
10 20 -24 15.82 0.56 
-10 24 -20 14.53 0.53 
10 20 -24 15.21 0.58 
20 24 10 15.44 0.59 
20 24 10 15.43 0.58 
20 10 -24 15.22 0.55 
24 20 -10 14.66 0.59 
10 24 -20 15.65 0.59 
10 24 -20 14.28 0.7 
20 10 -24 16.03 0.56 
-10 20 -24 15.59 0.53 
-10 20 -24 15.41 0.54 
24 20 -10 15.64 0.58 

20 10 -24 1.17 0.06 
-24 20 10 1.15 0.06 
10 24 -20 1.39 0.06 
-24 -20 -10 1.25 0.06 
10 -24 20 1.28 0.06 
-10 -24 -20 1.27 0.07 
-20 -10 24 1.18 0.06 
-24 -20 10 1.19 0.06 
-10 24 -20 1.19 0.06 
-10 24 -20 1.08 0.06 
10 -24 -20 1.19 0.06 
20 -10 -24 1.13 0.06 
-20 10 -24 1.24 0.06 
-20 10 -24 1.14 0.07 
-24 20 -10 1.24 0.07 
24 -20 -10 1.19 0.06 
-10 -24 20 1.22 0.06 
-24 20 -10 1.25 0.07 
-24 -20 10 1.24 0.06 

10.00 20.00 -24.00 2.12 0.18 
20.00 24.00 -10.00 1.93 0.16 
24.00 10.00 -20.00 2.36 0.18 
-10.00 -20.00 -24.00 2.44 0.17 
20.00 -24.00 10.00 2.15 0.17 
24.00 -10.00 20.00 2.05 0.17 
24.00 10.00 -20.00 1.97 0.16 
10.00 20.00 -24.00 2.27 0.19 
20.00 -24.00 10.00 2.02 0.17 
10.00 -20.00 24.00 1.98 0.2 
-24.00 -10.00 20.00 2.25 0.16 
-10.00 -20.00 24.00 2.07 0.17 
24.00 -10.00 -20.00 2.15 0.16 
20.00 -24.00 -10.00 2.25 0.17 
10.00 -20.00 -24.00 2.06 0.18 
24.00 10.00 20.00 2.09 0.16 
-20.00 -24.00 10.00 1.87 0.16 
-10.00 -20.00 24.00 2.19 0.17 

b4 

-22 0 38 15.06 0.87 
0 -38 22 14.37 0.98 
0 -38 22 14.65 0.94 
0 38 22 14.31 1.14 
22 0 38 14.94 0.95 
38 22 0 15.16 1.05 
22 0 38 15.53 0.91 
22 0 38 14.36 0.97 

0 38 -22 7.02 0.5 
0 38 22 7.8 0.53 
22 38 0 7.77 0.51 
38 22 0 6.88 0.52 
0 38 -22 7.05 0.47 
0 22 -38 8.42 0.45 
22 38 0 7.58 0.54 

22 0 -38 1.02 0.07 
-38 -22 0 0.98 0.06 
-22 0 38 1.09 0.05 
-38 22 0 1.02 0.07 
0 38 -22 1.02 0.06 
-38 22 0 0.97 0.07 
-38 -22 0 1.01 0.07 

0.00 38.00 -22.00 2.19 0.19 
0.00 -38.00 22.00 2.09 0.18 
38.00 22.00 0.00 2.51 0.17 
22.00 0.00 -38.00 2.01 0.18 
22.00 0.00 38.00 2.10 0.18 
0.00 38.00 22.00 2.27 0.2 
0.00 -38.00 22.00 1.88 0.19 
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 Co-crystal type-L_1 type-L_2 type-L_3 

b5 

24 -2 40 202.81 11.22 
-24 2 40 205.4 11.21 
24 -2 40 211.31 11.26 
40 24 -2 231.64 11.35 
2 -40 24 221.62 11.27 
-2 40 24 216.78 11.37 
2 -40 24 221.4 11.24 
24 -2 40 200.14 11.27 
-2 -40 24 221.14 11.27 
24 2 40 218.04 11.27 
24 2 40 215.34 11.33 
-24 -2 40 203.21 11.21 
40 24 2 225.82 11.34 
24 2 40 212.25 11.23 
2 40 24 218.8 11.4 

