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ABSTRACT 

Reticular Chemistry for the Highly Connected Porous Crystalline 

Frameworks and Their Potential Applications 

Zhijie Chen 

Control at the molecular level over porous solid-state materials is of prime 

importance for fine-tuning the local structures, as well as the resultant properties. 

Traditional porous solid-state materials such as zeolite and activated carbon are the 

benchmarks in the current market with vital applications in sorption and heterogeneous 

catalysis. However, the adjustments of pore size and geometry of those materials, which 

are essential for the broader aspect of modern prominent applications, remain 

challenging. Reticular chemistry has emerged as a dominant tool toward the ‘designed 

syntheses’ of porous crystalline frameworks (e.g. metal-organic frameworks (MOFs)) 

with a specific pore system.  

This dissertation illustrates the power of reticular chemistry and its use in the 

directional assembly of highly coordinated MOF materials, as well as their potential 

applications such as gas storage, natural gas upgrading, and light hydrocarbon 

separation. Highly connected minimal edge-transitive derived and related nets, obtained 

via the deconstruction of nodes of the edge-transitive nets, are suitable blueprints and 

can potentially be deployed in the future ‘designed syntheses’ of MOFs. The further 

employment of the conceptual net-coded building units (e.g. highly connected MBBs 
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and edge-transitive SBLs) in the practical reticular synthesis results in the rational design 

and construction of functional MOF platforms like shp-, alb-, kce-, kex- and eea- MOFs. 

In addition, the isoreticular synthesis of Al-cea-MOF-2 with functionalized 

pendant acid moieties inside pore channels in comparison to the parent Al-cea-MOF-1 

led to enhanced light hydrocarbons separation performance. Moreover, controlling the 

molecular defects in Zr-fum-fcu-MOFs resulted in the development of an 

ultramicroporous adsorbent with an engineered aperture size for the highly efficient 

separation of butane/iso-butane. 
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Chapter 1. Historical Perspectives of Porous Solid-state Materials: 

Synthesis, Characterization, and Applications. 

1.1 Introduction 

Traditional porous solid-state materials (e.g. activated carbon) have been used 

by human society since thousands of years ago, with applications such as sorbents, 

medicines and catalysts.1 Activated charcoal, a kind of activated carbons, was noted on 

papyrus for medical treatments in ancient Egypt. Today our society still benefits from 

the use of activated carbons to capture chemical warfare agents during the war or to 

purify the water and air.2 Although a considerable amount of research efforts have been 

conducted to synthesize activated carbons with different template methods, the control 

of crystallinity, framework and pore geometry inside the porous carbon remain 

challenging.3-5 

Zeolites, a benchmark representative of modern porous inorganic materials, 

were discovered by Swedish mineralogist Axel Fredrik Cronstedt in natural minerals in 

the AD. 1756.6 The term “zeolite” from the Greek words “zeo” (to boil) and “lithos” 

(stone), now represents a family of microporous crystalline aluminosilicate materials 

with 232 unique zeolite frameworks (over 40 naturally occurring zeolites) by September 

2016.7-8 5% of these structures were extensively and used in industry. Thanks to the 

unique pore structures and negatively charged frameworks, zeolites were commonly 

used as commercial sorbents, ion exchangers, and catalysts in the petroleum industry.9-

12 These materials are well-ordered and crystalline structures, comprised of tetrahedral 
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metal ions (T; Si and/or Al) and oxide ions (O) with approximately 144° T–O–T angles. 

The strong and rigid T–O bonds make the zeolites a class of very stable porous materials; 

however, it is very difficult to achieve certain zeolites with specific pore sizes, or simply 

to expand pore apertures/diameters of zeolites for large substrates.13-14 

During past few decades, the research efforts on porous solid-state materials are 

intensive with the objective to different applications, including mesoporous silica15-16, 

metal-organic frameworks (MOFs)17-19, porous metal oxide20-22, porous organic 

polymer23, covalent organic frameworks (COFs)24, etc. The term “solid-state” comes 

from the solid-state chemistry, and if the solid phase materials are single crystalline the 

atomic structures can be revealed thanks to the invention and development of X-ray 

crystallography.25 In the recent years, MOFs, among others, an important emerging class 

of hybrid inorganic-organic materials constructed by metal-based nodes (i.e. metal ions 

or metal clusters) and polytopic ligands (i.e. linkers), received unrivaled scientific 

interest in academia and industry alike.17-19, 26 Their modular nature (e.g. structural and 

compositional diversity, tunable functionality, high surface area and adjustable pore 

system, etc.) permits MOFs as candidate materials for wide ranges of potential 

applications pertinent to gas storage/separation27-29 catalysis,30-32 crystal sponges,33-34 

drug delivery,35 and smart sensing.36-38 MOFs, in comparison to conventional solid-state 

materials, have unique features in terms of fine-tuned pore sizes for distinctive 

properties and diversities.  

Apart from focusing on the potential uses of the MOFs, reticular chemistry was 

pioneered by M. O’Keeffe, O. M. Yaghi, and coworkers, to address the long-held 
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questions that porous crystalline solid-state materials could possibly be made by 

design.39-40 The early inspiration of reticular chemistry came from the fact that a series 

of materials with the same structural topology (isoreticular) could be made by the 

combination of the same inorganic Zn4O(-COO)6 molecular building block (MBB) and 

different ditopic organic ligands.41-42
 The following efforts on the experimental and 

theoretical network topologies led to the establishment of Reticular Chemistry Structure 

Resource (RCSR)—a searchable database to aid chemists and material scientists who 

would pursue newly designed syntheses.43 It is believed that what matters in an 

appropriately designed experiment for a specific structure is geometry rather than 

energetics.44 Thus porous solids can be produced in the syntheses as the result of a 

kinetically controlled synthetic pathway, and thermodynamically most stable products 

(dense structures) do not normally form.45 

This chapter briefly reviews the field of porous solid-state materials and reticular 

chemistry, beginning with an introduction of porous materials and the according 

characterizations of porosity; followed by an overview of the reticular chemistry and its 

use for the design of crystalline porous materials such as MOFs. Lastly, a summary and 

discussion of the potential uses of MOFs are revealed with some specific highlights on 

gas separation/storage, crystal sponges, catalysis, and MOF composites. 

1.2 A brief introduction of porous materials 

The correlation of chemical/physical properties of a material (i.e. density, 

thermal conductivity, catalytic reactivity, gas/vapor/liquid interaction, membrane) and 
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its porosity is much acknowledged. In fact, a truly non-porous material is certainly 

challenging to find or prepare; in other words, most solid, to some degree, are porous.46 

However, here we used the term “porous” to describe the real porous materials. Some 

porous materials, such as activated carbon and zeolites, are with no doubt of great 

significance in many aspects of our society; in the meantime, the further development 

of novel porous solids (e.g. MOFs) is also necessitated to address pending challenges in 

today’s world. Of course, powerful strategies would be very much appreciated, 

somehow, to guide the syntheses of new materials, especially porous crystalline solids.  

1.2.1 Porosity 

According to recommendations for the characterization of porous solids by the 

International Union of Pure and Applied Chemistry (IUPAC), porous materials can be 

classified based on their pore widths (d): (1) microporous materials, d < 2.0 nm; (2) 

mesoporous materials, 2.0 ≤ d ≤ 50 nm; (3) macroporous materials, d > 50 nm.46 Most 

MOFs and zeolites are microporous and mesoporous materials. Some of those with pore 

diameter less than 0.7 nm are classified as ultra-microporous materials.   

1.2.1.1 Physisorption 

The collection of sorption isotherms by gas sorption analysis is the main 

technique to assess the porosity of porous materials (i.e. activated carbon, zeolites, and 

MOFs). The term sorption embraces both adsorption and absorption. Absorption 

denotes that the molecules of the adsorptive penetrate the interfacial layer and enter 

the structure of the bulk solid (absorbent); adsorption means the enrichment of the 
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adsorptive (e.g. an adsorbable gas) in the surface layer of a solid (adsorbent).47 

Sometimes, it is very difficult to distinguish the absorption and adsorption, thus sorption 

is used.  

In contrast to chemisorption, physisorption is a common phenomenon when an 

adsorptive contact with the surface of an adsorbent by van der Waals force. Although 

some recent developments of flexible MOFs48 with breathing types of isotherms were 

not included, the majority of physisorption isotherms can be classified into the six 

representative types according to IUPAC.49 Due to specific interests in MOFs and zeolites 

(microporous or mesoporous), only the type I (microporous) and type IV will be 

highlighted here. 

Type I isotherms are typically characteristic of microporous materials (e.g. 

activated carbons, zeolites, MOFs).49 Those solid materials have small external surfaces 

and large internal surface area. The accessible micropore volume of the materials rather 

than by their internal surface area, govern the limiting uptake. Generally, Type I 

isotherms show a sharp initial uptake at a very low pressure; followed by a plateau as 

p/p° reaches 1 (saturation). 

The hysteresis loops are type characteristic features of the Type IV isotherms. 

Type IV isotherms are particularly given by typical mesoporous materials, such as many 

mesoporous industrial adsorbents. The initial fragment of a Type IV isotherm is 

commonly accredited to monolayer adsorption (the interactions of adsorbent-adsorbate 

are stronger than those of adsorbate-adsorbate), and then after a specific point, the 
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monolayer coverage is complete and multilayer adsorption begins.49 The capillary 

condensation of the adsorbate at relatively higher pressures leads to the hysteresis loop. 

Certainly, with the field of porous materials (i.e. MOFs) mounting, some newly 

discovered isotherms cannot be grouped into those traditional types of isotherms. Some 

of the two-step isotherms for the microporous materials result from the phase 

transitions of the specific materials, so-called flexible MOFs or soft porous crystals.50 A 

negative gas adsorption transition was even observed in a pressure-amplifying MOF 

material.51 The new standards of the isotherm classification of the porous materials may 

be raised in the future.  

1.2.1.2 Surface area and pore volume 

Compared to the traditional porous materials, to establish the porosity of MOFs 

(experimental surface area and pore volume) is initially not too straightforward. In the 

earlier days of MOFs, there are many questions such as “frameworks collapse upon 

solvent removal” and “MOFs won’t be porous”.40 Most of the MOFs have single crystal 

structures, thus theoretical surface area and pore volume can be exacted from those 

crystallographic data. However, important problems concerning the reality of 

permanent porosity in MOF materials need to be addressed, and the establishment of 

permanent porosity in MOFs is of great significance to the determination of 

experimental surface area and pore volume. 
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Figure 1-1. The N2 and CO2 sorption for the Zn(BDC) (MOF-2). Reproduced with permission.
52

 Copyright 
1998, American Chemical Society. 

The ground-breaking work came from Yaghi and coworkers, to establish 

permanent porosity of MOF using gas sorption isotherms for Zn(BDC) (BDC = 1,4-

Benzenedicarboxylate), Figure 3-1.52 Although Langmuir apparent surface area and 

micropore volume for Zn(BDC) were calculated as only 270 m2 g-1 and 0.11 cm3 cm-3 

(0.094 cm3 g-1) based on N2 sorption data, less than those data of typical zeolites, the 

age of porous MOF soon began and the surface areas of MOFs is far higher than 

conventional zeolites now.  

Now, N2, sometimes Argon (Ar), sorption isotherms become the routine 

techniques to assess the porosity of MOF materials, to further determine the surface 

area and pore volume. A typical adsorption isotherm denotes the process in which 

adsorptive molecules adsorbed onto the interfacial layer of the porous solid. Each point 

of the plot should reach equilibrium at various pressure points and constant 
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temperature. The isotherms are collected at the standard boiling point for the gases 

(e.g. 77 K and 87 K, for N2 and Ar, respectively). Desorption, the counterpart of 

adsorption, indicates the converse process. 

Brunauer-Emmett-Teller (BET) theory53 is commonly applied to estimate the 

surface area of porous materials, e.g MOFs, based on the measured N2 or Ar isotherms. 

The BET equation can be appropriately expressed in the below form, where the 

parameter C is exponentially related to the first-layer adsorption energy, n is the 

amount adsorbed at relative pressure p/po and nm is the monolayer capacity54:  

 

According to above equation, the BET plot of (p/po)/[n(1 −p/pο)] (Y) versus p/pο 

(X) should be linear with intercept (i)= 1/nmC and slope (s) = (C−1)/nmC. The relationship 

between nm/ C and s/i can be got by simply solving these equations. The results are 

showed: nm=1/(s+i) and C=(s+i)+1.  

The specific BET surface area, S(BET), is obtained from the BET monolayer 

capacity (nm), the Avogrado constant (L), and the average area occupied by each 

molecule in the completed monolayer (σ) by this simple relation: S(BET) = nm⋅L⋅σ. To be 

noted that the values of the molecular cross-sectional area, σ, for N2 and Ar, are 0.162 

and 0.138 nm2, respectively. 

The use of the BET method for porous material such as MOFs, is basically 

empirical because it is not fully relied on the BET theoretical model.54 Thus, the cautious 

consideration is required to evaluate the surface area from physisorption data by the 
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BET method due to the introduction of problematic assumptions at its two stages; 

namely, (a) the monolayer capacity (nm) is derived from the BET plot, and (b) molecular 

cross-sectional area (σ) is required to estimate S(BET). 

BET consistency criteria should be followed to reliably select the appropriate 

pressure ranges for the calculation of BET surface area.55-56 BET consistency criteria are 

recommended below 

(1) The quantity C should be positive; 

(2) The pressure range where the n(1 − p/po) continuously increases with p/po 

can only be chosen to apply the BET equation, and points above the maximum (n(1 − 

p/po) start to drop with p/po) in the plot should be discarded;  

(3) The relative pressure p/po corresponding to nm should be within the selected 

linear region for the calculation; 

(4) According to the below equation, the calculated value of (p/po)nm should not 

differ the pressure determined in criterion (3), with some degree of tolerance.57  

 

In the MOF BET surface area assessment, the two criteria were of special 

importance and should always be satisfied in all BET area calculations.56  

Before the BET theory, the Langmuir's monolayer model was prompted to for 

surface area determination.58 Due to the fact that the simple Langmuir mechanism 

cannot be applied to micropore filling (e.g. adsorbate–adsorbate interactions) or 

different surface structures (e.g. degrees of heterogeneity), it is not recommended to 
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use Langmuir model to assess monolayer capacities (or surface areas) from Type I 

isotherms.54 However, in some specific cases (flexible MOFs; outside the six types of 

isotherms from IUPAC), the Langmuir surface areas can be used to compare porous 

materials when BET theory is not valid.27 

Pore volume represents the void volume in the porous materials. If a porous 

material contains macropores or the interparticle distances are in the ranges of 

macropores (particle sizes are very small), the isotherm may rise rapidly near p/p° = 1. 

The isotherm remains nearly horizontal when pressure approaching saturation (p/p° = 1) 

in the absence of macropores. Thus, the microporous and mesoporous materials 

generally have well-defined total pore volume. 

The total pore volume, VP, is often derived from the amount of gas adsorbed at a 

relative pressure close to unity (p/p° near 1). At this pressure, condensed adsorptive 

(gas molecules) in the pores is assumed in the normal liquid state.47 Although the 

mechanism of micropore filling is not clear yet, the micropore volume for most 

microporous materials can be obtained by a relatively simple equation, such as the 

Dubinin-Radushkevich equation.47 Of course, the theoretical pore volume of MOFs can 

be calculated based on the single crystal data, to compare with the experimental total 

pore volume obtained from sorption isotherms.  
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1.2.2 Zeolites and activated carbons  

Zeolites and activated carbons represent the most important kinds of porous 

solid-state materials in our society, thanks to their wide ranges of applications in 

industry as ion exchangers, adsorbents, and catalysts. Zeolites are three-dimensional 

microporous crystalline silicates or aluminosilicates network materials linked by oxygen 

atoms. Activated carbon is a form of carbon containing a high degree of microporosity 

accessible for adsorption or chemical reactions.  

1.2.2.1 Zeolites and zeolite crystallography 

The introduction and development of zeolites denoted a revolution in the fields 

like petrochemistry and fine-chemical synthesis, although many challenges (e.g large 

substrates cannot diffuse inside the pores for the effective catalytic process) still need to 

be addressed.9, 45 The applications of zeolites benefit from the intricate structural 

properties such as high surface area (at the middle of 20th century), robust molecular 

pore dimensions, efficient partitioning of reactant/products in catalysis, high adsorption 

capacity. One of the early breakthroughs in evaluation of porous nature of zeolites is to 

use the robust three-dimensional network zeolitic minerals (eg. chabazite, analcite) by 

physical chemist Richard M. Barrer for sorption study of gas and later the separation of 

linear and branched hydrocarbons.59-60 The regular molecular pore systems and high 

surface areas are thus recognized. Furthermore, researchers in Union Carbide 

Corporation's Linde Division started an intensive exploration on zeolites synthesis (e.g. 

Zeolites A and X) for the potential application as molecular sieve commercial adsorbents 
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in 1948.61 One of the biggest revolutions in petroleum refining industry was from the 

introduction of acidic crystalline aluminosilicates (e.g. Faujasite) as a super-active and 

super-selective Fluid catalytic cracking (FCC) catalyst by Mobil.62 FCC process replaced 

the traditional thermal cracking of petroleum to produce more gasoline with a higher 

octane rating in a more economical way. 

The determination of the structures of the natural zeolites such as natrolite and 

analcite resulted from the application of X-ray diffraction techniques by in the early 

1930's.63-64 The structural determination of the zeolite natrolite crystal by L. Pauling63 

revealed the atomic network structure of Na2Al2Si3O10·2H2O and anionic nature of the 

overall frameworks balanced by the interstitial and exchangeable cations.  The structure 

of natural zeolite-analcite (NaAlSi2O6·H2O) was revealed by W. H. Taylor.64  

The first structural determination of a synthetic zeolite, type A (Na12[(AlO2)12 

(SiO2)12]·27H2O), was reported by D. W. Breck and coworkers, revealed the structure is 

cubic, a = 12.32 Å, and space group Pm3m.65 The structure consists of a 3-D framework 

of SiO4 and AlO4 tetrahedral building units. A structural formula of the type, Mex[(AlO2)y 

(SiO2)z]·MH2O, was recommended by D. W. Breck to be applied in zeolites, where Me = 

metal cation, and x, y, and z are integers.61 The single crystal structure of a molecular 

sieve zeolite, Chabazite, was determined by L. S. Dent and J. V. Smith in 1958 using 

Fourier methods.66 The structure-property relationship was illustrated; the molecules 

such as argon and methane are rapidly adsorbed on the dehydrated Chabazite, propane 

and n-butane are slowly adsorbed, while iso-butane is excluded.  
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Figure 1-2. Network of Faujasite (fau) from RCSR database, the sod cages (lime) are linked via d6R 
(purple) to generate giant fau cage (semi-transparent tan ball). 

Zeolite X and the closely related Y are both synthetic zeolites with the naturally-

occurred Faujasite structure (framework type FAU)).67-68 Synthetic Faujasite zeolites are 

divided into zeolites X and Y framework, depending on the Si/Al ratio of their structures. 

The Si/Al ratio is 3 or higher in, while it is between 2 and 3 in zeolites X.  A rare earth-

hydrogen exchanged form of zeolites Y (high-silica content) is usually used as cracking 
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catalyst in the petroleum industry. 68 As illustrated in Figure 1-2, the Faujasite network 

consists of sodalite (sod) cages linked by double-six-membered rings (d6Rs; or 

hexagonal prisms). The giant fau cages are surrounded by sod cages and d6Rs. Its unit 

cell is cubic and it has space group Fd  m. The aperture of the pore, shaped by a 12-

membered ring, has a diameter about 7.4 Å. The cage has a diameter of ca. 12 Å. 

The other important class of zeolites for the shape-selective catalysis (i.e. xylene 

isomerization and toluene disproportionation) is Zeolite Socony Mobil–5 (ZSM-5, 

framework type MFI).9, 69 ZSM-5 belongs to the family of pentasil-zeolites due to its 

pentasil structural units. ZSM-5 has an orthorhombic space group Pnma with a = 20.1 Å, 

b = 19.9 Å and c = 13.4 Å and consists of two interconnected channels.69 The aperture of 

the ZSM-5 structure is formed by a 10-membered ring, between those of Faujasite 

zeolites (12-membered ring) and zeolites A (6-membered ring). These intricate 

structural features make the medium-pore ZSM-5 zeolite a catalyst with shape 

selectivity controls (preferably p-xylene) during the industrial manufacture of 

dimethylbenzenes.9  

1.2.2.2 Activated carbons 

Carbon is one of the most important, interesting and basic elements in our 

nature. Graphite and diamond are two common forms of carbon. Graphite crystallizes in 

the hexagonal system (three-coordinated (sp2) carbon) while diamond has a cubic space 

group (four-coordinated (sp3) carbon). In 1955 graphite was successfully converted into 

man-made diamond in a research laboratory in General Electric Company.70 Of course, 
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the continuous theoretical and experimental exploration of new form of carbons will 

never end. For example, buckminsterfullerene (C60) was synthesized by H. W. Kroto and 

coworkers thorough vaporizing graphite by laser irradiation. 71 In 1946, J. Gibson, M. 

Holohan and H. L. Riley first proposed and showed a stable polymorph of three-

coordinated sp2 carbon, namely hypothetical structure of polybenzene. A possible route 

to the formation of polybenzene was also suggested by the reaction of Na with C6I6. 

Later on, M. O'Keeffe and coworkers revealed that this new solid form of carbon is more 

energetically stable than C60 using a first-principles molecular-dynamics technique.72 

Hope this “cubic graphite” structure could be synthesized someday thanks to its high 

symmetry and low energy. Carbon nanotubes was originally discovered by Sumio Iijima 

in NEC Corporation at the negative end of the electrode using a d.c. arc-discharge 

evaporation method, similar to that used for the production of fullerene.73 The carbon-

carbon bonds of nanotubes are in the sp2 configuration. A two-dimensional material 

graphene was initially extracted simply by multiple peeling of graphite with sticky Scotch 

tape by Andre Geim and Konstantin Novoselov in 2004.74 Both carbon nanotubes and 

graphene are promising candidates as field-effect transistors in semiconductor 

industry.75-77  

Activated carbon (sometimes referred as activated charcoal) is a form of carbons 

containing a large number of micropore volumes and high surface areas. Depending on 

the ways of the derivation (coke and coal), they can also be referred as activated coke or 

activated coal. The term “activation” in porous materials from activated carbon conveys 

the maximum development of adsorptive capacity for the materials; thus, the optimal 
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activation methods are needed to activate the specific porous materials. Activated 

carbon is an old friend of human, and its use can be traced back to thousands of years 

ago.1 Although it remains difficult to control pore size and geometry, the porous 

activated carbon have wide ranges of applications related to medical use, agriculture, 

environment, gas and chemical purification, thanks to the relatively cheap cost and 

facile production methods.78-80  

Activated carbon can be produced from carbonaceous sources such as cellulose 

fibers and coal by the chemical or physical activation.78, 81 Physical activation is done by 

processes such as carbonization. In carbonization, carbonaceous source materials are 

pyrolyzed in inert gases atmosphere (argon or nitrogen). The production via chemical 

activation denotes that the raw carbon sources are impregnated with chemicals like 

sodium hydroxide and zinc chloride.79, 81 In recent years, many novel template methods 

were developed to synthesize activated carbons.4-5  

1.2.3 New development of porous materials 

What is the objective of the development of new kinds of porous materials? 

Traditional porous materials (i.e. zeolites) are not perfect and can possibly be improved 

in many ways despite their powerful applications in many aspects of our world. 

Therefore, a desire has been persisted for several decades to develop new approaches 

for design and synthesis solid-state crystalline materials with targeted properties for 

given applications, which traditional porous materials cannot achieve or can do better.33, 
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45, 82 In the other aspects, traditional synthetic methods are insubstantial in controlling 

the resultant porous structures with specific pore apertures and diameters. 

To address various long-standing challenges relating to energy and environment 

nowadays, apart from activated carbons and zeolites, many porous materials (e.g. 

porous silicas, porous polymers, porous oxides, MOFs, COFs) are of great interests to 

researchers. Some of them seem promising for solving problems from industry and 

academia alike. In this part, some recent representative examples from diverse fields 

will be highlighted. 
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1.2.3.1 Porous polymers 

 

Figure 1-3. a, synthesis of the porous P-CDP from β-CD and schematic representation of the P-CDP 
structure. b, N2 sorption isotherms of P-CDP. c, The cumulative pore volume of P-CDP obtained by 
NLDFT analysis. d, Structures, and relevance of each tested emerging organic micropollutant.

83
 

Copyright 2016, Nature Publishing Group. 

This Porous β-CD-containing polymer (P-CDP) was synthesized by crosslinking β-

cyclodextrin with rigid aromatic groups through nucleophilic aromatic substitution, as 
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illustrated in Figure 1-3.83 The optimization of polymerization conditions (K2CO3 in 

tetrahydrofuran (THF), at 80 °C v.s. aqueous NaOH, 60 °C) allowed the production of 

porous polymers with optimal porosity (SBET = 263 m2 g−1 v.s. non-porous CDP SBET = 

6 m2 g−1). The importance of the high surface area and permanent porosity of P-CDP was 

further demonstrated for the rapid micropollutant removal from water. Non-local 

density functional theory (NLDFT) calculations showed the majority of the free volume 

of P-CDP were comprised by pores of 1.8–3.5 nm diameter, thus it is a kind of 

mesoporous materials. 

The ability of P-CDP was evaluated to remove organic pollutants that range 

simple aromatic model compounds, pesticides, plastic components and pharmaceuticals 

with different size, hydrophobicity, and functionality.83 As stated by authors, P-CDP 

outperformed commercial activated carbons (e.g. Norit RO 0.8 activated carbon (NAC), 

SBET = 984 m2 g−1) for the excellent rapid removal of organic contaminants at 

environmentally relevant concentrations. Furthermore, the production cost of P-CDP 

was estimated to be USD 5–25 per kg. These estimated costs are comparable to the 

activated carbons for water treatment. In addition, the P-CDP can be facilely 

regenerated several times by rinsing the used adsorbent with methanol at room 

temperature with no loss in performance. All of these factors make this P-CDP 

practically and economically to compete with commercial activated carbons. 
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1.2.3.2 Microporous metallosilicates 

Crystalline microporous metallosilicates show various applications in selective 

adsorptions and catalysis.20, 84-86 Titanium silicates such as ETS-4 (Engelhard Titanium 

Silicates) was first discovered by S.M. Kuznicki where the Ti (IV) cations are octahedrally 

coordinated.84, 87 ETS-4 is a mixed octahedral/tetrahedral framework consisting of both 

12-membered ring and 8-membered ring opening. The transport of guest molecules and 

access to the interior pore volume of ETS-4 is controlled by the 8-membered ring 

aperture due to the faulting of the structure.86  

Sr-exchanged ETS-4 was found to have higher thermal stability than its as-

synthesized analogue; Sr-exchanged ETS-4 can be stable up to 350 °C while ETS-4 

collapse to an amorphous material near 200 °C.86 More interestingly, upon the increase 

of dehydration temperature, the contraction of the unit cell dimensions of ETS-4 and 

relocation of cations were observed, thus resulting in the reduction in the eight-

membered ring pore opening. 
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Figure 1-4. Adsorption isotherms for partially (75%) Sr-exchanged ETS-4 at room temperature with 
samples dehydrated at 190, 270 and 310 °C. These contracted titanosilicates materials show selectivity 
for CH4/C2H6, N2/CH4, and O2/N2, respectively.

86
 Copyright 2001, Nature Publishing Group. 

This intricate structural change owing to the framework flexibility can be 

correlated to the gas sorption performance, thus leading to important separations of 

gas mixtures such as N2/CH4 and N2/O2. As illustrated in Figure 1-4, CH4 (kinetic diameter 

3.758 Å) is freely adsorbed while the slightly larger C2H6 (kinetic diameter 4.443 Å) is 

almost excluded when partially (75%) Sr-exchanged ETS-4 is dehydrated at 190 °C. 

When dehydrated at 270 °C, it can readily absorb the N2 (kinetic diameter 3.64-3.8 Å) 
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but nearly exclude the CH4 molecules. Noticeable pore contraction happens when 

conducting dehydration at 310 °C, making it an oxygen-selective adsorbent. It can 

selectively adsorb O2 (kinetic diameter 3.467 Å) over N2. It is to be noted that in this 

case, the loss of crystallinity is the main reason of the decrease of gas capacity for a 

molecule able to enter pore of the materials, and lattice contraction is the side cause.86 

A microporous coppersilicate (SGU-29) has recently been synthesized using a gel 

consisting of sodium silicate and copper sulfate, with the formula as Na2CuSi5O12.20
 SGU-

29 can readily be applied to capture CO2 from humid flue gases and atmosphere without 

comprising the expensive prior dehydration step of the gases. Additionally, it has a good 

hydrothermal stability, a prerequisite for the real applications. 

1.2.4 Metal-organic frameworks 

The thriving development of metal–organic frameworks benefited greatly from 

coordination chemistry and supramolecular chemistry. Coordination and 

supramolecular chemistry attracted extensive research interests in 20th century thanks 

to the development of X-ray diffraction techniques. The porosity does exist in some of 

the metal-organic compounds owing to the ‘openness’ of the crystal structures. One of 

the notable examples is Werner complex. Werner complexes are a family of discrete 

transition metal complexes, named after Swiss chemist Alfred Werner who set the 

foundation for modern coordination chemistry.88 Interestingly, some of them show 

small openings in their crystal structures. In 1969, S. A. Allison and R. M. Barrer found 

these discrete clathrate complexes (the β-phases of MII(4-methylpyridine)4(SCN)2, MII is 
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a transition metal such as Ni, Co, or Mn) are porous to numerous gases although they 

did not endure their porosity.89 

Other coordination compounds such as metal–cyanide frameworks (e.g 

Hofmann-type clathrates90-91 and 3-periodic Prussian Blue (PB) analogues92), infinite 

polymeric metal–nitrile network structures93-96 and metal–bipyridine-type network 

compounds97-98 are of vital prominence to the research of properties from the openings 

(e.g. host-guest interaction chemistry). Noted that the difference between the cyanide 

and nitrile are that a nitrile is any organic compound consisting of a cyano group while a 

cyanide is any inorganic compound containing the −C≡N group. The permanent and 

functional porosity is hard to be established in those coordination compounds although 

the openings of structures commonly exist. For example, the early so-call coordination 

polymers like metal–nitrile96 or metal–bipyridine97 network compounds have a large 

pore space observed from the crystal structures; however they are too fragile to be 

activated and endure permanent porosity.99 Thus, to establish the permanent porosity 

of coordination compound is demanding and desirable to utilize the functional and 

diverse pore space and pore size within this class of materials. Since the discovery, 

MOFs are representative and seminal examples of metal-organic extended coordination 

compounds that can be explored for various applications with high degree of porosity 

and surface area.17, 100 

Yet, the early inspiration and breakthrough of MOFs came from the curiosity of 

the use of carboxylate-based linkers to coordinate with metal cations from Yaghi 

group.52, 101-102 The first MOF with a 3-periodic framework is MOF-4, synthesized from a 
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solution of Zn(II) nitrate hexahydrate and 1,3,5-benzenetricarboxylic acid (H3BTC). The 

default network of this Zn-BTC is 3-c cubic srs net, where both Zn2 paddlewheel and BTC 

can be viewed as a triangular SBU. Another early example of a MOF based on a 2-

periodic 4-c sql net was constructed by Zn(II) cations and benzenedicarboxylate (BDC), 

namely, MOF-2 (Zn-BDC).52 In this case, Zn2 paddlewheels are square and 4-c. 

Interestingly, Type I gas adsorption isotherms were observed for MOF-2, indicating 

permanent porosity of this robust structure. The permanent porosity could reasonably 

attribute to relatively stable framework structure built form polynuclear cluster MBBs 

and comparatively strong metal-carboxylate bonding.  

One year before this finding (1997), Kitagawa group showed high pressures gas 

study of a porous coordination polymer (PCP) at room temperature.103 Also, a MOF 

called HKUST-1104 (Cu-BTC) was formed by Cu(II) paddlewheel MBB [Cu2(O2C–)4] and 

1,3,5-benzenetricarboxylates with a BET surface area = 692.2 m2g–1 by Ian D. Williams’s 

group (1999) in Hong Kong University of Science and Technology (HKUST), China. These 

breakthrough findings demonstrated the low pressure and high pressure sorption 

properties of metal–organic extended structures, thus leading to a renaissance, and 

subsequently rapid development of this field until the present.105 

1.3 The rise of reticular chemistry 

“One of the continuing scandals in physical sciences is that it remains in general 

impossible to predict the structure of even the simplest crystallographic solids from 

knowledge of their chemical composition.”106              FRANK C. HAWTHORNE 
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The Prediction of crystal structures from the knowledge of their chemical 

composition was thought as an illusion.106 The term ‘designed syntheses’ is hard to be 

applied to the traditional porous solid-state materials (e.g. activated carbon and 

zeolites) although they are attractive in many aspects of our society due to various 

industrial applications.5, 9, 45 The early inspiration of design in Metalorganic frameworks 

(MOFs) came from the successful syntheses of the unprecedented MOF-5, linking zinc 

carboxylate cluster with terephthalate, and its isoreticular series.42, 102 Albeit the 

question107 of designed syntheses for MOFs continues, numerous examples and 

strategies have been used to demonstrate MOF design is possible, especially for those 

highly connected and symmetrical MOFs.26, 108-110 

Reticular chemistry was proposed as a new kind of chemistry to address the 

long-awaited questions that porous crystalline extended materials could possibly be 

made by design.39 To be more specified, the predetermined molecular building blocks 

(MBBs), simplified as simple geometrical shapes (secondary building units (SBUs)), can 

purposely be linked by the strong bonds to make crystalline extended open frameworks 

(i.e. MOFs and COFs) based on the planned routes.105, 111 Of course, not every designed 

experiment is guaranteed to be successful; however, it conveys a message that a 

delicate design is at least possible and can evolve from those failed trials.40 

1.3.1 Edge-transitive nets 

The application of mathematical tiling theory to systematically enumerate 3-

periodic crystalline networks was of vital importance as each tiling expresses a unique 
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net.112-113 The transitivity is a very powerful way of characterizing a tiling, a 3-D 

Euclidean space by  generalized polyhedra or cages in the case of 3-periodic networks 

(face-to-face packing).114 Topologically, a transitivity array pqrs denotes that there are p 

types of vertices, q types of edges, r types of faces and s types of tiles. Edge-transitive 

comes from the jargon of graph theory and denotes one kind of edge (all linkers are 

related by symmetry). Those edge-transitive nets115-117 are acknowledged as important 

and suitable targets in crystal chemistry and have been widely used in MOF designed 

syntheses.118-120 

According to RCSR43 — a searchable database to aid chemists and material 

scientists who would pursue new designed syntheses, there are 66 edge-transitive nets 

excluding augmented, binary and catenated. Further exclusion of non-crystallographic 

nets, 58 edge-transitive nets are amenable to be the targets of MOF chemistry. Many 

MOFs based on edge-transitive nets (such as rht, fcu, pcu, ftw, csq, soc etc.) are among 

the most important class of compounds as they are tunable and easy to be 

functionalized. Those net assigned by lower case bold three letter codes describe the 

underlying topology of framework structures. 

1.3.2 Minimal edge-transitive nets 

The minimal transitivity (MT) principle was proposed based on the fact that large 

quantities of MOFs have underlying nets with minimal transitivity as an explicit example 

of Pauling’s Rule of Parsimony.121-122 The minimal transitivity indicates the smallest 

possibility; say, the edge-transitive nets have one type of edge with transitivity pq = [1 1] 
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or [2 1] for uninodal and binodal nets, respectively. When the net of a compound can be 

deconstructed into three kinds of SBUs, the minimal possible transitivity is [3 2]; that is, 

the net have 3 kinds of nodes and 2 kinds of edges (links). To be noted that these 

minimal edge-transitive trinodal nets (especially, highly connected nets) are of great 

importance in designed syntheses or to evaluate theoretical possibilities for crystalline 

porous networks such as MOFs26, 122 and COFs123. 

One early critical account provided the identification and description of the nets 

for the underlying topology of MOF structures.124 Especially, MOFs with complicated 

branch ligands can be related to the same parent net (e.g. binodal edge-transitive nets) 

but can express different derived nets (e.g. trinodal minimal edge-transitive nets). It is 

recommended that both the parent net and the derived/related net, with a clear 

procedure for the deconstruction of the branched linker, should be provided for the 

topological analysis of a MOF structure with branched ligands. The parent net is 

important for the design process of MOF crystal structure, with the desired directional 

information in selecting the looked-for MBBs. On the other hand, the derived net gives 

the underlying topology of a specific MOF with polytopic ligands, because each branch 

point of the linker is regarded unambiguously as a vertex of the net.124-125 Topological 

analysis of MOFs with multitopic linkers and/or multiple building units has been partially 

reviewed122; however, highly connected trinodal nets with transitivity [32] are of 

exceptional prominence but have yet to be systematically generated from their parent 

nets. In the following chapter, the complete enumeration of 3-periodic trinodal nets 

with transitivity [32] was discussed, and an approach to generate minimal edge-
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transitive derived and related trinodal nets from the edge-transitive parent binodal net 

was thoroughly defined. 

1.3.3 Tools for topological analysis 

RCSR Database is the collection of nets. But when a new structure is obtained, 

the first step should be the determination of underlying topology of the network. The 

topological analysis could be done with the aid of CrystalMaker 

(www.crystalmaker.com), Materials Studio (accelrys.com), Systre (gavrog.org)43, 126, and 

ToposPro (http://topospro.com)127. 

 

Coordination sequence (cs) and vertex symbol can be calculated by ToposPro. As 

shown above (4-c dia net), a sequence of numbers (cs1, cs2, cs3, …, cs10) denotes the 

number of neighboring vertices in each coordination shell as the structure grows. The 

sum of these ten values (cum10) provides the topological density (td10). The td10 discloses 

the whole number of nodes in the first ten shells. The vertex symbol (VS) conveys 

information of the shortest rings around each node in a given network. To be noted that 

there are n(n-1)/2 angles related to the node for a n-coordinated node. As expressed 

above, VS has the form of Aa.Bb.Cc…. etc. In the given form, the upper-case letter (e.g. A, 

B and C) denotes the size of the “shortest ring” and the subscripts denote the number of 

shortest rings at the corresponding angle. 



59 
 

 
 

The point symbol (PS) is related to the shortest cycle at each angle in a given 

network, in the array of Aa.Bb.Cc…. etc. It means that a angles have shortest cycles that 

are A-cycles, b angles have shortest cycles that are B-cycles, and so on. It is 

recommended to use point symbol instead of vertex symbol for a highly connected net 

due to the simplicity. 

1.3.4 Strategies and concepts for the rational construction of MOF 

The successful practice of reticular chemistry and the powerful synthetic 

approach allows the superior control and rational construction of functional MOFs prior 

to the assembly process, in contrast to those conventional solid-state materials. 

Supermolecular building approach and MBB strategy, among others, offer a realistic and 

compelling route for the rational design of MOFs based on a selected net.100, 109 The 

geometrical information codes of the specific net can be precisely embedded in the so-

called net-coded building units (net-cBUs).108 The highly coordinated building units for 

the highly connected nets, especially those with MT, are ideal and persuasive net-cBUs 

for the feasible designed syntheses. 

Isoreticular chemistry is a sub-branch of reticular chemistry. It means when the 

default underlying network topology is set, a series of isoreticular structures with 

different dimensionalities and functionalities can readily be achieved without altering 

the parent topology.42 This concept is of vital importance to materials with the tunable 

functionalities and precisely controlled pore sizes for distinctive applications.128  
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1.3.4.1 Molecular building blocks 

From our perspective, a MBB is a real chemical entity while a SBU is a 

geometrical entity from linking the points of extension of a particular MBB. For example, 

a 12-connected hexanuclear cluster is a MBB, and the SBU by linking its points of 

extension (e.g. the carbon atoms of bridging carboxylates) is a cuboctahedron (Figure 

1-5).129 

 

Figure 1-5. Metal, C, and O are represented by purple, gray and red, respectively, and H atoms are 
omitted for clarity. 

The MBB approach has already been successfully demonstrated for the design, 

directed-assembly, and development of porous solid-state materials.39, 100 The MBB 

approach has emerged as a prominent avenue toward the design and construction of 

novel functional materials – that is, desired functionality and properties can be 

introduced in preselected MBBs (i.e. the organic ligands and inorganic clusters) at the 

design stage, prior to the assembly process. Markedly, the potential for design is directly 

12-c metal hexanuclear cluster cuboctahedron
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correlated to the ability to envision the resultant structure topology based on the 

available information related to the geometry and connectivity of the 

preselected/targeted building blocks. Effective implementation of the MBB approach 

necessitates isolation of the synthetic conditions that permit the in-situ formation of the 

requisite inorganic MBBs. 

Reliably, minimal edge-transitive nets (especially, edge-transitive nets where all 

edges are equal by symmetry) are regarded as suitable targets in crystal chemistry.122, 

125 Particularly, highly-connected minimal edge-transitive nets with at least one n-

connected node (where n ≥ 12) arise as ideal blueprints to pursue and use in MOF 

crystal chemistry. 26, 110, 120, 130 The assembly of highly-connected building blocks offers 

great potential to limit/reduce the number of reasonable outcome nets, thus leading to 

a greater degree of predictability in resultant crystal structures. Yet, the looked-for 

highly-connected MBBs (n-connected where n ≥ 12) are relatively rare as they are too 

intricate to obtain as multinuclear clusters or polycarboxylate linkers. Therefore, the 

discovery and introduction of highly-coordinated MBBs (e.g. polynuclear zirconium 

clusters131, polynuclear rare-earth clusters129, highly connected polycarboxylate 

ligands26) are particularly seminal.  

1.3.4.2 Supermolecular building blocks 

Another effective way to target MOFs based on the highly connected net is a 

supermolecular building block (SBB) approach.120 A SBB is an externally functionalized 

metal-organic polyhedron (MOP). The practice of 12-, 18-, or 24-connected MOPs as 
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SBBs has permitted the positional assembly of highly-connected MOFs based on 

minimal edge-transitive nets such as fcu,132-133 gea,130 and rht,120, 134-137, respectively. 