-2 -40 24 221.49 11.25 

2 24 -40 27.32 0.85 
40 2 -24 26.95 0.89 

40 24 2 27.81 1 
2 40 24 29.39 1.02 
-2 40 -24 29.86 0.97 
-2 40 -24 27.62 0.91 
24 40 -2 27.99 0.95 

40 24 -2 29.3 1 
24 40 2 28.79 1 

-2 40 24 27.78 0.98 
2 40 -24 28.64 0.91 
24 40 2 28.24 0.96 
2 40 -24 26.93 0.94 
-2 24 -40 26 0.85 
40 -2 -24 27.68 0.89 

-40 24 2 5.6 0.23 
-40 24 2 5.59 0.23 
2 40 -24 5.89 0.23 
-24 2 40 5.78 0.21 
-40 -24 -2 5.84 0.23 
24 2 -40 5.83 0.23 
-40 -24 2 6.01 0.23 
-40 -24 2 6.04 0.23 
-24 -2 40 5.89 0.21 
-40 24 -2 5.99 0.24 
-40 24 -2 5.94 0.23 
-2 40 -24 6 0.23 
24 -2 -40 5.9 0.23 

24.00 2.00 -40.00 6.11 0.43 
24.00 -2.00 40.00 5.39 0.43 
2.00 -40.00 24.00 5.99 0.44 
2.00 40.00 -24.00 5.91 0.43 
2.00 -40.00 24.00 5.44 0.43 
24.00 2.00 40.00 5.83 0.43 
-2.00 -40.00 24.00 6.05 0.44 
-2.00 -40.00 24.00 5.60 0.43 

b6 

-16 46 30 0.03 0.45 
16 -46 30 -0.23 0.22 
30 -16 46 -0.08 0.25 
30 -16 46 -0.11 0.34 
16 -46 30 -0.32 0.32 
46 30 16 -0.24 0.28 
-16 -46 30 -0.04 0.4 
-16 -46 30 -0.12 0.31 
-30 -16 46 0.44 0.37 
30 16 46 0.04 0.27 
30 16 46 0.05 0.27 
16 46 30 -0.24 0.54 
46 30 16 -0.01 0.32 
-30 -16 46 -0.33 0.25 

46 16 -32 13.16 0.62 
16 46 32 12.32 0.74 
46 32 16 12.8 0.68 
16 32 -46 12.75 0.57 
32 46 -16 11.79 0.67 
32 46 -16 11.88 0.66 
-16 46 32 13.27 0.68 
16 32 46 13.81 0.73 
32 46 16 14.11 0.73 
46 16 32 14.07 0.68 
16 46 -32 13.66 0.7 
46 32 -16 13.75 0.73 
16 46 -32 12.32 0.64 

-46 32 16 2.03 0.11 
16 46 -32 2.24 0.11 
32 16 -46 2.2 0.12 
32 -16 46 2.11 0.09 
-16 -46 32 2.12 0.11 
-46 32 -16 2.1 0.11 
-46 -32 16 1.99 0.11 
-16 46 -32 2.01 0.11 
-32 -16 46 2.1 0.11 
32 -16 -46 2.19 0.11 
-46 32 -16 2.07 0.1 
-32 -16 46 2.09 0.1 

16.00 -46.00 30.00 1.59 0.15 
30.00 -16.00 46.00 1.50 0.14 
30.00 16.00 -46.00 1.48 0.15 
30.00 16.00 -46.00 1.23 0.18 
46.00 30.00 -16.00 1.62 0.15 
16.00 -46.00 30.00 1.56 0.16 
16.00 46.00 30.00 1.46 0.18 
30.00 -16.00 -46.00 1.29 0.14 
-16.00 -46.00 30.00 1.52 0.17 
-30.00 -16.00 46.00 1.49 0.14 
46.00 30.00 16.00 1.73 0.14 
16.00 -46.00 -30.00 1.44 0.15 
16.00 -46.00 32.00 1.96 0.17 
16.00 46.00 -32.00 1.72 0.16 
32.00 -16.00 46.00 1.67 0.16 
16.00 -46.00 32.00 1.70 0.17 
46.00 32.00 -16.00 1.74 0.16 
32.00 16.00 -46.00 1.61 0.16 
-16.00 -46.00 32.00 1.89 0.16 
46.00 32.00 16.00 1.89 0.15 
16.00 -46.00 -32.00 1.52 0.16 
16.00 46.00 32.00 1.68 0.15 
32.00 -16.00 -46.00 1.54 0.15 