Highly connected and symmetrical SBBs assembled from relative simple MBBs (e.g. 4-

connected copper paddlewheels and 3-c heterofunctional linkers), as well as the 

desirable intricate directional and structural information, promote the formation of 

those highly connected MOF platforms. 

The implementation of SBB approach in MOF chemistry generally required the 

following steps: 1) the selection of a targeted net (e.g. minimal edge-transitive nets); 2) 

the augmentation of the selected net; 3) the truncation of the polyhedron from the 

chosen net; 4) the selection of a MOP containing the requisite information suitable for 

the truncated polyhedron; 5) the careful design of a ligand that fits the geometry 

requirement; 6) the right synthetic conditions that allowing the in-situ formation of 

desired inorganic MBBs. The vertex figure by augmenting the highly connected node of 

a network commonly matches the geometrical building unit from the exterior points of 

extension of a SBB.109 It is worth to mention that a same MOP can act as different 

geometric building unit dependent on the selected vertices of linkage; say, MOP-1 can 

be viewed as a 24-connected rhombicuboctahedron when 5-positions of the 

isophthalates are regarded as functionalized vertices while it can also be considered as a 

12-connected cuboctahedron considering the apical positions of the paddlewheels as 

the vertices.109  
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1.3.4.3 Supermolecular building layers 

Supermolecular building layer (SBL) approaches were firstly introduced by Prof. 

Eddaoudi group as a powerful concept/strategy to the design and discovery of 3-

periodic pillared MOFs.119, 138 In fact, many MOFs with underlying network topologies 

can be regarded as pillared 2-periodic metal-organic layers (SBLs).The deconstruction of 

the crystal structures led to the isolation of corresponding SBLs. Those layers can be 

amenable by the judicious design and selection of ligands and metal clusters. According 

to RCSR database, there are sole five 2-periodic edge-transitive nets (e.g. sql (square 

lattice), kgm (Kagomé), hcb (honeycomb), kgd (Kagomé dual), and hxl (hexagonal 

lattice)), which are model targets in crystal chemistry (Figure 1-6). The sql, hcb and hxl 

net have 1 type of vertex, 1 type of edge and 1 type of face. The kgm net has 1 type of 

vertex, 1 type of edge and 2 types of faces while the kgd net has 2 kind of vertices (blue 

gray and lime nodes in the below figure), 1 type of edge and 1 type of face. Most of 

MOFs by SBL approaches are based on pillared 2-periodic metal organic layers based on 

these edge-transitive nets.   
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Figure 1-6. Schematic of the sole five edge-transitive 2-periodic nets 

As an illustration, the tunable tbo-MOF platform will be briefly discussed here to 

show the power of SBL approach. HKUST-1 (Cu-BTC) is the first 3-periodic MOFs based 

on 3,4-c tbo topology.104 The further investigation of the structure led to the realization 

that this MOF (tbo-MOF-1) is constructed from 2-periodic sql metal-organic layers 

pillared by 4-connected copper paddlewheel MBBs with 4 independent BTC linkers.119 

Thus, the replacement of the inorganic cluster with a square shape organic MBB core 

(similar quadrangular octacarboxylate organic ligands) resulted in the design and 

construction of a series of tbo-MOFs with different functionalities and pore sizes. The 

sql kgm hcb

kgd hxl
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rational designed synthesis of a group of isoreticular tbo-MOFs demonstrates this SBL 

approach a facile methodology for MOF chemistry. 

To the end, with some knowledge of topologies such as net geometry, minimal 

transitivity and connectivity, the edge-transitive SBL, highly connected elaborate SBB, 

and highly connected symmetrical MBBs can all be envisioned as net-coded building 

units. These net-cBUs contain precise embedded geometrical information of a select net, 

which are important for the rational “designed syntheses” of porous crystalline 

extended frameworks, MOFs in particular. 

1.4 Potential MOF applications 

A brief historical perspective and many powerful strategies of MOFs were 

introduced previously in this chapter; however, what’re more important and attractive 

are perhaps the potential values that MOFs could be capable to deliver to our world. 

The beautiful and logical science of MOFs is particularly striking, but generally, people 

would prefer to see some impacts and outputs that cannot be achieved by other 

traditional materials considering huge amounts of financial resources and manpower 

being used. Thus in this part, some potential MOF applications will be highlighted. A 

reasonable correlation sometimes exists between the intrinsic structural features of 

MOFs and the concomitant performance thanks to the general single crystal nature of 

the materials. 
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1.4.1 Gas storage and separation 

Porous materials as gas adsorbents for gas storage and separation have been 

widely used with great impact in our society.11, 45, 61, 139 Thanks to the permanent 

porosity of MOFs, the intricate properties including tunable pore sizes, high surface 

areas, and versatile functionalities, allow this class of novel adsorbents as promising 

candidates to address numerous persisting challenges pertaining to gas storage and 

separation. Today, many MOFs have apparent BET surface areas higher than 1500 m2 g-1 

while the BET surface areas of traditional pure inorganic zeolite adsorbents are generally 

less than 1000 m2 g-1. For example, the apparent BET surface areas of highly porous rht-

MOFs (e.g. NU-109E and NU-110E) estimated from the gas isotherms are about 7000 m2 

g-1.140 It is 1 g of those adsorbents have a surface area comparable to the size of a soccer 

field.  

Although the cost and stability issue of MOFs compared to activated carbon and 

zeolites remain a concern, MOF materials attract a lot of academic and industrial 

research interests in adsorbent applications such as clean gas storage128, 141-142, CO2 

capture28, 143, industrial and commercial gas delivery144, water capture and gas 

dehydration82, 145-146.   

1.4.1.1 Hydrogen and methane storage  

The carbon dioxide emission into the atmosphere caused by our society's 

reliance on fossil fuels presents one of the most serious global problems facing our 

planet related to energy and environment.147 It is generally believed that the emission 
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of CO2 can cause the climate change that will affect billions of people. To finding 

solutions to address these pressing challenges is an urgent task. Alternative energy 

solutions (such as nuclear power, solar, biomass, and wind) attract great interests and 

investments from industry and academia alike, although fossil fuels will continue to be 

the main sources of energy for the foreseeable future.  

Hydrogen is considered one of the most promising clean energy carriers for a 

sustainable future as water is the only by-product via burning it. Although Hydrogen is 

an abundant element on Earth (e.g. in the forms such as water and hydrocarbons), 

molecular hydrogen gas H2 does not exist naturally in quantity.148 Therefore, in 

comparison to primary energy sources like gasoline, coal, and nuclear fuels (they occur 

in the natural environment), hydrogen is a secondary source (i.e. energy carrier) that 

derived from the transformation of primary sources (e.g. splitting of water). The 

gravimetric net calorific value (lower heating value (LHV)) of liquid hydrogen is about 

three times larger than that of gasoline (ca. 123 MJ kg−1 for versus ca. 47 MJ kg−1) while 

the volumetric net calorific value of liquid H2 is lower (ca. 9 MJ L−1 for versus ca. 32 MJ 

L−1).148 The density of gasoline ranges from 0.70–0.77 kg L-1 and the liquid H2 density is 

0.0708 kg L-1. 

Numerous materials including metal hydrides, porous adsorbents, inorganic 

nanotubes and biomass carbohydrates, are proposed from the storage of hydrogen.148-

150 Owing to the permanent porosities and high surface area, MOFs present a class of 

promising candidate for the storage and delivery of hydrogen.136, 141, 148 NU-100 

([Cu3(L)(H2O)3]n; H6L = hexatopic carboxylate acid) has a high BET surface area (ca. 6143 
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m2 g-1) and exhibits a high total storage capacity of 164 mg g–1 at 77 K and 70 bar (excess 

uptake 99.5 mg g–1 at 77 K and 56 bar).136 The experimental pore volume of NU-100 is ca. 

2.82 cm3 g–1. MOF-210 has a BET surface area of ca. 6240 m2 g–1 (crystallographic 

density is 0.25 g cm–3) and displays the highest total H2 storage capacity — 176 mg g–1 at 

77 K and 80 bar (excess 86 mg g–1).151 The experimental pore volume of MOF-210 is 

about 3.6 cm3 g–1. Despite great efforts are still needed to achieve the facile synthesis 

and activation of those materials considering the cost and long-term performance, these 

results are representative examples of the remarkable progress in research on MOFs as 

hydrogen storage materials.  

Methane (CH4) is the main component of natural gas, which presents an 

alternative to traditional petroleum-based fuels for transportation.142, 152-154 CH4 has the 

highest H/C ratio of any fossil fuels and, consequently, the lowest carbon emission of all 

the other hydrocarbon energy sources. Methane has a critical state (critical point) of Tc = 

190.6 K and a critical pressure of Pc = 45.8 atm. Therefore CH4 is a supercritical gas and 

cannot be liquefied by compression at room temperature (R.T.).153 The methane storage 

in a certain limited volume is challenging for mobile or onboard applications as CH4 

cannot be stored at the same density as the conventional hydrocarbon fuels like 

gasoline. Additionally, the volumetric net calorific value (volumetric energy density) of 

natural gas at R.T and ambient pressure is only 0.04 MJ L−1, much less than ca. 32 MJ L−1 

for gasoline.154 Both compression and liquefaction can be used to increase the 

volumetric net calorific value of methane. However, compressed natural gas (CNG) 

needs to use heavy and bulky vessels, and requires costly multi-stage compressors; 
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liquefied natural gas (LNG) necessitates cryogenic cooling due to low critical 

temperature (Tc = 190.6 K). Hence, both CNG and LNG are expensive and unfeasible for 

onboard natural gas storage technologies. 

Adsorbed natural gas (ANG) systems is considered a promising alternative 

solution to aforementioned issues by filling storage containers with porous adsorbents 

that can store CH4 with higher density compared to CNG and LNG at ambient 

temperatures and moderate pressures (i.e. 35 bar, 65 bar, and 80 bar).142, 154-155 ANG 

technology, therefore, permits the use of lighter, cheaper, and smaller fuel tanks. It can 

also accommodate inexpensive gas compressors such as single-stage compressors. 

Additionally, ANG systems may be applied to for stationary storage on natural gas 

distribution pipelines.154  

Classical adsorbents such as zeolites and activated carbon have been widely 

evaluated for ANG applications for decades.156-157 Thanks to their high porosity, tunable 

pore surfaces, diversity and inherent modularity, MOFs, as an emerging class of 

adsorbents, are particularly promising for high-density nature gas storage.27, 128, 154-155, 

158-160 Among all, one symbolic example of MOFs for methane storage is emphasized 

here; namely, Al-soc-MOF-1.128 

Al-soc-MOF-1 was designed and synthesized as an isoreticular structure of the 

original In-soc-MOF-1 (azo-linker)128, 161 by the expansion of both dimensions of the 

rectangular linker. The Al-soc-MOF-1 has a 4,6-connected soc topology, enclosing 

cuboidal cages with the diameter of ca. 14.3 Å and two 1-D infinite channels with 

dimensions of ca. 14 Å. This MOF has an estimated BET surface area of ca. 5585 m2 g-1 



70 
 

 
 

and an experimental pore volume of ca. 2.3 cm3 g-1. Al-soc-MOF-1 exhibits one of the 

highest CH4 gravimetric capacities at 298 K and 35 bar (ca. 361 cm3 (STP) g-1) among 

microporous MOFs (Figure 1-7). It addresses the Department of Energy (DOE) target of 

CH4 gravimetric uptake (700 cm3 (STP) g-1 or (0.5 g g-1)) at 50 bar/258 K and 85 bar/288 K. 

 

Figure 1-7. Methane sorption isotherms at different temperatures for Al-soc-MOF-1. Reproduced with 
permission.

128
 Copyright 2015, American Chemical Society.  

Analysis of the volumetric methane adsorption isotherms results in an 

unprecedented finding: the volumetric CH4 storage working capacity (e.g. the uptakes 

between 5 bar and 80 bar) was enhanced when the temperature was decreased. This 

could possibly attribute to relatively weak CH4 – interactions (heat of adsorption of 

methane is ca. 11 kJ mol-1 at low loadings) and comparatively enhanced CH4 – CH4 

interactions owing to the appropriate pore sizes. The volumetric working capacity at 298 

K and between 5–80 bar is ca. 201 cm3 (STP) cm-3. Particularly, It fulfills the DOE target 
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at 258 K and 80 bar (ca. 264 cm3 (STP) cm-3). This presents the best compromise 

between the volumetric and gravimetric total and working capacities considering MOF 

as adsorbents in ANG. This material, hence, could be used in both mobile and stationary 

applications.  

1.4.1.2 Carbon dioxide capture 

The concentration of atmospheric carbon dioxide (CO2) continues to rise and 

rather rapidly to more than 400 parts per million (ppm) in 2015 compared to the 

preindustrial level of 280 ppm.147  The unparalleled increasing CO2 emissions result in 

the detrimental greenhouse gas effect and severe climate change. Surely, an urgent 

response is required to develop economical and practical technologies to reduce the 

environmental influence of the combustion of carbon-based fossil fuels. Post-

combustion CO2 capture and direct air capture are appropriate routes to address this 

durable challenge.28, 129, 143, 162-163  

Carbon dioxide concentration is in the range of 10–15% for CO2 emission from 

post-combustion stationary and mobile sources. The technology with liquid adsorbents 

(e.g. amine scrubbing) is the current choice for carbon dioxide separation because they 

are well-understood, robust, cost-friendly, and efficient.164 Temperature swing 

adsorption (TSA) is preferred over pressure swing adsorption (PSA) for regeneration of 

adsorbents in post-combustion CO2 capture in practical as the energy requirement of 

TSA (100-120 °C) can be inherently provided by the waste heat and energy input for the 

compression of the gas is desired for PSA. The current amine scrubbing technologies 
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have several drawbacks: 1) large energy input; 2) toxic by-products emission; 3) large 

quantities of solvents and their disposal; 4) big infrastructure.147  

Direct air capture (DAC) is a promising technology for efficient and cost-effective 

removal of trace CO2 from air (down to 400 ppm).165-166 Particularly, DAC is of prime 

importance for pre-purification of air for the separation of nitrogen and oxygen, in order 

to avoid the blockage of heat-exchange equipment during the cryogenic distillation and 

the contamination of adsorbents during PSA. 166-167 In fact, DAC is also very essential for 

optimal recycling and proper operation of fresh air supply systems in confined spaces 

such as submarines and spacecrafts.163, 168-169 

Classical porous solids like inorganic zeolites, activated amorphous carbons, and 

porous silica have been extensively explored and evaluated as sorbents in the container 

for the CO2 capture.170-173 However, various critical issues still need to be addressed. For 

example, activated carbons generally have low uptakes at low pressure and water 

competes with CO2 in zeolites for flue gas carbon capture. Similarly, the emerging MOF 

adsorbents with modular and tunable nature have attracted many research interests for 

both high concentration CO2 removal28, 143, 162 (e.g. post-combustion capture, natural 

gas, and biogas upgrading) and trace carbon dioxide capture129, 162, 174 (e.g. DAC). 

Amine grafting MOF sorbents are attractive for both flue gas and air capture. 

One representative class of sorbents are amine grafted Mg-MOF-74 and its 

isostructures.162, 174 However, they have the very high heat of adsorption and 

consequently, require more energy of regeneration (i.e. chemisorption). Also, amine 

grafting sorbents may suffer from the degradation. It is desirable to evaluate MOF 
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materials for CO2 capture with favorable lower energy of regeneration (i.e. 

physisorption)  

SIFSIX MOF materials are a series of 3-periodic network structures based on 6-c 

pcu topology, constructed from coordinately saturated metal centers, neutral organic 

nitrogen-donor ligands, and arrayed hexafluorosilicate (SiF6
2−) anions.175-177 This class of 

materials were demonstrated by Eddaoudi and Zaworotko et.al. efficient to capture CO2 

for post-combustion (CO2/N2), pre-combustion (CO2/H2) and natural gas upgrading 

(CO2/CH4). Recently, contracted versions have been evaluated for DAC.163, 178 It is worth 

to mention that CO2 adsorption for these small pore materials containing ‘molecular 

pocket’ is based on the physisorption mechanism with the relative stable heat of 

adsorption of ca. 40-50 KJ mol-1.  

1.4.1.3 Hydrocarbons separation 

Hydrocarbons separation is an important chemical separation process for the 

petrochemical industry. Splitting molecules with similar chemical and physical 

properties, such as olefins, paraffins and iso-paraffins, represents a great challenge for 

gas/vapour/liquid separation technologies.179 Conventional separation technologies 

such as cryogenic fractional distillation are energy-intensive and therefore, expensive 

because this kind of separation process relies on the difference between the boiling 

points of the hydrocarbon isomers.180 A less energy-consuming alternative is the design 

and synthesis of solid-state sorbents that can act as separation agents. These solid 

materials take benefit of differences between the chemical and physical interactions 
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between the solid surface and the isomer components, as exemplified by zeolites and 

carbon molecular sieves.11, 60, 181-184 

MOFs as a family of microporous solids were successfully designed and 

evaluated for gas separations such as propane/propylene185-188 and paraffin/iso-paraffin 

(e.g. hexane isomers and butane/iso-butane).189-191 The hybrid character and tunable 

nature of MOFs enable these materials with great promises for addressing these 

challenges.178, 188, 190, 192-194 Certainly, The use of reticular chemistry and MBB 

approaches further permit access to control of MOFs at the molecular level with 

ultrafine-tuning of the pore-aperture size and shape.26, 128, 195 Those structural features 

as well as the framework ‘rigidity’ are of crucial prominence for gas/vapour separations, 

particularly the splitting of hydrocarbon molecules via sieving process.29, 185, 189, 196-197 

NbOFFIVE-1-Ni (KAUST-7) is a fluorinated ultramicroporous MOF adsorbent and 

an isostructure of pyrazine-based SIFSIX MOFs with a theoretical maximum pore 

aperture size of ca. 4.752 Å.185 As illustrated in Figure 1-8A, this MOF is robust to water 

and acidic gas H2S demonstrated by powder x-ray diffraction experiments. Single-gas 

adsorption data showed that KAUST-7 adsorbed propylene but did not adsorb propane 

at 298 K up to ca. 1 bar due to the restricted aperture size (Figure 1-8B). Noticeably, the 

isotherms from 50/50 mixed-gas adsorption overlapped with the pure propylene 

sorption isotherms. It thus supports the molecular exclusion of C3H8 from C3H6. The 

infinite C3H6/C3H8 separation factor was confirmed by performing C3H6/C3H8 50/50 

mixed-gas column breakthrough experiments using a packed column bed at 298 K and a 

1 bar total pressure and a 4 cm3 min-1 total flow (Figure 1-8C). The thermogravimetry–
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differential scanning calorimetry measurement (Figure 1-8D) also supported and 

confirmed the complete molecular sieving of propane from propylene. This great 

example of structure-property relationship illustrates how the pore aperture size of a 

MOF can be fine-tuned in 0.2 to 1 Å scale, to target the sieving-based separation of a gas 

pair with associated similar physical properties.  

 

Figure 1-8. A MOF showed molecular sieving separation of propylene/propane. Reproduced with 
permission.

185
 Copyright 2016, The American Association for the Advancement of Science.  

Apart from the separation of paraffin/olefin and paraffin/iso-paraffin, the 

development of novel separation agents for the upgrade of natural gas (the main source 

of methane) is also on demand, as methane is considered an attractive and alternative 

energy source.198-199 The upgrading processing of natural gas involves removal of ethane, 

propane, and relatively heavier hydrocarbons (C4+) from the raw natural gas, to avoid 
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the condensation of heavy hydrocarbons in gas pipelines.200 MOFs were designed and 

employed for this kind of light hydrocarbons separation.199-200 

1.4.1.4 Water capture and gas dehydration  

As the global population increases, the demand for water is continually growing 

despite supplies reduce due to the pollution and climate change. Currently, freshwater 

scarcity is considered as a systemic threat around the globe.201 To produce drinking 

water by wastewater treatment202, desalination of seawater203-204 or water harvesting 

from air146 using solar energy are perceived as important next-generation technologies 

to address the pressing global water scarcity. Relatively inexpensive, highly efficient and 

stable solar powered devices for producing fresh drinking water are very attractive as a 

solution to the current problems. 

A new solar-powered device with MOFs developed by Yaghi and Wang et al. can 

pull water straight from the air (Figure 1-9). They demonstrated an energy-efficient 

solar-powered water-harvesting system by vapor adsorption using MOF-801 (i.e. 

[Zr6O4(OH)4(fumarate)6). This device with MOFs can adsorb water during the cooler 

night and release it during the warmer day using low-grade heat from natural sunlight. 

Thanks to the diversity and tenability, MOFs (e.g. MOF-801, MOF-841, UiO-66, and 

PIZOF-2) show a steep increase in water uptake at different humidity ranges at 25°C and 

consequently, fit for diverse regions around the globe (Figure 1-9A). A temperature 

swing between 25°C and 65°C for MOF-801, as exemplified in Figure 1-9B, can collect 

more than 0.25 L kg–1 of water above 0.6 kPa vapor pressure (20% RH at 25°C). This 
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solar-assisted MOF water harvesting is naturally passive. Specifically, in the night, the 

MOF layer captures water and rejects the heat to the ambient (right); during the 

daytime, the hot desorbed vapor is condensed at the cooler ambient temperature 

collected using a passive heat sink (left) (Figure 1-9C). The high water uptake capacity 

and shape increase behavior in diverse MOFs make this strategy feasible and promising.  

 

Figure 1-9. Schematic of Working principle of water harvesting with MOFs. Reproduced with 
permission.

146
 Copyright 2017, The American Association for the Advancement of Science.  

It is important to remove trace amounts of water from natural gas streams prior 

to the transportation via pipeline systems as H2O may create corrosions or blockages.205 

AlFFIVE-1-Ni (KAUST-8) has a formula of NiAlF5(H2O)(pyrazine)2·2(H2O), and is a sister of 

NbOFFIVE-1-Ni (KAUST-7).82 AlFFIVE-1-Ni shows a very high affinity towards to water 

vapor in hydrated gas streams containing CO2, N2, CH4, and higher hydrocarbons. 

AlFFIVE-1-Ni requires relatively lower temperature (ca. 105 °C) for regeneration (i.e. the 
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complete desorption of the adsorbed water) than that of the classical solid desiccants 

such as zeolite 4A (ca. 250 °C). Therefore the energy input of adsorbent regeneration-

recycling for AlFFIVE-1-Ni is about half of that for commonly used solid desiccants. 

1.4.1.5 Commercial gas storage technologies 

A few examples that would be highlighted here are the MOFs which moved to 

the markets. Instead of being applied to the large industrial scale processes (gas 

separation), MOFs started to address manageable markets as ‘smart products’ such as 

sorbents for high-value gas storage.144, 206-207 

1-methylcyclepropene (1-MCP) is used as a synthetic plant growth regulator. This 

cyclopropene derivative with the molecular formula C4H6 can slow down ripening and 

spoilage by preventing the production of ethylene from the fruit. It needs only a few 

grams of gases per storage unit. The current market about $250 million is dominantly 

controlled by SmartFresh developed by AgroFresh. SmartFresh is a synthetic compound 

consisting of 1-MCP.206 Thanks to versatility and tenability of MOF chemistry, a MOF 

product called “TruPick” is developed by MOF Technologies and Decco in 2014.206 They 

used MOFs as sorbents for the storage and regulated release of 1-MCP. Those MOF 

were produced in a cost-effective and solvent-free mechano-chemical process for the 

sake of food safety.  

Gases like arsine and phosphine used in the electronics industry are highly toxic. 

The gas cylinder ION-X developed by the firm NuMat allows sub-atmospheric storage of 

those gases and consequently, much safer than the traditional pressurized cylinders.144, 
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207 For example, arsine (AsH3) is used to synthesize semiconducting materials (e.g. GaAs) 

concomitant to microelectronics and lasers. ION-X used robust MOFs as solid 

microporous adsorbents and considerably reducing the risk of an arsine gas leaking out 

from the cylinder. This ‘fully baked’ product was shipped to Asia and tested in 

electronics manufacturing.   

1.4.2 Crystal sponges 

To obtain the atomic structure of molecules by SCXRD analysis, single crystals 

must be obtained. The large voids and channels of MOFs (or PCPs) can now be used as 

crystalline sponges for the structure determination of small molecules that do not 

require being crystallized.33-34, 208-209 This kind of small application to highly valuable 

projects is very promising to me. 

As shown in Figure 1-10, single crystals of this MOF can be simply prepared from a 

solution of commercial ligand tris(4-pyridyl)-1,3,5-triazine (TPT) and ZnI2, with the 

formula as [(ZnI2)3(TPT)2]∙x(solvent).210-211 This MOF crystalline sponge absorbs target 

guest molecules in an ordered way into the pores thanks to the high molecular-

recognition ability. One thing noted by the authors (Fujita et al.) is that the entire guest 

inclusion process should be under the equilibrium control and accordingly, the guest can 

be well equilibrated and regularly ordered at the specific molecular-recognition sites of 

the host frameworks.33 The guest capture proceeded at 45 °C or 50 °C in cyclohexane or 

CH2Cl2/ cyclohexane In contrast; the guest molecules are generally severely disordered 
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and have hardly been observed by SCXRD thorough the kinetic guest inclusion by MOF 

hosts.212-215  

 

Figure 1-10. Synthesis of MOF crystalline sponge and the preparation of single-crystal samples loaded 
with target molecules.

211
 Copyright 2014, Nature Publishing Group. 

The great advantage of this breakthrough method including: 1) the crystals of 

small molecules are no more required to perform X-ray crystallography ('crystal-free' 

crystallography211, 216); 2) this strategy needs only a trace amounts of samples and thus, 

very attractive for organic chemists who synthesize very small amounts of highly 

expensive compounds; 3) it can be used to determine the absolute configuration of 

chiral structures (e.g. 5 μg of a scarce natural product—miyakosyne A); 4) the single 

crystals of host framework [(ZnI2)3(TPT)2]∙x(solvent) are really easy to synthesize, which 
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enable this technology very practicable. In fact, different chemistry group worldwide 

applied this method the determination of organic or organometallic compounds shortly 

after this seminal work.217-220 

Yaghi et al. reported a chiral MOF (i.e. MOF-520 [Al8(μ-OH)8(HCOO)4(BTB)4]; BTB 

= 1,3,5-benzenetribenzoate) as a chiral crystal sponge to bind and align molecules with a 

coordinative binding site.34 This MOF crystallizes in the noncentrosymmetric space 

group P42212, although it is constructed from achiral BTB linkers. In the respective 

crystal structure of each enantiomorph, the BTB has one of two enantiomeric 

conformations (i.e. Λ or Δ) due to the rotation of the benzene rings. Each single crystal is 

enantiomerically pure, yet the whole bulk sample is a racemic conglomerate. One 

advantage of MOF-520 for the determination of the absolute configuration of 

enantioselectively binding molecules is that the chiral backbone can improve the 

correctness and serve as a reference in the structure solution.221 Additionally, the 

structural robustness and chemical stability of this sponge allow fully preserve its 

crystallinity during the coordinative alignment process (e.g. 40° to 100°C in DMF or 

acetone for more than 12 hours).  

1.4.3 Catalysis 

MOFs can serve as heterogeneous catalysts for plenty of catalytic reactions30-32, 

including asymmetric catalysis 222. The high modularity and tailorability, large contents 

of ordered metal clusters (ions), as well as their exceptional surface areas, enable MOFs 

with desirable chemical and structural features for catalytic applications. The intricate 
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metal clusters arrays inside crystalline MOF catalysts can mimic the active sites of 

natural enzymes, to achieve highly selective and effective catalytic conversion.32, 223 

Here, recent representative examples of MOFs for catalysis would be emphasized. 

NU-1000 is a Zr-based MOF, synthesized by solvothermal reactions of ZrCl4, 

1,3,6,8-tetrakis(p-benzoicacid)pyrene (H4TBAPy), with the molecular formula Zr6(μ3-

OH)8(OH)8TBAPy)2.224 The topological analysis of the overall network revealed the Zr6 

cluster can be viewed as a 8-c node and the TBAPy linker can be viewed as a 4-c node, 

resulting the (4,8)-c csq topology with typical hexagonal channels. NU-1000 was proved 

as a highly active Lewis acid catalyst for the destruction of highly toxic chemical warfare 

agent (e.g. GD; O-pinacolyl methylphosphonofluoridate). Additionally, it has better 

performance as phosphoester-containing hydrolysis catalysts than previous reported 

12-conneceted fcu UiO-66 MOF (defect-free).225 Although the multiple Zr–OH–Zr 

moieties can potential mimic the Lewis-acidic Zn–OH–Zn active site of 

phosphotriesterase (a G-agent destroying enzyme), the lower connectivity of Zr6 cluster 

in NU-1000 than UiO-66 (8 versus 12) lead to more desirable catalytic active sites.32, 223 

1.4.4 MOF composites 

MOF hybrid composites received many research interests for the diverse 

applications due to synergistic effects. MOF composites can be synthesized with 

different active species including metal nanoparticles, metal nanoclusters, enzymes, 

polymers and so on.226-227 Here, the brief descriptions of MOF composite materials will 

be introduced and some selected examples will be highlighted. 
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1.4.4.1 Metal nanoparticles and MOF composites 

Size-controlled Palladium nanoparticles show very good catalytic 

performances.228 The synthesis of core–shell Palladium nanoparticle@IRMOF-3 

nanostructures was demonstrated by Tang and coworkers (IRMOF-3 was made by 

Zn(NO3)2 and 2-amino terephthalic acid (NH2-H2BDC)).229 The nanoparticle core is ∼35 

nm in diameter and the coated IRMOF-3 shell is ∼145 nm in thickness. This composite 

can be used as a catalyst for cascade reactions; namely, Knoevenagel condensation via 

the alkaline IRMOF-3 shells, followed by selective hydrogenation of the intermediate 

products by the Palladium nanoparticle cores. The sole IRMOF-3 and Palladium 

nanoparticles were selected as catalysts for comparison separately. The core–shell 

Palladium nanoparticle@IRMOF-3 exhibits better reactivity towards the same reaction 

in comparison to the IRMOF-3 supported nanoparticles. This paved a way for the MOF 

nanocomposites for high-performance catalytic reactions.  

The other example from the same group is to use sandwich MIL-101@Pt@MIL-

101 nanostructures for selective hydrogenation reactions of different α,β-unsaturated 

aldehydes.230 The selective hydrogenation of the carbon–oxygen group in α,β-

unsaturated aldehydes is very challenging due to thermodynamically favorable 

hydrogenation of the carbon–carbon group.231-232 The MIL-101@Pt@MIL-101 

composites were synthesized with 2.8-nm Pt nanoparticles immobilized between the 

MIL-101 core and shell. Take MIL-101(Fe)@Pt@MIL-101(Fe) as an example. First, the 

nanoscale MIL-101(Fe) structure were synthesized using a solvothermal technique with 
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microwave heating for 10 min at 160  C. Second, MIL-101(Fe)@Pt was made by adding 

as-synthesized Pt nanoparticle solution drop by drop into DMF solution of MIL-101(Fe) 

under vigorous stirring. Third, MIL-101(Fe)@Pt@MIL-101(Fe) was synthesized via mixing 

the DMF solution of MIL-101(Fe)@Pt and precursor solution (FeCl3·6H2O and H2BDC 

dissolved in DMF) and heating at 120  C. The authors attributed the unprecedented 

selectivity and reactivity of α,β-unsaturated aldehydes hydrogenation to coordinatively 

unsaturated metal sites of MIL-101.230 However, the porosity of MIL-101(Fe)@Pt@MIL-

101(Fe) was not shown and the activation of this composite was not carried out before 

the reaction. The accessibility of unsaturated metal sites of MIL-101 for the reactants 

remains a concern and therefore, this assumption is doubtful.    

1.4.4.2 Enzyme-MOF composites 

Enzymes are certainly a class of vital biomacromolecules for life.233 Especially, 

Enzymes are remarkable catalysts for biological transformations234 The fragile nature of 

enzymes (low thermal stabilities, sensitivity to pH, organic solvents and metal ions), 

undesirable purification and separation of the products, prevented the practical 

applications of homogeneous enzymes.233 Immobilized enzymes on heterogeneous 

supports offer alternative solutions to these limitations with several advantages: 1) 

enhance control of the reaction processes; 2) stabilize enzymes in storage and 

operational conditions; 3) minimize contamination and thus facile purification of 

products; 4) recycle enzymes after reactions.233 To be noted the activities of enzymes 
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might be lost due to the change of the chemical and physical properties of an enzyme 

upon immobilization. 

Traditional porous materials such as sol–gel matrices235 and mesoporous silica236 

attracted many interests as reasonable candidates for enzyme immobilization; however, 

they also suffered from enzyme leaching, denaturation or inactivation. MOFs can be 

potentially used as a new kind of porous supporting matrices for enzyme immobilization 

via different synthetic approaches such as surface attachment, covalent linkage, pore 

encapsulation, and co-precipitation.233, 237-238 The advantages of MOFs as competitive 

solid support may be attributed to the high surface area and pore volume, as well as the 

tailorability of pore size and pore geometry.  

MOF with mesoporous cavities or channels (large than 2 nm) are promising for 

the enzyme immobilization due to the high enzyme loading and low enzyme leaching, as 

well as the size selectivity for substrates.239-242 One of the first examples of using 

mesoporous MOF for enzyme encapsulation is to immobilize microperoxidase-11 (ca. 

3.3 × 1.7 × 1.1 nm) inside Tb-mesoMOF ([Tb16(TATB)16], TATB = triazine-1,3,5-

tribenzoate), which possessed cubic meso-cavities with the largest diameter of ca. 4.7 

nm.239 The microperoxidase-11@Tb-mesoMOF was synthesized by immersing as-

synthesized Tb-mesoMOF crystals in microperoxidase-11 solution of HEPES buffer 

(HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) in an incubator at 37 °C. 

This composite shows good performance in catalytic oxidation owing to the avoidance 
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of undesirable enzyme aggregation. One question is why the as-synthesized MOFs 

instead of activated MOFs were used to encapsulate enzyme. 

MOFs with mesoporous 1-D channels such as NU-1000-type MOFs with the 4,8-c 

csq topology are promising candidates for enzyme immobilization.240-242 The 

organophosphorus acid anhydrolase (OPAA), a nerve agent detoxifying enzyme, was 

immobilized inside different csq-MOFs to detoxify nerve agent simulants, and extremely 

toxic nerve agents such as Soman. For example, NU-1003, a csq-MOF synthesized from 

8-c Zr6 clusters and 4-c tetracarboxylate (1,3,6,8-Tetra(6-carboxynaphthalen-2-

yl)pyrene), was selected as a supporting matrice for OPAA encapsulation due to its large 

channel sizes (ca. 4.4 nm).241 Typically, 1 mg of NU-1003 were firstly washed with 1 mL 

of deionized water, and then were immersed in an aqueous bis-tris-propane buffer (BTP, 

pH 7.2) solution of OPAA (0.2 mg/mL) at 25 °C, in order to obtain the OPAA@NU-1003 

composites. The absorbance of the supernatant solution at 280 nm was recorded using 

UV–vis spectrophotometer to detect the amount of OPAA left in the solutions. 
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Figure 1-11. (a) Schematic of OPAA in the mesoporous channels of NU-1003. (b) Confocal laser scanning 
microscopy images of a single crystal of OPAA@NU-1003 with time (scale bar is 10 μm). (c) Plots of 
fluorescence intensity along a single crystal of OPAA@NU-1003 with time. Reproduced with 
permission.

241
 Copyright 2016 (open access), American Chemical Society. 

As shown in Figure 1-11, the in situ confocal laser scanning microscopy images 

on a single crystal of NU-1003 were taken at different times to monitor the 

encapsulation process of AlexaFluor-647-tagged OPAA. The images, as well as plots of 

fluorescence intensity of an OPAA@NU-1003 crystal, reveal that the diffusion of 

AlexaFluor-647-tagged OPAA is from the two ends toward the center of the crystal 

(Figure 1-11 b and c). The authors also studied the crystal size effects of MOFs to the 

diffusion of substrates of the catalytic reaction. Thanks to the large channel size and 

evenly distributed enzymes inside the channels, OPAA@NU-1003 display very 

outstanding catalytic efficiency towards nerve agent hydrolysis.  

1.5 Outline of the Dissertation 

This dissertation focuses on the design and synthesis of highly connected MOFs 

by using reticular chemistry. The potential applications such as gas storage, catalysis, 

selective sensing, and hydrocarbon separation have been explored on this new class of 

porous solids. The implementation of the conceptual net-coded building units (e.g. 

highly connected MBBs and edge-transitive SBLs) in the practical MOF synthesis results 

in the rational design and constructions of a series of functional porous MOF platforms, 

including highly connected shp- and alb- MOFs, as well as eea-MOFs. Furthermore, 

highly connected derived and related minimal edge-transitive nets were discovered 
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based on the deconstruction of nodes of the edge-transitive nets, and can potentially be 

deployed in the future ‘designed syntheses’.  

In Chapter 2, a series of highly connected minimal edge-transitive MOFs based 

on the double-six membered ring (d6R) MBBs (i.e. organic or inorganic) were rationally 

designed and synthesized by using the power of reticular chemistry. In the first part, 

highly-connected MOFs based on reticulation of the sole two edge-transitive nets with a 

vertex-figure as d6R building-unit, namely (4,12)-coordinated shp net (square and 

hexagonal-prism) and (6,12)-coordinated alb net (aluminum diboride, hexagonal-prism, 

and trigonal-prism) were reported. These MOF included RE-shp-MOF-1, Cu-shp-MOF-1, 

RE-alb-MOF-1, and In-alb-MOF-1, and the underlying network of some of them can be 

further described as minimal edge-transitive shp- or alb-derived nets. In the second part, 

highly connected minimal edge-transitive nets were deployed to guide the assembly of 

3,4,12-c soc-related kce-MOFs and 3,6,12-c nia-related kex-MOFs. Interestingly, the 

3,6,12-c kex-MOF can alternatively be viewed as an afx-ZMOF (zeolite-like MOF) 

considering the 12-c organic ligands and 12-c inorganic clusters as d6R MBBs. 

In Chapter 3, the supermolecular building layer approach was employed to 

deliberately synthesize MOFs with an exposed array of amide or amine functionalities 

within their pore system. The ability to decorate the pores with nitrogen donor moieties 

offers potential to evaluate/elucidate the structure-adsorption properties relationship. 

Two MOF platforms, eea-MOF and rtl-MOF, based on pillaring of edge-transitive kgm or 

sql layers with hetero-functional 3-connected organic building blocks were targeted and 



89 
 

 
 

constructed to purposely introduce and expose the desired amide or amine 

functionalities. The according properties such as CO2 capture and light hydrocarbon 

separation were studied.  

In Chapter 4, a new aluminum-based rod MOF platform was reported for the 

enhanced hydrocarbons separation performance, namely C2+/ CH4 separation, through 

the introduction of pendant acid moieties. The Al-cea-MOF-1 with the underlying cea 

topology is a novel rod-MOF platform, representing the first example of cube-shaped 

octacarboxylate ligand to link the 1-D rod-shape secondary building units. The rational 

practice of reticular chemistry led to the design and construction of the isoreticular Al-

cea-MOF-2 with pendant acid moieties, by the use of a dodecacarboxylate ligand. 

In Chapter 5, several porous MOF platforms with unique sorption properties 

were introduced and highlighted. First, the discovery of appropriate synthetic reaction 

conditions for fabricating a defect-free and stable zirconium-based molecular sieve (Zr-

fum-fcu-MOF) and its utilization in the challenging separation of linear paraffins from 

branched paraffins is reported. The impact of intrinsic defects (i.e., missing organic or 

inorganic blocks) on the associated mechanisms involved in the separation of n-

butane/iso-butane was evidenced through single-gas adsorption, mixed-gas column 

breakthrough experiments and calorimetric studies. Second, the reticular chemistry 

permits the construction of an iso-structural MOF (SIFSIX-3-Cu) based on 

pyrazine/Copper(II) 2-D periodic square grids pillared by (SiF6)2- anions with a fine-tuned 

pore size of ca. 3.5Å for air capture and trace carbon dioxide removal. 
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In Chapter 6, the conclusions of this dissertation will be drawn. Outlook and 

recommendation for future work will be presented.  
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Chapter 2:  Minimal edge-transitive nets for the design and construction 

of MOFs.1 

2.1   Introduction 

As simply introduced in Chapter 1, MOFs are acknowledged as an important class of 

functional crystalline materials with unrivaled scientific interest in academia and industry alike 

in past two decades.1-3 In this chapter, the exploration of the use of minimal edge-transitive nets 

for the design and construction of highly connected MOFs will be presented. The chapter is split 

into three parts: i) applying the power of reticular chemistry to finding the missing alb-MOF 

platform based on the (6,12)-coordinated edge-transitive net (i.e shp- and alb- MOFs); ii) the 

derived nets of the parent shp net and alb net; iii) the emerging minimal edge-transitive related 

nets as a guide for the assembly of the highly coordinated MOFs based on the d6R MBBs (i.e 

kce- and kex- MOFs). 