b7 

16 -46 34 8.52 0.68 
16 -46 34 7.79 0.71 
34 -16 46 9.53 0.73 
-16 46 34 7.24 0.95 
34 -16 46 9.79 0.77 
16 46 34 9.76 1.1 
-16 -46 34 8.8 0.83 
34 16 46 9.25 0.78 
-34 -16 46 9.11 0.74 
34 16 46 9.62 0.74 
46 34 16 9.67 0.73 
46 34 16 9.21 0.85 
34 16 46 9.09 0.81 

34 46 -16 6.76 0.54 
16 46 34 8.19 0.63 
46 34 16 7.73 0.56 
16 34 -46 7.54 0.46 
34 46 -16 6.83 0.55 
-16 46 34 6.37 0.55 
34 46 16 7.56 0.58 
16 34 46 7.04 0.61 
16 46 -34 6.76 0.51 
16 46 -34 6.3 0.53 
46 34 -16 7.7 0.6 

16 46 -34 1.17 0.08 
34 16 -46 1.24 0.08 
-46 34 16 1.18 0.08 
-34 -16 46 1.42 0.08 
-16 -46 34 1.23 0.08 
-46 -34 16 1.08 0.08 
-46 34 -16 1.25 0.08 
-16 46 -34 1.31 0.08 
-34 -16 46 1.02 0.1 
34 -16 -46 1.25 0.08 

46.00 34.00 -16.00 0.65 0.1 
34.00 16.00 -46.00 0.58 0.1 
16.00 -46.00 34.00 0.58 0.09 
46.00 -34.00 16.00 0.56 0.09 
34.00 -16.00 46.00 0.54 0.08 
16.00 -46.00 34.00 0.57 0.09 
16.00 46.00 -34.00 0.55 0.09 
46.00 34.00 16.00 0.60 0.08 
34.00 -16.00 -46.00 0.52 0.09 
16.00 46.00 34.00 0.54 0.08 
-16.00 -46.00 34.00 0.57 0.09 
16.00 -46.00 -34.00 0.59 0.1 

b8 

34 0 38 23.73 1.33 
-34 0 38 19.52 1.3 
0 -38 34 24.74 1.41 
38 34 0 21.66 1.46 
0 -38 34 23.48 1.35 
34 0 38 21.1 1.36 
0 38 34 21.31 1.55 

0 34 -38 1.55 0.3 
34 38 0 2.61 0.39 
0 38 34 2.02 0.38 
0 38 -34 2.21 0.33 
38 34 0 1.9 0.38 
0 38 -34 1.78 0.32 
38 34 0 2.58 0.36 
0 34 -38 1.79 0.32 
34 38 0 1.91 0.36 

-34 0 38 0.73 0.05 
-38 -34 0 0.6 0.06 
-38 34 0 0.69 0.06 
-34 0 38 0.66 0.05 
0 38 -34 0.76 0.06 
-38 34 0 0.63 0.06 
34 0 -38 0.62 0.06 

0.00 -34.00 38.00 1.99 0.17 
34.00 -38.00 0.00 1.40 0.16 
38.00 0.00 -34.00 1.87 0.16 
38.00 0.00 34.00 1.91 0.16 

b9 

0 -38 36 175.98 9.16 
36 0 38 167.82 9.14 
38 36 0 174.95 9.24 
36 0 38 173.33 9.12 
0 -38 36 178.68 9.14 

0 36 -38 -0.25 0.23 
0 38 36 0.23 0.3 
0 38 -36 0.09 0.23 
0 38 -36 0.23 0.26 
38 36 0 0.16 0.26 
38 36 0 0 0.28 
36 38 0 0.12 0.28 
36 38 0 -0.06 0.27 
0 36 -38 0 0.23 

-38 36 0 0.06 0.03 
-38 -36 0 0.04 0.03 
-38 36 0 0.08 0.03 
-36 0 38 0.03 0.03 
-36 0 38 0.05 0.02 
0 38 -36 0.06 0.02 
36 0 -38 0.01 0.03 