2.1.1  Applying the power of reticular chemistry to finding the missing alb-MOF 

platform based on the (6,12)-coordinated edge-transitive net 

The development of new MOF platforms necessitates: i) the isolation of reaction 

conditions that permit the in-situ formation of the requisite inorganic molecular building block 

(MBB), and ii) subsequently its reticulation into a MOF with the targeted net topology by the 

judicious selection of a suitable polytopic organic ligand with the appropriate shape, geometry 

and connectivity.4-8 Appreciatively, the MBB approach has already been successfully 

demonstrated for the design, directed-assembly and development of solid-state porous 

                                                           
1
 Portions of this chapter have been prepared as manuscripts for submission; and part of this chapter 

have been published in J. Am. Chem. Soc. 2017, 139, 3265–3274 and Faraday Discuss. 2017, 201, 127-143. 
Reproduced with permission of the American Chemical Society and the Royal Society of Chemistry. 
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materials.4-5 The MBB approach has emerged as a prominent avenue toward the design and 

construction of novel functional materials – that is, desired functionality and properties can be 

introduced in preselected MBBs at the design stage, prior to the assembly process. Evidently, 

the potential for design is directly correlated to the ability to envision the resultant structure 

topology based on the available information pertinent to the geometry and connectivity of the 

preselected/targeted building blocks. Plausibly, the incorporation of the looked-for directional 

and structural information into the employed building blocks offers potential to readily access 

the net-coded building units (net-cBUs), where precise embedded geometrical information 

codes uniquely and matchlessly a selected net.7 

Credibly, edge-transitive nets (all edges are equivalent by symmetry) are regarded as 

suitable targets in crystal chemistry.9 In particular, highly-connected nets with at least one n-

connected node where n ≥ 12 emerge as ideal blueprints to pursue and deploy in MOF crystal 

chemistry, as the assembly of highly-connected building blocks offer great potential to 

limit/reduce the number of reasonable outcome nets.6, 10-12 Nevertheless, highly-connected 

MBBs (n-connected where n ≥ 12) are scarce, and mainly due to the fact that MBBs with 

corresponding high-connectivity are too intricate to realize/apprehend as polynuclear clusters 

or polycarboxylate ligands. Propitiously, our continuous efforts for the discovery of highly-

coordinated MBBs, and their reticulation into novel MOF platforms, had permitted the 

introduction of highly-connected rare-earth (RE) polynuclear clusters, assembled in situ in the 

presence of fluorinated ligands and/or modulators such as 2-fluorobenzoic acid (2-FBA), for the 

design and construction of highy-connected RE-MOFs.6, 10, 13-14  

Distinctly, the isolation and introduction of the 12-connected rare-earth nonanuclear 

[RE9(μ3-OH)12(μ3-O)2(O2C−)12] carboxylate-based cluster, points of extension matching the 12 

vertices of the hexagonal prism (double six-membered ring, d6R), paves the way towards the 
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design and discovery of new RE-MOF platforms based on the logical reticulation of d6R building 

blocks.14 Appreciably, the RCSR database enumerates only two binodal edge-transitive nets with 

a vertex figure as a double six-membered ring (d6R) building unit, namely the (4,12)-coordinated 

shp net (square and hexagonal prism) and the (6,12)-coordinated alb net (aluminium diboride, 

hexagonal prism and trigonal prism), respectively.15-16 Rationally, the ability of the RE 

polynuclear clusters to form d6R inspired us to target the construction of RE-MOF platforms 

based on the reticulation of the sole binodal edge-transitive nets based on d6R building units. It 

is to mention that these d6Rs MBBs have not yet been used to construct highly connected 

binodal nets (n1,n2-connected where n1 ≥ 6, n2 ≥ 12), i.e., the edge-transitive (6,12)-c alb-net, 

which is the only possible net constructed from trigonal prism and d6R (hexagonal prism) 

building units.16 To the best of our knowledge, there is no carboxylate-based alb-MOFs reported 

so far in the open literature, plausibly due to the difficulty to generate and concomitantly 

combine the 6-c and 12-c MBBs.17  

To tackle the prospective design and rational construction of the missing alb-MOF 

platform based on the (6,12)-coordinated edge-transitive net, we delineated several key 

prerequisites: i) 6-connected trigonal prismatic MBBs, which can be inorganic trinuclear 

clusters18-19 or dendritic polycarboxylate ligands20-21; ii) 12-c hexagonal prismatic (d6R) MBBs, 

which can be our recently discovered polynuclear clusters or novel polycarboxylate ligands 

matching the vertex figure of the d6R building unit; iii) reaction conditions that permit the 

attainment of single crystalline materials for the combination of the highly-connected inorganic 

and organic MBBs, consenting the definitive structural analysis.  

In the first part of this chapter, we describe the design and construction of a series of 

highly stable RE porphyrinic shp-MOFs based on the assembly of 12-connected nonanuclear 

carboxylate-based MBBs, displaying rare d6R building units, and 4-connected tetratopic ligands. 
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Notably, we also report the rational design and deliberate assembly of the long-awaited (6,12)-c 

alb-MOFs (i.e. RE-alb-MOF-1 and In-alb-MOF-1). The predesigned hexacarboxylate ligand, 

resembling the requisite trigonal prism, 2,4,6-trimethyl-1,3,5-tri(3,5-di(4-carboxyphenyl-1-

yl)phenyl-1-yl)-benzene (H6Me-TDCPB), guided the occurrence of the RE hexanuclear 

carboxylate-based cluster [RE6(μ3-OH)8(2-FBzoate)2(H2O)2(O2C−)12], (RE = Y, Tb) as a 12-c d6R 

MBB and the formation of the first 3-periodic RE-alb-MOF-1 (2-fluorobenzoate (2-FBzoate) = 

C7H4FO2). Intuitively, we successfully transplanted the alb topology to another chemical system 

and constructed the first Indium-based alb-MOF, In-alb-MOF-1, by employing the trinuclear 

[In3(μ3-O)(O2C−)6] carboxylate-based cluster as the requisite 6-connected trigonal prism building 

unit and a purposely-made dodecacarboxylate ligand as a compatible 12-c MBB, 1,2,3,4,5,6-

hexakis[3,5-bis(4-methoxycarbonylphenyl)phenoxymethyl]benzene (H12HBCPB), plausibly 

affording the positioning of the carbon centers of the twelve carboxylate groups on the vertices 

of the desired hexagonal prism building unit.  

It is to mention that the In-alb-MOF-1 represents the first example of alb-MOFs based 

on the assembly of a metal trinuclear cluster and a dodecacarboxylate ligand. The successful 

construction of this first In-alb-MOF is the immediate result of the rational practice of reticular 

chemistry in combination with the understanding and deployment of net-coded building units 

(net-cBUs). Precisely, two MOFs related to the same parent alb topology, based on the 

combination of trigonal prism and hexagonal prism net-cBUs, were constructed by carrying out 

a topological transplantation, where building blocks in one alb-MOF (RE-alb-MOF-1, the 6-

connected hexacarboxylate organic ligands and the 12-connected inorganic RE polynuclear 

clusters) are replaced by chemically different but topologically related building blocks to 

construct a second alb-MOF (In-alb-MOF-1, the 6-connected inorganic indium trinuclear clusters 

and 12-connected dodecacarboxylate organic ligands). This deliberate and effective topological 
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transplantation illustrates: i) the prospective employment of branched ligands as a credible 

pathway to access the requisite and intricate highly-coordinated net-cBUs; ii) the benefits in 

considering net-cBUs as a rational and a viable pathway for the design and construction of 3-

periodic MOFs; and iii) the prominence of highly-connected edge-transitive nets such shp and 

alb nets as ideal blueprints for the topological transplantation and the design and deliberate 

construction of related MOFs based on minimal edge-transitive nets. Understandably, the ability 

of the newly synthesized dodecacarboxylate ligand to afford the mimicking of the d6R, by 

peripherally exposing the twelve carboxylates to resemble the requisite hexagonal prism 

building unit, was employed to transplant the shp topology into a copper-based MOF by 

employing the copper paddlewheel [Cu2(O2C−)4] cluster as the complementary square building 

unit and thus offering the construction of the first Cu-shp-MOF. 

Interestingly, the RE-alb-MOF-1 structure displays a flexible behavior upon exposure to 

various gases, depending on the nature of the adsorbed gas and associated pressure. 

Accordingly, RE-alb-MOF platform can be regarded as a highly-connected third generation of 

flexible MOFs. 

2.1.2  The derived nets of the parent shp net and alb net 

In the second part, as a case study and proof of concept, the sole two highly connected 

edge-transitive nets with a d6R building unit, namely the shp net and the alb net, were chosen 

to derive novel minimal edge-transitive nets based on the experimental finds. In both shp and 

alb cases, the derived nets showed minimal transitivity (the simplest possible) and all links 

(edges of the net) are equivalent by symmetry. Minimal edge-transitive shp-derived nets and 

alb-derived nets (transitivity [32]) were enumerated and associated plausible MOF structures 

were proposed/simulated based on the attainment of the net-cBUs of the parent shp and alb 
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net as tertiary building units (TBUs). 20 That is, for example the hexagonal prism (d6R) as a TBU 

can be derived from one hexagon building unit linked to six triangles (one kind of triangular 

building units). Affirmatively, the aforementioned new MOF structures attest to the successful 

implementation of this approach; namely i) Cu-shp-MOF-1 was based on a derived shp net with 

the new cez underlying topology, and ii) RE-alb-MOF-1 and In-alb-MOF-1 were based on derived 

alb nets with the ury and the kez underlying topology respectively.  

2.1.3  The emerging minimal edge-transitive related nets as a guide for the assembly 

of the highly coordinated MOFs based on the d6R MBBs 

In the third part of this chapter, the novel minimal edge-transitive related nets can be 

used as a guide for the assembly of the highly coordinated MOFs based on the d6R MBBs. 

Minimal edge-transitive 3-periodic nets, enclosing edge-transitive hierarchical building units that 

are distinctively coding for the associated net, are of special interest in crystal chemistry.9, 22 

Practically and as mentioned in the previous parts, highly-coordinated minimal edge-transitive 

nets with at least one node having a connectivity n≥12 are appropriate targets in crystal 

chemistry, as they not only limit the number of outcome nets for the assembly of their 

associated highly-connected building blocks but also are the most amenable nets to be realized 

in synthesis. One unique way to produce highly-coordinated minimal edge-transitive net is to 

generate related nets from the edge-transitive net by replacing one of the nodes with an edge-

transitive binodal group.22 For example, nets with transitivity [32] are generated from nets with 

transitivity [21] with vertices type A and type B, where vertex A is replaced by a group of linked 

vertices. If the coordination number of B is increased the new net is a related net.  

The newly generated minimal edge-transitive related nets based on the d6R (or 

hexagonal prism), offer great potential as blueprint nets for rational design and deliberate 
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assembly of highly connected crystalline materials thanks to the generally high coordination 

number for one of the nodes. Several key prerequisites have to be delineated to tackle the 

prospective design and rational construction of the highly connected MOF platform using the 

minimal edge-transitive nets based on d6R as a guide. These include, most notably i) 12-

connected (12-c) hexagonal prismatic (d6R) inorganic polynuclear clusters matching the vertex 

figure of the d6R building unit; ii) the appropriate highly connected polycarboxylate ligands or 

cluster-based branched building units, which can be viewed as tertiary building units (i.e. the 

combination of triangles and square or hexagon); iii) the suitable solvothermal reaction 

conditions that allow the assembly of single crystals for the conclusive structural determination, 

from the combination of the aforementioned inorganic and organic MBBs. 

In this part, we systematically generated minimal edge-transitive related nets with 

transitivity [32] from parent edge-transitive nets (transitivity [21] or [11]) by the aforesaid 

operation, with a specific focus on the highly coordinated related net based on the d6R (i.e. kce, 

epw, urp, urx, kex net). In this work, three of these minimal edge-transitive related nets have 

been used as the blueprint nets guiding the rational design and assembly of highly-connected 

MOFs based on 12-c hexagonal prismatic (d6R) building units. The pre-programmed 8-c organic 

ligand, containing the intricate triangular and square building units, combined with the 

previously reported 12-c hexagonal prismatic rare-earth (RE) nonanuclear [RE9(μ3-OH)12(μ3-

O)2(O2C−)12] carboxylate-based cluster, led to the formation of the first kce-MOF based on the 

(3,4,12)-c soc-related kce net.  

The (3,6,12)-c kex (triangle, hexagon, and d6R) and urx (triangle, octahedron trigonal 

anti prism), and d6R) net are the (6,6)-c nia-related nets (octahedron and trigonal prism). 

Markedly, we successfully constructed the first RE-kex-MOF, RE-kex-MOF-1, by employing the 

abovementioned nonanuclear carboxylate-based cluster as the requisite 12-c d6R building unit 



111 
 

 
 

and the recently reported dodecacarboxylate ligand, H12HBCPB, embedding elaborate triangular 

arm and hexagonal core. Alternatively, this 12-c organic MBB can act as a 12-c MBB, conceivably 

affording the positioning of the carbon centers of the twelve carboxylate groups on the vertices 

of the hexagonal prism. Thus, the RE-kex-MOF-1 can also be regarded as a zeolite-like MOF 

(ZMOF)8, 23 based on (4,4)-c afx net with pure d6Rs as composite building units. It is worth to 

mention that this is the first ZMOF based on the pure organic d6R, and it will pave a new way 

toward the rational construction of ZMOFs through the composite building unit approach. 

Therefore in the study of this part the deliberate construction of highly connected MOFs 

using highly coordinated and minimal edge-transitive related nets illustrates: i) the importance 

of highly-connected minimal edge-transitive nets as appropriate blueprints for the design and 

assembly of MOFs; ii) the benefits of related nets as a credible pathway for the design and 

construction of 3-periodic crystalline extended frameworks; iii) polynuclear inorganic clusters 

with connectivity of 12 or greater as a reliable route to readily access the requisite net-cBUs 

with the looked-for directional and structural information; iv) the prominence of polytopic 

branched ligands with precise embedded geometrical information to code matchlessly and 

distinctively a selected net.  

2.2   Experimental 

2.2.1  Materials and Methods 

All reagents in Chapter 2, Section 2.2.1, were obtained from commercial sources and 

used without further purification, unless otherwise noted. 

PXRD measurements were carried out at room temperature on a PANalyticalX’Pert PRO 

diffractometer 45 kV, 40 mA for Cu Kα (λ = 1.5418 Å), with a scan speed of 1.0° min-1 and a step 

size of 0.02° in 2 θ. 
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Variable Temperature Powder X-ray Diffraction (VT-PXRD) measurements were 

collected on a PANalyticalX’Pert Pro MPD X-ray diffractometer equipped with an Anton-Parr 

CHC+ variable temperature stage. Measurements were collected at 45 kV, 40 mA for Cu Kα (λ = 

1.5418 Å) with a scan speed of 1.0° min-1 and a step size of 0.02° in 2θ. Samples were placed 

under vacuum during analysis and the sample was held at the designated temperatures for at 

least 15 minutes between each scan.  

High resolution dynamic thermogravimetric analysis (TGA) were performed under a 

continuous N2 flow and recorded on a TA Instruments hi-res TGA Q500 thermogravimetric 

analyzer with a heating rate of 1 °C per minute.  

Fourier-transform Infrared (FT-IR) spectra (4000 – 600 cm-1) were recorded on a Thermo 

Scientific Nicolet 6700 apparatus.  

Solid-state ultraviolet-visible (UV-Vis) measurements were conducted on a Perkin Elmer 

Lambda 950 UV-Vis-NIR Spectrometer. 

Low pressure gas adsorption measurements of shp-MOFs were performed on 3Flex 

Surface Characterization Analyzer (Micromeritics) at relative pressures up to 1 atm. The 

cryogenic temperatures were controlled using liquid argon baths at 87 K. The bath temperature 

for the CO2 adsorption measurements was controlled using an ethylene glycol/H2O re-circulating 

bath. 

Low pressure gas adsorption studies of alb-MOFs were conducted on a fully automated 

micropore gas analyzer Autosorb-IC (Quantachrome Instruments) at relative pressures up to 1 

atm. The temperature was controlled using a cryocooler system (cryogen-free) capable of 

temperature control from 20 to 320 K. 
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High pressure gas adsorption studies were performed on a magnetic suspension balance 

marketed by Rubotherm (Germany).  

2.2.2  Synthesis of the ligands 

Synthetic reactions were performed under argon atmosphere in a oven-dried glassware. 

All reagents were obtained from commercial vendors and used as received, unless otherwise 

stated. The 5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin (H2TCPP) and Fe(III) meso-tetra(4-

carboxyphenyl)porphine chloride (FeTCPPCl) were purchased from Frontier Scientific. 

Mesitylene, 99%, and iodine (I2, 99.8%) were obtained from Acros Organics. 

[Bis(trifluoroacetoxy)iodo]benzene (PIFA, 97%) and cesium fluoride (CsF, 99%) were obtained 

from Sigma Aldrich. [1,1'-Bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(dppf)Cl2) 

was obtained from Matrix Scientific. HPLC grade solvents: 1,4-dioxane (dioxane), 

tetrahydrofuran (THF) and methanol (MeOH) were obtained from Fisher Scientific. Carbon 

tetrachloride (CCl4, HPLC grade) was purchased from VWR. DI water = deionized water. 3,5-

Bis(4-ethoxycarbonylphenyl)benzeneboronic acid pinacol ester was prepared as reported by 

us.13 

1H and 13C NMR spectra were recorded at room temperature with Bruker Avance III 600 

and 700 MHz spectrometers using CDCl3 or DMSO-d6 as the solvents, and referenced to the 

corresponding solvent peaks (7.26 and 77.16 ppm for CDCl3, and 2.50 and 39.52 ppm for DMSO-

d6, respectively). 
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2.2.2.1  Preparation of 2,4,6-trimethyl-1,3,5-tri(3,5-di(4-carboxyphenyl-1-

yl)phenyl-1-yl)-benzene, H6L21 

 

Figure 2-1. The synthesis of H6L. 

1,3,5-Triiodo-2,4,6-trimethylbenzene 

This compound was prepared following the reported method.24 

Suspension of iodine (3.81 g, 15 mmol) in carbon tetrachloride (15 ml) was prepared 

under argon atmosphere. [Bis(trifluoroacetoxy)iodo]benzene (16.5 mmol, 7.1 g), followed by 

mesitylene (10 mmol, 1.4 ml) were added and the suspension was stirred at ambient 

temperature for 2.5 hours under Ar. The precipitate was filtered, washed twice with small 
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volume of carbon tetrachloride and dried on air to give white solid, 3.78 g (76%). 1H NMR (700 

MHz, CDCl3): δ = 3.01 (s, 9H). 13C NMR (176 MHz, CDCl3): δ = 144.3, 101.3, 39.7. 

1,3,5-Trimethyl-2,4,6-tris(3,5-bis(4-ethoxycarbonyphenyl)phenyl)benzene 

This compound was synthesized according to the reported general procedure.1 In a 500 

ml Schlenk tube, a mixture of 3,5-bis(4-ethoxycarbonylphenyl)benzeneboronic acid pinacol ester 

(1.5 g, 3 mmol) and CsF (1.2 g, 8.1 mmol) in dioxane (60 ml) and DI water (30 ml) was prepared 

and the tube was evacuated/backfilled with argon three times, then 1,3,5-triiodo-2,4,6-

trimethylbenzene (0.45 g, 0.9 mmol) and [1,1'-bis(diphenylphosphino)ferrocene]-

dichloropalladium(II) (0.07 g, 0.1 mmol) were added, the tube was evacuated/backfilled with 

argon two times, then sealed and heated at 90 °C (preheated oil bath) for 85 h with vigorous 

stirring. Brown suspension is quickly forming. The reaction mixture was then cooled and left 

overnight. The precipitated solid was filtered on paper, washed with small volume of dioxane, 

followed by thorough washing with DI water, then dried on air overnight to give grey solid in 

sufficient purity, 0.9 g (80%). 1H NMR (700 MHz, CDCl3): δ = 8.14 (d, J=8.2, 12H), 7.87 (s, 3H), 

7.76 (d, J=8.2, 12H), 7.59 (s, 6H), 4.41 (q, J=7.1, 12H), 1.96 (s, 9H), 1.43 (t, J=7.1, 18H). 13C NMR 

(150 MHz, CDCl3): δ = 166.6, 145.1, 143.4, 141.4, 139.7, 133.8, 130.3, 129.8, 128.1, 127.3, 124.8, 

61.2, 20.1, 14.5. Additionally, the peaks of dioxane could be seen in the spectra. 

2,4,6-trimethyl-1,3,5-tri(3,5-di(4-carboxyphenyl-1-yl)phenyl-1-yl)-benzene, H6L 

（Figure 2-1） 21 

The intermediate hexaester (0.9 g, 0.7 mmol) was added to a round bottom flask 

containing tetrahydrofuran (50 ml) and methanol (10 ml). An aq. NaOH solution (0.52 g, 13.1 

mmol in 30 ml H2O) was added to this mixture and then heated at 50 °C for 23 h. The solution 
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was cooled, diluted with water (200 ml), washed with Et2O (50 ml, discarded) and filtered 

through Celite®, washing with additional water. The filtrate was acidified using 2N HCl, and the 

precipitate was separated by filtration, washed thoroughly with DI water and dried on air to give 

cream solid in sufficient purity, 0.9 g (94%). 1H NMR (600 MHz, DMSO-d6): δ = 13.1 (bs, 4H), 8.08 

(s, 3H), 8.04 (d, J=8.3, 12H), 8.00 (d, J=8.3, 12H), 7.68 (d, J=1, 6H), 1.90 (s, 9H). 13C NMR (150 

MHz, CDCl3): δ = 167.2, 143.8, 143.0, 140.4, 138.9, 132.9, 130.1, 129.9, 127.6, 127.3, 124.2, 19.7. 

2.2.2.2  Preparation of 1,2,3,4,5,6-hexakis[3,5-bis(4-

carboxyphenyl)phenoxymethyl]benzene, H12L 

3,5-Bis(4-carboxyphenyl)-1-hydroxybenzene 

 

This compound was synthesized according to the modified literature procedure.13 In a 

250 ml Schlenk tube, a mixture of 3,5-dibromophenol (1.89 g, 7.5 mmol), 4-

carboxyphenylboronic acid (2.74 g, 16.5 mmol) and K2CO3 (8.28 g, 60 mmol) in acetonitrile (60 

ml) and DI water (60 ml) was prepared and the tube was evacuated/backfilled with argon three 

times, bis(triphenylphosphine)palladium(II) dichloride (0.5 g, 0.71 mmol) was added, the tube 

was evacuated/backfilled with argon two times, sealed and heated at 100 °C (preheated oil bath) 

for 48 h with vigorous stirring. The reaction mixture was then cooled and filtered through paper. 

The filtrate was diluted with DI water to 200 ml vol., washed once with 1:1 hexane:EtOAc (50 ml, 

discarded), and acidified carefully (effervescence!) with 2N HCl to produce white precipitate, 

that was filtered and dried on air, followed by drying at 65 °C overnight to give white solid (2.44 

OH

HOOC COOH
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g, 98%) in good purity. Alternatively, the solid could be taken in MeOH, stirred for few minutes, 

filtered, and dried at 65 °C overnight. 1H NMR (600 MHz, DMSO-d6): δ = 13.0 (br s, 2H), 9.90 (s, 

1H), 8.03 (d, J=8.1, 4H), 7.84 (d, J=8.1, 4H), 7.46 (s, 1H), 7.15 (s, 2H). 13C NMR (150 MHz, DMSO-

d6): δ = 167.2 (Cq), 158.5 (Cq), 144.2 (Cq), 141.2 (Cq), 129.9, 129.8 (Cq), 127.0, 116.7, 113.7. 

3,5-Bis(4-methoxycarbonylphenyl)-1-hydroxybenzene 

 

3,5-Bis(4-carboxyphenyl)-1-hydroxybenzene (2.4 g; 7.2 mmol) was dissolved in MeOH 

(150 ml), conc. H2SO4 was carefully added (± 4 ml), solution was stirred at 80 °C for 33 h. It was 

cooled to produce precipitate, diluted further with DI water to 600 ml vol., filtered, product 

washed thoroughly with DI water, and dried on air to give white fluffy solid (2.62 g; 97% yield). 

1H NMR (500 MHz, DMSO-d6): δ = 9.94 (s, 1H), 8.04 (d, J=8.3, 4H), 7.87 (d, J=8.3, 4H), 7.48 (s, 1H), 

7.15 (s, 2H), 3.88 (s, 6H). 13C NMR (125 MHz, DMSO-d6): δ = 166.1 (Cq), 158.6 (Cq), 144.6 (Cq), 

141.1 (Cq), 129.8, 128.7 (Cq), 127.2, 116.8, 113.9, 52.3. 

1,2,3,4,5,6-Hexakis[3,5-bis(4-methoxycarbonylphenyl)phenoxymethyl]benzene 
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This compound was synthesized according to our modified procedure.1 3,5-Bis(4-

methoxycarbonylphenyl)-1-hydroxybenzene (2.22 g, 6.13 mmol) was dissolved in DMF (40 ml) 

under Ar. A catalytic amount of KI (40 mg, 0.24 mmol) was added to the solution, followed by 

K2CO3 (3.39 g, 24.5 mmol). The solution was then heated to 100 °C for 1 hour. 1,2,3,4,5,6-

Hexakis(bromomethyl)benzene (0.47 g, 0.74 mmol) was added in one portion to the mixture 

and heating was continued at 100 °C for 17 hours, then cooled to room temperature. 

Approximately 500 ml of DI water was added to the solution to produce a precipitate, which was 

filtered, washed thoroughly with DI water and dried on air to give white solid. It was grounded, 

refluxed overnight in MeOH (200 ml), then filtered hot, washed with MeOH, and dried on air to 

give white fluffy solid (1.61 g, 94%). 1H NMR (700 MHz, CDCl3): δ = 7.94 (d, J=8.3, 24H), 7.40 (d, 

J=8.3, 24H), 7.23 (s, 6H), 7.12 (s, 12H), 5.50 (s, 12 H), 3.92 (s, 36H). 13C NMR (176 MHz, CDCl3): δ 

= 166.8, 159.3, 144.6, 142.4, 138.2, 130.2, 129.5, 127.1, 119.9, 113.2, 64.2, 52.3. 

1,2,3,4,5,6-Hexakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene, H12L 

 

1,2,3,4,5,6-Hexakis[3,5-bis(4-methoxycarbonylphenyl)phenoxymethyl]benzene (1.6 g, 

0.69 mmol) was suspended in THF (160 ml) and MeOH (20 ml) mixture, aq. NaOH was added 

(1.6 g; 40 mmol in 80 ml H2O), and then stirred at 90 °C for 19 h. It was concentrated, diluted 

with water to 200 ml vol., and washed with EtOAc (50 ml, discarded). Then 2N HCl was added 
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dropwise to precipitate white solid. The solid was filtered, and washed thoroughly with DI water. 

It was dried on air, grounded, and dried at 65 °C overnight to give product as white solid (1.42 g, 

96%). 1H NMR (700 MHz, DMSO-d6): δ = 7.84 (d, J=7.8, 24H), 7.58 (d, J=8.0, 24H), 7.36 (s, 6H), 

7.31 (s, 12H), 5.70 (br s, 12 H). 13C NMR (176 MHz, DMSO-d6): δ = 167.2, 159.5, 143.6, 141.2, 

138.0, 130.3, 129.7, 126.9, 118.5, 113.2, 64.5. 

2.2.2.3  Preparation of 1,2,4,5-tetrakis[3,5-bis(4-

carboxyphenyl)phenoxymethyl]benzene 

1,2,4,5-tetrakis[3,5-bis(4-methoxycarbonylphenyl)phenoxymethyl]benzene: 

 

This compound was synthesized according to our modified procedure.25 3,5-Bis(4-

methoxycarbonylphenyl)-1-hydroxybenzene (2.62 g, 7.23 mmol) was dissolved in DMF (40 ml) 

under Ar. A catalytic amount of KI (30 mg, 0.18 mmol) was added to the solution, followed by 

K2CO3 (4 g, 29 mmol). The solution was then heated to 100 °C for 1 hour. 1,2,4,5-

Tetrakis(bromomethyl)benzene (0.59 g, 1.3 mmol) in DMF (10 ml) was added dropwise to the 

mixture over 2 min. and heating was continued at 100 °C for 5 hours, then cooled to room 

temperature. Approximately 350 ml of water was added to the solution to produce a precipitate, 

which was filtered, washed thoroughly with water and dried on air to give white solid. It was 

grounded and refluxed overnight in MeOH (150 ml), then filtered hot, washed with MeOH, and 
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dried on air, then at 80 °C to give white solid (1.71 g, 83%). 1H NMR (600 MHz, CDCl3): δ = 8.00 (d, 

J=8.3, 16H), 7.82 (s, 2H), 7.53 (d, J=8.3, 16H), 7.35 (s, 4H), 7.18 (s, 12H), 5.40 (s, 8 H), 3.93 (s, 

24H). 13C NMR (150 MHz, CDCl3): δ = 166.9 (Cq), 159.5 (Cq), 144.9 (Cq), 142.3 (Cq), 135.8 (Cq), 

130.2, 129.5 (Cq), 127.2, 119.6, 113.4, 68.2 (CH2), 52.3 (CH3). 

1,2,4,5-tetrakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene 

 

1,2,4,5-Tetrakis[3,5-bis(4-methoxycarbonylphenyl)phenoxymethyl]benzene (1.71 g, 1.08 

mmol) was suspended in THF (200 ml) and MeOH (20 ml) mixture, aq. NaOH was added (1.5 g; 

37.5 mmol in 100 ml H2O), and then stirred at 90 °C for 21 h. It was concentrated, diluted with 

water to 200 ml vol., and washed with EtOAc (70 ml, discarded). Then 2N HCl was added 

dropwise to precipitate white solid. The solid was filtered using fine fritted funnel, and washed 

thoroughly with DI water. It was dried on air to give product as cream solid (1.6 g, 99%). 1H NMR 

(500 MHz, DMSO-d6): δ = 13.0 (br s, 8H), 7.92 (d, J=7.8, 24H), 7.77 (d, J=8.1, 24H), 7.53 (s, 4H), 

7.39 (s, 8H), 5.55 (s, 8 H). 13C NMR (125 MHz, DMSO-d6): δ = 167.1, 159.4, 143.8, 141.2, 135.5, 

129.9, 129.8, 127.1, 118.5, 113.3, 67.6. 
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2.2.3  Synthesis of Metal Organic Frameworks 

2.2.3.1  Synthesis of Y-shp-MOF-1 (1) 

A solution of Y(NO3)3∙6H2O (21.9 mg, 0.06 mmol) and H4TCPP (7.9 mg, 0.01 mmol) in 1.5 mL of 

DMF and 0.5 mL of H2O in a 20 mL scintillation vial. A 2 mL of 4M 2-FBA in DMF was added to 

the mixture, and then sonicated for 30 min. The resultant mixture was sealed and heated to 

115°C for 24 h. The dark red crystals obtained were filtered and washed with DMF. The as-

synthesized material was found to be insoluble in H2O and common organic solvents. Crystals 

were harvested, soaked in DMF overnight, and then exchanged in MeOH for three days. Note 

that the MeOH solution was refreshed at least every 12h. (Yield: 7.8 mg, 76% based on ligand). 

2.2.3.2  Synthesis of Y-shp-MOF-1 (Zn) (1-Zn) 

A solution of Y(NO3)3∙6H2O (21.9 mg, 0.06 mmol) and H4TCPP (7.9 mg, 0.01 mmol) in 1.5 mL of 

DMF and 0.5 mL of H2O in a 20 mL scintillation vial. A 2 mL of 4M FBA in DMF and 0.3 mL of 0.04 

M ZnCl2 in DMF were added to the mixture, and then sonicated for 30 min. The resultant 

mixture was sealed and heated to 115°C for 24 h. The dark red crystals were filtered and washed 

with DMF. The as-synthesized material was found to be insoluble in H2O and common organic 

solvents. Crystals were harvested, soaked in DMF overnight, and then exchanged in MeOH for 

three days. Note that the MeOH solution was refreshed at least every 12h. (Yield: 8.8 mg, 66% 

based on ligand).  

2.2.3.3  Synthesis of Y-shp-MOF-1 (Fe) (1-Fe) 

A solution of Y(NO3)3∙6H2O (18.3 mg, 0.05 mmol) and FeTCPPCl (8.8 mg, 0.01 mmol) in 1.5 mL of 

DMF and 0.5 mL of H2O in a 20 mL scintillation vial. A 150 μL of conc. HAc and 2 mL of 4M FBA in 

DMF were added to the mixture, and then sonicated it for 30 min. The resultant mixture was 

sealed and heated to 115°C for 24 h. The obtained dark brown crystals were filtered and washed 



122 
 

 
 

with DMF. The as-synthesized material was found to be insoluble in H2O and common organic 

solvents. Crystals were harvested, soaked in DMF overnight, and then exchanged in MeOH for 

three days. Note that the MeOH solution was refreshed at least every 12 h. (Yield: 8.9 mg, 66% 

based on ligand). 

2.2.3.4  Synthesis of Tb-shp-MOF-1 (2)  

A solution of Tb(NO3)3∙5H2O  (26.1 mg, 0.06 mmol) and H4TCPP (7.9 mg, 0.01 mmol) in 1.5 mL of 

DMF and 0.5 mL of H2O in a 20 mL scintillation vial. A 2 mL of 4M FBA in DMF was added to the 

mixture, and then sonicated it for 30 min. The resultant mixture was sealed and heated to 115°C 

for 24 h. The obtained dark red crystals were filtered and washed with DMF. The as-synthesized 

material was found to be insoluble in H2O and common organic solvents. Crystals were 

harvested, soaked in DMF overnight, and then exchanged in MeOH for three days. Note that the 

MeOH solution was refreshed at least every 12h. (Yield: 7.8 mg, 76% based on ligand). 

2.2.3.5  Synthesis of Y-alb-MOF-1 (3)  

A solution of Y(NO3)3∙6H2O (29.2 mg, 0.08 mmol) and H6Me-TDCPB (10.7 mg, 0.01 mmol) in 2 mL 

of DMF, 0.5 mL chlorobenzene and 1 mL of H2O was placed in a 20 mL scintillation vial. A 1 mL of 

4M FBA in DMF was added to the mixture, and then sonicated for 30 min. The resultant mixture 

was sealed and heated to 105°C for 72 h. The obtained pure colorless block crystals were 

filtered and washed with DMF 3 times. The as-synthesized material was found to be insoluble in 

H2O and common organic solvents. Crystals were harvested, soaked in DMF overnight, and then 

exchanged in acetone for three days. Note that acetone solution was refreshed at least every 12 

h. (Yield: 13.1 mg, 80% based on ligand).  
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2.2.3.6  Synthesis of Tb-alb-MOF-1 (4)  

A solution of Tb(NO3)3∙5H2O (34.8 mg, 0.08 mmol) and H6Me-TDCPB (10.7 mg, 0.01 mmol) in 2 

mL of DMF, 0.5 mL chlorobenzene and 1 mL of H2O was placed in a 20 mL scintillation vial. A 1 

mL of 4M FBA in DMF was added to the mixture, and then sonicated for 30 min. The mixture 

was sealed and heated to 105°C for 72 h. The obtained pure colorless block crystals were 

filtered and washed with DMF 3 times. The as-synthesized material was found to be insoluble in 

H2O and common organic solvents. Crystals were harvested, soaked in DMF overnight, and then 

exchanged in acetone for three days. Note that acetone solution was refreshed at least every 12 

h. (Yield: 14.3 mg, 77% based on ligand).  

2.2.3.7  Synthesis of In-alb-MOF-1 (5)  

A solution of In(NO3)3∙2H2O (13.5 mg, 0.04 mmol) and H12HBCPB (5.4 mg, 0.0025 mmol) in 1.5 

mL of DMF and 1 mL acetonitrile was placed in a 20 mL scintillation vial. A 2 mL of 3.5M HNO3 in 

DMF was added to the mixture, and then sonicated for 30 min. The resultant mixture was sealed 

and heated to 105°C for 48 h. The obtained pure colorless block crystals were filtered and 

washed with DMF 3 times. The as-synthesized material was found to be insoluble in H2O and 

common organic solvents. Crystals were harvested, soaked in DMF overnight, and then 

exchanged in acetone for three days. Note that acetone solution was refreshed at least every 12 

h. (Yield: 8.3 mg, 60% based on ligand).  

2.2.3.8  Synthesis of Cu-shp-MOF-1 (6)  

A solution of Cu(NO3)2∙2.5H2O (14.0 mg, 0.06 mmol) and H12HBCPB (10.8 mg, 0.005 mmol) in 2.5 

mL of DMF was prepared in a 20 mL scintillation vial. A 0.5 mL of 3.5M HNO3 in DMF and 0.5 mL 

of pyridine were added to the mixture, and then sonicated for 20 min. The resultant mixture 

was sealed and heated to 115°C for 72 h. The obtained green hexagonal block crystals were 
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filtered and washed with DMF. The as-synthesized material was determined to be insoluble in 

H2O and common organic solvents. (Yield: 8.5 mg, 64% based on ligand). 

2.2.3.9  Synthesis of Y-kce-MOF-1  

A solution of Y(NO3)3∙6H2O (21.9 mg, 0.06 mmol) and H8TBCPB (7.3 mg, 0.005 mmol) in 1.25 mL 

of DMF, 0.75 mL chlorobenzene and 0.75 mL of H2O in a 20 mL vial. A 2 mL of 4M 2-FBA in DMF 

was added to the mixture, and then sonicated for 30 min. The resultant mixture was sealed and 

heated to 105°C for 72 h. The pure colorless polyhedron crystals obtained were filtered and 

washed with DMF. The as-synthesized material was found to be insoluble in H2O and common 

organic solvents. Crystals were harvested, soaked in DMF overnight, and then exchanged in 

DCM for three days. Note that the DCM solution was refreshed at least every 12h. Tb-kce-MOF-

1 was synthesized in the similar way as Y-kce-MOF-1 but by using Tb(NO3)3∙5H2O instead of 

Y(NO3)3∙6H2O. 

2.2.3.10  Synthesis of Y-kex-MOF-1  

A solution of Y(NO3)3∙6H2O (21.9 mg, 0.06 mmol) and H12HBCPB (10.78 mg, 0.005 mmol) in 1.25 

mL of DMF, 0.75 mL chlorobenzene and 0.75 mL of H2O were mixed in a 20 mL vial. A 2 mL of 

4M 2-FBA in DMF was added to the mixture, and then sonicated for 30 min. The resultant 

mixture was sealed and heated to 105°C for 24 h. The pure colorless hexagonal prism shape 

crystals obtained were filtered and washed with DMF. The as-synthesized material was found to 

be insoluble in H2O and common organic solvents. Crystals were harvested, soaked in DMF 

overnight, and then exchanged in DCM for three days. Note that the DCM solution was 

refreshed at least every 12h. Tb-kex-MOF-1 was synthesized in the similar way as Y-kex-MOF-1 

but by using Tb(NO3)3∙5H2O instead of Y(NO3)3∙6H2O  
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2.3   Results and Discussions 

2.3.1  shp- and alb- MOFs 

2.3.1.1  RE-shp-MOF-1 Platform. 

At the outset of this study, the recently isolated 12-connected rare-earth (RE) 

nonanuclear [RE9(μ3-OH)12(μ3-O)2(O2C−)12] carboxylate-based cluster, points of 

extension matching the 12 vertices of the hexagonal prism (d6R),14 was employed in 

combination with the 4-connected square porphyrinic tetra-carboxylate ligand in order 

to direct the formation of the (4,12)-c MOF with the targeted shp underlying topology.  

Indeed, reactions between Y(NO3)3·6H2O and 5,10,15,20-tetrakis(4-

carboxyphenyl)porphyrin (H4TCPP) in the presence of 2-FBA in an N, N′-

dimethylformamide (DMF)/water solution yielded dark red rod-shaped crystals, 

formulated by SCXRD as |(DMA)5|[Y9(µ3-O)2(µ3-OH)12(OH)4(H2O)5(TCPP)3]·(solv)x (1) 

(DMA = dimethylammonium cation and solv = solvent). Compound 1 crystallizes in the 

hexagonal space group P6/mmm. The anticipated nonanuclear cluster is observed in 1 

and is disordered over two positions (Figure 2-2 and Figure 2-3). Each of the three 

yttrium ions is coordinated to four µ3-OH, four oxygen from carboxylates, leaving the 

ninth coordination site occupied by a water molecule while each of the other six yttrium 

ions is surrounded by one µ3-O, four µ3-OH, two oxygen from carboxylates and one 

water or OH molecule. The overall cluster is anionic [Y9(µ3-O)2(µ3-OH)12(OH)4(H2O)5(O2C–

)12]5, and the resultant framework overall charge is balanced by hosted five DMA 

cations generated in-situ from the decomposition of DMF solvent molecules. 
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Figure 2-2. Road map for the top down design and bottom up assembly of highly-connected MOFs with 
the sole two edge transitive nets based on d6R, square hexagonal prism (shp) and aluminium diboride 
(alb) net. RE, Cu, In, C, O, and N are represented by purple, green, lime, gray, red and blue, respectively, 
and solvent molecules and hydrogen atoms are omitted for clarity. RE atoms are represented a polyhedra. 
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Figure 2-3. The 12-connected nonanuclear RE cluster (overhead view (top left), side view (top right). The 
hexagonal-prismatic cage is generated by six different TCPP ligands and two nonanuclear RE clusters 
(middle left) and its augmented figure (middle right). The triangular channels are illustrated by the yellow 
balls (down left) and its augmented figure (down right).  RE, C, O, and N are represented by purple, gray, 
red and blue, respectively, and solvent molecules and hydrogen atoms are omitted for clarity. 

Structural and topological analysis of the resulting crystal structure revealed the 

formation of the anticipated (4, 12)-connected MOF based on a polynuclear RE cluster 

[Y9(µ3-O)2(µ3-OH)12(OH)4(H2O)5(O2C–)12], a distinctive 12-connected MBB, linked to the 
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square TCPP to form a 3-periodic MOF with the underlying shp topology, Y-shp-MOF-1 

(Figure 2-4). The carbon atoms of the coordinated carboxylate moieties and the meso-

positions of porphyrin rings, acting as points of extension, coincide with the respective 

d6R and square vertex figures of the shp net, the sole binodal edge-transitive net for the 

assembly of square and hexagonal prism building units. 
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Figure 2-4. (a) Structural representations of shp-MOF-1. (b) Topological analysis of shp-MOF-1 reveals the 
underlying (4,12)-connected shp net. Each inorganic node (plum, representative of the inorganic cluster) 
is connected to 12 different organic nodes (green, representative of TCPP ligand); view of the shp-net 
along c axis (left). (c) The augmented 4-connected and 12-connected nodes that make up the underlying 
shp net have vertex figures of a square and a hexagonal prism, respectively, and these vertex figures can 
be taken as general building blocks in the construction of other MOFs with shp topology. 
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The phase purity of the bulk crystalline materials for 1 was confirmed by 

similarities between the calculated and as-synthesized PXRD patterns (Figure 2-5). 

Moreover, variable-temperature powder X-ray diffraction studies (VT-PXRD, Figure 2-6) 

and thermogravimetric analysis (TGA, Figure 2-5) show that 1 has remarkable thermal 

stability. Solid-state ultraviolet-visible (UV-Vis) and Fourier transform infrared (IR) 

measurements revealed that the TCPP linker was not metalated after synthesis (Figure 

2-7). 

 
Figure 2-5. PXRD patterns of the as-synthesized and calculated Y-shp-MOF-1, indicating the phase purity 
of as-synthesized products (left). TGA plots of the as-synthesized and MeOH-exchanged Y-shp-MOF-1 
(right). The as-synthesized Y-shp-MOF-1 reveals a weight loss (~39%) between room temperature and 200 
°C and is attributed to the removal of DMF and water from the surfaces or pores of the framework. The 
second weight loss (~12%) between 400 and 600 °C is assigned to the removal of the organic ligand due to 
degradation of the structure. The methanol exchanged Y-shp-MOF-1 shows two weight losses, i.e. the 
first is observed at room temperature, attributed to the removal of methanol (~26%) and the second loss 
(~19%), between 400 and 600 °C is attributed –as for the as synthesized material- to the departure of the 
organic ligand and the degradation of the structure. 
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Figure 2-6. Variable-temperature (VT) PXRD of Y-shp-MOF-1 from 50 °C to 400 °C reveals that Y-shp-MOF-
1 retains its crystallinity up to the maximum reachable temperature on the apparatus, i.e. 400 °C. 

 

Figure 2-7. Solid-state UV/Vis (left) and IR (right) spectra of TCPP ligand and Y-shp-MOF-1. The spectrum 
of Y-shp-MOF-1 shows the characteristic five absorption bands (one Soret-band and four Q-bands) 
associated with the free-base porphyrin ligand, indicating the porphyrin remains as free-base after MOFs 
synthesis. No new vibration band in the Y-shp-MOF-1 IR spectrum at around 1000 cm

-1
 proves again the 

porphyrinic ligand was not metalated.  

As anticipated, substitution of the yttrium metal salt with Tb(NO3)3·5H2O under 

similar reaction conditions resulted in the analogous Tb-shp-MOF-1, |(DMA)5|[Tb9(μ3-

O)2(μ3-OH)12(OH)4(H2O)5(TCPP)3]·(solv)x (2), confirmed by SCXRD and PXRD data (Figure 

2-8). 



132 
 

 
 

 
 
Figure 2-8. Experimental PXRD patterns for of RE-shp-MOF-1 analogs obtained from other rare earth 
metals, indicating the phase purity of as-synthesized products (left). TGA plots of the as-synthesized and 
MeOH-exchanged Tb-shp-MOF-1(right). The as-synthesized Tb-shp-MOF-1 reveals a weight loss (~33%) 
between room temperature and 200 °C and is attributed to the removal of DMF and water from the 
surfaces or pores of the framework. The second weight loss (~42%) between 400 °C and 600 °C is assigned 
to the removal of the organic ligand due to degradation of the structure. The methanol exchanged Tb-
shp-MOF-1 shows two weight losses, i.e. the first is observed at room temperature, attributed to the 
removal of methanol (~8%) and the second loss (~51%), between 400 and 600 °C is attributed –as for the 
as synthesized material- to the departure of the organic ligand and the degradation of the structure. 

Compound 1 contains triangular one-dimensional channels with a diameter of ca. 

11 Å (considering van der Waals radii) along the c-axis. The framework of 1 encloses one 

kind of hexagonal-prismatic cage having diameters of ca. 10.4 Å (height) and ca. 9.9 Å 

(width) and can accommodate an estimated 9.9 Å sphere including van der Waals (vdW) 

radii. The hexagonal-prismatic cage is generated by six different TCPP ligands and two 

nonanuclear RE clusters (Figure 2-3). The corresponding solvent accessible free volume 

for 1 was estimated to be 58.5% by summing voxels more than 1.2 Å away from the 

framework using PLATON software.26 

The permanent porosity of 1 has been confirmed by Argon (Ar) adsorption 

isotherm at 87 K (Figure 2-9 and Figure 2-10), showing a fully reversible type-I isotherm 
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characteristic of a microporous material with permanent porosity. The apparent 

Brunauer-Emmett-Teller (BET) and Langmuir surface area of 1 were estimated to be 

2200 m2·g-1 and 2360 m2·g-1, respectively. The experimental total pore volume obtained 

from the Ar adsorption isotherm was estimated to be 0.79 cm3·g-1, which is in a good 

agreement with the theoretical pore volume of 0.90 cm3·g-1 based on the associated 

crystal structure. 

 
Figure 2-9. Ar adsorption data for compound Y-shp-MOF-1 (1): fully reversible Ar isotherms collected at 
87K (left) and plot of the linear region on the Ar isotherm for the BET equation (right). 

  
Figure 2-10. N2 adsorption data for compound Y-shp-MOF-1: fully reversible N2 isotherms collected at 77K 
(left) and plot of the linear region on the N2 isotherm for the BET equation (right).  
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Since Y3+ failed to metalate the porphyrin during the synthesis of compound 1, 

the porphyrin remained as a free base and is available for pre-, in situ and post-synthetic 

metalation procedures. Plausibly, the exposed periodic array of the porphyrin centers 

along the 1D channels in 1 can be potentially functionalized via metalation using various 

metal cations. As a matter of fact, metalation of 1 using Fe3+, Zn2+ was successfully 

performed and confirmed by SCXRD, atomic analysis from inductively coupled plasma 

optical emission spectrometry (ICP-OES) (Table 2-1), solid-state UV-Vis as well as IR 

spectroscopies (Figure 2-11 and Figure 2-12). As expected, crystal structures of the 

metalated analogues crystallize in the hexagonal space group P6/mmm maintaining the 

same structure with the shp topology. Phase purities of bulk materials were further 

confirmed by similarities between the calculated and as-synthetized PXRD patterns 

while thermal stabilities were also examined using TGA and VT-PXRD (Figure 2-13, 

Figure 2-14, Figure 2-15, and Figure 2-16), showing similar high thermal stability as 

the parent material 1. 

Table 2-1. Atomic ratio for Y/M in Y-shp-MOFs from ICP-OES. 

Samples   Atomic ratio  

Y-shp-MOF-1 (Fe) Y/Fe 3.40 3.64 3.54 

 Average  3.53  

Y-shp-MOF-1 (Zn) Y/Zn 3.41 3.53 3.41 

 Average  3.45  
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Figure 2-11. Solid-state UV/Vis (left) and IR (right) spectra of Y-shp-MOF-1and Y-shp-MOF-1(Zn). The 
metalation was confirmed by UV-vis studies. New vibration band in the Y-shp-MOF-1 (Zn) IR spectrum at 
around 1000 cm

-1
 (insert figure) is due to the strong coordination of Zn(II) with porphyrin units (N-Zn 

moiety), proving the successful metalation of the Y-shp-MOF-1(Zn). To be noted that the N-H bond 
stretching and bending frequencies of free base porphyrins located at ~3,300 cm

-1
 and ~960 cm

-1
. When 

the transition metal ion was inserted into the porphyrin ring, the N-H bond vibration frequency of free 
base porphyrins disappeared and the characteristic functional groups of M-N bond formed at ~1,000 cm

-1
, 

which indicated the formation of metal porphyrin compounds. 

 

Figure 2-12. Solid-state UV/Vis (left) and IR (right) spectra of Y-shp-MOF-1and Y-shp-MOF-1(Fe). The 
metalation was confirmed by UV-vis studies. New vibration band in the Y-shp-MOF-1 (Zn) IR spectrum at 
around 1000 cm

-1
 (insert figure) is due to the strong coordination of Fe(III) with porphyrin units (N-Fe 

moiety), proving the successful metalation of the Y-shp-MOF-1(Fe). 
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Figure 2-13. PXRD patterns of the as-synthesized and calculated Y-shp-MOF-1 (Fe), indicating the phase 
purity of as-synthesized products (left). TGA plots of the as-synthesized and MeOH-exchanged Y-shp-
MOF-1 (Fe) (right). The as-synthesized Y-shp-MOF-1 (Fe) reveals a weight loss (~37 %) between room 
temperature and 200 °C and is attributed to the removal of DMF and water from the surfaces or pores of 
the framework. The second weight loss (~17 %) between 400 °C and 600 °C is assigned to the removal of 
the organic ligand due to degradation of the structure. The methanol exchanged Y-shp-MOF-1 (Fe) shows 
two weight losses, i.e. the first is observed at room temperature, attributed to the removal of methanol 
(~9 %) and the second loss (~19 %), between 400 and 600 °C is attributed –as for the as synthesized 
material- to the departure of the organic ligand and the degradation of the structure. The continuous 
weight loss up to 800 °C is then attributed to the continuous slow combustion/oxidation of the degraded 
framework, due to the small amount of oxygen present. 

  

Figure 2-14. PXRD patterns of the as-synthesized and calculated Y-shp-MOF-1 (Zn), indicating the phase 
purity of as-synthesized products (left). TGA plot of the MeOH-exchanged Y-shp-MOF-1 (Zn) (right). The 
as-synthesized Y-shp-MOF-1 (Zn) reveals a weight loss (~35 %) between room temperature and 200 °C 
and is attributed to the removal of DMF and water from the surfaces or pores of the framework. The 
second weight loss (~46 %) between 400 °C and 600 °C is assigned to the removal of the organic ligand 
due to degradation of the structure. The methanol exchanged Y-shp-MOF-1 (Zn) shows two weight losses, 
i.e. the first is observed at room temperature, attributed to the removal of methanol (~6 %) and the 
second loss (~55 %), between 400 °C and 600 °C is attributed –for the as synthesized material- to the 
departure of the organic ligand and the degradation of the structure. 
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Figure 2-15. Variable-temperature (VT) PXRD of Y-shp-MOF-1 (Fe) from 50 °C to 400 °C reveals that Y-shp-
MOF-1 (Fe) retains its crystallinity up to the maximum reachable temperature on the apparatus, i.e. 
400 °C. 

 

Figure 2-16. Variable-temperature (VT) PXRD of Y-shp-MOF-1 (Zn) from 50 °C to 400 °C reveals that Y-shp-
MOF-1 (Zn) retains its crystallinity up to the maximum reachable temperature on the apparatus, i.e. 
400 °C. 

Accordingly, the porosity of 1-M (M = Fe, Zn) has been confirmed by Ar 

adsorption (Table 2-2, Table 2-3, Figure 2-17, Figure 2-18, Figure 2-19 and Figure 

2-20). The apparent BET surface areas of 1-Fe and 1-Zn were estimated to be 2030 and 

2360 m2·g-1, respectively. The experimental total pore volumes of 1-Fe and 1-Zn 

obtained from Ar adsorption isotherms were estimated to be 0.75 and 0.85 cm3·g-1, 

respectively. Interestingly, the isosteric heat of adsorption (Qst) of CO2, estimated by 

applying the Clausius-Clapeyron equation using the CO2 isotherms measured at 253, 273, 
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288 and 298 K, was enhanced from 25.2 to 31.8 and 34.6 kJ·mol-1 at low loading for 1, 1-

Fe and 1-Zn, respectively (Figure 2-21, Figure 2-22 and Figure 2-23). This noticeable 

enhancement can be attributed to the presence of favorable adsorption metal sites 

within the metalloporphyrin-based shp-MOFs.  

 

Figure 2-17. Ar adsorption data for compound Y-shp-MOF-1(Fe) (1-Fe): fully reversible Ar isotherms 
collected at 87K (left) and plot of the linear region on the Ar isotherm for the BET equation (right). 

 

Figure 2-18. N2 adsorption data for compound Y-shp-MOF-1(Fe): fully reversible N2 isotherms collected at 
77K (left) and plot of the linear region on the N2 isotherm for the BET equation (right). 
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Figure 2-19. Ar adsorption data for compound Y-shp-MOF-1(Zn) (1-Zn): fully reversible Ar isotherms 
collected at 87K (left) and plot of the linear region on the Ar isotherm for the BET equation (right). 

 

Figure 2-20. N2 adsorption data for compound Y-shp-MOF-1 (Zn): fully reversible N2 isotherms collected at 
77K (left) and plot of the linear region on the N2 isotherm for the BET equation (right). 

Table 2-2. N2 Sorption Data of shp-MOFs Summary 

Materials  BET 

surface 

area 

(m2 g-1) 

Langmuir surface 

area  

(m2 g-1) 

N2 uptake 

(STP cm3 ·g-1) a 

Total pore volume 

(cm3·g-1) b 

Y-shp-MOF-1  2120 2340 543 0.84 

Y-shp-MOF-1 (Fe) 2020 2240 520 0.80 

Y-shp-MOF-1 (Zn) 2230 2480 574 0.88 
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Tb-shp-MOF-1  1430 1660 390 0.61 

a measurement was taken at P/P0=0.95. b calculated by single point method at P/P0=0.95. 

Table 2-3. Argon Sorption Data of shp-MOFs Summary 

Materials BET 

surface 

area 

(m2 g-1) 

Langmuir surface 

area 

(m2 g-1) 

Ar uptake 

(STP cm3 ·g-1) a 

Total pore volume 

(cm3·g-1) b 

Y-shp-MOF-1 2200 2370 620 0.79 

Y-shp-MOF-1 (Fe) 2030 2250 588 0.75 

Y-shp-MOF-1 (Zn) 2260 2560 670 0.85 

Tb-shp-MOF-1 1520 1660 435 0.56 

a
 measurement was taken at P/P0=0.95. 

b
 calculated by single point method at P/P0=0.95. 

  

Figure 2-21. CO2 adsorption data for compound Y-shp-MOF-1: fully reversible variable temperature (VT) 
CO2 isotherms (left) and Qst for CO2 calculated from the corresponding isotherms (right). 
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Figure 2-22. CO2 adsorption data for compound Y-shp-MOF-1(Fe): fully reversible variable temperature 
(VT) CO2 isotherms (left) and Qst for CO2 calculated from the corresponding isotherms (right). 

 

Figure 2-23. CO2 adsorption data for compound Y-shp-MOF-1 (Zn): fully reversible variable temperature 
(VT) CO2 isotherms (left) and Qst for CO2 calculated from the corresponding isotherms (right). 

In light of high porosity of shp-MOFs, high-pressure CH4 and CO2 adsorption 

studies were conducted on the 1 and 1-Zn. Examination of excess and absolute CH4 

gravimetric (cm3 (STP) g−1) (Figure 2-24) and volumetric (cm3 (STP) cm−3) (Figure 2-25) 

uptakes at intermediate and high pressures showed that the 1-Zn exhibits much higher 

CH4 adsorption capacity than the parent non-metalated analogue 1 in the entire 

evaluated pressure range at room temperature. 1-Zn adsorbs 179, 232 and 249 cm3 (STP) 
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cm−3 of CH4 at 35, 65 and 80 bar, respectively. Consequently, the resulting CH4 working 

storage capacities, assuming 35, 65 and 80 bar as the highest adsorption pressure and 5 

bar as the lowest desorption pressure, are ca. 129, 182 and 199 cm3 (STP) cm−3, 

respectively. The recorded value for the 580 bar range is among the highest methane 

storage working capacities, slightly below the corresponding values for MOF-51927, 

UTSA-76a28, Al-soc-MOF-15 and HKUST-129 (Table 2-4). Interestingly, the Qst of CH4 

adsorption for 1-Zn, determined from variable low pressure data (Figure 2-26), was 

estimated to be ca. 14 kJ·mol-1 at low CH4 loading and it remains remarkably steady 

even at higher CH4 loading. In fact, this shows that the CH4 interaction with the 

framework of 1-Zn is very mild and uniform in comparison to other CH4 storage media30 

and mostly governed by the pore filling and the CH4CH4 interactions at high relative 

pressures. 

 
Figure 2-24. High pressure total methane adsorption (solid squares) and desorption (open squares) 
isotherms at 298 K for the Y-shp-MOF-1 (no metalated and Zn) (gravimetric uptake).  
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Figure 2-25. High pressure methane adsorption (solid squares) and desorption (open squares) isotherms 
at 298 K for the Y-shp-MOF-1 (no metalated and Zn), 1 and 1-Zn, respectively (volumetric uptake).  
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Table 2-4. Total Methane Uptake and Working Capacity (Desorption at 5 bar) at 35, 65 and 80 bar and  

298K 

Adsorbent 

Crystall

ographic 

density 

g.cm-3 

Estimate

d 

absolute 

CH4 

adsorptio

n uptake 

at 5 bar 

cm3 

(STP)·cm
-3 

Estimate

d 

absolute 

CH4 

adsorptio

n uptake 

at 35 bar 

cm3 

(STP)·cm
-3 

Estimate

d 

absolute 

CH4 

adsorpti

on 

uptake 

at 65 bar 

cm3 

(STP)·c

m-3 

Estimate

d 

absolute 

CH4 

adsorptio

n uptake 

at 80 bar 

cm3 

(STP)·cm
-3 

Working 

storage 

uptake 

(5-35) 

cm3 

(STP)·c

m-3 

Working 

storage 

uptake 

(5-65) 

cm3 

(STP)·c

m-3 

Working 

storage 

uptake 

(5-80) 

cm3 

(STP)·c

m-3 

Referen

ce 

MOF-519 0.953 49 200 - 279 151 - 230 Ref.27 

MOF-520 0.586 37 162 - 231 125 - 194 Ref.27 

HKUST-1 

(tbo-MOF-1) 
0.889 72 225 263 272 153 191 200 Ref.29 

Al-soc-MOF-

1 
0.34      176 200.8 Ref.5 

UTSA-76a 0.699 60 211 257 - 151 197 - Ref.28 

Y-shp-MOF-

1 (Zn) 
0.838 50 179 232 249 129 182 199 

This 

work 

NU-125 0.578 49 182 232 - 133 183 - Ref.29  

PCN-14 0.819 72 202 240 252 130 168 180 Ref.30 

gea-MOF-1 0.864 40 140 - - 100 - - Ref.10 
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Figure 2-26. Low pressure CH4 adsorption data for compound Y-shp-MOF-1 (Zn): CH4 isotherms collected 
at 258, 273, 288 and 298K (left) and isosteric heats of adsorption (Qst) for CH4 calculated from the 
corresponding isotherms (right). 

Analysis of CO2 adsorption for these compounds at high pressure (Figure 2-27 

and Figure 2-28) shows that the 1-Zn exhibits a very high CO2 volumetric uptake at 25 

bar (307 cm3 (STP) cm-3). The CO2 volumetric uptake represents one of the highest 

volumetric CO2 adsorption uptake reported in the literature (Table 2-5). 
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Figure 2-27. High pressure total CO2 adsorption (solid squares) and desorption (open squares) isotherms 
at 298 K for the MeOH exchanged Y-shp-MOF-1 (no metalated and Zn). (Top: volumetric uptake; down: 
gravimetric uptake) 

 

Figure 2-28. Variable temperature (VT) high pressure total CO2 adsorption (solid squares) and desorption 
(open squares) isotherms on Y-shp-MOF-1 (Zn).  
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Table 2-5. Volumetric CO2 uptake determined at 25 bar for Y-shp-MOF-1 (Zn) in comparison to some of 
the best performing MOFs. 

Adsorbent 

Crystallographic 

density 

g.cm-3 

Estimated absolute CO2 adsorption uptake 

at 25 bar 

cm3 (STP).cm-3 

 

Reference 

MOF-200 0.22 112 Ref.31  

MOF-210 0.25 127 Ref.31  

gea-MOF-1 0.864 224 Ref.10 

MOF-5 0.59 225 Ref.31  

MOF-177 0.43 273 Ref.31  

HKUST-1 

(tbo-MOF-1) 

0.889 276 Ref.32  

Mg-MOF-74 0.909 285 Ref.33  

Y-shp-MOF-1 

(Zn) 
0.838 307 

This 

work 

rht-amide 

(TPBTM) 
0.661 325 

Ref.34  

rht-MOF-9 0.74 343 Ref.35  

 

2.3.1.2  RE-alb-MOF-1 Platform. 

This is the first time that RE-MOFs, namely RE-shp-MOFs, based on 12-connected 

MBBs, as d6R building units, are deliberately targeted and successfully isolated, paving 
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the way for the isolation of the other long-awaited (6,12)-c MOF with the underlying alb 

topology. Importantly, alb is the only binodal edge-transitive net with its two distinct 

vertex figures matching the trigonal prism and the hexagonal prism. Certainly, a custom-

designed hexa-carboxylate ligand, where the carbon centers of the six carboxylate 

groups coincide with the vertices of the trigonal prism, was synthesized and its 

combination with RE metal salts in the presence of the 2-FBA is anticipated to lead to 

the formation of the first related alb-MOF based on 12-connected hexanuclear RE 

clusters with the looked-for (6,12)-c alb topology, RE-alb-MOF. 

Indeed, reactions between Y(NO3)3·6H2O and 2,4,6-trimethyl-1,3,5-tri(3,5-di(4-

carboxyphenyl-1-yl)phenyl-1-yl)- benzene (H6Me-TDCPB),21 in the presence of 2-FBA in 

an N, N′-dimethylformamide (DMF)/chlorobenzene/water solution yielded colorless 

block-shaped crystals, formulated by SCXRD study as |(DMA)4|[Y6(µ3-OH)8(2-

FBzoate)2(H2O)2(Me-TDCPB)2]·(solv)x (Y-alb-MOF-1) (Figure 2-29). The SCXRD structure 

indicated that compound 3 crystallizes in the monoclinic space group P2/m. Analysis of 

the resultant crystal structure of 3 revealed the in situ formation of a highly connected 

yttrium (Y) polynuclear carboxylate-based hexanuclear clusters and their subsequent 

assemblage by the fully deprotonated hexacarboxylate ligands (referred to as Me-

TDCPB) to yield a novel 3-periodic highly-connected MOF. The central phenyl ring of the 

ligand Me-TDCPB is orthogonal/vertical to the other three adjacent ones, due to the 

steric hindrance enforced by the methyl groups. 
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Figure 2-29. Synthetic scheme of the Y-alb-MOF-1 (Top). The steric configuration of the ligand and 
representation of Yttrium cluster in Y-alb-MOF-1 (down). The hydrogen atoms are omitted for clarity; Y, 
C, and O are represented by purple, gray and red, respectively. 

Analysis of the Y hexanuclear cluster reveals that two Y3+ cations are each 

coordinated to nine oxygen atoms; that is, four carboxylates from four separate Me-

TDCPB ligands, four μ3-OH and one terminal water molecule. The remaining four Y3+ ions 

are each coordinated to eight oxygen atoms; namely, four from the carboxylates of the 

three independent Me-TDCPB ligands, and the remaining four coordination sites are 

completed by the oxygen atoms from bridging μ3-OH and disordered terminal ligands (2-

Y(NO3)3, 2-FBA

Me-TDCPB
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FBzoate). Concisely, the resultant hexanuclear cluster, [Y6(µ3-OH)8(2-

FBzoate)2(H2O)2(O2C−)12], is capped by 12 carboxylates from 12 different Me-TDCPB 

ligands (Figure 2-2) and 2 carboxylates from 2 terminal 2-FBzoate ligands to give a 12-

connected MBB, [Y6(μ3-OH)8(O2C−)12], with points of extension corresponding to the 

carbons of the carboxylate moieties from 12 distinct hexacarboxylate ligands and 

matching the d6R vertex figure of a fully symmetrical 12-connected node.  

Topological analysis of the resulting crystal structure reveals that the 

combination of the aforementioned 12-c MBB, [Y6(μ3-OH)8(O2C−)12], and the 6-c organic 

MBB, Me-TDCPB ligand, resulted in the formation of a highly-connected MOF 

reticulating the (6,12)-connected net with the alb underlying topology, Y-alb-MOF-1 (3) 

(Figure 2-2, Figure 2-30 and Figure 2-31). Interestingly, the constrained geometry of 

the ligand Me-TDCPB did not promote the construction of the alb-MOF based on the 

targeted Y nonanuclear cluster but prompted the formation of a new Y hexanuclear 

carboxylate-based cluster with 12 connecting carboxylates as points of extension and 

enabling the formation of the RE-alb-MOF. It is worth noting that this is the first 

example of RE hexanuclear carboxylate-based cluster acting as a d6R MBB and 

manifested in a given MOF and that can be further employed/targeted for the 

prospective construction of other highly-connected MOFs. 
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Figure 2-30. Network deconstruction of the edge transitive (6,12)-connected alb net. The augmented 6-
connected and 12-connected nodes that make up the underlying alb net have vertex figures of a trigonal 
prism and a hexagonal prism, respectively, and these vertex figures can be taken as general building 
blocks in the construction of other MOFs with alb topology. 

alb net
(edge transitive net )

along c axis
alb net = (6,12)-connected net

Network deconstruction

6-connected node (trigonal prism) 12-connected node (hexagonal prism)
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Coordination sequences: 

vertex cs1 cs2 cs3 cs4 cs5 cs6 cs7 cs8 cs9 cs10 cum10 

V1 6 38 42 146 114 326 222 578 366 902 2741 

V2 12 20 84 74 228 164 444 290 732 452 2501 

 
TD10=2661 
 
Structure was identified with RCSR symbol: 

Name: alb 

 
Figure 2-31. Topological analysis of RE-alb-MOF-1. 

From a purely topological point of view, the binodal alb edge-transitive net, with 

only one kind of edge, has the transitivity [2134]. Alternatively, the Y-alb-MOF-1 

structure can be described as the ury topology: (3,3,12)-connected trinodal net with 

minimal transitivity [3234] (Figure 2-32, Figure 2-33 and Figure 2-34), where the 

ligand can be further deconstructed into two distinct 3-connected nodes (Figure 2-35). 

It is to note that the ury net is an alb-derived net; that is alb net is the parent net and 

the ury net is derived from the alb net by replacing the 6-c nodes by 2 kinds of 3-c nodes. 

Topology Analysis for alb-MOF-1

(6,12)-connected net (3 periodic)
alb topology (edge-transitive binodal net)
Transitivity: 2134

Organic nodes: 6-connected 
Inorganic nodes: 12-connected RE clusters

view from 
c axis
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Figure 2-32. Second way to deconstruct the hexacarboxylate ligand inside RE-alb-MOF-1. 

 

 
Coordination sequences: 

(3,3,12)-connected net (3 periodic)
ury topology
alb-derived net (minimal transitivity (MT))
Transitivity: 3234
ABC with links A−B and B−C, MT 3 2

Organic nodes: deconstructed 3-connected
deconstructed 3-connected

Inorganic nodes: 12-connected RE clusters

view from 
c axis
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vertex cs1 cs2 cs3 cs4 cs5 cs6 cs7 cs8 cs9 cs10 cum10 

V1 12 14 36 32 132 98 204 122 396 266 1313 

V2 3 6 51 44 99 68 243 170 339 188 1212 

V3 3 19 23 70 55 165 115 286 179 453 1369 

 
TD10= 1328 
Structure was identified with RCSR symbol: 

Name: ury (alb-derived) 

 
Figure 2-33. An alternative topological analysis of RE-alb-MOF-1 by deconstructing the 6-connected ligand 
into 2 kinds of 3-connected nodes. 

 
 

Figure 2-34. Synthetic scheme for Y-alb-MOF-1 and the according inorganic and organic molecular 
building blocks (MBBs). It can be also viewed as an novel alb-derived net, ury net. 

ury-a net

Triangular SBU 3-c
Triangular SBUs 3-c 

Hexagonal prism SBU
12-c 
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Figure 2-35. Two edge transitive nets based on d6R (square hexagonal prism (shp) and aluminium 
diboride (alb) net) and their derived minimal edge transitive nets. For clarity, shp, alb, cez, ury, and kez 
topologies are represented as augmented nets. 

As anticipated, replacement of the yttrium metal salt with Tb(NO3)3·5H2O under 

similar reaction conditions resulted in the analogous Tb-alb-MOF-1, |(DMA)4|[Tb6(µ3-

OH)8(2-FBzoate)2(H2O)2(Me-TDCPB)2]·(solv)x (4) (Figure 2-36). 
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Figure 2-36. PXRD patterns of the as-synthesized and calculated Tb-alb-MOF-1, indicating the phase purity 
of as-synthesized products (left). TGA plots of the as-synthesized Tb-alb-MOF-1 (right). 

Interestingly, close examination of the RE-alb-MOF-1 structure revealed it is built 

from pillared hexagonal lattice (hxl) layers (Figure 2-37). Explicitly, the hexanuclear 

cluster MBBs arrange to form 2-periodic hxl layers in the ab plane, pillared by Me-

TDCPB ligands thus resulting in a 3-periodic MOF. Compound 3 contains one kind of 

zigzag-shaped one-dimensional channels perpendicular to the c-axis. These zigzag 

channels were crosslinked to form the honeycomb (hcb) shape channels in the ab-plane 

with diameters of ca. 14.1 Å (height) and ca. 11.7 Å (width) and a quadrangular window 

(ca. 12.7 × 3.8 Å2) including van der Waals (vdW) radii (Figure 2-38). Additionally, 

compound 3 also comprises quadrangular narrow channels (ca. 6.4 × 3.4 Å2 considering 

van der Waals (vdW) radii) along c-axis. Compound 3 encompasses one kind of 

hexagonal-prismatic cages enclosed by six different Me-TDCPB ligands and two 

hexanuclear RE clusters (Figure 2-39). The corresponding solvent accessible free 

volume for 3 was estimated to be 3094.6 Å3 (52.5% of the unit cell volume of 5893.7 Å3) 

by summing voxels more than 1.2 Å away from the framework using PLATON software.26 
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Figure 2-37. Schematic showing the RE-alb-MOF-1 pillaring type observed in RE-alb-MOF-1. RE, C and O 
are represented by purple, gray and red, respectively, and solvent molecules and hydrogen atoms are 
omitted for clarity. 
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Figure 2-38. Representation of 2D honeycomb (hcb) shape channels in the ab-plane inside Y-alb-MOF-1. 
View along c-axis (top) and side view (down); crystal structure (left) and augmented net representation 
(right). The hydrogen atoms are omitted for clarity; Y, C, and O are represented by purple, gray and red, 
respectively.  
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Figure 2-39. Representation of hexagonal-prismatic cages inside Y-alb-MOF-1.The hexagonal-prismatic 
cage is generated by six different Me-TDCPB ligands and two hexanuclear RE clusters. Crystal structure 
(left) and augmented net representation (right). The hydrogen atoms are omitted for clarity; Y, C, and O 
are represented by purple, gray and red, respectively.  

The phase purity of the bulk crystalline material for 3 was confirmed by 

similarities between the calculated and as-synthesized PXRD patterns (Figure 2-40). The 

TGA (Figure 2-40) was carried out under N2 atmosphere and revealed that the 

framework of compound 3 is stable up to at least 250 °C. The VT-PXRD studies under 

vacuum or in the open atmosphere suggest the Y-alb-MOF-1 (3) maintains its 

crystallinity after solvent removal (Figure 2-41). Close examination of the VT-PXRD 

patterns revealed a slight shift in the peak positions at lower angles, suggesting the 

framework contraction upon solvent removal under heat. The original PXRD patterns of 
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the as-synthesized material can be regenerated/recovered by immersing the desolvated 

form of 3 in DMF (Figure 2-42). These results corroborate that the contraction–swelling 

of the Y-alb-MOF-1 is reversible and directly controlled by removal and reintroduction 

of guest molecules. It is to note that the same behavior was observed for Tb-alb-MOF-1 

(4) (Figure 2-43). 

 
 

Figure 2-40. PXRD patterns of the as-synthesized and calculated Y-alb-MOF-1, indicating the phase purity 
of as-synthesized products (left). TGA plots of the as-synthesized and MeOH-exchanged Y-alb-MOF-1 
(right). 

 

50  C
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Figure 2-41. Variable-temperature (VT) PXRD of DMF-washed Y-alb-MOF-1 in air, revealing the thermal 
stability up to 350 

°
C.  

 

Figure 2-42. The original PXRD pattern of as-synthesized Y-alb-MOF-1 can be recovered by immersing 
degassed 1 in DMF overnight. 

 

Figure 2-43. The original PXRD pattern of as-synthesized Tb-alb-MOF-1 can be recovered by immersing 
degassed 1 in DMF overnight. 
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2.3.1.3  In-alb-MOF-1 Platform.  

Intuitively, the (6,12)-c alb net is an ideal blueprint for the design of MOFs since 

the alb net is the sole edge-transitive net based on the trigonal prism and the hexagonal 

prism building units. That is to say, that net-coded building units (net-cBUs) for the alb 

net are the trigonal prism (alb-cBU-1) and the hexagonal prism (alb-cBU-2). In principle, 

the predisposition of a 6-c MBB with a trigonal prism geometry and a 12-c MBB with the 

hexagonal prism geometry will permit their prospective assembly into the alb net. 

Accordingly, we aimed to put this approach into practice and thus aspired to transplant 

the alb topology to another chemical system. The RE-alb-MOF-1 was successfully 

constructed by combining the 6-c hexacarboxylate organic ligand as the requisite 

trigonal prism (alb-cBU-1) and the 12-c inorganic RE polynuclear cluster as the 

complementary hexagonal prism (alb-cBU-2). Our proposed approach is to alter the 

nature and composition of the alb-cBUs and employ a 6-c inorganic cluster as the alb-

cBU-1 and a 12-connected dodecacarboxylate organic ligand as the alb-cBU-2 (Figure 

2-2). 

The implementation of this approach requires the design of a new organic ligand 

(in this case, to replace the 12-c RE cluster) to act as a 12-connected building block and 

the employment of the trinuclear [In3(μ3-O)(O2C−)6] carboxylate-based cluster as the 

requisite 6-connected trigonal prism building unit (replacing the 6-connected ligand in 

the RE-alb-MOF-1). Virtually, the 12-connected dense d6R-shaped RE cluster in the RE-

alb-MOF-1 can be substituted elegantly with a relatively open organic MBB, while the 

custom-designed organic trigonal prism-like ligand can be replaced by a comparatively 
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smaller inorganic trimer building block. The key requirement to translate the augmented 

alb (alb-a) net into practice for MOF chemistry is to purposely-make a 

dodecacarboxylate ligand that can act as a compatible 12-c MBB and plausibly affords 

the positioning of the carbon centers of the twelve carboxylate groups on the vertices of 

the desired hexagonal prism building unit (Figure 2-2).  

Indeed, reactions between In(NO3)3·2H2O and 1,2,3,4,5,6-Hexakis[3,5-bis(4-

methoxycarbonylphenyl)phenoxymethyl]benzene (H12HBCPB), in DMF/acetonitrile 

solution yielded colorless rod-shaped crystals, formulated by SCXRD study as 

[(In3O)2(C132O30H78)(O2CH)2(H2O)4]·(solv)x (In-alb-MOF-1) (5) (Figure 2-44). The SCXRD 

study discloses that compound 5 crystallizes in the hexagonal space group P6/m. 

 
Figure 2-44. Synthetic scheme of the In-alb-MOF-1 (Top). The steric configuration of the ligand and 
representation of Indium cluster in In-alb-MOF-1 (down). The hydrogen atoms are omitted for clarity; In, 
C, and O are represented by lime, gray and red, respectively. 

In(NO3)3, HNO3
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Analysis of the resultant crystal structure of 5 revealed the in situ formation of 

the 6-connected indium trinuclear cluster building block, [In3(μ3-O)(O2C−)6], and linked 

by six separate fully deprotonated dodecacarboxylate ligands (HBCPB) to yield a novel 3-

periodic highly-connected Indium based MOF (In-alb-MOF-1) (Figure 2-2). The 

trinuclear clusters contain three [InO6+ octahedra sharing one central μ3-oxo anion. In 

each [InO6] octahedron, the apical position is occupied by a terminal water molecule or 

a formate anion, generated in situ from the decomposition of DMF solvent molecules. In 

the crystal structure of 5, each indium is trivalent, yielding an overall neutral framework.  

Topological analysis of the resulting crystal structure revealed that the deliberate 

combination of the aforementioned 6-c MBB, [In3(μ3-O)(O2C−)6], and 12-c organic MBB, 

HBCPB ligand, resulted as planned/expected in the formation of a highly-connected 

MOF, In-alb-MOF-1 based on the reticulation of the (6,12)-c net with alb underlying 

topology (Figure 2-2 and Figure 2-45). Noticeably, the arms of the 12-c organic ligand 

are not perpendicular to the central benzene core, and the dihedral angle between the 

benzene core and plane of the ligand arms is around 45°, eventually resulting in points 

of extension of the 12-c MBB to coincide with the vertices of the hexagonal prism, the 

12-c vertex figure of the alb net. From a purely topological point of view, this structure 

can alternatively be termed as the newly discovered kez topology: (3,6,6)-connected 

trinodal net with minimal transitivity [32] (Figure 2-46, Figure 2-47 and Figure 2-48), 

where the ligand can be further deconstructed into one kind of 3-connected nodes and 

one 6-c node. This novel kez topology represents a new type of alb-derived nets. 
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Figure 2-45. Topological analysis of In-alb-MOF-1. Prior to topological analysis, the structure has been 
simplified to its points of extension. The organic dodecacarboxylate ligand (HBCPB) is then reduced to a 
12-connected node (α), while the inorganic Indium trinuclear cluster is reduced to a 6-connected node (β). 

The In-alb-MOF-1 exhibits a (6, 12)-connected alb topology. 

 

 
Figure 2-46. An alternative way to deconstruct the dodecacarboxylate ligand inside In-alb-

MOF-1. 

Topology Analysis for alb-MOF-2

(6,12)-connected net (3 periodic)
alb topology (edge-transitive binodal net)
Transitivity: 2134

Inrganic nodes: 6-connected In trimers
Organic nodes: 12-connected ligand

view from 
c axis
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Coordination sequences: 

vertex cs1 cs2 cs3 cs4 cs5 cs6 cs7 cs8 cs9 cs10 cum10  

V1 6 12 54 64 192 144 384 259 648 411 2175  

V2 3 15 27 97 93 264 193 494 321 788 2296  

V3 6 12 54 56 174 140 390 248 630 410 2121  
TD10= 2250 
 
Structure was identified with RCSR symbol: 

Name: kez (alb-derived) 

Figure 2-47. An alternative topological analysis of In-alb-MOF-1 by deconstructing the 12-connected 
ligand into one 6-connected node and six topologically same 3-connected net. 

(3,6,6)-connected net (3 periodic)
kez (new topology)
alb-derived net (minimal transitivity (MT))
Transitivity: 32
ABC with links A−B and B−C, MT 3 2

Organic nodes: deconstructed 3-connected
deconstructed 6-connected

Inorganic nodes: 6-connected In trimers

view from 
c axis
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Figure 2-48. Synthetic scheme for In-alb-MOF-1 and the corresponding organic and inorganic molecular 
building blocks (MBBs). It can be also viewed as an novel alb-derived net, kez net. 

Trigonal Prism SBU
6-c 

Hexagon SBU 6-c
Triangle SBUs 3-c

kez-a net
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To the best of our knowledge, this example represents the first example of MBB 

transposition in highly-connected MOFs with at least one node higher than 12-

connected; namely, highly-connected MBBs in RE-alb-MOF-1 (the 6-connected 

hexacarboxylate organic ligands and the 12-connected inorganic RE polynuclear clusters) 

are replaced by chemically different but topologically related MBBs to In-alb-MOF-1 (the 

6-connected inorganic indium trinuclear clusters and 12-connected dodecacarboxylate 

organic ligands). 

Interestingly, close inspection of the In-alb-MOF-1 structure revealed it is built 

from pillared hcb layers (Figure 2-49). The indium trimer MBBs assemble to generate a 

2-periodic hcb layers in the ab plane, pillared by 12-c HBCPB ligands thus resulting in a 

3-periodic framework. Compound 5 contains one kind of zigzag-shaped one-dimensional 

channels. The framework of 5 encompasses one kind of hexagonal-prismatic cage 

enclosed by two different HBCPB ligands and six In trimers (Figure 2-50). The 

hexagonal-prismatic cage displays two type of conformations due to the flexibility of the 

central benzene core of the ligand, having diameters of ca. 20.5 Å (width) and ca. 5.2 Å 

or 12.9 Å (length) considering van der Waals (vdW) radii. Remarkably, these cages were 

crosslinked through quadrangular windows to generate the hxl channels in the ab-plane 

of the crystal structure, reminiscent to the observed hxl cluster-based layers in the RE-

alb-MOF-1 (Figure 2-51). Appreciably, the hcb trimer-based layers observed in the In-

alb-MOF-1 are relatively related to the hcb channels occurring in the RE-alb-MOF-1, 

corroborating the relation between the two alb-MOFs based on different alb-derived 
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nets (that is, the ury net and kez net are directly related and are both derived from the 

same parent alb net). 

 

Figure 2-49. Schematic showing the In-alb-MOF-1 pillaring type observed in In-alb-MOF-1. In, C and O are 
represented by lime, gray and red, respectively, and solvent molecules and hydrogen atoms are omitted 
for clarity. 
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Figure 2-50. Representation of hexagonal-prismatic cages inside In-alb-MOF-1. The hexagonal-prismatic 
cage is generated by two different HBCPB ligands and six Indium trinuclear clusters, with two kind 
conformations due to the flexibility of the central benzene core of the ligand. Crystal structure (left) and 
augmented net representation (right). The hydrogen atoms are omitted for clarity; In, C, and O are 
represented by lime, gray and red, respectively.  
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Figure 2-51. Representation of hexagonal lattice (hxl) shape channels in the ab-plane inside In-alb-MOF-1. 

View along c-axis (left) and side view (right); crystal structure (top) and augmented net representation 
(down). The hydrogen atoms are omitted for clarity; In, C, and O are represented by lime, gray and red, 
respectively. 