0.00 -36.00 -38.00 0.29 0.06 
38.00 0.00 36.00 0.10 0.05 
36.00 -38.00 0.00 0.29 0.06 
38.00 0.00 -36.00 0.15 0.06 
0.00 -36.00 38.00 0.22 0.06 
0.00 -36.00 38.00 0.11 0.06 
36.00 38.00 0.00 0.09 0.05 
38.00 0.00 -36.00 0.25 0.08 
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A.2. Ligand combination vs Phase 

Table A-2. The ligand combinations and the resulting phase of the corresponding framework. L and 
S represent type-L and type-S, respectively. 

Tritopic bpdc bdc Phase SCXRD Tritopic bpdc bdc Phase SCXRD 

a1 b1 c1 L Y a4 b2 c4 L Y 

a2 b1 c1 S Y a4 b2 c5 L N 

a2 b1 c15 L Y a4 b2 c6 S N 

a2 b1 c16 S Y a4 b2 c7 M N 

a6 b1 c1 L Y a4 b2 c8 L N 

c6 b3 c1 L Y a4 b2 c9 S N 

a7 b1 c1 L Y a4 b2 c10 M N 

a2 b2 c1 S N a3 b2 c4 S N 

a2 b1 c4 S N a5 b2 c4 S N 

a2 b2 c4 M N a2 b6 c11 S Y 

a2 b2 c2 M N a2 b6 c12 S Y 

a4 b2 c1 S N a2 b4 c13 S Y 

a4 b2 c2 L N a2 b5 c11 S Y 

a4 b2 c3 M N a2 b6 c6 S Y 

Figure A-5. A list of all the ligands used for this thesis. 
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A.3. HPLC precision determination 

Table A-3. The peak areas of Peak_A and Peak_b and calculated ees for each HPLC chromatogram 
are tabulated and the calculated mean and standard values were also presented. 

 Peak_A Peak_B ee (%)    

1 168.270 393.736 -40.118    

2 166.814 390.145 -40.098    

3 167.545 391.654 -40.077   
 

4 167.178 390.883 -40.086    

5 167.998 392.991 -40.106    

6 168.609 394.160 -40.079    

7 167.674 392.170 -40.100    

8 168.346 393.551 -40.079  mean: -40.089 
9 167.548 391.642 -40.075  standard error: 0.005077 

10 167.092 390.520 -40.069  ee (%) -40.09 ± 0.05 

Figure A-6. The chromatogram for determining the precision of ee calculation. The two 
enantiomeric product peaks were labelled with Peak_A and Peak_B.

 ee (%) =  
Peak_A − Peak_B

Peak_A + Peak_B
 × 100
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A.4. 1H NMR 

Figure A-8. 1H NMR of cat-S before thermolysis. The peak of Boc protecting group is disappeared.

Figure A-7. 1H NMR of cat-S before thermolysis. The Boc protecting group is presented at 1.3 ppm.
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Figure A-9. 1H NMR of cat-L before thermolysis. The Boc protecting group is presented at 1.3 ppm.

Figure A-10. 1H NMR of cat-S before thermolysis. Due to the partial thermolysis of the cyclobutyl 
group, peaks were broadened. Approximately 50 % of cbtt was decomposed based on the integrals 

comparing with bdc.
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Figure A-11. 1H NMR of MUF-88 before thermolysis.

Figure A-12. 1H NMR of MUF-88 before thermolysis. Due to the partial thermolysis of the cyclobutyl 
group, cbtt peaks were broadened. Approximately 40 % of cbtt was decomposed based on the 

integrals comparing with bdc.
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Appendix B. For Chapter 3 

B.1. Ligand synthesis and characterisation 

1H NMR (500 MHz, Chloroform-d) δ 8.59 (d, J = 1.7 Hz, 1H), 8.32 (dd, J = 8.0, 1.7 Hz, 1H), 8.18 – 
8.12 (m, 2H), 7.57 (d, J = 7.9 Hz, 1H), 7.46 – 7.41 (m, 2H), 4.03 (s, 3H), 3.98 (s, 3H). 

1H NMR (500 MHz, Chloroform-d) δ 8.16 (dd, J = 8.2, 3.0 Hz, 1H), 7.58 (dd, J = 8.0, 2.5 Hz, 1H), 7.54 

– 7.45 (m, 1H), 3.98 (t, J = 2.5 Hz, 1H), 3.94 (d, J = 2.8 Hz, 1H), 3.89 (s, 1H), 1.63 – 1.59 (m, 1H). 
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1H NMR (500 MHz, Chloroform-d) δ 11.44 (s, 1H), 10.06 (s, 1H), 8.62 (d, J = 1.7 Hz, 1H), 8.11 – 8.06 

(m, 2H), 7.91 (dd, J = 8.0, 1.7 Hz, 1H), 7.47 – 7.42 (m, 2H), 7.35 (d, J = 8.0 Hz, 1H), 7.26 (s, 2H), 3.94 
(d, J = 1.1 Hz, 6H), 1.46 (s, 9H), 1.41 (s, 9H). 

1H NMR (500 MHz, Chloroform-d) δ 8.08 – 8.03 (m, 2H), 7.99 (dd, J = 8.0, 1.8 Hz, 1H), 7.89 (d, J = 

1.7 Hz, 1H), 7.55 – 7.47 (m, 3H), 3.97 (s, 3H), 3.93 (s, 3H). 

1H NMR (500 MHz, DMSO-d6) δ 7.95 (d, J = 8.1 Hz, 1H), 7.88 (d, J = 7.8 Hz, 2H), 7.82 (s, 1H), 7.48 (t, 
J = 9.6 Hz, 3H). 
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1H NMR (400 MHz, Chloroform-d) δ 8.22 (ddd, J = 8.0, 1.4, 0.8 Hz, 1H), 8.22 – 8.16 (m, 1H), 8.03 – 
7.96 (m, 1H), 5.40 – 5.35 (m, 2H), 3.99 (d, J = 1.0 Hz, 0H), 3.98 (s, 3H). 

1H NMR (500 MHz, Chloroform-d) δ 8.12 (d, J = 1.6 Hz, 1H), 8.08 – 7.99 (m, 2H), 7.46 – 7.34 (m, 

5H), 5.54 (t, J = 8.2 Hz, 1H), 5.01 (d, J = 15.8 Hz, 1H), 4.86 (d, J = 15.8 Hz, 1H), 3.96 (d, J = 8.2 Hz, 
6H), 3.88 (t, J = 8.8 Hz, 1H), 3.43 (dd, J = 9.0, 7.7 Hz, 1H), 1.28 (t, J = 7.1 Hz, 1H). 
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1H NMR (500 MHz, Chloroform-d) δ 7.86 (s, 2H), 7.33 – 7.23 (m, 10H), 4.71 – 4.58 (m, 2H), 4.50 (t, J 

= 8.6 Hz, 2H), 4.30 (dd, J = 8.8, 6.5 Hz, 2H), 3.97 (s, 6H), 3.18 (dd, J = 13.6, 4.8 Hz, 2H), 2.94 (dd, J = 
13.5, 9.6 Hz, 2H). 

μ

1H NMR (500 MHz, DMSO-d6) δ 13.40 (s, 2H), 7.77 (s, 2H), 7.23 – 7.15 (m, 8H), 7.11 (t, J = 7.0 Hz, 
2H), 4.79 (p, J = 7.3 Hz, 2H), 4.45 (t, J = 8.5 Hz, 2H), 4.19 (t, J = 7.5 Hz, 2H), 2.91 (h, J = 8.1 Hz, 4H). 
13C NMR (126 MHz, DMSO) δ 165.69, 155.81, 136.28, 134.17, 132.68, 130.32, 128.97, 128.37, 
126.51, 67.60, 58.39, 38.61. ES-MS (negative mode, CH3OH): m/z = 515.145 ([C28H23N2O8]-, calcd. 
515.145). 
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B.1.1. MOF synthesis 

μ μ μ

μ

Figure B-1. (a) A schematic diagram of MOF synthesis; (b) the required amout (indicated with blue 
numbers)  of each ligand for 1 mL scale synthesis. 