The corresponding solvent accessible free volume for 5 was estimated to be 

19927.8 Å3 (60.6% of the unit cell volume of 32866.6 Å3) by summing voxels more than 

1.2 Å away from the framework using PLATON software.26 

The phase purity of the bulk crystalline material for 5 was confirmed by 

similarities between the calculated and as-synthesized PXRD patterns (Figure 2-52). The 

thermogravimetric analysis (TGA, Figure 2-52) was carried out under N2 atmosphere 

and revealed that the framework of compound 5 showed decomposion starting at about 

200 °C. 
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Figure 2-52. PXRD patterns of the as-synthesized and calculated In-alb-MOF-1, indicating the phase purity 
of as-synthesized products (left). TGA plot of the as-synthesized In-alb-MOF-1 (right). 

2.3.1.4  Cu-shp-MOF-1 Platform. 

Encouraged by the ability to transplant the alb net into a chemically different 

MOF based on the use of the dodecacarboxylate ligand as the requisite hexagonal prism 

building unit, we extended this approach to the shp-MOF platform. Understandably, the 

ability of the newly synthesized dodecacarboxylate ligand to mimic the d6R, by 

peripherally exposing the twelve carboxylates to resemble the requisite hexagonal 

prism building unit, was inspiring to transplant the shp topology into a copper-based 

MOF by employing the copper paddlewheel [Cu2(O2C−)4] cluster as the complementary 

square building unit and thus offering the potential to construct the first Cu-shp-MOF. 

Indeed, reactions between Cu(NO3)2·2.5H2O and H12HBCPB, in DMF/pyridine 

solution yielded green hexagonal block-shaped crystals, formulated by SCXRD study as 

[Cu6(C132O30H78)(H2O)6]·(solv)x (Cu-shp-MOF-1) (6) (Figure 2-2). The SCXRD study 

revealed that compound 6 crystallizes in the hexagonal space group P6/mcc. Analysis of 

the resultant crystal structure of 6 revealed the in situ formation of the anticipated 4-



173 
 

 
 

connected copper paddlewheel [Cu2(O2C−)4] building block and its subsequent 

assemblage by four separate fully deprotonated dodecacarboxylate ligands (HBCPB) to 

yield a new 3-periodic highly-connected copper-based MOF (Cu-shp-MOF-1). 

Topological analysis of the resulting crystal structure revealed that the deliberate 

combination of the aforementioned 4-c MBB, [Cu2(O2C−)4], and 12-c organic MBB, 

HBCPB ligand, resulted as envisioned in the formation of a highly-connected MOF, Cu-

shp-MOF-1 structure based on the reticulation of the (4,12)-c net with shp underlying 

topology (Figure 2-2). 

The conformation of the ligand in the Cu-shp-MOF-1 is similar to the linker 

conformation observed in the In-alb-MOF-1, ultimately resulting in points of extension 

of the 12-c MBB to coincide with the vertices of the hexagonal prism, the 12-c vertex 

figure of the shp net. From a purely topological point of view, this structure could 

alternatively be termed as the newly discovered cez topology: (3,4,6)-connected 

trinodal net with minimal transitivity [32] (Figure 2-35), where the ligand can be 

deconstructed into one 3-connected node and one 6-c node. This novel cez topology 

represents a new type of shp-derived nets. 

2.3.1.5  Gas sorption studies of alb-MOF-1. 

The flexibility of crystalline porous MOFs is proven to be vital in various key 

applications such as methane storage where the reversible transition/deformation is 

controlled via external stimuli, such as adsorption/desorption of guest molecules.36-38 

The flexible features of the Y-alb-MOF-1 (3) prompted us to investigate its gas 

adsorption properties and structural flexibility in the presence of different adsorbate 
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probe molecules. Before the measurement, a freshly DMF washed sample of 3 was 

exchanged with acetone over 3 days, then the sample was activated under dynamic 

vacuum for 12 h. As illustrated in Figure 2-53, various gas molecules such as N2, Ar, CH4 

and CO2 were employed as adsorbates, at their boiling point temperature, to evaluate 

the adsorption properties of the degassed Y-alb-MOF-1 and probe any plausible 

associated framework flexibility. The N2, Ar, CH4 and CO2 gas sorption isotherms of 

compound 3 displayed a two-step adsorption behavior and a significant hysteresis, 

characteristic of a flexible framework (Figure 2-53). The amount of Argon adsorbed up 

to the first plateau was estimated to be ca. 9.4 mmol g-1 (P/P0 ≈ 0.05), and the total 

amount of Argon adsorbed in the framework was estimated to be ca. 16.1 mmol g-1 

(P/P0 ≈ 0.95), equivalent to an uptake increase of nearly ca. 6.7 mmol g-1 between the 

two adsorption plateaus. Accordingly, the apparent Langmuir surface area of Y-alb-

MOF-1, determined using the Ar adsorption isotherm in 87 K and calculated using the 

Quantachrome software, assuming a value of 14.2 Å2 for the molecular cross-sectional 

area of Ar, was estimated to be ca. 1550 m2 g-1. It is to note that apparent BET surface 

area cannot be precisely determined for the present framework due to the evident 

steps in the low-pressure region of the adsorption isotherms. The associated pore 

volumes of 3 derived from the Ar isotherm at the first and second plateau were 

estimated to be ca. 0.27 cm3 g-1 (P/P0 ≈ 0.05) and ca. 0.52 cm3 g-1 (P/P0 ≈ 0.95), 

respectively. The estimated total pore volume from the second plateau correlates 

relatively with the calculated total pore volume from the single crystal structure (0.63 
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cm3 g-1). The estimated total pore volumes accessible for 3 derived from the N2, CH4 and 

CO2 adsorption isotherms at the first and second plateau were found to be ca. (0.29 cm3 

g-1 (P/P0 ≈ 0.03), 0.56 cm3 g-1 (P/P0 ≈ 0.95)) for N2, ca. (0.28 cm3 g-1 (P/P0 ≈ 0.03), 0.56 cm3 

g-1 (P/P0 ≈ 0.95)) for CH4 and ca. (0.37 cm3 g-1 (P/P0 ≈ 0.32), 0.66 cm3 g-1 (P/P0 ≈ 0.95)) for 

CO2, respectively. 

 

Figure 2-53. N2, Ar, CH4 and CO2 sorption isotherms of the degassed Y-alb-MOF-1 (3) at their boiling 
temperature. Color codes: N2 sorption isotherm at 77 K (black); Ar sorption isotherm at 87 K (red); CH4 
sorption isotherm at 112 K (green); CO2 sorption isotherm at 195 K (blue). Filled circles represent the 
adsorption and open circles represent the desorption. 

To gain a better understanding on the flexible nature of the Y-alb-MOF-1 (3), 

high pressure gas adsorption studies were conducted in order to investigate/elucidate 

the transformation/relation between the closed (narrow pore phase) and open state 

(open pore phase). High pressure CO2, CH4 and N2 adsorption experiments were 

conducted at 273 K (Figure 2-54) and 298 K (Figure 2-55) up to 25, 80 and 130 bar, 
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respectively. Since the sample has been activated and evacuated prior the gas sorption 

measurements, the framework should be in its contracted state. Accordingly, pressure 

and specifically adsorbed guest molecules can induce the framework to undergo a 

structural transition from a closed (narrow-pore) state to a relatively open state (large-

pore), leading to the observation/occurrence of breathing adsorption effect in the 

sorption process. In the CO2 adsorption study, the original narrow-pore phase was 

altered/morphed to a relatively large-pore phase upon a plausible gate opening around 

8 bar at 273 K associated with CO2 uptake of nearly 6.7 mmol g-1. In contrast, the 

apparent gate opening in the case of CH4 as an adsorbate occurred around 30 bar at 273 

K with an associated CH4 uptake around 5.8 mmol g-1. In the case of the N2 adsorption 

study, the hysteresis is apparent but the step is not well defined. Similar behaviors were 

observed for CO2, CH4 and N2 at 298 K in high pressure regions (Figure 2-55). These 

results clearly demonstrate and corroborate that the transformation between the 

‘closed’ (narrow pore phase) and ‘open’ state (open pore phase) is triggered by the 

adsorbed gas probe molecules and their density in the pores. Similar high pressure 

sorption behaviors were observed in Tb-alb-MOF-1 (Figure 2-56 and Figure 2-57). 
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Figure 2-54. High pressure CO2 (black), CH4 (blue) and N2 (red) sorption isotherms for the degassed  Y-alb-
MOF-1 (3) at 273 K. Filled circles represent the adsorption and open circles represent the desorption. 

 
 
Figure 2-55. High pressure CO2 (black), CH4 (blue) and N2 (red) sorption isotherms of degassed Y-alb-MOF-
1 (1) at 298 K, respectively. Filled circles represent the adsorption amounts and open circles represent the 
desorption amounts. 
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Figure 2-56. High pressure CO2 (black) and CH4 (blue) sorption isotherms of degassed Tb-alb-MOF-1 (2) at 
298 K, respectively. Filled circles represent the adsorption amounts and open circles represent the 
desorption amounts. 

 
Figure 2-57. High pressure CO2 (black) and CH4 (blue) sorption isotherms of degassed Tb-alb-MOF-1 (2) at 
273 K, respectively. Filled circles represent the adsorption amounts and open circles represent the 
desorption amounts. 
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2.3.2  The derived nets of the parent shp net and alb net 

Generally, it is more informative to illustrate nets in their augmented versions 

instead of the original net.39 A net augmentation39 is a process that an n-connected 

node for a given net is replaced by an associated polygon or polyhedron (vertex figure) 

with n vertices, leading to an augmented net (net-a). A subsequent vertex figure 

dictates the essential n points of extension (connectivity), structural and geometrical 

information to be attained and expressed in the targeted organic/inorganic building 

block prior to the assembly process into a targeted net. Here, the net augmentation of 

the two edge transitive nets (namely, 4,12-connected shp net (transitivity [2133]) and 

6,12-connected alb net (transitivity [2134])) results in the related augmented nets, shp-

a net and alb-a net, respectively (Figure 2-58). The net augmentation provides the 

vertex figure associated to net node(s), providing the requisite structural and 

geometrical information of the relevant secondary building unit (SBU) and to be 

implemented in the associated particular organic/inorganic chemical entity (MMB). 

Rationally, further transposition/deconstruction of a net vertex figure (resultant polygon 

or polyhedron SBU) affords the  introduction of additional point of extension and the 

generation of the respective TBU, leading to a related derived nets.40 For clarity, all 

topologies discussed in this contribution are represented as augmented nets. 
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Figure 2-58. Net augmentation of shp and alb net.  

It is to be stated that shp-a and alb-a nets are the only binodal edge-transitive 

nets embedding the hexagonal prim (d6R) vertex figure. Reasonably, the d6R can be 

regarded as the net-cBU for the shp and alb nets and attainment of such a building units 

in associated MBBs will facilitate, depending on the connectivity and geometry of the 

second MBB, the construction of related shp- or alb-MOFs. Plausibly, employment of 

branched MBBs offers the prospective to deploy tertiary building units (TBUs20, 
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embedding two independent SBUs) as the requisite net-cBUs. Certainly, a minimal edge-

transitive net derived from a specific binodal edge-transitive net, derived by replacing 

one node by a binodal group and altering the net transitivity form to [32] from the 

original [21], can be exclusive for the assembly of its corresponding net-cBUs. 

Importantly, the peripheral points of extension of the essential net-cBUs (points at 

which the building units are linked together to generate a net) should match the 

vertices of the corresponding vertex figures in the targeted net. 

2.3.2.1  The parent net and derived nets 

Remarkably, two MOFs with intricate (complicated) linkers with more than 2 

branch points can be related to the same parent net but can express different derived 

nets. Evidently in order to avoid this confusion going forward, it is suggested to list both 

the associated basic net and the derived net with a clear mention of the employed 

procedure for the deconstruction of the intricate linker. In the derived net, each branch 

point of the linker can be regarded explicitly as a vertex of the underlying net.40 It is our 

proposition, for design proposes, that the parent net provides the needed directional 

information to be embedded in the elect MBBs for the design and construction of MOFs 

while the derived net shows the underlying topology with minimal transitivity for the 

MOFs with the poly-topic linkers. 

The relationship between the parent net and the derived nets was illustrated in 

the case of the shp and the alb nets and their associated derived nets. shp and alb nets 

are edge-transitive nets with transitivity [21]. As showed in the Table 2-6 and Figure 

2-59a, the derived nets with transitivity [32] were obtained by replacing the 12-



182 
 

 
 

connected vertex (d6R or hexagonal prism) by a binodal group.41 Notably, in some 

instances two possibilities are conceivable– one having a doubled c; and replacing the 

12-c vertex by one of these conformations gives a derived net (Table 2-6). 

Table 2-6. Derived nets by replacing the 12-c vertex by a binodal group. 

operation
a
 symmetry 

shp 
derived 

shp 
CF

b
 

alb 
derived 

alb 
CF

b
 

X-1-3 P m2 cei S4[Q3] ala P4[Q3] 
X-1-3 2c P63/mmc cek S4[Q3]   
X-1-3 2c P63/mcm    ceo O*4[Q3] 
X-1-6a P6/mmm cee S2[3H] kew P2[3H] 

X-1-6b P622 ceh T*2[3H] key O*2[3H] 

X-1-6b 2c P6/mcc cez S2[3H] kez P2[3H] 

X-1-6c P m1 ceg S2[3O] cep O*2[3O] 

X-1-6c 2c P63/mmc cej S2[3O]   

X-1-6c 2c P63/mcm   cer O*2[3P] 
X-1-6d P m2 cef S2[3P] ceq P2[3P] 

X-1-6d 2c P63/mmc agw S2[3P]   

X-1-6d 2c P63/mcm   cet P2[3O] 
X-3-6 P 2m   ces P2[SS2] 

X-3-6 2c P63/mcm cev S2[SS2] ceu O*2[SS2] 
a 

X-n1-n2, X represent overall shape of the building block as hexagonal prism; n1 represents the number of 
nodes in the center of this hexagonal prism and n2 represents the number of derived nodes between the 
central nodes and vertices; 

b
 [XmY]Zn represents that Y is linked to m X and n Z (Figure 2-59a), [XmY] is 

derived from the parent net; for coordination figure (CF), 3 = triangle, S = square, T = tetrahedron, Q = 
square pyramid, O = octahedron, P = trigonal prism, H = hexagon, X = hexagonal prism.  

6

3

6

6
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Figure 2-59. (a) The deconstruction of the 12-c hexagonal prismatic node into two kinds of nodes; (b) the 
deconstruction of 4-c square node; (c) the deconstruction of 6-c trigonal prismatic node. 

Table 2-6 lists all possible derived shp and alb nets based on only replacing the 

12-c vertex by a binodal group. It is to be noted, that the assigned capital letters are 

symbols for a given node associated coordination figure (CF), as listed in the reticular 
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chemistry Structure Resource (RCSR): 3 = triangle, S = square, T = tetrahedron, Q = 

square pyramid, O = octahedron, P = trigonal prism, H = hexagon, X = hexagonal prism. 

The derived net connectivity is illustrated by [XmY]Zn indicating that Y is linked to m X 

and n Z. The star indicates the corresponding nodes of derived net come from the 

morphing of the nodes of the parent net. 

It is to be stated that other shp- and alb-derived nets were obtained by replacing 

the 4-c or 6-c vertex by a binodal group; namely: i) two shp-derived nets, the cec and 

ced nets, are derived by splitting one 4-c vertex into two 3-c vertices; and ii) two alb-

derived nets, the ury net and cen net, are derived by splitting the trigonal prismatic 6-c 

vertex into four 3-c triangular nodes or two 4-c tetrahedral vertices respectively (Table 

2-7, Figure 2-59b and c). 

Table 2-7. Derived nets by replacing the 4-c vertex in the shp net or 6-c vertex in the alb net by a binodal 
group. 

operation
a
 symmetry 

shp 
derived 

shp 
CF

b
 

alb 
derived 

alb 
CF

b
 

S-2a P6/mmm cec [3]X2   
S-2b P6/mmm ced [3]X2   
P-2 P6/mmm   cen [T]X3 

P-1-3 P6/mmm   ury [33]X2 
a 

In
 
S-x or P-x, S and P represent overall shape of the building block as square and trigonal prism, 

respectively; and x represents the number of nodes in the center. In P-n1-n2, n1 represents the number of 
nodes in the center of this trigonal prism and n2 represents the number of derived nodes between the 
central nodes and vertices. 

b
 [XmY]Zn represents that Y is linked to m X and n Z (Figure 2-59c), [XmY] is 

derived from the parent net; [Y]Zn represents that Y is linked to another Y and n Z (Figure 2-59b and c), [Y] 
is derived from the parent net; for coordination figure (CF), 3 = triangle, S = square, P = trigonal prism, X = 
hexagonal prism. 

2.3.2.2  Experimental MOFs based on the alb and alb-derived nets 

The rational design and deliberate assembly of the long-awaited (6,12)-c alb-

MOFs (i.e. RE-alb-MOF-1 and In-alb-MOF-1) has been in previous section of this 

chapter.41 The predesigned hexacarboxylate ligand H6Me-TDCPB, provided the requisite 
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trigonal prism and guided the occurrence of the RE hexanuclear carboxylate-based 

cluster [RE6(µ3-OH)8(2-FBzoate)2(H2O)2(O2C−)12], as a 12-c hexagonal prismatic (d6R) 

MBB, resulting in the formation of the first 3-periodic RE-alb-MOF-1. Instinctively, the 

first Indium-based alb-MOF, In-alb-MOF-1, was constructed by the successful 

topological transplantation of the alb net. The combination of the trinuclear [In3(μ3-

O)(O2C−)6] carboxylate-based cluster and a purposely-made dodecacarboxylate ligand, 

H12HBCPB, led to the formation of the In-alb-MOF-1. Evidently, the carbon centers of 

the twelve carboxylate groups matched the vertices of the desired hexagonal prism (d6R) 

building unit. 

The ligand can alternatively be further deconstructed into two distinct 3-

connected nodes in the case of the Y-alb-MOF-1. Thus, the topology of the Y-alb-MOF-1 

can be described as the ury topology: a (3,3,12)-connected trinodal net with a minimal 

transitivity [32]. It is worth to mention that the ury net is an alb-derived net; namely, alb 

net is the basic net and the ury net is the derived net from the alb net by deconstructing 

the 6-c nodes into 2 kinds of 3-c nodes. 

the dodecacarboxylate ligand in the In-alb-MOF-1 can be further deconstructed 

into one kind of 3-connected nodes and one 6-c node. As a result, the underlying net for 

this structure is the kez net: a (3,6,6)-connected trinodal net with a minimal transitivity 

[32], a newly alb-derived net. It is to be noted that the triangular arms of the 12-c TBU 

are not perpendicular to the central benzene core, and the dihedral angle between the 

hexagonal core and each triangle is around 45°, eventually resulting in points of 

extension of the 12-c TBU (or 12-c HBCPB ligand) to coincide with the vertices of the 
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hexagonal prism (d6R), the 12-c vertex figure of the alb net. It is to be mentioned that 

the linker unit is chiral but the net is not. The overall symmetry of the kez net is P6/mcc. 

2.3.2.3  Proposed MOFs based on the alb and alb-derived nets 

As depicted in the Figure 2-60, two other alb-derived nets, namely cen net and 

kew nets, were proposed as targets in order to illustrate the design process of MOF 

based on minimal edge-transitive nets. The cen net was derived from the basic alb net 

through the deconstruction of the trigonal prism net-cBU into two symmetrical 

tetrahedral building units, resulting in a (4,4,12)-connected or (4,12)-connected net (two 

tetrahedra are equivalent by symmetry). The space group of the cen net is P6/mmm as 

the parent alb net. The other alb derived net, kew net derived by deconstructing the 

d6R net-cBU into one type of triangular nodes and one hexagon, is a (3,6,6)-connected 

net. The dihedral angel in the kew net between the triangular arm and the central 

hexagon is 90°. The kew net has the same space group P6/mmm as the basic parent net. 
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Figure 2-60. Proposed MOFs based on alb net and its derived nets. RE, In, C, O, and Si are represented by 
purple, lime, gray, red and light blue, respectively, and H atoms and solvent mole-cules are omitted for 
clarity. RE atoms are represented as polyhedral. 
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Practically in order to specifically target the cen net, one of the alb derived net, 

an organic linker can be designed to contain two tetrahedral sub-nodes, presenting the 

two tetrahedral building units inside the net, then combine it with the RE(III) 

nonanuclear cluster discovered in our group.14, 41 The reported hexacarboxylate ligand 

1,4-phenylenebis(tris(4-carboxyphenyl)silane) was carefully chosen from literature42 in 

combination with RE(III) polynuclear clusters, to propose/simulate the MOF based on 

the cen net. It is to be noted that this organosilicon hexacarboxylate linker has been 

reported to assemble with Zn4O building units to form a MOF-5 like cubic framework, 

with a parent pcu net. The overall geometry of the linker is octahedral, with the two 

embedded tetrahedral sub-units in staggered conformation. In the case of the proposed 

MOF structure with cen net, the overall geometry of the linker is trigonal prism with the 

two tetrahedra in eclipsed conformation, addressing the plausible cen-MOF 

requirements.  

MOFs with kew net can be targeted by the combination of the trinuclear metal 

clusters (e.g. In(III) trinuclear cluster) and a purposely-designed dodecacarboxylate 

ligand, where the dihedral angel of the arm and the central benzene ring should be 

about 90°. In the practical design process, the methoxy group in the In-alb-MOF-1 (with 

alb derived net, kez net) was replaced with the acetylene or para-phenylene group in 

order to introduce rigidity and steric hindrance, plausibly forcing the peripheral arms to 

be perpendicular to the central benzene ring. Reasonably, it is suggested to plausibly 

form MOF structures with kew net based on these newly designed d6R-shaped ligands 

in combination with the well documented metal trinuclear clusters. For the purpose of 
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demonstration, the ligand with benzene connection was simulated in combination with 

the In(III) trinuclear cluster to portray the feasibility of the design strategy and the 

plausible formation of the targeted MOF with the alb-derived kew net. 

Another example of proposed MOF structures with alb derived net is a 

prospective MOF with the key topology. As illustrated in the Figure 2-61, the key net 

was derived from the basic alb net by deconstructing the hexagonal prism (d6R) into 

one kind of triangles and one hexagon and by transforming the trigonal prism in the alb 

net into an octahedron. In this case the trigonal prismatic node morphed into an 

octahedral node. The plausible morphing of an octahedron into a trigonal prism has 

already been illustrated in the case of the soc-MOF, where the parent soc net (square 

and octahedron) was not compatible with the trigonal prismatic node but the soc-

derived net, edq net, is suitable with the trigonal prismatic SBU.9 In this case, the local 

geometry of the ligand is chiral like the 12-carboxylate ligand in the In-alb-MOF-1. The 

dihedral angle between the arm and the central core confers the requisite ligand 

geometry, compatible with the octahedrally shaped Zn (II) tetranuclear clusters present  

in IRMOF (isoreticular MOF) series.43-44 
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Figure 2-61. Proposed MOFs based on alb net and its derived net, key net, from the Zn (II) tetranuclear 
cluster and a 12-connected organic ligand. Zn, C, and O are represented by aqua, gray, and red, 
respectively, and solvent molecules and hydrogen atoms are omitted for clarity.  

2.3.2.4  Experimental MOFs based on the shp and shp-derived nets 

Encouraged by the ability of the newly designed dodecacarboxylate ligand in the 

In-alb-MOF-1 to mimic the hexagonal prism (d6R), the shp topology can be further 

transplanted into a copper-based MOF by the use of the copper paddlewheel 

[Cu2(O2C−)4] cluster45 as the requisite square building unit.  

As exemplified in the Figure 2-62, the conformation of the linker in the Cu-shp-

MOF-1 is comparable to the ligand conformation in the In-alb-MOF-1, eventually 

resulting in points of extension of the 12-c MBB to match the vertices of the d6R, the 

vertex figure of the shp net. The deconstruction of the ligand into one kind of 3-

connected nodes and one 6-c node resulted in a structure with the novel cez topology: 
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(3,4,6)-connected trinodal net with minimal transitivity [32], a new type of shp-derived 

nets. 

 

Figure 2-62. Experimental MOFs based on shp net and its derived net, cez net, from a 4-connected Cu(II) 
paddlewheel cluster and a 12-connected organic ligand. Cu, C, and O are represented by green, gray, and 
red, respectively, and solvent molecules and hydrogen atoms are omitted for clarity. 

2.3.2.5  Proposed MOFs based on the shp and shp-derived nets 

Following the stated rational of using minimal edge-transitive nets for the design 

and construction of the attained shp-MOFs and alb-MOFs, various other MOF structures 

based on the shp and shp-derived nets were simulated and proposed as plausible 

targets in MOF chemistry. Herein two illustrations regarding the shp-derived nets, 

namely ced net and cee net, were presented to support the prospective design and 

construction of the associated MOFs (Figure 2-63). 
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Figure 2-63. Proposed MOFs based on shp net and its derived nets. RE, Cu, C, and O are represented by 
purple, green, gray, and red, respectively, and solvent molecules and hydrogen atoms are omitted for 
clarity. RE atoms are represented as polyhedra. 

The ced net was derived by deconstructing the square building unit in the basic 

shp net into two symmetrical triangular building units, in combination with the d6R 
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building unit, leading to a (3,3,12)-connected or (3,12)-connected net (two triangles are 

same by symmetry). In order to attain the MOF based on the ced net, a rectangular 

organic ligand containing two symmetric triangular nodes was purposely chosen to 

assemble with the 12-connected d6R shaped RE(III) nonanuclear cluster. The tetratopic 

ligand 3,3”,5,5”-tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT) was recently reported 

by our group to act as a rectangular MBBs with the RE(III) cuboctahedron shaped 

hexanuclear clusters and Al(III) trinuclear clusters to from the ftw-MOF13 and soc-MOF5, 

respectively. It is to be noted that this linker in ftw-MOF and soc-MOF can be 

deconstructed into two linked triangles, resulting in the ftw derived net (kle net) and soc 

derived net (edq net). The proposed and the to be targeted MOF structure based on the 

ced net can be simulated, and potentially achieved, using the aforementioned ligand, 

embedding two symmetrical triangular nodes, in combination with RE(III) nonanuclear 

cluster. 

On the other hand, the 12-c dodecacarboxylate ligands as the requisite 

hexagonal prism building unit, proposed for targeting MOFs based on kew net (an alb 

derived net), can be extended to simulate/target other shp-MOF platforms based on 

other derived nets. Reasonably, the ability of these newly simulated dodecacarboxylate 

ligands to mimic the d6R, by peripherally exposing the twelve carboxylates to resemble 

the requisite hexagonal prism building unit, with the arm perpendicular to the central 

benzene ring, position them as proper candidates for the prospective construction of 

the targeted shp-MOF reticulating a specific derived net. A copper-based MOF based on 

the cee net (an shp derived net) can be envisioned and potentially targeted by 
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employing the copper paddlewheel [Cu2(O2C−)4] cluster as the complementary square 

building unit in combination with the previously mentioned dodecacarboxylate ligand, 

as illustrated in Figure 2-63. The replacement of the methoxy group in the ligand of Cu-

shp-MOF-1 (with shp derived net, cez net) by a para-phenylene group promotes the 

rigidity and the opposite steric hindrance, allowing more the peripheral arms on the 

linker to be perpendicular the central benzene ring. Conceivably, with a higher degree of 

predictability, the proposed MOF based on cee net can be targeted and plausibly 

constructed by combining the copper paddlewheel MBB and the designated d6R-like 12-

c ligand. 

2.3.2.6  Toolbox for MOFs with minimal edge-transitive nets based on d6R 

With the aforementioned experimental and simulated MOFs based on shp and 

alb nets and their derived nets, we further proposed a toolbox for the design and 

construction of new MOFs based on the reticulation of minimal edge-transitive nets 

based on d6R building units as net-cBUs. As illustrated in Figure 2-64, the toolbox 

contains two parts for both shp and alb nets, namely the plausible organic and inorganic 

MBBs. For example, for targeting the (4,12)-c shp net the material-designer can elect to 

choose the combination of: i) a 4-c paddlewheel cluster and a d6R shaped organic ligand, 

or ii) a 12-c hexagonal prismatic polynuclear metal cluster and a 4-c ligand. For the 

construction of MOF based on the (6,12)-c alb net, the material-designed can elect to 

combine as the net-cBUs: i) a 6-c metal cluster and a 12-c d6R organic MBB, or ii) a 6-c 

trigonal prismatic organic building block and a 12-c polynuclear cluster. It is to be noted 

that the trigonal prismatic node in the alb net can morph into an octahedral one. 
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Prominently, the well-documented Zn (II) tetranuclear clusters can be potentially 

deployed in combination with a 12-c hexagonal prismatic linker for the prospective 

construction of the derived alb-MOF, reticulating the key net. It is to be noted that in 

the proposed 12-c polytopic linkers, the angle of the carboxylate arm can also be 90° 

instead of 120° as exemplified in the proposed 12-c organic ligand based on carbazole 

moieties (Figure 2-64). 
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Figure 2-64. Toolbox for the MOFs with minimal edge-transitive nets based on d6R. RE, Cu, In, Zn, C, N, 
and O are represented by purple, green, aqua, lime, gray, blue, and red, respectively, and solvent 
molecules and hydrogen atoms are omitted for clarity. RE atoms are represented as polyhedra. The newly 
proposed organic linkers for the shp and alb MOFs are shown in light black. 
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2.3.3  Minimal edge-transitive related net (kce- and kex-MOFs) 

2.3.3.1  Generation of minimal edge-transitive related net. 

At the outset of this study, the parent edge transitive net16 was employed by 

replacing one of the nodes with an edge-transitive binodal group to generate the 

minmal edge-transitive related net. A newly generated net is defined as a related net 

when the coordination number of B is increased for a parent net with vertices type A 

and B, where vertex A is replaced by a group of linked vertices. For example, the 

(3,4,12)-c kce net is generated from the (4,6)-c soc net by the deconstruction of 4-c 

square into one kind of triangles and one square (Figure 2-65), and the coordination 

number of the other node is increased from 6 for octahedron in the soc net to 12 for 

hexagonal prism (d6R) in the kce net. Thus, kce net is a soc-related net. 
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Figure 2-65. Generation of minimal edge-transitive net (transitivity [32]) from edge-transitive net 
(transitivity [21]) by replacing one of the nodes with an edge-transitive binodal group. RE, C, and O are 
represented by purple/sea green, gray and red, respectively, and solvent molecules and hydrogen atoms 
are omitted for clarity. RE atoms are represented as polyhedra. 
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The (3,6,12)-c kex and urx net are generated from the (6,6)-c nia nets by spliting 

the octahedron in nia-net into triangles/ hexagon, and triangles/octahedron, 

respectively. The (3,6,12)-c epw net (triangle, hexagon, and d6R) is a hxg-related net 

(hexagon), and the (3,8,12)-c urp net is a ocu-related net (octahedron and cube). The 

(3,6,12)-c dnm and dnn net (triangle, trigonal prism and d6R) are acs-related and nia-

related net, respectively.  

All of those novel highly coordinated related net with transitivity [32] have been 

included in the RCSR database.15 These proposed edge-transitive nets would 

undoubtedly pave the way for the discovery and design of novel and highly coordinated 

materials using the d6Rs as building blocks. 

2.3.3.2  RE-kce-MOF-1 Platform. 

The d6R multinuclear clusters have been explored to construct highly connected 

and stable MOFs with versatile properties.14, 41 Introduction of the dendritic organic 

linker dramatically limited the possible outputs of the MOF products; however, it 

remains challenging to synthesize highly connected MOFs with dendritic organic ligands 

having more than six carboxylates due to the difficulty and complexity of synthesis 

techniques. Specially, to the best of our knowledge, there is no example of RE-MOFs 

based on the highly-connected nets with at least one node ≥12 constructed from 

dendric organic ligand with more than eight carboxylates.   

The (3,4,12)-c kce net with transitivity [3232], containing one type of triangles, 

one square, and d6R building unit, was employed as a suitable blueprint for the rational 

construction of MOFs. To target the aforementioned highly coordinated kce-MOFs, a 
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noticeable strategy was to design a novel polytopic branched ligand with pre-coded 

geometrical information uniquely matching the selected net, i.e. square and triangular 

arms. This branched linker can furthermore guide the formation of previous reported 

d6R-shaped polynuclear clusters in proper reaction conditions, eventually resulting in 

the potential kce-MOF. 

Indeed, reactions between Y(NO3)3·6H2O and 1,2,4,5-tetrakis[3,5-bis(4-

carboxyphenyl)phenoxymethyl]benzene (H8TBCPB), in the presence of 2-FBA in an 

DMF/chlorobenzene/water solution yielded colorless polyhedral crystals, formulated by 

SCXRD as |(DMA)2|[Y9(µ3-O)2(µ3-OH)12(OH)(H2O)8(TBCPB)1.5]·(solv)x (kce-MOF-1) (DMA = 

dimethylammonium cation and solv = solvent) (Figure 2-66 and Figure 2-67). The 

SCXRD study discloses that compound Y-kce-MOF-1 crystallizes in the cubic space group 

Im-3m with a = 43.526 Å and V = 82463.4 Å3. Analysis of the resultant crystal structure 

of Y-kce-MOF-1 revealed the in situ formation of highly connected yttrium (Y) 

polynuclear carboxylate-based clusters, namely a 12-c Y nonanuclear clusters, and their 

subsequent copolymerization by the fully deprotonated octacarboxylate ligands (TBCPB) 

to yield a novel 3-periodic highly connected Y-MOF. Each of the three yttrium ions is 

coordinated to four µ3-OH, four oxygen from carboxylates, leaving the ninth 

coordination site occupied by a water molecule while each of the other six yttrium ions 

is surrounded by one µ3-O, four µ3-OH, two oxygen from carboxylates and one water 

molecule. 
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Figure 2-66. Synthetic scheme of the kce-MOF-1: (top) the cubic cage is assembled from 8 RE nonanuclear 
clusters and 6 ligands; (down) the assembly of cages forms infinite a 3-periodic framework kce-MOF-1. 
The hydrogen atoms are omitted for clarity; Y, C, and O are represented by purple, gray and red, 
respectively. 
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Figure 2-67. (top left) the nonanuclear RE cluster can be viewed as 12-connected hexagonal prism, and 
the octatopic ligand can be viewed as 3-connect triangles and 4-connected square, respectively; (top right) 
The cubic meso-cage is constructed by 8 hexagonal prism, 24 triangle and 6 square; (down) the assembly 
of meso-cages into infinite 3-periodic framework with underlying kce-a net. RE, C and O are represented 
by purple, black and red, respectively, and solvent molecules and hydrogen atoms are omitted for clarity. 

The obtained framework enclose one kind of cuboidal cages and two types of 

interconnected infinite channels (Figure 2-68, Figure 2-69 and Figure 2-70). The 
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cuboidal cage is constructed by six organic TBCPB8– ligands located at the faces of the 

cube-shaped cage, and eight inorganic nonanuclear Y(III) clusters, which occupy the 

vertices of the cubical cage. The corresponding calculated total accessible volume for Y-

kce-MOF-1, upon removal of guest solvent molecules, was estimated to be 76.8%, by 

summing voxels more than 1.2 Å away from the framework using PLATON software.26 

 

Figure 2-68. Representation of the cubic cage and 3-periodic framework (view along axis (1,1,1)) inside 
kce-MOF-1. The hydrogen atoms are omitted for clarity; Y, C, and O are represented by purple, gray and 
red, respectively. 
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Figure 2-69. Representation of the multi-face cubic cage inside kce-MOF-1 (with d6Rs (left) and without 
d6Rs (right)). The d6Rs and edges of the faces are represented by purple and gold, respectively. 

 

Figure 2-70. Representation of interconnected channels inside kce-MOF-1 (view along axis a (left) and 
view along axis (1,1,1) (right)). The d6R, square, and triangle are represented by purple, green and blue, 
respectively. 

The phase purity of the bulk crystalline materials for compound Y-kce-MOF-1 

was confirmed by similarities between the calculated and as-synthesized PXRD patterns 

(Figure 2-71). The thermogravimetric analysis (TGA, Figure 2-72) showed that Y-kce-

MOF-1 displayed decomposition starting at about 300 °C under N2 flow. As expected, 
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substitution of the yttrium metal salt with Tb(NO3)3·5H2O under similar reaction 

conditions resulted in the analogous Tb-kce-MOF-1, confirmed by PXRD and TGA data 

(Figure 2-73 and Figure 2-74). 

 
Figure 2-71. PXRD patterns of the as-synthesized and calculated Y-kce-MOF-1, indicating the phase purity 
of as-synthesized products.  

 

Figure 2-72. TGA plots of the as-synthesized Y-kce-MOF-1. 
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Figure 2-73. PXRD patterns of the as-synthesized and calculated Tb-kce-MOF-1, indicating the phase 
purity of as-synthesized products.  

 

Figure 2-74. TGA plots of the as-synthesized Tb-kce-MOF-1. 

Topological analysis of the resulting crystal structure revealed that the octatopic 

ligand which can be deconstructed into one 4-connected square node and four 

topological same 3-connected nodes, in combination with the aforesaid 12-c d6R MBB, 
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[Y9(µ3-O)2(µ3-OH)12(O2C−)12], resulted in the formation of an unprecedented highly 

connected Y-MOF with a (3,4,12)-connected net and kce underlying topology, Y-kce-

MOF-1 (Figure 2-67 and Figure 2-75). It is worth noting that the trinodal kce net has the 

transitivity [3232], a minimal edge transitive net with only two kind of edge. This 

(3,4,12)-c kce net is related to the (4,6)-c soc net. 

 
Coordination sequences: 

vertex cs1 cs2 cs3 cs4 cs5 cs6 cs7 cs8 cs9 cs10 cum10 
V1 3 22 19 91 60 212 120 380 200 596 1704 
V2 4 4 36 32 136 82 280 154 472 242 1443 
V3 12 12 60 42 156 92 300 162 492 252 1581 
 
TD10=1643 
 
Structure was identified with RCSR symbol: 

Name: kce 

 
Figure 2-75. Topological analysis of RE-kce-MOF-1. 

 

(3,4,12)-connected net (3 periodic)
new topology (kce)
Transitivity: 3232

Organic nodes: deconstructed 3-connected
deconstructed 4-connected

Inorganic nodes: 12-connected RE clusters

veiw along 
axis (1,1,1)
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2.3.3.3  RE-kex-MOF-1 Platform. 

In order to prove the principle that the highly coordinated minimal edge-

transitive nets with d6R MBBs are feasible to the rational construction of highly 

connected MOFs, a pre-programmed 12-carboxylate ligand enclosing both triangle and 

hexagon MBBs was also purposely deployed in combination with the RE polynuclear 

clusters to aim the said (3,6,12)-c kex net. 

Indeed, reactions between Y(NO3)3·6H2O and 1,2,3,4,5,6-hexakis[3,5-bis(4-

carboxyphenyl)phenoxymethyl]benzene (H12HBCPB), in the presence of  2-FBA in an 

DMF/chlorobenzene/water solution yielded colorless hexagonal crystals, formulated by 

SCXRD as |(DMA)2|[Y9(µ3-O)2(µ3-OH)12(OH)(H2O)8(HBCPB)]·(solv)x (kex-MOF-1) (Figure 

2-76 and Figure 2-77). The SCXRD study discloses that compound Y-kex-MOF-1 

crystallizes in the hexagonal space group P63/m with a = 23.792 Å, c = 32.365 Å and V = 

15867Å3. Analysis of the resultant crystal structure of Y-kex-MOF-1 reveals the in situ 

formation of highly connected yttrium polynuclear carboxylate-based clusters, namely a 

12-c Y nonanuclear clusters, and their subsequent copolymerization by the fully 

deprotonated dodecacarboxylate ligands (HBCPB) to yield a novel 3-periodic highly 

connected Y-MOF. The replacement of the yttrium metal salts with Tb(NO3)3·5H2O 

under similar reaction conditions resulted in the analogous Tb-kex-MOF-1, 

|(DMA)2|[Tb9(µ3-O)2(µ3-OH)12(OH)(H2O)8(HBCPB)]·(solv)x. 
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Figure 2-76. Synthetic scheme of the kex-MOF-1: (top) the cage A and B are assembled from the 
according RE nonanuclear clusters and ligands; (down) the assembly of cages forms infinite a 3-periodic 
framework kex-MOF-1. The hydrogen atoms are omitted for clarity; Y, C, and O are represented by purple, 
gray and red, respectively. 

kex-MOF-1

Cage A Cage B

2-FBA
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Figure 2-77. (top left) the nonanuclear RE cluster can be viewed as 12-connected hexagonal prism, and 
the dodecatopic ligand can be viewed as 3-connect triangles and 6-connected hexagon, respectively; (top 
right) The trigonal bipyramidal cage A is constructed by 5 hexagonal prisms, 12 triangles and 6 hexagons, 
while the trigonal bipyramidal cage B is constructed by 3 hexagonal prisms, 12 triangles and 2 hexagons; 
(down) the assembly of cages into infinite 3-periodic framework with underlying kex-a net. RE, C and O 
are represented by purple, black and red, respectively, and solvent molecules and hydrogen atoms are 
omitted for clarity. 

The obtained framework enclose two kinds of cages, namely cage A constructed 

from five nonanuclear clusters and six organic ligands, and cage B formed by three 

inorganic clusters and two deprotonated dodecacarboxylate linkers (Figure 2-76). The 

close examination of the RE-kex-MOF-1 structure revealed the nonanuclear cluster 

MBBs arrange to form 2-periodic hexagonal lattice (hxl) layers in the ab plane, pillared 

Hexagon SBU 6-c
Triangular SBUs 3-c 

Hexagonal prism SBU
12-c 

kex-a net

Cage A

Cage B
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by HBCPB ligands thus resulting in a 3-periodic MOF (Figure 2-78 and Figure 2-79). 

Explicitly, the hxl layers are pillared in a ABA packing mode. The corresponding solvent 

accessible free volume for compound 2 was estimated to be 11069 Å3 (70.0% of the unit 

cell volume of 15867 Å3) by summing voxels more than 1.2 Å away from the framework 

using PLATON software.26 

 

Figure 2-78. Representation of A-B-A packing of RE d6R-shaped cluster layers inside kex-MOF-1. The 
hydrogen atoms are omitted for clarity; Y, C, and O are represented by purple/blue, gray and red, 
respectively. 