Appendix B. For Chapter 3 

221 

Figure B-2. A digested standard catalyst ([Zn4O(hhtt)1.33(bpdc-gua)0.5(bdc-bnox(S))0.5]) in DMSO-d6  
(0.6 mL) and DCl (10 μL)
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Appendix C. For chapter 5 

C.1. Ligand Synthesis  

1H NMR (500 MHz, CDCl3) δ 7.90 (d, J = 2.2 Hz, 1H), 7.70 (dd, J = 8.3, 2.1 Hz, 1H), 7.60 (d, J = 8.2 Hz, 
1H), 3.91 (s, 3H), 2.45 (s, 3H). 

1H NMR (500 MHz, CDCl3) δ 8.01 – 7.95 (m, 1H), 7.91 (dd, J = 7.9, 1.8 Hz, 1H), 7.16 (d, J = 7.9 Hz, 
1H), 3.94 (s, 3H), 2.08 (s, 3H). 

Figure C-1. A schematic diagram of the synthesis of L1. 
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1H NMR (500 MHz, Chloroform-d) δ 8.24 (d, J = 1.7 Hz, 1H), 8.06 (dd, J = 7.9, 1.8 Hz, 1H), 7.36 (d, J 
= 7.9 Hz, 1H), 4.33 (d, J = 10.2 Hz, 1H), 4.17 (d, J = 10.3 Hz, 1H), 3.97 (s, 3H). 
 
 

1H NMR (500 MHz, CDCl3) δ 8.17 (d, J = 1.7 Hz, 1H), 8.09 (dd, J = 7.9, 1.8 Hz, 1H), 7.30 (d, J = 7.9 Hz, 
1H), 4.17 (d, J = 13.8 Hz, 1H), 4.11 (d, J = 13.7 Hz, 1H), 3.98 (s, 3H). 

1H NMR (500 MHz, DMSO-d6) δ 13.21 (s, 1H), 8.13 (d, J = 1.7 Hz, 1H), 8.00 (dd, J = 7.9, 1.8 Hz, 1H), 
7.37 (d, J = 7.9 Hz, 1H), 4.33 (d, J = 13.9 Hz, 1H), 4.21 (d, J = 13.9 Hz, 1H). 
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1H NMR (400 MHz, CDCl3) δ 7.36 (s, 1H), 4.05 (t, J = 6.2 Hz, 2H), 3.93 (s, 3H), 2.29 (td, J = 7.0, 2.6 
Hz, 2H), 1.98 (q, J = 3.1 Hz, 1H), 1.93 (dd, J = 10.3, 4.6 Hz, 2H), 1.76 (p, J = 7.1 Hz, 2H).

1H NMR (500 MHz, DMSO-d6) δ 12.93 (s, 1H), 7.28 (s, 1H), 4.01 (t, J = 6.2 Hz, 2H), 2.77 (t, J = 2.7 Hz, 
1H), 2.23 (td, J = 7.1, 2.6 Hz, 2H), 1.85 – 1.71 (m, 2H), 1.71 – 1.55 (m, 2H). 13C NMR (126 MHz, 
DMSO) δ 167.28, 150.88, 125.93, 115.98, 84.88, 71.76, 69.10, 28.33, 25.01, 17.88. ESI (negative 
mode, CH3OH): m/z =  357.1345 ([C20H22O6]-, calc. 357.1333). 

Figure C-2. A schematic diagram of the syntheses of H2L2 and H2L3.
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1H NMR (500 MHz, CDCl3) δ 7.38 (s, 2H), 4.03 (t, J = 6.4 Hz, 4H), 3.93 (s, 6H), 2.23 (td, J = 7.0, 2.6 

Hz, 4H), 1.96 (t, J = 2.6 Hz, 2H), 1.89 – 1.78 (m, 4H), 1.65 – 1.43 (m, 12H). 

1H NMR (500 MHz, DMSO-d6) δ 13.19 – 12.58 (s, 1H), 7.27 (s, 2H), 3.98 (t, J = 6.4 Hz, 4H), 2.73 (t, J 
= 2.7 Hz, 2H), 2.16 (td, J = 6.9, 2.6 Hz, 4H), 1.68 (p, J = 6.5 Hz, 4H), 1.53 – 1.33 (m, 12H). 13C NMR 
(126 MHz, DMSO) δ 167.28, 150.93, 125.96, 116.03, 85.04, 71.58, 69.57, 40.59, 40.50, 40.42, 

40.33, 40.25, 40.16, 40.09, 39.99, 39.92, 39.83, 39.66, 39.49, 29.04, 28.41, 28.25, 25.26, 18.07. 
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C.2. MOF synthesis 
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C.3. 1H NMR spectrum 

Figure C-3. 1H NMR of digested MUF-80b in DMSO-d6 and DCl mixture

Figure C-4. 1H NMR of digested MUF-80bc-1 in DMSO-d6 and DCl mixture
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Figure C-5. 1H NMR of digested MUF-80bc-2 in DMSO-d6 and DCl mixture

Figure C-6. 1H NMR of digested MUF-80bc-3 in DMSO-d6 and DCl mixture
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C.4. Gas adsorption 

C.4.1. N2 adsoprtion at 77 K and BET plots 

Figure C-7. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80ac.
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Figure C-8. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80b.

Figure C-9. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80bc-1.
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Figure C-10. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80bc-2.

Figure C-11. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80bc-3.
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C.4.2. Selected gas physorption at 273 K and 293K 

Figure C-12. Gas physorption of selected gases at 273 K and 293 K for the selected 
frameworks. 



Appendix C. For chapter 5 

233 

C.4.3. Heats of adsorption for slelcted gases 

Figure C-13. Isosteric heat of adsorptions of selected gases for the selected frameworks as a 
function of uptake. 
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C.4.4. Virial fits 

Figure C-14. Virial fits of selected gases for MUF-80a. 
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Figure C-15. Virial fits of selected gases for MUF-80ac.
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Figure C-16. Virial fits of selected gases for MUF-80b.

Figure C-17. Virial fits of selected gases for MUF-80bc-1.
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Figure C-18. Virial fits of selected gases for MUF-80bc-2.

Figure C-19. Virial fits of selected gases for MUF-80bc-3.



Appendix C. For chapter 5 

238 

C.4.5. Pore size distribution 

Figure C-20. Pore volume distribution plots and the Gaussian fits for pore-C for the 
selected frameworks. 
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Appendix D. For Chapter 6 

D.1. Organic ligands syntheses 

 

 

1H NMR (500 MHz, CDCl3) δ 7.69 (dd, J = 7.8, 1.5 Hz, 1H), 7.62 (d, J = 1.5 Hz, 1H), 7.31 (d, J = 7.8 Hz, 
1H), 5.74 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 – 4.93 (m, 1H), 4.96 – 4.91 (m, 1H), 4.42 (q, J = 7.1 
Hz, 2H), 4.01 (t, J = 6.4 Hz, 2H), 2.09 – 2.01 (m, 2H), 1.77 – 1.70 (m, 2H), 1.43 (t, J = 7.1 Hz, 3H). 

1H NMR (500 MHz, DMSO-d6) δ 13.03 (s, 2H), 7.59 (dd, J = 7.8, 1.5 Hz, 2H), 7.55 (d, J = 1.6 Hz, 2H), 
7.32 (d, J = 7.7 Hz, 2H), 5.75 (ddt, J = 16.9, 10.2, 6.6 Hz, 2H), 5.09 – 4.72 (m, 4H), 3.99 (t, J = 6.4 Hz, 
4H), 2.00 (q, J = 7.2 Hz, 4H), 1.66 (p, J = 6.6 Hz, 4H). 13C NMR (126 MHz, DMSO) δ 167.60, 156.37, 
138.40, 131.96, 131.86, 131.49, 121.66, 115.52, 112.68, 67.72, 40.59, 40.49, 40.42, 40.33, 40.25, 
40.16, 40.09, 39.99, 39.83, 39.66, 39.49, 29.93, 28.23. ESI (negative mode, CH3OH): m/z =  
409.1648 ([C24H25O6]-, calc. 409.1646). 
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1H NMR (500 MHz, CDCl3) δ 5.85 (ddt, J = 16.9, 10.1, 6.6 Hz, 1H), 5.06 (dq, J = 17.2, 1.7 Hz, 1H), 
5.00 (ddt, J = 10.2, 2.2, 1.3 Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 4.02 (t, J = 6.3 Hz, 2H), 2.31 – 2.22 (m, 
2H), 1.95 – 1.86 (m, 2H), 1.39 (t, J = 7.1 Hz, 3H). 