Layer A

Layer B
A-B-A
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Figure 2-79. Representation of A-B-A packing of RE d6R-shaped cluster layers inside kex-MOF-1 by the use 
of kex-a net. The d6R, hexagon, and triangle are represented by purple/blue, lime and turquoise, 
respectively. 

The phase purity of the bulk crystalline materials for compound Y-kex-MOF-1 

and Tb-kex-MOF-1were confirmed by similarities between the calculated PXRD patterns 

Layer A

Layer B

A-B-A
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from the SCXRD data and as-synthesized patterns (Figure 2-80 and Figure 2-81). The 

TGA plots revealed good thermal stability of the compounds (Figure 2-82 and Figure 

2-83). 

 

Figure 2-80. PXRD patterns of the as-synthesized and calculated Y-kex-MOF-1, indicating the phase purity 
of as-synthesized products.  

 

Figure 2-81. TGA plots of the as-synthesized Y-kex-MOF-1. 
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Figure 2-82. PXRD patterns of the as-synthesized and calculated Tb-kex-MOF-1, indicating the phase 
purity of as-synthesized products.  

 

Figure 2-83. TGA plots of the as-synthesized Tb-kex-MOF-1. 

Topological analysis of the resulting crystal structure revealed that the 

dodecacarboxylate ligand which can be deconstructed into one 6-connected hexagon 

node and six topological same 3-connected nodes, in combination with the 
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aforementioned 12-c MBB, [Y9(µ3-O)2(µ3-OH)12(O2C−)12], resulted in the formation of an 

unique highly connected Y-MOF with a (3,6,12)-connected net and kex underlying 

topology, Y-kex-MOF-1 (Figure 2-84). As mentioned before, the (3,6,12)-c kex net is 

related to the edge transitive (6,6)-c nia net. It is worth noting that the trinodal kex net 

has the transitivity [3243], a minimal edge transitive net with only two kind of edge. 

 
Coordination sequences: 

vertex cs1 cs2 cs3 cs4 cs5 cs6 cs7 cs8 cs9 cs10 cum10 
V1 3 24 21 114 65 290 133 526 223 838 2238 
V2 6 6 54 38 174 86 378 164 642 266 1815 
V3 12 12 72 44 216 102 420 182 696 282 2039 
 
TD10= 2160 
 
Structure was identified with RCSR symbol: 

Name: kex 
 
Figure 2-84. Topological analysis of RE-kex-MOF-1. 

ZMOFs, a subclass of MOFs with topologies and, in some cases, features similar 

to traditional inorganic zeolites, which represent a benchmark in porous solid-state 

(3,6,12)-connected net (3 periodic)
new topology (kex)
Transitivity: 3243

Organic nodes: deconstructed 3-connected
deconstructed 6-connected

Inorganic nodes: 12-connected RE clusters
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materials due to their notable commercial significance.8 ZMOFs attracted open scientific 

interest due to their tunable pore size/shape, unique cage-like cavities, as well as 

modular intra- and/or extra-framework components. To delineate pathways toward the 

rational design and construction of ZMOFs, several key design routes (i.e. “edge-

expansion” of traditional zeolitic net, assembly from hierarchically superior building 

units, derivation from enlarged tetrahedral building units; construction via organic 

tetrahedral nodes) are accessible.8  

Composite building units (CBUs) are the basic building blocks for the zeolites, 

containing double four-membered ring (d4R), double six-membered ring (d6R), double 

eight-membered ring (d8R) etc.46 The d6R is a vital composite building unit in zeolites 

such as Faujasite and SAPO-56; however, to the best of our knowledge, no example of 

ZMOFs based on the organic d6Rs has been reported so far due to the extreme difficulty 

of the formation of d6R MBBs inside MOFs. To be noted that d4Rs and d8Rs have 

already been used to construct ZMOFs (i.e. rho-ZMOF47 and lta-ZMOF48) and zeolitic 

imidazolate frameworks (ZIFs) (i.e. ZIF-1049-50) since a decade ago. Very recently, the d6R 

building units have been used to construct ZIFs.23 

Herein, by considering the ligands of the aforementioned kex-MOF-1 as the 12-

connected nodes, the kex-MOFs can alternatively be viewed as MOFs constructed from 

only d6Rs, namely the combination of the d6R shaped ligands and the d6R inorganic 

polynuclear clusters. Topological analysis of the resulting net reveals that this MOF is 

the first example of afx-ZMOF with both organic and inorganic d6Rs, enclosing one kind 

of gme cage and one kind of aft cage (Figure 2-85 and Figure 2-86). The comparison of 
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cages in kex-a net (cage A and cage B), cages in zeolitic afx net (aft and gme cage), and 

natural tiling in afx-ZMOF (aft and gme tiling) revealed the intrinsic relationship 

between the newly generated kex net and known zeolitic afx net (Figure 2-87). 

 

Figure 2-85. (top left) the nonanuclear RE cluster can be viewed as 12-connected hexagonal prism (d6R-1, 
purple), and the dodecatopic ligand can be viewed as 12-connected hexagonal prism (d6R-2, green), 
respectively; (top right) The trigonal bipyramidal cage A is constructed by 5 d6Rs-1 and 6 d6Rs-2, while the 
trigonal bipyramidal cage B is constructed by 3 d6Rs-1 and 2 d6Rs-2; (down left) the assembly of cages 
into infinite 3-periodic framework with underlying afx net; (down right) natural tiling of afx-ZMOF (d6Rs-1 
are shown in purple, d6Rs-2 in green, gme cages in light blue, aft cages in yellow). RE, C and O are 
represented by purple, black and red, respectively, and solvent molecules and hydrogen atoms are 
omitted for clarity.  



218 
 

 
 

 
Coordination sequences: 

vertex cs1 cs2 cs3 cs4 cs5 cs6 cs7 cs8 cs9 cs10 cum10   

V1 4 9 17 29 45 65 89 116 144 175 694  

V2 4 9 17 29 45 64 85 110 141 178 683  

 

TD10= 689 

 

Structure was identified with RCSR symbol: 

Name: afx  

Figure 2-86. Representation of afx net from RE-kex-MOF-1, considering organic ligands and inorganic 
clusters as 12-connected nodes. 
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Figure 2-87. Comparison of cages in kex-a net, cages in afx net and natural tiling in afx-ZMOF. 

 

2.4   Conclusion 

2.4.1  Summary of part 1: shp- and alb- MOFs 

In conclusion, in this part of chapter 2, we reported the design and synthesis of two 

chemically distinct but topologically related highly-connected MOFs based on the successful 

reticulation of the binodal edge-transitive shp and alb nets.  

We described the design and construction of a series of highly stable RE porphyrinic 

shp-MOFs based on the assembly of 12-connected nonanuclear carboxylate-based MBBs, 

displaying rare d6R building units, and 4-connected tetratopic ligands. Especially, we reported 

the rational design and deliberate assembly of the long-awaited (6,12)-c alb-MOFs (i.e. RE-alb-
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MOF-1 and In-alb-MOF-1). The In-alb-MOF-1 represents the first example of alb-MOFs based on 

the assembly of a metal trinuclear cluster and a purposely-made 12-c dodecacarboxylate ligand. 

The successful construction of the first In-alb-MOF was the immediate result of the rational 

practice of reticular chemistry in combination with the understanding and deployment of net-

coded building units (net-cBUs). The two alb-MOFs related to the same parent alb topology, 

based on the combination of trigonal prism and hexagonal prism net-cBUs, were constructed by 

carrying out a topological transplantation, where building blocks in one alb-MOF (RE-alb-MOF-1, 

the 6-connected hexacarboxylate organic ligands and the 12-connected inorganic RE polynuclear 

clusters) are replaced by chemically different but topologically related building blocks to 

construct a second alb-MOF (In-alb-MOF-1, the 6-connected inorganic indium trinuclear clusters 

and 12-connected dodecacarboxylate organic ligands).  

Practically, the same approach was employed successfully to transplant the shp 

topology into a copper-based MOF by employing the copper paddlewheel [Cu2(O2C−)4] cluster as 

the complementary square building unit and thus offering the construction of the first Cu-shp-

MOF. 

The four presented structures illustrate the importance of edge-transitive nets as 

appropriate blueprints, given the reaction conditions to generate the highly-connected inorganic 

MBB in-situ are isolated and/or the polytopic organic ligand encompasses the right connectivity 

that affords the positioning of coordinating moieties in the intricate and desired highly-

connected geometry, for the design and directed assembly of MOFs. Most importantly, we 

revealed that the highly-connected edge-transitive nets such shp and alb are ideal for the 

topological transplantation and the deliberate construction of related MOFs based on minimal 

edge-transitive nets. 
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The present study establishes an unprecedented control in the design and deliberate 

assembly of new MOF platforms; resulting from the conceptualization/employment of net-

coded building units (net-cBUs), where precise embedded geometrical information codes 

uniquely and matchlessly a selected net, as a commanding route for the rational design of MOFs. 

Considerably, superior control in the MOF design offers great potential for the development of 

made-to-order MOFs with on-demand/programmed properties to address the needs in various 

applications such as gas storage, gas/vapor separations and chemical sensing. 

2.4.2  Summary of part 2: The minimal edge-transitive derived nets 

In this part of the chapter, we described the procedure for obtaining minimal edge-

transitive derived nets from the parent highly-connected edge-transitive net (i.e. shp net or alb 

net) based on splitting one type of vertex into groups of linked vertices of lower coordination 

(e.g., one 12-c to one 6-c and one type of 3-c). The relationship of the basic parent net and 

derived net was illustrated in both simulated and experimental shp and alb MOFs in accordance 

with specific derived nets. 

The use of minimal edge-transitive nets for the design and construction of highly 

coordinated MOFs has been further elaborated with the introduction of the concept of net-

coded building units (net-cBUs), where precise embedded geometrical information codes 

exclusively and matchlessly a selected net. Specifically, the deliberate topological 

transplantation in the alb-MOFs illustrates the benefits of considering net-cBUs as a rational and 

feasible pathway for the design and construction of 3-periodic MOFs. Furthermore, the 

proposed/simulated and experimental MOF structures demonstrated the potential of deploying 

branched ligands as a reliable pathway for the deliberate access of the requisite and intricate 

highly coordinated net-cBUs. 
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2.4.3  Summary of part 3: The minimal edge-transitive related nets 

In this part of the chapter, we reported here the employment of the minimal edge-

transitive related trinodal nets for the rational design and synthesis of two types of highly 

connected MOFs, namely (3,4,12)-c kce- and (3,6,12)-c kex-MOFs, containing d6Rs as MBBs. The 

kce-MOF-1 were synthesized by the use custom-designed octatopic ligands enclosing triangular 

and square building units, in combination with d6R-shaped RE polynuclear clusters in the 

presence of 2-FBA. The kex-MOF-1 was constructed using purposely-made dodecacarboxylate 

organic linkers embedded with triangular and hexagonal building units, and the RE nanonuclear 

inorganic clusters. Notably, the ligands inside kex-MOF-1 can also be viewed as d6Rs, thus 

making it so far the first example of ZMOFs constructed from d6R organic MBBs with afx 

topology.  

The present work establishes a superior control in the rational design and assembly of 

novel MOF platforms by reticular chemistry. Minimal edge-transitive trinodal related nets would 

serve as a commanding route for the further design and directional development of highly 

coordinated crystalline extended framework materials using highly connected building blocks. 

Noticeably, unprecedented control in the MOF design offers great potential for the 

development of made-to-order MOFs with programmed functionalities to address the needs in 

various on-demand applications such as gas storage, gas/vapor separations, catalysis and 

chemical sensing.  
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Chapter 3:  Supermolecular building layer approach for gas separation 

and storage applications: the eea and rtl MOF platforms for CO2 capture 

and hydrocarbons separation.2 

3.1   Introduction 

As exemplified in previous chapter, MOFs have emerged as an attractive class of solid-

state materials owing to their associated exceptional wide range of properties pertinent to gas 

storage/separation,1-6 catalysis,7 surface chemistry and sensors8-9 and drug controlled release.10-

12 Importantly, advances in MOF crystal chemistry offer potential to ideally practice the building 

block approach based-assembly for the construction of a given MOF with desired and 

appropriate chemical and structural features for specific application.13 Namely, the ability to 

design and construct a MOF with the proper pore size, shape and functionality offers 

prospective to rationally correlate properties to structure, and subsequently access appropriate 

MOF platforms14 that can address some difficult and energy intensive gas separations, e.g.  CO2 

capture 15-16 and hydrocarbons separation.17-18 However, the unequivocal prediction of a given 

MOF structure prior its assembly remains an ongoing challenge; Eddaoudi et. al. has recently 

published an elaborate tutorial review highlighting distinct strategies that can assist/aid 

chemists to rationally assemble desired functional MOFs.19  

A unique and powerful assembly strategy, detailed in the aforementioned review, is 

based on the use of pre-targeted 2-periodic MOF layers as supermolecular building layers (SBLs) 

for the deliberate construction of 3-periodic functional MOFs.20 In the present study, we 

employed the SBL approach to deliberately synthesize functional MOFs with exposed array of 

                                                           
2
 Portions of this chapter have been previously published: J. Mater. Chem. A. 2015, 3, 6276-6281. 

Reproduced with permission of the Royal Society of Chemistry. 
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amide or amine functionalities within their pore system. Specifically, two MOF platforms based 

on (3,6)-connected nets with eea and rtl underlying topologies were targeted, i.e. eea-MOF and 

rtl-MOF platforms.20-23 The elected two MOF platforms consist of inter-connected layers and 

thus can be regarded as 3-periodic MOFs based on pillared 2-periodic SBLs.19 Indeed, our 

research group has employed successfully the SBL approach to target and construct isoreticular 

tbo-MOFs,24 exhibiting large surface areas and exceptional CH4 storage working capacity for 

stationary applications.17 Similarly, other 3-periodic porous MOFs can be potentially targeted via 

pillaring SBLs based on one of the sole five edge-transitive 2-periodic nets: sql (square lattice), 

kgm (Kagomé), hcb (honeycomb), kgd (Kagomé dual) and hex (hexagonal lattice).14 Noticeably, 

augmenting the aforementioned nets, i.e. replacing a vertex with a vertex figure, reveals only 

two distinct possibilities for the assembly of squares into edge-transitive 2-periodic nets, namely 

sql-a and kgm-a.  

The distinctive kgm-a and sql-a nets can be regarded as ideal blueprints to target 2-

periodic MOFs based on the assembly of square building units, derived from well-known metal 

paddlewheel clusters as molecular building blocks (MBBs).25 Subsequently, the resultant MOF 

layers can be perceived as SBLs that are amenable to pillaring through 2-, 3-, 4- or 6-connected 

organic building blocks for the construction of desired 3-periodic MOF platforms.19 

Here, the ligand-to-axial (L-A) pillaring strategy, successfully introduced by us20 and 

demonstrated by others,22-23 has been employed to introduce the desired functionality into the 

resultant MOF via pillar moieties. Purposely, triangular hetero-functional ligands were conceived 

to contain concurrently i) the isophthalic moiety, needed for the formation of the layers in 

combination with dinuclear cluster paddlewheel MBBs, ii) nitrogen donor moiety necessary for 

connecting neighboring layers via its coordination to an apical position in the dinuclear cluster, 

and iii) specific functional groups such as acetylamide26-29 or amines30-31 that offer potential to 
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enhance the affinity between CO2 molecules and the pore system in the resultant (3,6)-

connected 3-periodic MOF.  

Indeed, 3-connected organic building blocks (5-R-isophthalic acid with R= 

isonicotinamido, nicotinamido, pyridin-4-ylamino, pyridin-3-ylamino, pyrimidin-5-ylamino) were 

synthesized and employed in combination with the dinuclear copper paddlewheel to yield the 

targeted eea-MOF-4 (1), eea-MOF-5 (2) rtl-MOF-2 (3), rtl-MOF-3 (4) and rtl-MOF-4 (5). 

Interestingly, gas adsorption properties of eea-MOF-4 (1) and eea-MOF-5 (2) showed that by 

simply altering the nitrogen donor position within the ligand, it is possible to relatively reduce 

the pore size of the related eea-MOF material and subsequently increase the associated CO2 

uptake and relative affinity toward light hydrocarbons. 

3.2   Experimental 

3.2.1  Materials and Methods 

All materials and methods are described in Chapter 3, Section 3.2.1, unless otherwise 

noted.  

The organic ligands used in this study, 5-(isonicotinamido)isophthalic acid (H2L1) and 5-

(nicotinamido)isophthalic acid (H2L2), were synthesized from isonicotinic acid and nicotinic acid, 

respectively, with 86 and 91% yields. Other ligands, H2L3-H2L5, were prepared as outlined on the 

following pages. All reagents were obtained from commercial sources and used without further 

purification, unless otherwise noted. 
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3.2.2  Synthesis of the ligands 

3.2.2.1  Synthesis of H2L1 

 

Figure 3-1. Synthetic scheme of ligand H2L1. 

Dimethyl 5-(isonicotinamido)isophthalate 

This compound was prepared following the reported method.32 

To a pyridine solution of isonicotinic acid (5 g, 40.6 mmol in 25 ml pyridine) at room 

temperature, 2 ml of phosphoryl chloride (21.4 mmol, 0.5 equiv) was added and the mixture 

was heated at 60 °C for 1 hour. Then dimethyl 5-aminoisophthalate (8.5 g, 40.6 mmol, 1 equiv) 

was added portionwise for few minutes, and heating continued for 7 h at the same 

temperature. Then water was carefully added (up to total vol. ± 250 ml) and the solids were 

filtered out. The crude product was washed thoroughly with DI water, then 2 x 20 ml ethanol 

and dried on air at suction. White solid was obtained, 11.36g (89%). 1H NMR (400 MHz, DMSO-

d6): δ = 10.9 (bs, 1H), 8.82 (m, 2H), 8.71 (d, J=1.5 Hz, 2H), 8.23 (t, J=1.5 Hz, 1H), 7.91 (m, 2H), 

3.91 (s, 6H). 13C NMR (100 MHz, DMSO-d6): δ = 165.2 (Cq), 164.4 (Cq), 150.4, 141.2 (Cq), 139.6 

(Cq), 130.7 (Cq), 124.9, 124.8, 121.6, 52.6. 

5-(Isonicotinamido)isophthalic acid 

Dimethyl 5-(isonicotinamido)isophthalate (1.57 g, 5 mmol) was suspended in aq. NaOH [2.4 g, 

60 mmol, 6 equiv in H20 (50 ml)], then THF (15ml) was added to give clear solution, and the 

mixture was stirred at room temperature for 2.5 h. Then it was diluted with 40 ml diethyl ether, 
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the phases were separated, and aq. phase was acidified with aq HCl. The product was collected 

via filtration, washed thoroughly with DI water, acetone and dried on air at suction to yield 

1.393 g of the reddish solid (97%). 1H NMR (400 MHz, DMSO-d6): δ = 13.3 (bs, 2H), 10.8 (bs, 1H), 

8.81 (dd, J =1.5, 4.5 Hz, 2H), 8.66 (d, J =1.5 Hz, 2H), 8.23 (t, J =1.5 Hz, 1H), 7.91 (dd, J =1.5, 4.5 Hz, 

2H).13C NMR (100 MHz, DMSO-d6): δ = 166.5 (Cq), 164.4 (Cq), 150.4, 141.4 (Cq), 139.4 (Cq), 

131.8 (Cq), 125.5, 124.8, 121.6. 

3.2.2.2  Synthesis of H2L2 

 

Figure 3-2. Synthetic scheme of ligand H2L2. 

Dimethyl 5-(nicotinamido)isophthalate 

A similar procedure as for dimethyl 5-(isonicotinamido)isophthalate was followed but using 

nicotinic acid instead. White solid was obtained (5.92g, 92%). 1H NMR (600 MHz, DMSO-d6): δ = 

10.8 (bs, 1H), 9.15 (m, 1H), 8.78 (m, 1H), 8.70 (d, J=1.3, 2H), 8.34 (m, 1H), 8.22 (m, 1H), 7.59 (m, 

1H), 3.91 (s, 6H). 13C NMR (150 MHz, DMSO-d6): δ = 165.2 (Cq), 164.4 (Cq), 152.5, 148.8, 139.9 

(Cq), 135.5, 130.6 (Cq), 129.9 (Cq), 124.65, 124.63, 123.5, 52.6. 

5-(Nicotinamido)isophthalic acid  

A similar procedure as for 5-(isonicotinamido)isophthalic acid was followed. White solid was 

obtained (1.42 g, 99 %). 1H NMR (600 MHz, DMSO-d6): δ = 13.3 (bs, 2H), 10.8 (bs, 1H), 9.15 (m, 

1H), 8.78 (m, 1H), 8.66 (d, J=1.4, 2H), 8.34 (m, 1H), 8.23 (t, J=1.5, 1H), 7.59 (m, 1H) (in agreement 
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with the reported data33) 13C NMR (150 MHz, DMSO-d6): δ = 166.5 (Cq), 164.4 (Cq), 152.4, 148.8, 

139.6 (Cq), 135.6, 131.7 (Cq), 130.1 (Cq), 125.2, 124.7, 123.6. 

3.2.2.3  Synthesis of H2L3 

 

Figure 3-3. Synthetic scheme of ligand H2L3. 

Dimethyl 5-(pyridin-4-ylamino)isophthalate 

This compound was prepared following the reported general method.34 

An oven-dried Schlenk tube was charged with a mixture of 4-aminopyridine (0.54 g, 5.5 mmol), 

dimethyl 5-bromoisophthalate (1.365 g, 5 mmol), grounded K3PO4 (1.5 g, 7.0 mmol), Xphos (2-

dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl, 192 mg, 0.4 mmol, 8 mol%), Pd2dba3 (92 mg, 

0.1 mmol, 2 mol%) and dry dioxane (15 ml, stored over CaH2), then stirred at 100 ºC for 49 h 

under Ar. After 49 h the mixture was cooled, and upon cooling solidified. It was sonicated in 

diluted aq HCl/EtOAc mixture to give two clear phases, that were separated and the organic 

phase was discarded. The aq. phase was neutralized with NaHCO3 to give the precipitate that 

was collected via filtration, washed with water and dried at suction overnight to give 0.68 g of a 

cream solid that was taken into the next step without further purification. 

5-(Pyridin-4-ylamino)isophthalic acid 

Crude dimethyl 5-(pyridin-4-ylamino)isophthalate (0.68 g) was dissolved in 40 ml THF/ MeOH 

(1/1), then 20 ml aq NaOH (6 eq, 14.6 mmol, 0.58 g) was added. The reaction was kept at 50 °C 

for 23 h. The mixture was concentrated with a rotary evaporator to remove the organic 

solvents, and then diluted with DI water (75 ml). It was washed once with EtOAc (discarded). 
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The aq. phase was acidified with aq. HCl, a white precipitate was collected via centrifugation 

(6000 rpm, 3 min). Centrifugation was repeated twice with water, then the compound was 

suspended in EtOH and the mixture concentrated with a rotary evaporator. The residue was 

dried in the vacuum oven at 40 °C overnight to give a white solid (0.32 g, 25 % in 2 steps). 1H 

NMR (500 MHz, D2O/NaOH): δ = 8.15 (d, J=5.5, 2H), 8.00 (s, 1H), 7.80 (s, 2H), 6.98 (d, J=5.5, 2H). 

13C NMR (125 MHz, D2O/NaOH): δ = 175.5, 152.2, 149.9, 140.5, 138.4, 124.9, 124.5, 110.3. 

3.2.2.4  Synthesis of H2L4 

  

Figure 3-4. Synthetic scheme of ligand H2L4. 

Dimethyl 5-(pyridin-3-ylamino)isophthalate 

An oven-dried Schlenk tube was charged with a mixture of 3-bromopyridine (0.8 g, 5.0 mmol), 

dimethyl 5-aminoisophthalate (1.15 g, 5.5 mmol), grounded K3PO4 (1.5 g, 7.0 mmol), Xphos (192 

mg, 0.4 mmol, 8 mol%), Pd2dba3 (92 mg, 0.1 mmol, 2 mol%) and dry toluene (10 ml, stored over 

CaH2), then stirred at 100 ºC for 31 h under Ar following the general procedure. The crude 

reaction mixture was filtered through Celite with an aid of EtOAc and CH2Cl2, concentrated and 

purified by flash column chromatography using using 5% EtOAc/hexane to 100% EtOAc to yield 

the title compound as an off-white solid (0.83 g, 57 %).  1H NMR (500 MHz, CDCl3): δ = 8.45 (m, 

1H), 8.26 (m, 2H), 7.91 (s, 2H), 7.50 (m, 1H), 7.26 (m, 1H), 6.29 (bs, 1H), 3.94 (s, 6H). 13C NMR 

(125 MHz, CDCl3): δ = 166.3, 143.3, 143.2, 141.2, 138.6, 132.0, 125.0, 124.2, 123.4, 122.0, 52.6.  

5-(Pyridin-3-ylamino)isophthalic acid 
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Dimethyl 5-(pyridin-3-ylamino)isophthalate (0.83 g, 2.9 mmol) was dissolved in 40 ml 

THF/MeOH (1/1), and 20 ml aq NaOH (6 eq, 14.6 mmol, 0.58 g) was added. The reaction was 

kept at 45 ºC for 19 h. The mixture was concentrated on a rotary evaporator to remove the 

organic solvents, and then diluted with DI water (75 ml). It was washed once with EtOAc 

(discarded). The aq. phase was acidified with aq. HCl, a white precipitate was collected via 

centrifugation (6000 rpm, 3 min). Centrifugation was repeated twice with water, then the 

compound was suspended in EtOH and the mixture concentrated on a rotary evaporator. The 

residue was dried in the vacuum oven at 40 ºC overnight to give the white solid (0.53 g, 71 %). 

1H NMR (500 MHz, D2O/NaOH): δ = 8.25 (m, 1H), 8.01 (m, 1H), 7.87 (s, 1H), 7.68 (s, 2H), 7.56 (m, 

1H), 7.29 (m, 1H). 13C NMR (125 MHz, D2O/NaOH): δ = 174.3, 141.6, 140.1, 139.5, 137.9, 137.0, 

124.2, 124.0, 121.6, 119.9.  

3.2.2.5  Synthesis of H2L5 

 

Figure 3-5. Synthetic scheme of ligand H2L5. 

Dimethyl 5-(pyrimidin-5-ylamino)isophthalate  

An oven-dried Schlenk tube was charged with a mixture of 5-bromopyrimidine (0.8 g, 5.0 mmol), 

dimethyl 5-aminoisophthalate (1.15 g, 5.5 mmol), grounded K3PO4 (1.5 g, 7.0 mmol), Xphos  (192 

mg, 0.4 mmol, 8 mol%), Pd2dba3 (92 mg, 0.1 mmol, 2 mol%), and dry toluene (10 ml, stored over 

CaH2), then stirred at 100 ºC for 20 h under Ar, following the general procedure. The crude 

reaction mixture was filtered through Celite with an aid of EtOAc and CH2Cl2, concentrated and 

purified by flash column chromatography using ethyl acetate to yield the title compound as a 
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white solid (0.71 g, 50 %). 1H NMR (400 MHz, CDCl3): δ = 8.85 (s, 1H), 8.66 (s, 2H), 8.31 (s, 1H), 

7.94 (d, J =1.2 Hz, 2H), 6.63 (bs, 1H), 3.93 (s, 6H). 13C NMR (100 MHz, CDCl3): δ = 165.9 (Cq), 

151.0, 145.8, 141.6 (Cq), 137.8 (Cq), 132.4 (Cq), 124.8, 123.0, 52.7.  

5-(Pyrimidin-5-ylamino)isophthalic acid 

Dimethyl 5-(pyrimidin-5-ylamino)isophthalate (0.7 g, 2.4 mmol) was dissolved in 40 ml 

THF/MeOH (1/1), and 20 ml aq NaOH (6 eq, 14.6 mmol, 0.58 g) was added. The reaction was 

kept at 50 ºC for 7 h. The mixture was concentrated with a rotary evaporator to remove the 

organic solvents, and then diluted with DI water (75 ml). It was washed once with EtOAc 

(discarded). The aq. phase was then acidified with aqueous HCl, and the precipitate was 

collected via filtration. It was washed thoroughly with DI water, CH2Cl2, dried at suction, 

followed by vacuum oven at 40 ºC overnight to give a yellow solid (0.58 g, 92 %). 1H NMR (400 

MHz, DMSO-d6): δ = 13.2 (bs, 2H), 8.96 (s, 1H), 8.76 (s, 1H), 8.64 (s, 2H), 8.00 (t, J=1.4 Hz, 1H), 

7.84 (d, J =1.4 Hz, 2H). 13C NMR (100 MHz, DMSO-d6): δ = 166.5 (Cq), 150.9, 145.6, 142.8 (Cq), 

137.5 (Cq), 132.5 (Cq), 122.1, 120.6. 

3.2.3  Synthesis of Metal Organic Frameworks 

3.2.3.1  Synthesis of eea-MOF-4 (1) 

A solution of Cu(NO3)2•2.5H2O (23.3 mg, 0.1 mmol) and H2L1 (28.6 mg, 0.1 mmol) in 2 mL of 

N,N-dimethylacetamide (DMA) was prepared in a 20 mL vial. To this was added 100 μL of conc. 

HOAc and then the mixture was sonicated for 20 min. The mixture was sealed and heated to 

115°C for 48h. The green block crystals obtained were filtered and washed with DMA. The as-

synthesized material was determined to be insoluble in H2O and common organic solvents. 
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3.2.3.2  Synthesis of eea-MOF-5 (2) 

A solution of Cu(NO3)2•2.5H2O (23.3 mg, 0.1 mmol) and H2L2 (28.6 mg, 0.1 mmol) in 2 mL of 

DMA was prepared in a 20 mL vial. To this was added 100 μL of conc. HOAc and then the 

mixture was sonicated for 20 min. The mixture was sealed and heated to 115°C for 48h. The 

green block crystals obtained were filtered and washed with DMA. The as-synthesized material 

was determined to be insoluble in H2O and common organic solvents.   

3.2.3.3  Synthesis of rtl-MOF-2 (3) 

A solution of Cu(NO3)2•2.5H2O (4.65 mg, 0.02mmol) and H2L3 (5.16 mg, 0.02mmol) in 1.5 mL of 

DMF and 0.5 ml of ethanol was prepared in a 20 mL vial. To this was added 100 μL of water and 

then the mixture was sonicated for 20 min. The mixture was sealed and heated to 85°C for 24h. 

The green sheet crystals obtained were filtered and washed with DMF. The as-synthesized 

material was determined to be insoluble in H2O and common organic solvents. 

3.2.3.4  Synthesis of rtl-MOF-3 (4) 

A solution of Cu(NO3)2•2.5H2O (4.65 mg, 0.02mmol) and H2L4 (5.16 mg, 0.02mmol) in 1.5 mL of 

DMF and 0.5 ml of ethanol was prepared in a 20 mL vial. To this was added 100 μL of water and 

then the mixture was sonicated for 20 min. The mixture was sealed and heated to 85°C for 24h. 

The green sheet crystals obtained were filtered and washed with DMF. The as-synthesized 

material was determined to be insoluble in H2O and common organic solvents.  

3.2.3.5  Synthesis of rtl-MOF-4 (5) 

A solution of Cu(NO3)2•2.5H2O (4.65 mg, 0.02mmol) and H2L4 (5.16 mg, 0.02mmol) in 1.5 mL of 

DMF and 0.5 ml of ethanol was prepared in a 20 mL vial. To this was added 200 μL of water and 

then the mixture was sonicated for 20 min. The mixture was sealed and heated to 85°C for 24h. 
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The green sheet crystals obtained were filtered and washed with DMF. The as-synthesized 

material was determined to be insoluble in H2O and common organic solvents. 

3.3   Results and Discussions 

Solvothermal reaction of copper nitrate and 5-(isonicotinamido)isophthalic acid 

(H2L1) in DMA/acetic acid (HOAc) at 115 °C for 24 h yielded green block microcrystals. 

The structure of the as-synthesized compound was determined by SCXRD and 

formulated as Cu(L1)·(solv)x (1), eea-MOF-4, (Figure 4-1). The phase purity of the 

crystalline material was confirmed by similarities between the experimental and 

calculated PXRD patterns, (Figure 4-2). 

 

Figure 3-6. a) Layer segment of a kgm-MOF. b) left: 5-(isonicotinamido)isophtalic acid (H2L1) and right: 5-
(nicotinamido)isophtalic acid (H2L2) c) hourglass-shaped channels with two primary types of cavities. C = 
gray, O = red, N = blue, Cu = plum; H atoms are omitted for clarity. 
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Figure 3-7. PXRD patterns of the as-synthesized, calculated and activated compounds 1, indicating the 
phase purity of as-synthesized and activated products. 

 
Figure 3-8. Scheme representing the Kagomé lattice and the eea net (overhead). Layer of a kgm-
MOF (bottom, left) and representation of eea-MOF-4 (botton, right). C = gray, O = red, N = blue, 
Cu = plum; H atoms are omitted for clarity. 
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The resultant 3-periodic eea-MOF-4 can be regarded as kgm-MOF layers interconnected via L-A 
pillaring approach, where L1 serves as a 3-connected node and the paddlewheel MBB as a 6-
connected octahedral building unit. Topological analysis reveals that 1 has the anticipated eea 
underlying net topology ( 

Figure 4-3). 

The kgm-MOF sheets in 1 are pillared in an arrangement where pairs of three-

membered ring windows of neighboring sheets are further interconnected via an 

interfacing six-membered ring windows (i.e., 3, 3, 6, 3, 3) to yield hourglass-shaped 

channels (Figure 4-1c). These hourglass-shaped channels are comprised of two alternating 

kind of cavities (7.8 Å and 10.5 Å diameters), one is delimited by neighboring three 

membered rings and the second is generated from enclosing hexagonal windows by two 

three-membered ring windows from the two neighboring layers, as shown in Figure 1. 

The calculated total accessible volume for the as-synthesized 1, upon removal of guest 

solvent molecules, was estimated at 6887 Å3 per unit cell volume (11558 Å3) or 59.6% 

v/v.  

The eea-MOF platform offers potential to control and fine-tune the pore size via 

shifting N-donor group of the pyridine rings within the 3-connected organic building 

block. Accordingly, we synthesized and used 5-(nicotinamido)isophthalic acid (H2L2) 

under similar reaction conditions to construct the anticipated isoreticular eea-MOF-5 (2). 

The single-crystal analysis confirms the expected crystal structure formulated as 

Cu(L2)·(solv)x (Figure 4-1). The replacement of isonicotinamide by nicotinamide group 

resulted in slight changes in the size and shape of the two cavities (7.6 Å and 9.8 Å 

diameters). 



241 
 

 
 

The experimental PXRD of the bulk material matches perfectly the calculated 

PXRD pattern based on the crystal structure of 2, confirming phase purity for the 

resultant as-synthesized 2 (Figure 3-9). The thermogravimetric analysis (TGA) for 

compounds 1 and 2 reveal the stability of compounds 1 and 2 up to 523K (Figure 3-10). 

 

 

 
Figure 3-9. PXRD patterns of the as-synthesized, calculated and activated compounds 2, indicating the 
phase purity of as-synthesized and activated-exchanged products. 
 

  

Figure 3-10. TGA plots of as-synthesized and acetone-exchanged compounds 1 and 2. 
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In order to confirm the versatility of the SBL approach for the synthesis of 

isoreticular MOFs, we synthesized three additional 3-connected organic building block 

(5-R-isophthalic acid with R= pyridin-4-ylamino, pyridin-3-ylamino, pyrimidin-5-ylamino). 

Reaction between copper nitrate and 5-(pyridin-4-ylamino)isophtalic acid (H2L3) in a 

mixture of N,N’-dimethylformamide (DMF), ethanol and water resulted in a 3-periodic 

MOF, Cu(L3)·(solv)x, 3, based on triangular organic building block interconnecting 2-

periodic sql-MOF layers in a ligand-to-axial (L-A) pillaring fashion (Figure 3-11). Topological 

analysis reveals that 3 is consistent with the anticipated rtl topology, where L3 serves as 

a 3-connected node and the paddlewheel MBB as a 6-connected node (Figure 3-12). 

 

Figure 3-11. a) Layer segment of a sql-MOF. b) Left, up: 5-(pyridin-4-ylamino)isophtalic acid (H2L3). Right, 

up: 5-(pyridin-3-ylamino)isophtalic acid (H2L4). Bottom: 5-(pyrimidin-5-ylamino)isophtalic acid  (H2L5). c) 
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Projection along a-axis of rtl-MOF-2 displaying channel. C = gray, O = red, N = blue, Cu = plum; H atoms 

are omitted for clarity. 

 
Figure 3-12. Scheme representing the square-grid lattice and the rtl net (overhead). Layer of a sql-
MOF (bottom, left) and representation of rtl-MOF-2 (botton, right). C = gray, O = red, N = blue, Cu 
= plum; H atoms are omitted for clarity. 

The sql-a MOF layer comprises square windows where a pair of adjacent 

benzene moieties in any given four-membered ring points up while the other adjacent 

pair points down, i.e. benzene moieties in the four-membered ring are arranged in a 

1,2-alternate fashion. The quadrangular windows of neighboring 2D sql MOF layers are 
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superimposed to generate channels (2.9×7.1 Å) running along the c-axis. The calculated 

total accessible volume for the as-synthesized 3, upon removal of guest solvent 

molecules, was estimated at 3216 Å3 per unit cell volume (6203 Å3) or 51.9% v/v. 

As expected, reaction between copper nitrate and 5-(pyridin-3-

ylamino)isophthalic acid (H2L4), or 5-(pyrimidin-5-ylamino)isophtalic acid (H2L5) yielded 

the formation of two isoreticular rtl-MOF materials as a result of L-A pillaring of sql-a 

MOF layers, Cu(L4)·(solv)x and Cu(L5)·(solv)x respectively (Figure 3-11). Similarly to eea-

MOF-4 and eea-MOF-5, the use of different isomers/analogs resulted in slight changes 

in the associated channels size dimensions (3.55×5.6 Å). 

The experimental PXRD of the as-synthesized bulk materials match perfectly the 

respective calculated PXRD pattern based on associated crystal structure, confirming 

phase purity for the resultant as-synthesized 3, 4 and 5 (Figure 3-13). The TGA plots reveal 

the stability of compounds 3, 4 and 5 up to 523K (Figure 3-14). 
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Figure 3-13. PXRD patterns of the as-synthesized, calculated and activated compounds 3, 4 and 5, 
indicating the phase purity of as-synthesized products. 
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Figure 3-14. TGA plots of as-synthesized and acetone-exchanged compounds 3, 4 and 5. 

The permanent porosity of 1 and 2 has been confirmed by Argon (Ar) adsorption 

isotherms at 87 K (Figure 3-15). Ar adsorption experiment on compound 1 shows a fully 

reversible type-I isotherm, characteristic of a microporous material with permanent 

microporosity. The apparent Langmuir surface area for 1 was estimated to be 1860 m2·g-

1 and the experimental total pore volume derived from the Ar isotherm was found to be 

0.65 cm3·g-1, which is in good agreement with the calculated pore volume from the 

crystal structure (0.66 cm3·g-1). In contrast, 2 displayed an unusual two-step adsorption 

isotherm with stepwise adsorption behaviour and a noticeable wide-open hysteresis, 
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which can be symptomatic of plausible framework flexibility. The amount of Argon 

adsorbed up to the first plateau was estimated to ∼320 cm3·g-1, and the total amount of 

Argon adsorbed in the framework was estimated to ∼430 cm3·g-1, equivalent to an 

uptake increase of nearly ∼110 cm3·g-1 between the two adsorption plateaus. 

Accordingly, the apparent Langmuir surface area for compound 2, determined using the 

adsorption data leading to the first plateau, was estimated to be 1200 m2·g-1. The 

estimated total pore volume of 2 derived from the Ar isotherm was estimated to be 0.54 

cm3·g-1, matching to the total uptake at the second plateau, and correlate remarkably 

with the calculated total pore volume from the crystal structure (0.52 cm3·g-1). Notably, 

the total pore volume for 2 (0.54 cm3·g-1) is relatively smaller than the total volume for 1 

(0.66 cm3·g-1), confirming the contraction of the pore system in 2 as a result of nitrogen 

position in the pillaring ligand. 

 

Figure 3-15. Low pressure Argon adsorption (solid squares) and desorption (open squares) isotherms at 
87 K for the acetone-exchanged 1 and 2. 
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In order to further explore the MOF associated adsorption properties, CO2, H2, 

N2, and light hydrocarbons adsorption experiments were carried out at various 

temperatures and pressures. The CO2 adsorption uptakes (298 K) of 1 at 0.15 and 1 bar 

were 0.56 mmol·g-1 and 3 mmol·g-1, respectively (Figure 3-16). By contracting the pore 

size, the CO2 adsorption uptakes (298 K) of 2 at 0.15 and 1 bar increased by 67% (0.94 

mmol·g-1) and 50% (4.5 mmol·g-1), respectively. The CO2 adsorption uptake of 2 at 1 bar 

and 298K is relatively higher than most of the acylamide functional MOFs.28 In contrast 

to the increased uptake of CO2, 2 shows similar uptake of methane and nitrogen at 298K 

as 1, which can only adsorb limited amounts of CH4 (0.9 mmol·g-1) and N2 (0.18 mmol·g-1) 

at 298 K and 1 bar. Ideal adsorbed solution theory (IAST)35 was used to predict the 

separation factor of equimolar CO2/CH4 and CO2/N2 (10:90) mixtures using 

experimentally obtained single gas adsorption isotherms (Figure 3-17). IAST selectivity 

prediction is a valid methodology when the same elaborate model fits matchlessly the 

experimental data from single gas adsorption isotherms.36 Accordingly, IAST can be 

confidently used to evaluate gas selectivities in eea-MOFs. Compared with 1, the 

predicted separation factors of CO2/N2 and CO2/CH4 for 2 are significantly improved 

from 19.2 to 39.3 and from 4.3 to 7.3, respectively. 
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Figure 3-16. Single component gas adsorption isotherms for CO2, CH4 and N2 at 298 K and CO2 Qst (insert) 
for 1 and 2.  

 

Figure 3-17. IAST selectivities for 50:50 CO2/CH4 (squares) and 10:90 CO2/N2 (circles) binary mixtures 
predicted at 298 K for 1 (blue) and 2 (red). 

To better understand the energetics of interaction between CO2 and associated 

MOFs, the isosteric heat of adsorption (Qst) over the entire studied range was calculated 

for 1 and 2 using CO2 isotherms at 258, 273, 288 and 298 K (Figure 3-18 and Figure 3-19). 

The Qst of CO2 adsorption for 2 is slightly higher than 1 over the whole range, with the 

highest point at ca. 27.5 over ca. 24.6 kJ.mol-1 (Figure 3-16, insert). The Qst of CO2 
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adsorption in 2 is relatively high among MOFs without open metal site.37 Clearly, the 

confined space promoted a relatively favorable interactions (high localized charge 

density) between the CO2 and the framework and subsequently improved the CO2 

adsorption energetics and uptake.38 

 

Figure 3-18. CO2 adsorption data for compound 1: fully reversible variable temperature (VT) CO2 
isotherms (left) and Qst for CO2 calculated from the corresponding isotherms (right). 

 

 

Figure 3-19. CO2 adsorption data for compound 2: variable temperature (VT) CO2 isotherms (left) and Qst 
for CO2 calculated from the corresponding isotherms (right). 

With regards to hydrogen adsorption, Qst of 2 was found to be higher than 1 over 

the entire adsorption range (e.g., 7.15 vs 6.15 kJ.mol-1 at low loading); nevertheless, the 
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uptakes at 77 K and 1 bar were comparable for 1 and 2 (1.96 vs 1.98 wt %) (Figure 3-20 

and Figure 3-21). In this case, the observed increase in the H2 adsorption energetics for 

2 can be interpreted as a result of the confined space effect, promoting a relatively 

higher localized charge density in a more comparatively confined space.39 

 

Figure 3-20. H2 adsorption data for data for compound 1: fully reversible H2 isotherms collected at 77 and 
87K  (left) and Qst for H2 calculated from the corresponding isotherms (right). 

 

Figure 3-21. H2 adsorption data for data for compound 2: fully reversible H2 isotherms collected at 77 and 
87K (left) and Qst for H2 calculated from the corresponding isotherms (right). 

Adsorption studies of CH4, C2H6 and C3H8 were conducted in order to evaluate 1 

and 2 separation potential of light hydrocarbons (Figure 3-22). The C2H6 and C3H8 



252 
 

 
 

adsorption uptakes for 1 at 1 bar and 298 K are 5.21 and 5.99 mmol·g-1, which are 

higher than the C2H6 and C3H8 uptakes for 2 (4.31 and 4.77 mmol·g-1 respectively) 

(Figure 3-23). This observed enhanced hydrocarbon adsorption uptake for 1 can be 

attributed to a comparatively larger available total pore volume in 1 relative to 2. 

Nevertheless, the predicted adsorption separation factors (using IAST) of 1 and 2 for 

C2H6 and C3H8 over CH4 in 5:95 C2H6/CH4 and 5:95 C3H8/CH4 binary gas mixtures reveal a 

slightly higher selectivity for 2 (156 and 22, respectively) than 1 (136 and 17, 

respectively) at 298 K and 1 bar (Figure 3-24). These results support, as in the case of 

the CO2 separation, the impact of pore size reduction on the affinity enhancement for 

light hydrocarbons versus methane.  

 

Figure 3-22. Light hydrocarbon adsorption data for compound 1 (left) and compound 2 (right). 
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Figure 3-23. Single component gas adsorption isotherms for C3H8, C2H6 and CH4 at 298 K for 1 and 2.  

 

Figure 3-24. IAST selectivities for 5:95 C2H6/CH4 (red; left ordinate) and 5:95 C3H8/CH4 (blue; right ordinate) 
binary mixtures predicted at 298 K for 1 and 2. 

The shapes of the Ar adsorption/desorption isotherms at cryogenic temperature 

suggest a plausible gate effect occurring around 14 mmol·g-1 of adsorbed Ar at 87K 

(Figure 3-15). In order to verify the occurrence of this adsorption gate effect, we 

explored the adsorption of different other probe molecules, namely CO2, C3H8 and n-

C4H10. Markedly, the aforementioned adsorption gate effect was also observed with 
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these probe molecules at relatively low and high pressures (Figure 3-19, Figure 3-22, 

Figure 3-25 and Figure 3-26). Interestingly, the adsorbed amounts corresponding to the 

first plateau were reduced from CO2 (7 mmol·g-1), C3H8 (4.2 mmol·g-1) to n-C4H10 (3.75 

mmol·g-1) in accordance with the increase in the sorbate kinetic diameter and 

polarizability (Figure 3-27). 

 
Figure 3-25. Excess high pressure CO2 adsorption data for compound 2. 
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Figure 3-26. Excess high-pressure C3H8 adsorption data for compound 2. 
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Figure 3-27. Relationship of the gas adsorbed amount at the foot of the first plateau for CO2, C3H8, n-C4H10   
with both the kinetic diameter (left) and the polarizability (right). 

3.4   Conclusion 

In this chapter, we have successfully utilized the supermolecular building layer (SBL) 

approach for the design and construction of isoreticular (3,6)-connected eea-MOFs and rtl-

MOFs. The acylamide-functionalized eea-MOF showed a relatively good capacity for CO2 storage, 

as well as good selectivity toward CO2 and C3H8 at 298K. The deliberate pore size reduction 

resulted in an enhanced local charge density and subsequently an increased CO2 uptake at both 

relatively low pressures (0.15 bar) and atmospheric pressures. Light hydrocarbons separation 

studies suggest that C2H6 and C3H8 could be selectively removed from natural gas to produce a 

relatively valuable commodity such as CH4. This MOF platform, based on the ligand-to-axial (L-A) 
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pillaring approach, offers opportunities to readily functionalize and fine-tune the MOF pores 

with moieties that can favorably interact with a given probe molecule and subsequently 

providing access to functional MOF materials with improved attributes for gas separation and 

storage. 
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Chapter 4:  A novel Aluminum-based rod MOF platform for hydrocarbon 

separation: enhanced gas adsorption performance by the functionalized 

pore space.3 

4.1   Introduction 

As simply introduced in previous chapter, light hydrocarbons separation is one of the 

most energy intensive processes relating to the gas, oil, and fuel industries.1-3 Principally, the 

development of novel separation agents for the upgrade of nature gas (NG; the main source of 

methane) is on demand, because methane is regarded as an attractive energy source.4-5 The 

processing of NG upgrading comprises removal of ethane, propane, and relatively heavier 

hydrocarbons (C4+) from the raw nature gas, to avoid the condensation of volatile hydrocarbons 

in gas pipelines. 

In the past two decades, MOFs have emerged as an attractive class of porous solid-state 

materials thanks to their modular nature (e.g. structural and compositional diversity, high 

surface area, tunable functionality and adjustable pore system, etc.).6-8 Prominently, 

developments in MOF isoreticular chemistry offer potential to preferably practice the building 

block approach based-assembly for the construction of a certain MOF with looked-for and 

appropriate chemical and structural features, that can address energy intensive gas separations, 

such as CO2 capture and hydrocarbons separation.1, 9-10 

MOFs with rod secondary building units (SBUs), or so-called rod MOFs, consist of infinite 

rods of linked metal-centered molecular building blocks (MBBs).11-13 Rod MOFs have attracted 

considerable attention due to their potentially valuable properties to gas storage, separations, 

                                                           
3
 Portions of this chapter have been prepared as a manuscript for submission. 
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and catalysis.14-16 However, there are two main concerns of rod MOFs: i) rod MOFs are generally 

more stable but with moderate porosity; ii) the net of rod MOFs have low degree of connectivity 

(less than 4-c), which could be difficult for the application of isoreticular chemistry (highly 

connected nets have high degree of predictability17). 

In this communication, we describe the discovery and synthesis of a highly porous MOF 

based on aluminum rod SBUs with a novel cea topology. The Al-cea-MOF-1 was constructed 

through the combination of aluminum salts and a octacarboxylate ligand, 1,2,4,5-tetrakis[3,5-

bis(4-carboxyphenyl)phenoxymethyl]benzene (H8TBCPB), as a cube-like 8-c MBB. To the best of 

our knowledge, this represents the first example of the use of 8-c node to link the rod-shape 

SBU, and this higher connectivity give more promise to the rational design of isoreticular 

structures. The rational practice of reticular chemistry led to the design and construction of the 

isoreticular Al-cea-MOF-2 with pendant acid moieties, by the use of a dodecacarboxylate ligand, 

1,2,3,4,5,6-hexakis[3,5-bis(4-methoxycarbonylphenyl)phenoxymethyl]benzene (H12HBCPB). 

Eight of the twelve carboxylate groups were coordinated to the aluminum rod SBUs, leaving the 

rest four carboxylate acid uncoordinated and point into the channels. The enhanced 

hydrocarbon separation performance (e.g., C2+/CH4) was observed in the case of Al-cea-MOF-2 

over Al-cea-MOF-1, due to the functionalized pore space.  

4.2   Experimental 

4.2.1  Materials and Methods 

All materials and methods are described in Chapter 4, Section 4.2.1, unless otherwise 

noted. 

The organic ligands used in this study, 1,2,4,5-tetrakis[3,5-bis(4-

carboxyphenyl)phenoxymethyl]benzene (H8TBCPB) and 1,2,3,4,5,6-hexakis[3,5-bis(4-
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methoxycarbonylphenyl)phenoxymethyl]benzene (H12HBCPB) were synthesized according to our 

previous chapter and reported procedures.17 All reagents were obtained from commercial 

sources and used without further purification, unless otherwise noted. 

PXRD measurements were carried out at room temperature on a PANalyticalX’Pert PRO 

diffractometer 45kV, 40mA for CuKα  (λ = 1.5418 Å), with a scan speed of 1.0° min-1  and a step 

size of 0.02° in 2θ. 

Low pressure gas adsorption measurements were performed on 3Flex Surface Characterization 

Analyzer (Micromeritics) at relative pressures up to 1 atm. The cryogenic temperatures were 

controlled using liquid argon baths at 87 K, respectively. The bath temperature for the CO2 

adsorption measurements was controlled using an ethylene glycol/H2O re-circulating bath.  

4.2.2  Synthesis of Metal Organic Frameworks 

4.2.2.1  Synthesis of Al-cea-MOF-1 (1) 

A solution of AlCl3·6H2O (7.2 mg, 0.03 mmol) and H8TBCPB (7.3 mg, 0.005 mmol) in DMF (2.75 

mL), and acetic acid (1 mL) was prepared in a Pyrex vial with a polytetrafluoroethylene (PTFE)-

lined phenolic cap and subsequently placed into a preheated oven at 150°C for 3 days to yield 

pure colorless crystals. The crystals obtained were filtered and washed with DMF. The as-

synthesized material was determined to be insoluble in H2O and common organic solvents. 

4.2.2.2  Synthesis of Al-cea-MOF-2 (2) 

A solution of AlCl3·6H2O (7.2 mg, 0.03 mmol) and H12HBCPB (10.78 mg, 0.005 mmol) in DMF 

(2.75 mL), and acetic acid (1 mL) was prepared in a Pyrex vial with a polytetrafluoroethylene 

(PTFE)-lined phenolic cap and subsequently placed into a preheated oven at 150°C for 3 days to 
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yield pure colorless crystals. The crystals obtained were filtered and washed with DMF. The as-

synthesized material was determined to be insoluble in H2O and common organic solvents.   

4.3    Results and Discussions 

Solvothermal reaction of AlCl3·6H2O and H8TBCPB in DMF/acetic acid in a Pyrex 

vial at 150 °C for 72 h yielded colorless microcrystals. The structure of the as-

synthesized compound was determined by SCXRD and formulated as 

Al4(OH)4(TBCPB)·(solv)x (1), Al-cea-MOF-1, (Figure 4-1). The phase purity of the 

crystalline material was confirmed by similarities between the experimental and 

calculated PXRD patterns (Figure 4-2). 

 

Figure 4-1. The synthesis of Al-cea-MOF-1, C = gray, O = red, Al = purple; H atoms are omitted for clarity. 
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Figure 4-2. PXRD patterns of the as-synthesized, calculated and activated compounds 1 and 2, indicating 
the phase purity of as-synthesized and activated products. 

Structural analysis reveals that Al-cea-MOF-1 (1) crystallizes in the orthorhombic 

Cmmm space group and the 3-D framework is constructed through the connection of 

infinite 1-D arrays containing corner-sharing AlO6 polyhedra and TBCPB ligands. All Al 

atoms are octahedrally coordinated by six oxygen donors from carboxylate groups of 

four TBCPB ligands and two hydroxy groups. Each µ2-carboxylate group of the fully 

deprotonated TBCPB ligand links two AlIII ions. [Al(OH)2O4] polyhedra are linked through 

carboxylate and hydroxy groups to generate an infinite 1-D array along the c axis (Figure 

4-1, down). Moreover, the 1-D arrays are interlinked by TBCPB ligands to form a novel 3-

periodic MOF. Two types of channels are found in compound 1 along c-axis: 
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quadrangular narrow channel (ca. 4.0 × 12.9 Å2) and hexagonal large channel (ca. 12.4 × 

18.7 Å2) considering van der Waals (vdW) radii). Each 1-D channel is enclosed by two 

sets of ligand sections and two chains of AlO6 octahedra. The calculated total accessible 

volume for the as-synthesized 1, upon removal of guest solvent molecules, was 

estimated at 5785 Å3 per unit cell volume (9034 Å3) or 64% v/v.18  

Topological analysis of the resulting crystal structure reveals that the 

combination of the aforementioned 8-c organic MBB, TBCPB, and the infinite 1-D array, 

*Al(OH)(─COO)2]∞, resulted in the formation of a highly-connected rod MOF with a novel 

cea topology (Figure 4-3 and Figure 4-4). It is worth noting that this is the first example of 

8-c organic ligand acting as a cube-shaped MBB to interlink the 1-D chains to form a 

MOF. Thus, this highly-connected net offers more potential for the further design and 

construction of iso-reticular MOFs base on this novel cea net. 
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Figure 4-3. Scheme representing the crystal structure forming the cea net. One rod of Al-MOF of 
composition *Al(OH)(−COO)2]∞ and the points of extension forming a zigzag ladder (top, left); the 8-c 
ligand and the “augmented” form of the linker (bottom, left); the linkage of the ladders by 8-c ligands in 
the crystal structure forming the cea net (right). C = gray, O = red, Al = lavender; H atoms are omitted for 
clarity. 
 

 

Figure 4-4. Representation of hexagonal channels inside Al-cea-MOF-1 using cea-net. 

To be noted that the “augmented” form of a building unit (i.e. polytopic linkers) 

were recommended to be used to illustrate the underlying topology of a rod MOF.13, 19 

The 8-c node from the ligand was therefore described as a cube (an augmented version) 

and the topology of overall framework is a 4,4,4,4-c cea net (Figure 4-3). 

From a purely topological point of view, this structure can alternatively be 

termed as the newly discovered ceb topology (Figure 4-5), where the ligand can be 

further deconstructed into one kind of 3-c nodes and one 4-c node. Also, the 

augmented forms of the aforementioned 3-c or 4-c nodes were used to analyze the 
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overall topology. This novel ceb topology represents a new type of cea-derived nets.

 

Figure 4-5. Scheme representing the crystal structure forming the ceb net, a cea-derived net. One rod of 
Al-MOFof composition *Al(OH)(−COO)2]∞ and the points of extension forming a zigzag ladder (top, left); 
the 8-c ligand and the “augmented” form of the linker, considering the ligand as one square SBU and one 
kind of triangular SBUs (bottom, left); the linkage of the ladders by ligands in the crystal structure forming 
the ceb net (right). C = gray, O = red, Al = lavender; H atoms are omitted for clarity. 

The cea-MOF platform offers potential to control and fine-tune the pore size via 

the induction of functional group within the pore space. Accordingly, we synthesized 

and used H12HBCPB (H2L2) under similar reaction conditions to construct the anticipated 

isoreticular Al-cea-MOF-2 (2). The single-crystal analysis confirms the expected crystal 

structure formulated as Al4(OH)4(H4HBCPB)·(solv)x (Figure 4-6). To be noted that the 

pendant arms of the ligands are too disordered to be localized in the structure. The 

experimental PXRD of the bulk material matches perfectly the calculated PXRD pattern 

based on the crystal structure of 2, confirming phase purity for the resultant as-
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synthesized 2 (Figure 4-2). The thermogravimetric analysis (TGA) for compounds 1 and 2 

reveal the stability of compounds 1 and 2 up to 250 °C (Figure 4-7 and Figure 4-8). 

 

Figure 4-6. The structure of two isoreticular Al-cea-MOFs, and their Argon sorption studies at 87K. 
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Figure 4-7. TGA plot of acetone-exchanged Al-cea-MOF-1 under 5 °C/min O2 flow. 
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Figure 4-8. TGA plot of acetone-exchanged Al-cea-MOF-2 under 5 °C/min O2 flow. 

The permanent porosity of 1 and 2 has been confirmed by Argon (Ar) adsorption 

isotherms at 87 K (Figure 4-6). Ar adsorption experiment on compound 1 shows a fully 

reversible type-I isotherm, characteristic of a microporous material with permanent 

microporosity. The total amount of Argon adsorbed in the framework (87K and P/P0 = 1) 

was estimated to ∼816 cm3·g-1. The apparent BET surface area for 1 was estimated to 

be 3220 m2·g-1 and the experimental total pore volume derived from the Ar isotherm 

was found to be 1.03 cm3·g-1, which is in good agreement with the calculated pore 

volume from the crystal structure (1.07 cm3·g-1). To be noted that 1 is one of the most 

highly microporous rod-MOFs.9, 16 After the introduction of functional acid moieties, 2 
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displayed a type-I Ar adsorption isotherm but the total amount of Argon adsorbed in the 

framework was reduced to ∼624 cm3·g-1. Accordingly, the apparent BET surface area for 

2 was estimated to be 2030 m2·g-1 and the experimental total pore volume derived from 

the Ar isotherm was found to be 0.78 cm3·g-1. Notably, the total pore volume for 2 (0.78 

cm3·g-1) is relatively smaller than the total volume for 1 (1.03 cm3·g-1), confirming the 

contraction of the pore system in 2 as a result of introducing pendant acid moieties in 

the channels. 

In order to further explore the MOF associated adsorption properties, CO2, H2, 

and light hydrocarbons adsorption experiments were carried out at various 

temperatures and pressures. Adsorption studies of CH4, C3H8 and n-C4H10 were 

conducted in order to evaluate 1 and 2 for the potential separation of light 

hydrocarbons. The C3H8 and n-C4H10 adsorption uptakes for 1 at 1 bar and 298 K are 9.49 

and 9.53 mmol·g-1, which are higher than the C2H6 and C3H8 uptakes for 2 (7.22 and 7.26 

mmol·g-1 respectively) (Figure 4-9, top). This observed enhanced hydrocarbon 

adsorption uptake for 1 can be attributed to a comparatively larger available total pore 

volume in 1 relative to 2. Nevertheless, the predicted adsorption separation factors 

(using ideal adsorbed solution theory (IAST)20) of 1 and 2 for C3H8 and n-C4H10 over CH4 

in 5:95 C3H8/CH4 and 5:95 n-C4H10/CH4 binary gas mixtures reveal a slightly higher 

selectivity for 2 (108 and 652, respectively) than 1 (59 and 479, respectively) at 298 K 

and 1 bar (Figure 4-9, down). IAST selectivity prediction is a valid method when the 

same intricate model fits excellently the experimental data from single gas adsorption 

isotherms.12 Consequently, IAST can be confidently used to evaluate gas selectivities in 
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cea-MOFs. These results support the impact of pore size reduction and the introduction 

of functional acid groups on the affinity enhancement for light hydrocarbons versus 

methane. 

 

Figure 4-9. Single component gas adsorption isotherms for n-C4H10, C3H8, and CH4 at 298 K for 1 
and 2 (top); IAST selectivities for 5:95 C3H8/CH4 (red; left ordinate) and 5:95 n-C4H10/CH4 (blue; right 
ordinate) binary mixtures predicted at 298 K for 1 and 2 (down). 

With regards to CO2 and hydrogen adsorption, Qst of 2 was found to be higher 

than 1 over the entire adsorption range (e.g., 25.2 vs 21.0 kJ.mol-1 for CO2; 6.89 vs 6.63 

kJ.mol-1 for H2 at low loading) (Figure 4-10 and Figure 4-11). In this case, the observed 

increase in the CO2 and H2 adsorption energetics for 2 can be interpreted as a result of 
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the confined space effect and the introduction of functional polar free acid group, 

promoting a relatively higher localized charge density in a more comparatively confined 

space.16

 

Figure 4-10. CO2 adsorption data for compound 1 and 2: variable temperature (VT) CO2 isotherms (left) 

and Qst for CO2 calculated from the corresponding isotherms (right). 
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Figure 4-11. H2 adsorption data for data for compound 1 and 2: fully reversible H2 isotherms collected at 
77 and 87K (left) and Qst for H2 calculated from the corresponding isotherms (right). 

 

4.4    Conclusion 

In conclusion, in this chapter, we have successfully synthesized a highly porous MOF 

based on aluminum rod SBUs with a novel cea topology, namely Al-cea-MOF-1. This represents 

the first example of the use of 8-c cube-like node to interlink the 1-D rod-shape arrays, thus 

providing a novel route to the construction of rod-MOFs. The rational practice of reticular 

chemistry led to the design and construction of the isoreticular Al-cea-MOF-2 with functional 

pendant acid moieties, by the use of a dodecacarboxylate ligand. This led to the improved light 

hydrocarbons separation performance, namely C2+/ CH4 separation, suggesting that C2+ 

hydrocarbons could be selectively removed from natural gas to produce a relatively valuable 

commodity such as CH4. This MOF platform offers opportunities to readily functionalize and 

fine-tune the MOF channels with moieties that can favorably interact with a specific probe 
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molecule and then providing access to functional MOF materials with enhanced attributes for 

gas separation and storage. 

. 
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Chapter 5:  Reticular fine-tuning MOFs with ultramicroporosity and their 

gas sorption performance.4 

5.1   Introduction 

5.1.1  Enhanced separation of isomers via defect control in zirconium-based 

molecular sieve 

Some porous MOF platforms with unique sorption properties were introduced and 

highlighted. In the first part, the discovery of appropriate synthetic reaction conditions for 

fabricating a defect-free and stable zirconium-based molecular sieve (Zr-fum-fcu-MOF) and its 

utilization in the challenging separation of linear paraffins from branched paraffins is reported. 

The crystallinity and structural defects were modulated and adjusted at the molecular level by 

controlling the synthetic reaction conditions (i.e., amounts of modulators and ligands). The 

impact of molecular defects on the separation of n-butane from iso-butane was studied through 

the preparation, fine characterization, and performance evaluation of Zr-fum-fcu-MOFs with 

varying degrees of defects. Defect-rich Zr-fum-fcu-MOFs were found to have poor n-butane/iso-

butane separation, mainly driven by thermodynamics, while Zr-fum-fcu-MOFs with fewer or no 

defects showed efficient separation, driven mainly by kinetics and full molecular exclusion 

mechanisms. In the second part, the reticular chemistry permits the construction of an iso-

structural MOF (SIFSIX-3-Cu) based on pyrazine/Copper(II) 2-D periodic square grids pillared by 

(SiF6)2- anions with fine-tuned pore size of ca. 3.5 Å for the air capture and traces carbon dioxide 

removal. 

                                                           
4
 Portions of this chapter have been prepared as a manuscript for submission; and part of this chapter has 

been previously published: Nat. Commun 2014, 5, 4228. Reproduced with permission of Nature Publishing 
Group, Copyright 2014. 
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Splitting molecules with similar chemical and physical properties, such as olefins, 

paraffins and iso-paraffins, represents a great challenge for gas/vapour/liquid separation 

technologies.1 Traditional separation technologies such as low-temperature fractional 

distillation are energy-consuming and, thus, costly because this kind of separation relies on the 

difference between the boiling points of the isomers.2 A less energy-intensive alternative is 

designing and preparing solids that can act as separation agents. These solids take advantage of 

differences between the chemical and physical interactions of the solid and the components of 

the isomer mixture, as illustrated by zeolites and carbon molecular sieves.3-6 Recently, MOFs7-13 

were successfully designed and employed as molecular sieves for highly challenging gas 

separations such as propane/propylene14-16 and paraffin/iso-paraffin.17-19 The hybrid character 

and tuneable nature of MOFs endow these materials with great prospects for addressing these 

challenges.18, 20-23 Indeed, the hybrid nature of MOFs allows for the use of reticular chemistry 

and molecular building block approaches, permitting access to structural control at the 

molecular level.24-26 This in turn allows for the ultrafine-tuning of the pore-aperture size and 

shape while maintaining framework rigidity, a feature that is of crucial importance for 

gas/vapour separations in general and the splitting of vapour/gases via molecular sieving in 

particular.27-30  

Recently, our group reported a series of rare-earth-based MOFs with fcu (face-centered 

cubic) topology for CO2/N2 or hydrocarbon separation.17, 28, 31 Careful analysis of this platform 

revealed that access to the associated ultra-microporous network, mainly composed of cavities, 

was only possible through triangular windows delineated by ditopic organic linkers. Accordingly, 

fumarate linkers were employed to construct an isoreticular RE-fum-fcu-MOF having a triangular 

window aperture of ~4.7 Å that allowed access to complete sieving of branched paraffins (n-

butane  4.3 Å) from linear paraffins (iso-butane  5 Å).17  
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Since the discovery of the well-known zirconium-based UiO-66,32 which also has fcu 

topology, a large number of UiO-66 isostructural analogues have been reported; for example, 

the fumaric analogue, the porosity and adsorption properties of which were evaluated using 

H2O
33 and N2

34 as probes. Given the structural similarities between RE-fum-fcu-MOF and Zr-fum-

fcu-MOF, the latter would be expected to behave as a molecular sieve for the exclusion of iso-

paraffins from paraffins. Surprisingly, the investigation of single n-C4H10 and iso-C4H10 adsorption 

on Zr-fum-fcu-MOF, fabricated using previously reported synthetic protocols,33 showed that 

both n-C4H10 and iso-C4H10 were adsorbed into the pore network (Figure 2). 35-37 35-37 35-37 35-37 35-37 

We hypothesized that the observed non-sieving behaviour (i.e., poor n-C4H10/iso-C4H10 

separation), could be due to the presence of defects. Indeed, although Zr-MOFs possess high 

structural stability due to strong bonding between the high valence Zr(IV) ion and the 

deprotonated organic linkers, they are prone to structural defects such as missing linkers or 

clusters.35-37 We postulated that a defect-free material could be crucial for achieving challenging 

separations, such that of hydrocarbon isomers.35 Accordingly, we explored different synthetic 

pathways to isolate defect-free Zr-fum-fcu-MOF to achieve full exclusion of iso-butane from n-

butane, as observed for the rare earth analogue. Here, we report how fine-tuning reaction 

conditions produced Zr-fum-fcu-MOFs with various degrees of molecular defects and 

crystallinity and, consequently, diverse n-butane/iso-butane separation performances 

associated with different mechanisms, ranging from thermodynamic to kinetic and molecular 

exclusion. The different degrees of defects were precisely quantified using a combination of 

complementary spectroscopic techniques such as energy-dispersive X-ray spectroscopy (EDX) 

and solid-state nuclear magnetic resonance (NMR). In addition to single-gas adsorption 

measurements, mixed-gas column breakthrough and calorimetric studies were conducted to 
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study their performance in n-butane/iso-butane separations, and to determine the associated 

mechanism. 

Similar to RE-fum-fcu-MOFs,17 the crystal structure of Zr-fum-fcu-MOFs reported in the 

literature displays octahedral and tetrahedral cages with diameters of ~7.6 and ~5.2 Å, 

respectively.33 More importantly, access to these cavities occurs through triangular windows 

with pore apertures of ~4.7 Å (Figure 1), which is slightly larger than the diameter of most linear 

paraffins (i.e., n-butane  4.3 Å) and smaller than that of most mono and branched paraffins (i.e., 

iso-butane  5 Å).  

 

Figure 5-1. Illustration of molecular defects in the Zr-fum-fcu-MOF. 

5.1.2  Made-to-order MOF materials for low concentration CO2 removal and air 

capture 

As introduced briefly in chapter 1, direct air capture is considered as a reasonable 

alternative approach that can diminish the accumulative carbon dioxide emissions concomitant 

with the two chief and distinctive carbon polluting sources, that is, stationary power plants and 
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transportation sectors. Clearly, to develop novel porous materials that can sufficiently address 

the increasing interest to low CO2 concentration capture applications is a demanding need. 

In this part of chapter, we will show how MOF crystal chemistry allows the construction 

of a MOF SIFSIX-3-Cu (iso-structural to SIFSIX-3-Zn38) based on 2-D periodic Cu/pyrazine sql 

layers pillared by (SiF6)
2- anions. The replacement of metal cations thus permits further 

contraction of the pore size to 3.5 Å compared to 3.84 Å for the parent SIFSIX-3-Zn. The SIFSIX-3-

Cu shows enhanced adsorption energetics and subsequently exceptional CO2 uptake and 

selectivity at very low partial pressures pertinent to air capture and traces carbon dioxide 

removal.  

5.2   Experimental 

5.2.1  Materials and Methods 

All reagents in Chapter 5, Section 5.2.1 were obtained from commercial sources and 

used without further purification. 

PXRD measurements were carried out at room temperature on a PANalyticalX’Pert PRO 

diffractometer 45kV, 40mA for CuKα  (λ = 1.5418 Å), with a scan speed of 1.0° min-1  and a step 

size of 0.02° in 2θ. 

High resolution dynamic thermogravimetric analysis (TGA) were performed under a 

continuous N2 and/or O2 flow and recorded on a TA Instruments hi-res TGA Q500 

thermogravimetric analyzer with a heating rate of 1 °C per minute.  

Fourier-transform infrared (FT-IR) spectra (4000–600 cm–1) were collected in the solid 

state on a Nicolet 700 FT-IR spectrometer. 
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The SENSYS evo TG-DSC instrument (Setaram Instrumentation) was used for heat of 

adsorption measurements at 25 °C in a flow of nitrogen. The obtained signal is then integrated 

to give the corresponding amount of heat in Joules. The increments of adsorption were read 

directly from the TG curve. For TG analysis, the samples were placed in platinum pans and, 

before each experiment, activated by heating in a nitrogen flow at 150 °C for 24 h and brought 

to the adsorption temperature. In each experiment, adsorption of hydrocarbons on the sample 

was performed after flushing the evacuated sample by nitrogen flow for 1 hour. 

5.2.1.1  Vapor and Gas sorption 

Low pressure gas adsorption measurements were performed on 3Flex Surface 

Characterization Analyzer (Micromeritics) at relative pressures up to 1 atm. The cryogenic 

temperatures were controlled using liquid argon baths at 87 K. The apparent surface areas were 

determined from the argon adsorption isotherms collected at 87 K by applying the Brunauer-

Emmett-Teller (BET) model. Pore size analyses were performed using a DFT pore model system. 

As-synthesized samples were washed with 3 X 50 mL of anhydrous DMF and immersed 

in 50 mL of methanol for 14 days, during which time the methanol was replaced one time per 

day. The solid was then dried at 150°C under vacuum for 24 h to yield activated samples. 

A volumetric apparatus Vstar1 vapor sorption analyzer from Quantachrome instruments 

was used for collecting butane and isobutane adsorption isotherms at 293 K for the 

hydrocarbons and at room temperature for water. Schematic diagram of the instrument is 

shown in the Figure 5-2, from the screenshot of the software window. 
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Figure 5-2. Schematic diagram of Vstar vapor sorption analyzer. 

For the vapor sorption experiments, high purity butane and iso-butane cylinders were 

connected to adsorbate gas port. In a typical experiment sample was activated in-situ at 150 °C 

under dynamic vacuum for 24 hours. Temperature was increased to 150 °C from room 

temperature at the rate of 1 °C/min. Activated sample was used for  corresponding isotherm 

measurement. All the sorption of hydrocarbon was carried out at 20 °C sample temperature. 

Manifold temperature was maintained at 40 °C throughout the measurement.  

5.2.1.2  Column Breakthrough Test Set-up, Procedure and Measurements 

The experimental set-up used for dynamic breakthrough measurements is shown in the 

Figure 5-3. The gas manifold consisted of three lines fitted with mass flow controllers. Line “A” is 

used to feed an inert gas, most commonly helium, to activate the sample or a reference gas 

before each experiment. The other two lines, “B” and “C” feed a pure or pre-mixed gases. 

Whenever required, gases flowing through lines “B” and “C” may be mixed before entering a 
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column packed with Zr-fum-fcu-MOFs using a four-way valve.

 

Figure 5-3. Representation of the column breakthrough experimental setup. 

In a typical experiment, the adsorbent (in the column, 15cm height x 0.3cm internal 

diameter) was in-situ activated at 423 K overnight under He flow at the rate of 50 cm3/min. 

Before starting each experiment, helium reference gas is flushed through the column and then 

the gas flow is switched to the desired gas mixture at the same flow rate. The gas mixture 

downstream the column was monitored using a Hiden massspectrometer. Then, the column 

breakthrough tests were normalized taking into consideration the composition of the gas 

mixture and the mass fragment overlap (if any) using the mass-spectrometer.  
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5.2.2  Synthesis of Metal Organic Frameworks 

MOFs were prepared solvothermally by heating solutions containing zirconium salts, fumaric 

acid, and formic acid as a modulator. To be noted that the similar conditions of making Zr-fum-

fcu-MOFs have been reported in literature.33 

5.2.2.1  Synthesis of Zr-fum-fcu-MOF (20) 

Fumaric acid (405 mg, 3.5 mmol), ZrOCl2·8H2O (1150 mg, 3.5 mmol), Formic acid (2.65 mL, 70 

mmol) DMF (18 mL) were combined in a 34 mL vial, sealed and heated to 120°C for 24 h and 

cooled to room temperature. The white polycrystalline powders were collected and air dried. 

As-synthesized sample was washed with 30 mL of anhydrous DMF 6 times over 3 days and 

immersed in 50 mL of methanol for 7 days, during which time the methanol was replaced 2 

times per day. The solid was then dried at 150°C under vacuum for 24 h to yield activated 

sample.  

5.2.2.2  Synthesis of Zr-fum-fcu-MOF (100) 

Fumaric acid (81 mg, 0.7 mmol), ZrOCl2·8H2O (230 mg, 0.7 mmol), Formic acid (2.65 mL, 70 

mmol) DMF (18 mL) were combined in a 34 mL vial, sealed and heated to 120°C for 24 h and 

cooled to room temperature. The white polycrystalline powders were collected and air dried. 

As-synthesized sample was washed with 30 mL of anhydrous DMF 6 times over 3 days and 

immersed in 50 mL of methanol for 7 days, during which time the methanol was replaced 2 

times per day. The solid was then dried at 150°C under vacuum for 24 h to yield activated 

sample.  

5.2.2.3  Synthesis of Zr-fum-fcu-MOF (200) 

Fumaric acid (40.5 mg, 0.35 mmol), ZrOCl2·8H2O (115 mg, 0.35 mmol), Formic acid (2.65 mL, 70 
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mmol) DMF (18 mL) were combined in a 34 mL vial, sealed and heated to 120°C for 24 h and 

cooled to room temperature. The white polycrystalline powders were collected and air dried. 

As-synthesized sample was washed with 30 mL of anhydrous DMF 6 times over 3 days and 

immersed in 50 mL of methanol for 7 days, during which time the methanol was replaced 2 

times per day. The solid was then dried at 150°C under vacuum for 24 h to yield activated 

sample.  

5.2.2.4  Synthesis of other Zr-fum-fcu-MOFs with different modulator/metal 

ratios 

The amounts of formic acid and DMF are same with various amounts of fumaric acid and 

ZrOCl2·8H2O. This leads to the formation of Zr-fum-fcu-MOFs with different modulator/metal 

ratios (20-200) for the further characterization. 

5.2.2.5  Synthesis of SIFSIX-3-Cu  

A methanol solution (5.0 mL) of pyrazine (pyz, 0.30 g, 3.0 mmol) was layered in a glass tube onto 

a methanol solution (5.0 mL) of CuSiF6·xH2O (0.325 g, 0.6 mmol). Upon layering, a fast formation 

of light violet powder was observed, and the powder was left for 24 hours in the mother 

solution. The powder was then collected and washed extensively with methanol then dried 

under vacuum.  

5.3   Results and Discussions 

5.3.1  Defect control in zirconium-based molecular sieve for enhanced separation of 

hydrocarbon isomers  

Interestingly, in the reported synthetic protocol of Zr6O4(OH)4(fumarate)6 (MOF-

801-SC),33 a large excess  of formic acid, which acts as modulator, was used and may be 
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the origin of the observed structural Illustration of molecular defects in the Zr-fum-fcu-

MOF.defects, as it is well-known that monocarboxylic acids can replace organic linkers. 

To confirm this hypothesis, the related MOF, in this study called Zr-fum-200 or 1, was 

prepared using the reported synthetic protocol.33 The purity of 1 was confirmed by 

comparing its PXRD pattern to that calculated from its single crystal data (Figure 5-4). 

The scanning electron microscope (SEM) images confirmed the material was well-

crystallized by showing octahedron-shaped crystallites with sizes between 200 and 400 

nm (Figure 5-5). N2 and water sorption confirmed that the freshly synthesized sample 

displayed a sorption performance similar to previous reports (Figure 5-6). 1 adsorbed 

less iso-butane (~1.5 mmol g-1) than butane (~3 mmol g-1) at 500 torr, but adsorption 

kinetics for iso-butane were found to be much slower than for n-butane (Figure 5-7 and 

Figure 5-8). Therefore, we hypothesized that the high amount of modulators is the main 

factor responsible for defects in Zr-fum-200, which leads to a much lower selectivity 

than observed in the RE-fum-fcu-MOF analogue. To confirm this hypothesis, 1H solid-

state NMR was performed on activated samples to determine the ratio between the 

formate (modulator) and the fumarate (linker) molecules. The spectra displayed peaks 

at 6.4 and 7.6 ppm, corresponding to protons associated with formate and fumarate, 

respectively (Figure 5-9). The integration of both peaks revealed that around 20% of the 

fumarate linkers were replaced by the formate modulators, which induced the window 

aperture to widen, as illustrated in the Figure 5-1. This enlargement was due to a defect 

(in this case, the presence of mono-topic formate instead of ditopic fumarate) that 
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resulted in iso-C4H10 passing through the window with slow diffusion and the observed 

kinetic mechanism associated with the butane/iso-butane separation. 

5 10 15 20 25 30 35 40

 

 

R
e
la

ti
v
e
 I
n

te
n

s
it

y
 (

a
.u

.)

2 Theta (deg)

 Simulated

 Zr-fum-20

 Zr-fum-120

 Zr-fum-100

 Zr-fum-200

 

Figure 5-4. Powder X-ray diffraction of different Zr-fum-fcu-MOF using different modulator amounts. The 
similarity in the experimental and simulated diffraction pattern indicates the phase purities of materials. 

 

Figure 5-5. The SEM images of Zr-fum-200 were recorded in different scales. 
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Figure 5-6. N2 sorption (left) and water sorption (right) isotherms for Zr-fum-200. 

 

Figure 5-7. Adsorption isotherms of n-butane and iso-butane for 1, 2 and 3 collected at 293 K. 
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Figure 5-8. Adsorption kinetics for n-butane and iso-butane in 1, 2 and 3 at 293 K and a given pressure, 
represented by pressure decay from volumetric adsorption instrument 

 

Figure 5-9. 900 MHz 
1
H NMR spectra of (a) Zr-fum-fcu-MOF (200 eq) and (b) Zr-fum-fcu-MOF (100 eq). 

The spectra were recorded with ultrafast spinning rate of 20 kHz with manual  base line correction. The 
peaks assignments were determined based on published reports publish report 

39
.  

To determine the effect of synthetic conditions in general and the role of the 

modulator in particular, reactions were carried out in which (i) different amounts of 

ZrOCl2·8H2O and fumaric acid were used, keeping temperature, reaction time, mole 

ratio of Zr to ligand, and total amount of modulator the same and in which (ii) the 

formic acid to ZrOCl2 ratio was varied from 200 to 20. These modifications led to the 

isolation of two other versions of Zr-fum-fcu-MOF different from the aforementioned 

Zr-fum-200 (1); namely, Zr-fum-100 (2) and Zr-fum-20 (3). 

The phase purity of the bulk crystalline materials for all Zr-fum-fcu-MOFs was 

confirmed by comparing their observed PXRD to that calculated from single crystal data 

(Figure 5-4). Both compounds 2 and 3 were shown to have high thermal and water 

stability (Figure 5-10 and Figure 5-11), which are key parameters for the practical use of 

porous MOFs in gas/vapour separations. The FT-IR analysis indicated the full solvent 

(a) (b)
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exchange of DMF to methanol (Figure 5-12). No loss of crystallinity and no phase change 

were observed after the materials were exposed to water or H2S (up to 10%) (Figure 

5-10), which is a common harmful gas for separation agents, and particularly MOFs. 

 

Figure 5-10. PXRD patterns show the stability of Zr-fum-100 after exposure to water and H2S.  
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Figure 5-11. Thermogravimetric analysis for Zr-fum-fcu-MOFs under the O2 flow, the residues are ZrO2, 
confirmed by PXRD. Samples are firstly activated then exposed in the air. 
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Figure 5-12. Infrared spectra of Zr-fum-fcu-MOF-100, indicating the full solvent exchange of DMF to 
methanol.Infrared spectra of Zr-fum-fcu-MOF-100, indicating the full solvent exchange of DMF to 
methanol. 

The permanent porosities of these materials were confirmed by low-pressure Ar 

adsorption experiments. The apparent BET-specific surface areas based on Ar 

adsorption isotherms were found to be 797, 718 and 676 m2 g-1, and the pore volumes 

at P/P0 = 0.50 were calculated to be 0.30, 0.29 and 0.28 cm3.g-1 for 1, 2 and 3, 

respectively (Figure 5-13, Figure 5-14 and Figure 5-15). 
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Figure 5-13. Ar sorption isotherm for Zr-fum-fcu-MOF (200 eq) collected at 87K (left); the 

corresponding pore size distribution analysis using Ar-DFT model (right). 