1H NMR (500 MHz, CDCl3) δ 11.40 – 10.55 (m, 1H), 7.87 (s, 1H), 5.82 (ddt, J = 17.0, 10.3, 6.7 Hz, 
1H), 5.09 (t, J = 14.3 Hz, 2H), 4.32 (t, J = 6.5 Hz, 2H), 2.27 (dt, J = 7.1 Hz, 2H), 2.03 (tt, J = 6.9 Hz, 2H). 
13C NMR (126 MHz, CDCl3) δ 163.90, 151.68, 136.28, 122.76, 117.56, 116.54, 77.28, 77.02, 76.77, 
70.51, 29.80, 27.94. ESI (negative mode, CH3OH): m/z =  333.1344 ([C18H21O6]-, calc. 333.1333). 
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1H NMR (500 MHz, CDCl3) δ 7.70 (dd, J = 7.8, 1.5 Hz, 2H), 7.62 (d, J = 1.5 Hz, 2H), 7.31 (d, J = 7.8 Hz, 
2H), 4.03 (t, J = 6.2 Hz, 4H), 3.97 (s, 6H), 2.14 (td, J = 7.1, 2.7 Hz, 4H), 1.94 (t, J = 2.6 Hz, 2H), 1.78 
(dq, J = 8.1, 6.3 Hz, 4H), 1.58 – 1.50 (m, 4H). 

1H NMR (500 MHz, D2O) δ 7.50  7.46 (m, 2H), 7.46  7.41 (m, 2H), 7.17 (d, J = 7.7 Hz, 2H), 3.95 (t, J 

= 6.2 Hz, 4H), 1.94 (t, J = 7.2 Hz, 4H), 1.58 (p, J = 6.6 Hz, 4H), 1.31 (p, J = 7.3 Hz, 4H). 
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D.2. MOF synthesis 
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D.3. 1H NMR spectroscopy 

Figure D-1. 1H NMR of digested MUF-80c in DMSO-d6 and DCl mixture. 
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Figure D-2. 1H NMR of digested MUF-80cc in NaOD and D2O mixture.

Figure D-3. 1H NMR of digested MUF-80d in DMSO-d6 and DCl mixture.
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Figure D-4. 1H NMR of digested MUF-80dc-c in DMSO-d6 and DCl mixture.

Figure D-5. 1H NMR of digested MUF-80dc-t in DMSO-d6 and DCl mixture.
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Figure D-6. 1H NMR of digested MUF-80e in DMSO-d6 and DCl mixture.

Figure D-7. 1H NMR of digested MUF-80ec in DMSO-d6 and DCl mixture.
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D.4. Gas physorption 

D.4.1. N2 adsoprtion at 77 K and BET plots 

Figure D-8. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80d.
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Figure D-9. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80dc.

Figure D-10. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80e.
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Figure D-11. N2 adsorption isotherm at 77 K and BET surface area plots for MUF-80ec.
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D.4.2. Selected gas physorption at 273 K and 293 K 

Figure D-12. Gas physorption of selected gases at 273 K and 293 K for the selected frameworks.
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D.4.3. Heats of adsorption for slelcted gases 

Figure D-13. Isosteric heat of adsorptions of selected gases for the selected frameworks as a 
function of uptake. 
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D.4.4. Virial fits 

Figure D-14. Virial fits of selected gases for MUF-80d. 

Figure D-15. Virial fits of selected gases for MUF-80dc.
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Figure D-16, Virial fits of selected gases for MUF-80e.

Figure D-17. Virial fits of selected gases for MUF-80ec.
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D.4.5. Pore size distribution 

Figure D-18. Pore volume distribution plots and the Gaussian fits for the selected frameworks.
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D.4.6. Optical microscope images 

Figure D-19. Optical microscope images of crystal samples; (a) a general figure of MUF-80c, d, and 
e; (b) greenish MUF-80dc-c crystals due to transmetallation with copper; (c)(d) intense orange 
MUF-80dc-t after thermal coupling reaction; (e) greenish yellow MUF-80ec crystals; (f) cracked 

MUF-80ec due to the stress during click reaction.
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D.4.7. SEM images 

Figure D-20. SEM images of MUF-80d, MUF-80dc, MUF-80e and MUF-80ec; the scale bar is 
equivalent to 400 μm. 
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