 

 
Figure 5-14. Ar sorption isotherm for Zr-fum-fcu-MOF (100 eq) collected at 87K (left); the corresponding 
pore size distribution analysis using Ar-DFT model (right). 

 

Figure 5-15. Ar sorption isotherm for Zr-fum-fcu-MOF (20 eq) collected at 87K (left); the corresponding 
pore size distribution analysis using Ar-DFT model (right). 

Pore-size distribution analyses from the low-pressure Ar adsorption isotherms 

matched the size of the two cages derived from the crystal structure (Figure 5-13, Figure 

5-14 and Figure 5-15). At this stage of the investigation, the results of the Ar probe 

showed that these compounds were identical. Nevertheless, further experimental 

investigations of paraffin adsorption (i.e., n-butane and iso-butane) at 293 K (Figure 5-7) 
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showed obvious differences. Single component adsorption isotherms of n-butane for 

compounds 1, 2 and 3 (Figure 5-7) showed fast adsorption kinetics (Figure 5-8). In 

comparison, investigation of the adsorption of mono-branched paraffins (i.e. iso-butane) 

at 293 K showed that an insignificant amount (~0.2 mmol/g) was adsorbed by 2 (Zr-fum-

100), but a large amount was adsorbed by 3 (Zr-fum-20), compared to the average 

amount adsorbed by 1 (Zr-fum-200). Hence, tuning the reaction conditions and 

decreasing the amount of modulator allowed the fabrication of a Zr-based MOF, Zr-fum-

100 (2), which was able to fully exclude iso-butane from n-butane. This result suggests 

that the degree of defects has a significant impact on the gas separation of hydrocarbon 

isomers such as n-butane and iso-butane. 

The different gas adsorption behaviours of Zr-fum-fcu-MOFs for the selective 

separation of n-butane and iso-butane were demonstrated further by conducting 

simultaneous thermal gravimetric and calorimetric measurements (TG-DSC) (Figure 

5-16). The heat of adsorption (H) of n-C4H10 for 2 was found to be 43.2 KJ/mol, while 

an insignificant exothermic effect was observed for iso-butane. The negligible 

exothermic signal for iso-C4H10 is another compelling indication of the selective 

molecular exclusion of branched paraffins using 2. In contrast, the H of n-butane and 

iso-butane for 3 was calculated to be 39.5 and 37.7 KJ/mol, respectively. In the case of 1, 

-C4H10 adsorption was observed to be ~45.1 KJ/mol, while only an 

insignificant exothermic effect was found for iso-butane, due to the slow adsorption 

kinetics of iso-C4H10 for 1 (Figure 5-17). Interestingly, the enthalpy of the n-C4H10 

adsorption (~43.2 KJ/mol) for 2 is much smaller than that for Y-fum-fcu-MOF (~56 
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KJ/mol), which suggests that a much lower regeneration energy for recycling is required 

to desorb n-C4H10 from 2 compared to Y-fum-fcu-MOF.17  

 

 

Figure 5-16. Heat-flow (in mW) for the adsorption of n-butane and iso-butane on 3 (top) and 2 (bottom) 
obtained by TG-DSC analysis.  

H = 39.5 KJ/mol

H = 37.7 KJ/mol

H = 43.2 KJ/mol
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Figure 5-17. Heat-flow (in mW) for the adsorption of n-butane and iso-butane on Zr-fum-200 obtained by 
TG-DSC analysis. 

To further confirm the observed selective molecular exclusion of iso-C4H10, a 

breakthrough adsorption test was carried out at 293 K and 1 bar total pressure using a 

column filled with ~850 mg of 2, and an n-C4H10/iso-C4H10/N2: 5/5/90 gas mixture 

(Figure 5-18). The mixture composition was inspired by the negligible uptake of N2 

compared to n-C4H10 and its use as a reference non-absorbable gas. Using a 25 ml/min 

gas flow, ~2.51 mmol/g of n-C4H10 was retained in the column for ~38.2 minutes, in 

good agreement with the n-C4H10 single adsorption data at 35 torr partial pressure (top 

of Figure 5-18). In contrast, iso-C4H10 breaks through in less than 1 min, almost 

immediately after the reference N2. Only a negligible amount, ~0.06 mmol/g, of iso-

C4H10 was adsorbed. It is important to note that the column maintained full capacity for 

the iso-C4H10/n-C4H10 separation after exposure to H2S (Figure 5-19). The breakthrough 

curve of iso-butane was normalized to take into account both the concentration and the 

H = 45.1 KJ/mol
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overlap of mass fragmentation between n-butane and iso-butane. The amount of n-

C4H10 adsorbed (~2.51 mmol/g) by 2 was much higher than that observed in the case of 

Tb-fum-fcu-MOF (~0.8 mmol/g). The combination of higher uptake, faster adsorption, 

and lower heat of n-C4H10 adsorption indicates that Zr-fum-fcu-MOF might be better for 

butane/iso-butane separation than RE-fum-fcu-MOF.  

 

 

Figure 5-18. Column breakthrough test for the adsorption of mixed n-butane (5%) and iso-butane (5%) in 
balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (top) and 3 (bottom) at 293 K and 1 bar, with 
25 cm

3
/min total flow. 

N2

iso-C4H10 n-C4H10

N2

iso-C4H10 n-C4H10
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Figure 5-19. Column breakthrough test for the adsorption of mixed n-butane (5%) and iso-butane (5%) in 
balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 293 K and 1 bar, with 25 
cm

3
/min total flow, after exposure to the H2S. 

In contrast, the breakthrough adsorption test using a column filled with ~433 mg 

of 3 under the same conditions as those used for 2 (bottom of Figure 5-18) showed that 

the retention times were ~7.8 min and ~13.7 min for iso-C4H10 and n-C4H10, respectively. 

The non-negligible retention time for iso-C4H10 (~1.00 mmol/g) (in good agreement with 

the single adsorption data) and the fast adsorption kinetics indicate that n-C4H10/iso-

C4H10 separation using 3 is rather poor, primarily driven by an equilibrium-based 

mechanism. To further confirm that the deviation from the full iso-C4H10 exclusion 

behaviour was caused by a large number of defects, the crystallinity of the material was 

evaluated and the nature of the coordination to the cluster was accessed using SEM 

coupled with energy-dispersive x-ray spectroscopy (EDS). The SEM images (Figure 5-20) 

clearly revealed the low crystallinity of 3, which was corroborated by the relatively 

larger peaks observed in PXRD pattern and the shape of the N2 adsorption isotherm. The 

N2

iso-C4H10 n-C4H10
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EDS analysis clearly indicated that 3 contains a non-negligible amount of chlorine (Zr/Cl: 

2.3), whereas no chlorine was detected in 1 or 2 (Figure 5-21, Figure 5-22 and Figure 

5-23). In the case of Zr-fum-20 (3), the presence of chlorine and the poor crystallinity 

suggest that some fumarate linkers could be replaced by chlorine, inducing even more 

critical defects when a large amount ZrOCl2 is used and, thus, explaining the 

thermodynamically driven separation. 

 

Figure 5-20. The SEM images of Zr-fum-20 in were recorded different scales. 

 

Element Wt% At%

CK 39.46 65.39

OK 18.84 23.44

ZrL 35.66 07.78

ClK 06.03 03.39

Matrix Correction ZAF
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Figure 5-21. The EDS data of Zr-fum-20 indicates the present of chlorine ion inside the MOFs. 

 

Figure 5-22. The SEM images of Zr-fum-100 were recorded in different scales. 

 

Zr-fum-100

Zr-fum-200
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Figure 5-23. The EDS data of Zr-fum-100 and Zr-fum-200 indicate no chlorine ion inside the MOFs. 

The nearly complete sieving of iso-C4H10 from n-C4H10, in combination with the 

fast diffusion, high uptake, and mild energy of regeneration, makes Zr-fum-fcu-MOF (2) 

suitable for a simplified separation process based on the purge swing recycling mode 

(PSRM). PSRM consumes less energy than the vacuum swing recycling mode (VSRM) or 

the temperature swing recycling mode (TSRM). Accordingly, n-C4H10/iso-C4H10/N2: 

5/5/90 cyclic adsorption-desorption tests at 323 K were carried out based on 9.4 min 

adsorption and 10 min desorption, using PSRM with a 50 cm3/min total flow in a fixed 

bed containing ~0.85 g of adsorbent 2 and using He as a purge gas. The test showed a 

steady n-C4H10 adsorption amount of ~1.23 mol/kg (Figure 5-24 to Figure 5-33) over 

nine cycles. 

 

Figure 5-24. Cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and iso-butane 
(5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 at 323 K and 1 bar, with 50 cm

3
/min 

total flow and He as a purge gas. 
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Figure 5-25. 1
st

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

 

 

Figure 5-26. 2
nd

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

N2

iso-C4H10 n-C4H10

N2

iso-C4H10 n-C4H10
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Figure 5-27. 3
rd

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

 

Figure 5-28. 4
th

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

N2

iso-C4H10 n-C4H10

N2

iso-C4H10 n-C4H10
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Figure 5-29. 5
th

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

 

Figure 5-30. 6
th

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

 

 

N2

iso-C4H10 n-C4H10

N2

iso-C4H10 n-C4H10
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Figure 5-31. 7
th

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

 

Figure 5-32. 8
th

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

N2

iso-C4H10 n-C4H10

N2

iso-C4H10 n-C4H10
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Figure 5-33. 9
th

 cycle of cyclic column breakthrough tests for the adsorption of mixed n-butane (5%) and 
iso-butane (5%) in balance with N2 (n-C4H10/iso-C4H10/N2: 5/5/90 mixture) on 2 (Zr-fum-100) at 323 K and 
1 bar, with 50 cm

3
/min total flow and He as a purge gas. 

5.3.2  SIFSIX-3-Cu for low concentration CO2 removal 

The CO2 adsorption study on a series of isoreticular MOFs with periodically 

arrayed hexafluorosilicate (SIFSIX) pillars (i.e. SIFSIX-2-Cu-i and SIFSIX-3-Zn) was 

reported (Figure 5-34).38 Principally the SIFSIX-3-Zn exhibits exceptional crucial features 

of CO2 adsorption appropriate for post-combustion capture (i.e. the CO2 partial pressure 

of 0.1 bar) and pre-combustion capture (i.e. high carbon dioxide concentration and high 

pressure). 

N2

iso-C4H10 n-C4H10
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Figure 5-34. Pore size tuning of the MOF structures of (a) SIFSIX-2-Cu-i, (b) SIFSIX-3-Zn or/and SIFSIX-3-
Cu. (a) SIFSIX-2-Cu-i; pores size 5.15 Å, BET apparent surface area (N2 adsorption) 735 m

2
.g

-1
. (b) SIFSIX-3-

Zn; pores size 3.84 Å, BET apparent surface area 250 m
2
.g

-1
 (determined from the CO2 adsorption 

isotherm at 298K); SIFSIX-3-Cu; pores size 3.50 Å (NLDFT), BET and langmuir apparent surface area ca. 300 
m

2
.g

-1
 (determined from the CO2 adsorption isotherm at 298K). Colour code: Dipyridilacetylene (dpa, thick 

light green polygon), pyrazine (pyz, blue polygon), Zn, Cu (purple polyhedra), Si (light blue spheres), F 
(light green spheres). All guest molecules are omitted for clarity. Note that the grey net represents the 
interpenetrated net in SIFSIX-2-Cu-i. 

The pore size contraction (from 5.15 Å for SIFSIX-2-Cu-i to 3.84 Å for SIFSIX-3-Zn) 

led to the pronounced steep CO2 adsorption isotherms of SIFSIX-3-Zn over a wide range 
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of temperatures. Therefore, SIFSIX-3-Zn shows a remarkable high CO2 uptake in the 

range under 5% CO2, particularly important for CO2 adsorption in trace concentrations. 

The evident impact of pore size contraction on the CO2 adsorption energetics and 

uptake has encouraged us to explore the further reduction of the pore size of the 

SIFSIX-3-M derivatives (M = metal). Transitional metal substitution is a feasible way to 

achieve this goal. An iso-structural SIFSIX-3-Cu could potentially have contracted pore 

size due to Jahn-Teller distortions of octahedrally coordinated Cu(II) cation. As 

illustrated in Figure 5-34, compared to the SIFSIX-3-Zn, SIFSIX-3-Cu exhibits elongated 

M-F bonds and relatively shorter M-N bonds. 

The mixing of 5.0 mL methanol solution of CuSiF6·xH2O (0.325 g, 0.6 mmol) and 

5.0 mL methanol solution of pyrazine (pyz, 0.30 g, 3.0 mmol) led to the formation of 

unprecedented SIFSIX-3-Cu, which is different with any related reported structures, i.e. 

the Cu-2D structures or the 3D Zn analogue reported by group.40 The structural solution 

from PXRD pattern revealed SIFSIX-3-Cu is an iso-structure to SIFSIX-3-Zn. The relatively 

sharp pore size distribution (PSD) analysis as determined from the CO2 adsorption 

isotherms shows average pore size of SIFSIX-3-Cu is at 3.5Å using NLDFT model, which is 

smaller than that of the SIFSIX-3-Zn (i.e. 3.5-4 Å) (Figure 5-35 (b)). 
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Figure 5-35. (a) CO2 adsorption isotherms at variable temperatures for SIFSIX-3-Cu and (b) pore size 
distribution derived from the CO2 sorption isotherm (CO2 at 273 K NLDFT) for SIFSIX-3-Cu.  

Various CO2 adsorption studies were performed to evaluate the potential of 

SIFSIX-3-Cu for CO2 capture. 38 38 The SIFSIX-3-Cu displays steeper variable temperature 

CO2 adsorption isotherms (Figure 5-35 (a)) at very low partial pressure than the Zn 

analogue. The Qst of CO2 adsorption in the contracted SIFSIX-3-Cu is higher than the Zn 

analogue (54 vs. 45 kJ mol-1), indicative of relatively stronger CO2- framework 

interactions after pore size contraction (Figure 5-36). The fact that the Qst for CO2 

adsorption was steady constant up to relatively high CO2 loadings indicates homogenous 

binding sites over the full range of CO2 loading. As shown in the structure, the four 

fluorine atoms from the SiF6
2- pillars are in the same plane and point to the channel, 

thus generating a proximal confined charge density to the adsorbed CO2 molecules. 

Therefore the relatively narrower pore size in the case of SIFSIX-3-Cu over Zn analogue 

permits the stronger interactions between each carbon dioxide molecule and four 

fluorine atoms. To be noted that SIFSIX-3-Cu can be simply and fully regenerated via 

evacuation at 323 K in vacuum or under N2 flow environment. 
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Figure 5-36. Isosteric heats of adsorption at low coverage for SIFSIX-3-Cu, SIFSIX-3-Zn and SIFSIX-2-Cu-i. 

Furthermore, column breakthrough experiments were used to experimentally 

investigate the CO2 selectivity for SIFSIX-3-Zn and SIFSIX-3-Cu at traces CO2 for binary 

CO2/N2 (i.e. 1000 ppm/99.9% mixture) at 298 K in dry as well as in humid conditions 

(Figure 5-37). Both SIFSIX-3-Zn and SIFSIX-3-Cu exhibit very high selectivity for CO2 

under continuous CO2/N2 gas mixture flux (5 cm3.min-1), and the uncertainties are large 

due to the low N2 uptake. However, for comparison, the SIFSIX-3-Cu shows about 50% 

relative increase in CO2 selectivity at 1000 ppm/99.9% CO2/N2 mixture steam. The CO2 

apparent selectivity of SIFSIX-3-Cu for trace CO2 capture was not affected by the 

presence of humidity inside the gas flow as revealed from the column breakthrough 

tests performed on both dry and 74 % relative humidity (RH) (Figure 5-37 (b)).  
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Figure 5-37. (a) Column breakthrough test of 1000 ppm/99.9% CO2/N2for SIFSIX-3-Cu, SIFSIX-3-Zn in dry 
condition. (b) Column breakthrough test of 1000 ppm/99.9% CO2/N2 for SIFSIX-3-Cu in dry as well as at 
74%RH.  

5.4   Conclusion 

In summary, this study of the first part shows for the first time how the degree of 

molecular defects has an important effect on the performance of ultra-microporous materials in 

gas separations, as illustrated in the case of n-C4H10/iso-C4H10 using a full molecular sieving 

mechanism. By modifying the synthesis conditions, a Zr-fum-fcu-MOF with relatively few 

molecular defects could be fabricated. The elimination of different types of defects leads to a 

promising n-C4H10/iso-C4H10 separation performance, as evidenced using single-gas adsorption, 

mixed-gas breakthrough experiments and calorimetric studies.  By using fumarate as a bridging 

linker and controlling the in-situ formation of the hexanuclear zirconium cluster with a 

moderate amount of formic acid modulator, the assembly of Zr-fum-fcu-MOF with minimal 

defects was possible. This facilitated the occurrence of uniform triangular windows with an 

aperture size of ~4.7 Å, which resulted in the highly selective molecular exclusion of branched 

iso-butane from normal n-butane. The experimental separation process based on PSRM further 

demonstrated the appropriateness of this material as a stable sieving adsorbent for iso-butane 

purification, extremely important for the production of the refrigerant R600a. Further work will 
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focus on exploring the effects of different types of structural defects when using Zr-fum-fcu-

MOF as the membrane or filler in mixed matrix membranes. 

In the second part, we showed how a reticular chemistry approach can be used to fine 

tune pore size in the case of SIFSIX-3-Cu vs. SIFSIX-3-Zn, which in turn affords the resultant 

materials with exceptional CO2 uptake and selectivity, as well as favourable energetics. SIFSIX-3-

Cu can therefore be a potential candidate for traces CO2 removal and air capture. Moreover, the 

high CO2 energetics of this unique porous solid is fully due to the physical driven adsorption 

mechanism.  
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Chapter 6. Summary and perspective 
 

The introduction and development of reticular chemistry (i.e. topological net 

guides the synthesis of 3-periodic frameworks) pave the way for the control at the 

molecular level over porous solid-state materials such as MOFs to potentially address 

the pending challenges related to energy and environment. The research in this 

dissertation focused on the reticular synthesis of porous MOFs and their potential 

applications in gas storage and separation. Particularly, the novel minimal edge-

transitive derived and related nets were properly utilized to guide the rational 

construction of MOFs based on double-six membered ring building blocks, where the 

accurate molecular assembly were achieved. 

First, a series of highly stable RE porphyrinic (4,12)-c shp-MOFs based on the 

assembly of 12-connected nonanuclear carboxylate-based MBBs and 4-connected 

tetratopic ligands were designed and constructed. We later describe the rational design 

and deliberate assembly of the long-awaited (6,12)-c alb-MOFs (i.e. RE-alb-MOF-1 and 

In-alb-MOF-1). The two alb-MOFs are related to the same parent alb topology, based on 

the combination of trigonal prism and hexagonal prism net-cBUs, but different alb-

derived net, were constructed via a topological transplantation. Especially, the In-alb-

MOF-1 represents the first example of alb-MOFs based on the assembly of a metal 

trinuclear cluster and a purposely-made 12-c dodecacarboxylate ligand. Moreover, the 

same approach was employed successfully to transplant the shp topology into a copper-

based MOF by employing the copper paddlewheel [Cu2(O2C−)4] cluster as the 
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complementary 4-c square building unit and thus offering the assembly of the first Cu-

shp-MOF. 

We further described the procedure for obtaining minimal edge-transitive 

derived nets from the parent highly-connected edge-transitive net (i.e. shp net or alb 

net) based on splitting one type of vertex into groups of linked vertices of lower 

coordination. Minimal edge-transitive related trinodal nets were found for different 

edge-transitive nets via the same procedure from edge-transitive nets. Two of them 

were deployed to guide the assembly of two types of highly connected MOFs, namely 

(3,4,12)-c kce- and (3,6,12)-c kex-MOFs. Notably, the dodecacarboxylate organic linkers 

inside kex-MOF-1 can also be viewed as d6Rs, thus making it so far the first example of 

ZMOFs constructed from d6R organic MBBs with afx topology. 

The edge-transitive supermolecular building layers can also be used to construct 

isoreticular (3,6)-connected eea-MOFs and rtl-MOFs. The acylamide-functionalized eea-

MOF showed a relatively good capacity for CO2 storage, as well as good selectivity 

toward CO2. The deliberate pore size reduction for isoreticular eea-MOFs resulted in an 

enhanced local charge density and subsequently an increased CO2 uptake at both 

relatively low pressures (0.15 bar) and atmospheric pressures.  

Although a highly porous MOF (i.e. Al-cea-MOF-1) based on aluminum rod SBUs 

with a novel cea topology was obtained by serendipity, the further rational practice of 

reticular chemistry led to the design and construction of the isoreticular Al-cea-MOF-2 

with functional pendant acid moieties. This led to the improved light hydrocarbons 

separation performance, namely C2+/ CH4 separation, suggesting that C2+ 
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hydrocarbons could be selectively removed from natural gas to produce a relatively 

valuable commodity such as CH4.  

Finally, the reticular synthesis of a series of Zr-fum-fcu-MOF with a diverse 

degree of molecular defects, which in turn has an important effect on the performance 

of ultra-microporous materials in gas separations, as illustrated in the case of n-

C4H10/iso-C4H10 using a full molecular sieving mechanism. The elimination of different 

types of defects leads to a promising n-C4H10/iso-C4H10 separation performance, as 

evidenced using single-gas adsorption, mixed-gas breakthrough experiments and 

calorimetric studies. The experimental separation process based on PSRM further 

demonstrated the appropriateness of this material as a stable sieving adsorbent for iso-

butane purification, extremely important for the production of the refrigerant R600a. 

Work is in progress on exploring the effects of different types of structural defects when 

using Zr-fum-fcu-MOF as the membrane or filler in mixed matrix membranes. Zr-fum-

fcu-MOF with minimal defects, due to its cut-off size; fast diffusion; and high uptake, 

should be promising candidates as filters in mix matrixed membranes for hydrocarbon 

separation. Furthermore, defect control can also be applied to other systems (e.g. Zr-

BDC or UiO-66) and led to the direct visualization of mixing linkers or mixing clusters by 

the use of High-resolution transmission electron microscopy (HRTEM). 

When I got beautiful targeted single crystals with only one trial via right reaction 

conditions, I realized how powerfull is the designed synthesis by reticular chemistry. And 

this is the case for alb-MOFs and kex-MOFs. Sometimes, modifications of condition are 

needed to obtain bigger single crystals (i.e. RE-shp-MOFs). Of course, experimental trials 
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in chemistry are extremely important to have new findings and breakthroughs. The 

precise targeted experiment, on the other hand, is also vital to save energy and money 

spent in the lab, and to have the feeling of achievement.  

Minimal edge-transitive nets listed in this thesis and included in RCSR database 

are the blueprints for the future designed syntheses. I believe more structures will 

appear based on those highly connected nets (transitivity [32]). The other important 

trend is the multi-component MOFs based on the minimal edge-transitive nets, which 

could potentially introduce more functionalities. In the end of this thesis, superior 

control in the MOF design via reticular chemistry offers great potential for the 

development of MOFs with programmed properties to address the persistent needs. 
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Appendix A. Crystal Structure Tables 
 

Table A.1. Crystal data and structure refinement for Y-shp-MOF-1 (1) 

Empirical formula C154H150N17O47Y9 

Formula weight 3791.09 

Crystal system, space group Hexagonal, P6/mmm 

Unit cell dimensions a = 22.689(3) Å, c = 17.861(3) Å 

Volume 7963(2) Å
3
 

Z, calculated density 1, 0.791 Mg m
-3

 

F(000) 1920 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 2.46 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.094 and 0.021 

Crystal size 0.03 × 0.05 × 0.05 mm 

Shape, color Hexagonal prism, red 

 range for data collection 7.8–53.4° 

Limiting indices -22 ≤ h ≤ 23, -17 ≤ k ≤ 23, -18 ≤ l ≤ 12 

Reflection collected / unique / 

observed with I > 2(I) 

14618 / 1842 (Rint = 0.077) / 1625 

Completeness to max = 53.4° 97.9 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 1842 / 106 / 157 

Final R indices [I > 2(I)] R1 = 0.110, wR2 = 0.285 

Final R indices (all data) R1 = 0.117, wR2 = 0.289 

Weighting scheme [2
(Fo

2
) + (0.1466P)

2
 + 21.1136P]

-1*
 

Extinction coefficient 0.006(1) 

Goodness-of-fit 1.03 

Largest diff. peak and hole 0.66 and -1.86 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.2. Crystal data and structure refinement for Y-shp-MOF-1-Zn (1-Zn) 

Empirical formula C154H154N17O50Y9Zn3 

Formula weight 4039.23 

Crystal system, space group Hexagonal, P6/mmm 

Unit cell dimensions a = 22.779(2) Å, c = 17.808(2) Å 

Volume 8002(2) Å
3
 

Z, calculated density 1, 0.838 Mg m
-3

 

F(000) 2038 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 2.70 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.085 and 0.012 

Crystal size 0.02 × 0.05 × 0.06 mm 

Shape, color Hexagonal prism, red 

 range for data collection 2.2–66.3° 

Limiting indices -21 ≤ h ≤ 25, -21 ≤ k ≤ 23, -19 ≤ l ≤ 21 

Reflection collected / unique / 

observed with I > 2(I) 

27437 / 2768 (Rint = 0.061) / 2296 

Completeness to max = 66.9° 99.2 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 2768 / 117 / 164 

Final R indices [I > 2(I)] R1 = 0.128, wR2 = 0.267 

Final R indices (all data) R1 = 0.139, wR2 = 0.269 

Weighting scheme [2
(Fo

2
) + (0.0013P)

2
 + 69.348P]

-1*
 

Extinction coefficient none 

Goodness-of-fit 1.05 

Largest diff. peak and hole 0.82 and -1.40 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.3. Crystal data and structure refinement for Y-shp-MOF-1-Fe (1-Fe) 

Empirical formula C154H148Cl3Fe3N17O47Y9 

Formula weight 4062.98 

Crystal system, space group Hexagonal, P6/mmm 

Unit cell dimensions a = 23.041(2) Å, c = 17.576(2) Å 

Volume 8081(1) Å
3
 

Z, calculated density 1, 0.835 Mg m
-3

 

F(000) 2047 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 3.70 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.101 and 0.020 

Crystal size 0.03 × 0.06 × 0.07 mm 

Shape, color Hexagonal prism, dark brown 

 range for data collection 2.2–66.7° 

Limiting indices -27 ≤ h ≤ 26, -26 ≤ k ≤ 26, -20 ≤ l ≤ 17 

Reflection collected / unique / 

observed with I > 2(I) 

29926 / 2780 (Rint = 0.042) / 2656 

Completeness to max = 66.7° 99.3 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 2780 / 80 / 164 

Final R indices [I > 2(I)] R1 = 0.082, wR2 = 0.237 

Final R indices (all data) R1 = 0.083, wR2 = 0.239 

Weighting scheme [2
(Fo

2
) + (0.1552P)

2
 + 10.3996P]

-1*
 

Extinction coefficient None 

Goodness-of-fit 1.03 

Largest diff. peak and hole 1.11 and -1.75 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.4. Crystal data and structure refinement for Y-shp-MOF-1 (1) 

Table S4: Crystal data and structure refinement for Tb-shp-MOF-1 (2) 

Empirical formula C154H150N17O47Tb9 

Formula weight 4421.18 

Crystal system, space group Hexagonal, P6/mmm 

Unit cell dimensions a = 22.677(2) Å, c = 17.973(1) Å 

Volume 8004(1) Å
3
 

Z, calculated density 1, 0.917 Mg m
-3

 

F(000) 2154 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 9.91 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.069 and 0.007 

Crystal size 0.002 × 0.01 × 0.01 mm 

Shape, color Hexagonal prism, red 

 range for data collection 2.3–51.9° 

Limiting indices -23 ≤ h ≤ 19, -16 ≤ k ≤ 23, -18 ≤ l ≤ 18 

Reflection collected / unique / 

observed with I > 2(I) 

21557 / 1777 (Rint = 0.055) / 1668 

Completeness to max = 51.9° 99.4 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 1777 / 197 / 142 

Final R indices [I > 2(I)] R1 = 0.173, wR2 = 0.343 

Final R indices (all data) R1 = 0.177, wR2 = 0.344 

Weighting scheme [2
(Fo

2
) + (0.0061P)

2
 + 177.3158P]

-1*
 

Extinction coefficient None 

Goodness-of-fit 1.09 

Largest diff. peak and hole 0.85 and -3.05 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 

  



327 
 

 
 

Table A.5. Crystal data and structure refinement for Y-alb-MOF-1 (3) 

Empirical formula C160H136F2N4O38Y6 

Formula weight 3294.18 

Crystal system, space group Monoclinic, P2/m 

Unit cell dimensions a = 18.998(1) Å, b = 17.5118(7) Å, c = 

19.567(1) Å,  = 115.009(8)° 

Volume 5899.3(7) Å
3
 

Z, calculated density 1, 0.927 Mg m
-3

 

F(000) 1680 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 2.33 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.753 and 0.547 

Crystal size 0.01 × 0.05 × 0.08 mm 

Shape, color Truncated rectangular pyramid, colorless 

 range for data collection 2.5–65.1° 

Limiting indices -22 ≤ h ≤ 21, -20 ≤ k ≤ 16, -23 ≤ l ≤ 21 

Reflection collected / unique / 

observed with I > 2(I) 

29971 / 10377 (Rint = 0.092) / 6986 

Completeness to max = 65.1° 99.9 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 10377 / 381 / 527 

Final R indices [I > 2(I)] R1 = 0.134, wR2 = 0.363 

Final R indices (all data) R1 = 0.160, wR2 = 0.384 

Weighting scheme [
2
(Fo

2
) + (0.2P)

2
]

-1*
 

Extinction coefficient None 

Goodness-of-fit 1.41 

Largest diff. peak and hole 2.67 and -1.58 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.6. Crystal data and structure refinement for Tb-alb-MOF-1 (4) 

Empirical formula C160H136F2N4O38Tb6 

Formula weight 3714.24 

Crystal system, space group Monoclinic, P2/m 

Unit cell dimensions a = 19.985 (2) Å, b = 17.414 (1) Å, c = 

20.090 (2) Å,  = 115.567 (5)° 

Volume 6306.9(9) Å
3
 

Z, calculated density 1, 0.978 Mg m
-3

 

F(000) 1836 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 8.50 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.062 and 0.009 

Crystal size 0.003 × 0.05 × 0.08 mm 

Shape, color Thin plate, colorless 

 range for data collection 2.4–54.2° 

Limiting indices -21 ≤ h ≤ 20, -18 ≤ k ≤ 18, -21 ≤ l ≤ 21 

Reflection collected / unique / 

observed with I > 2(I) 

48396 / 7999 (Rint = 0.099) / 5713 

Completeness to max = 54.2° 100.0 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 7999 / 548 / 338 

Final R indices [I > 2(I)] R1 = 0.184, wR2 = 0.476 

Final R indices (all data) R1 = 0.211, wR2 = 0.505 

Weighting scheme [
2
(Fo

2
) + (0.2P)

2
]

-1*
 

Extinction coefficient None 

Goodness-of-fit 2.02 

Largest diff. peak and hole 1.20 and -2.25 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.7. Crystal data and structure refinement for In-alb-MOF-1 (5) 

Empirical formula C68.75H49.58In3N0.58O21.33 

Formula weight 1569.63 

Crystal system, space group Hexagonal, P6/m 

Unit cell dimensions a = 39.039(2) Å, c = 24.901(1) Å 

Volume 32867(4) Å
3
 

Z, calculated density 12, 0.952 Mg m
-3

 

F(000) 9406 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 5.40 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.753 and 0.607 

Crystal size 0.01 × 0.01 × 0.05 mm 

Shape, color Prism, colorless 

 range for data collection 2.6–61.2° 

Limiting indices -44 ≤ h ≤ 44, -43 ≤ k ≤ 35, -19 ≤ l ≤ 26 

Reflection collected / unique / 

observed with I > 2(I) 

88568 / 17132 (Rint = 0.063) / 12932 

Completeness to max = 61.1° 99.2 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 17132 / 647 / 1099 

Final R indices [I > 2(I)] R1 = 0.063, wR2 = 0.196 

Final R indices (all data) R1 = 0.083, wR2 = 0.214 

Weighting scheme [
2
(Fo

2
) + (0.2P)

2
]

-1*
 

Extinction coefficient None 

Goodness-of-fit 0.85 

Largest diff. peak and hole 2.17 and -0.67 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.8. Crystal data and structure refinement for Cu-shp-MOF-1 (6) 

Empirical formula C132H90Cu6O36 

Formula weight 2633.27 

Crystal system, space group Hexagonal, P6/mcc 

Unit cell dimensions a = 24.0888(8) Å, c = 23.9689(9) Å 

Volume 12045.1(9) Å
3
 

Z, calculated density 2, 0.726 Mg m
-3

 

F(000) 2688 

Temperature (K) 100.0(1) 

Radiation type Cu K 

Absorption coefficient 0.93 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.105 and 0.047 

Crystal size 0.15 × 0.20 × 0.25 mm 

Shape, color Irregular, light blue 

 range for data collection 2.1–38.1° 

Limiting indices -19 ≤ h ≤ 19, -19 ≤ k ≤ 19, -19 ≤ l ≤ 19 

Reflection collected / unique / 

observed with I > 2(I) 

104726 / 1131 (Rint = 0.083) / 800 

Completeness to max = 38.1° 99.6 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 1131 / 162 / 184 

Final R indices [I > 2(I)] R1 = 0.185, wR2 = 0.515 

Final R indices (all data) R1 = 0.221, wR2 = 0.561 

Weighting scheme [2
(Fo

2
) + (0. 2P)

2
]

-1*
 

Extinction coefficient None 

Goodness-of-fit 2.84 

Largest diff. peak and hole 0.62 and -0.41 e Å
-3

 
*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.9. Crystal data and structure refinement for Y-kce-MOF-1 

Empirical formula C141H133N3O53Y9 

Formula weight 3517.69 

Crystal system, space group Cubic, Im-3m 

Unit cell dimensions a = 43.475(2) Å  

Volume 82170(10) Å
3
 

Z, calculated density 8, 0.569 Mg m
-3

 

F(000) 14200 

Temperature (K) 100.0(1) 

Radiation type,  Cu K1.54178 Å 

Absorption coefficient 1.89 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 1.000 and 0.792 

Crystal size 0.05 × 0.05 × 0.05 mm 

Shape, colour Octahedron, colorless 

 range for data collection 1.4–34.0° 

Limiting indices -31 ≤ h ≤ 31, -28 ≤ k ≤ 29, -31 ≤ l ≤ 21 

Reflection collected / unique / 

observed with I > 2(I) 

41159 / 1608 (Rint = 0.047) / 1367 

Completeness to max = 34.0° 99.4 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 1608 / 253 / 222 

Final R indices [I > 2(I)] R1 = 0.102, wR2 = 0.371 

Final R indices (all data) R1 = 0.112, wR2 = 0.387 

Weighting scheme [2
(Fo

2
) + (0.2P)

2
]

-1*
 

Goodness-of-fit 1.94 

Largest diff. peak and hole 0.49 and -0.33 e Å
-3

 

*
P = (Fo

2
 + 2Fc

2
)/3 

 

  



332 
 

 
 

Table A.10. Crystal data and structure refinement for Y-kex-MOF-1 

Empirical formula C138H130N3O53Y9 

Formula weight 3478.63 

Crystal system, space group Hexagonal, P63/m 

Unit cell dimensions a = 23.951(1) Å, c = 32.354(2) Å  

Volume 16073(2) Å
3
 

Z, calculated density 2, 0.719 Mg m
-3

 

F(000) 3508 

Temperature (K) 100.0(1) 

Radiation type,  Cu K1.54178 Å 

Absorption coefficient 2.41 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.151 and 0.051 

Crystal size 0.12 × 0.15 × 0.22 mm 

Shape, colour Hexagonal prism, colorless 

 range for data collection 1.4–66.6° 

Limiting indices -24 ≤ h ≤ 28, -28 ≤ k ≤ 25, -37 ≤ l ≤ 38 

Reflection collected / unique / 

observed with I > 2(I) 

70135 / 9645 (Rint = 0.037) / 6042 

Completeness to max = 66.6° 99.8 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 9645 / 420 / 328 

Final R indices [I > 2(I)] R1 = 0.087, wR2 = 0.265 

Final R indices (all data) R1 = 0.118, wR2 = 0.302 

Weighting scheme [2
(Fo

2
) + (0.2P)

2
]

-1*
 

Goodness-of-fit 1.13 

Largest diff. peak and hole 1.95 and -0.73 e Å
-3

 

*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.11. Crystal data and structure refinement for Tb-kex-MOF-1 

Empirical formula C138H130N3O53Tb9 

Formula weight 4108.72 

Crystal system, space group Hexagonal, P63/m 

Unit cell dimensions a = 23.7931(3) Å, c = 32.3652(5) Å  

Volume 15867.6(5) Å
3
 

Z, calculated density 2, 0.860  Mg m
-3

 

F(000) 3976 

Temperature (K) 100.0(1) 

Radiation type,  Cu K1.54178 Å 

Absorption coefficient 9.98 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.128 and 0.043 

Crystal size 0.20 × 0.25 × 0.32 mm 

Shape, colour Hexagonal prism, colorless 

 range for data collection 1.4–46.1° 

Limiting indices -20 ≤ h ≤ 22, -21 ≤ k ≤ 22, -30 ≤ l ≤ 29 

Reflection collected / unique / 

observed with I > 2(I) 

34506 / 4632 (Rint = 0.039) / 3308 

Completeness to max = 46.1° 99.7 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 4632 / 464 / 330 

Final R indices [I > 2(I)] R1 = 0.092, wR2 = 0.293 

Final R indices (all data) R1 = 0.119, wR2 = 0.318 

Weighting scheme [2
(Fo

2
) + (0.2P)

2
]

-1*
 

Goodness-of-fit 1.31 

Largest diff. peak and hole 1.68 and -0.86 e Å
-3

 

*
P = (Fo

2
 + 2Fc

2
)/3 
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Table A.12. Crystal data and structure refinement for rtl-MOF-2, rtl-MOF-3, and rtl-MOF-4. 

 rtl-MOF-2 rtl-MOF-3 rtl-MOF-4 

Empirical formula C13H8 CuN2O4 C13H8CuN2O4 C12H7CuN3O4 

Formula weight 319.76 319.75 329.75 g.mol-1 

Temperature, Wavelength  150(2) K, 1.54178 Å 

Crystal system, space group Monoclinic, P21/c 

Unit cell dimensions  a = 11.573(1) Å,  

b = 12.429(2) Å,  

c = 14.425(2) Å 

 = 102.10(2) 

a = 12.5824(6) Å,  

b = 11.7081(7) Å,  

c = 14.7356(7) Å 

 = 114.99(1) 

a = 12.599(1) Å,  

b = 11.852(1) Å,  

c = 14.594(1) Å 

 = 115.37(2) 

Volume                             2028.8(4) Å3 1967.5(2) Å3 1969.0(2) Å3 

Z, Calculated density 4, 1.044 g.cm-3 4, 1.079 g.cm-3 4, 1.082 g.cm-3 

 range for data collection 3.91 to 65.84 3.88 to 60.04 5.02 to 62.43 

Limiting indices -6<=h<=13, -12<=k<=14, -16<=l<=16 -14<=h<=13, -12<=k<=13, -14<=l<=16 -14<=h<=14, -13<=k<=13,-16<=l<=15 

Reflections collected / unique  10664 / 3369  

[R(int) = 0.0245] 

9375 / 2820  

[R(int) = 0.0303] 

24370 / 3115  

[R(int) = 0.0392] 

Completeness 95.6% 96.7 % 99.4 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3369 / 0 / 181 2820 / 0 / 181 3115 / 0 / 181 

Goodness-of-fit on F2 1.288 1.138 1.185 

Final R indices [I>2(I)] R1 = 0.0430,  

wR2 = 0.1487 

R1 = 0.0467,  

wR2 = 0.1212 

R1 = 0.0529,  

wR2 = 0.1363 

R indices (all data) R1 = 0.0460,  

wR2 = 0.1514 

R1 = 0.0493,  

wR2 = 0.1224 

R1 = 0.0541,  

wR2 = 0.1369 

Largest diff. peak and hole 0.757 and -0.474 e.A-3 0.500 and -0.367 e.A-3 0.602 and -0.627 e.A-3 
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Table A.13. Crystal data and structure refinement for eea-MOF-4 and eea-MOF-5. 

 eea-MOF-4 eea-MOF-5 

Empirical formula C14H7CuN2O5 C14H7CuN2O5 

Formula weight 349.78 349.78 

Temperature, Wavelength  150(2) K, 1.54178 Å 

Crystal system, 

space group 

Hexagonal, R-3m Hexagonal, R-3c 

Unit cell dimensions  a = 18.785(1) Å,                                        b = 

18.785(1) Å,                                      c = 37.823(2) Å 

a = 18.295(5) Å,                                        b = 

18.295(5) Å,                                       c = 69.430(3) Å 

Volume                             11558(1) 20124(1) Å3 

Z, Calculated density 18, 0.897 g.cm-3   6, 1.027 g.cm-3 

 range for data 

collection 

2.96 to 66.47 3.07 to 66.33 

Limiting indices -20<=h<=22, -16<=k<=21, -44<=l<=44 -18<=h<=0, 0<=k<=21, 0<=l<=82 

Reflections collected 

/ unique  

11190 / 2462 [R(int) = 0.0309] 3893 / 3893 [R(int) = 0.0000] 

Completeness  98.2 % 98.6 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / 

parameters 

2462 / 3 / 125 3893 / 42 / 212 

Goodness-of-fit on 

F2 

1.659 0.969 

Final R indices 

[I>2(I)] 

R1 = 0.0589, wR2 = 0.2171 R1 = 0.0709, wR2 = 0.1917 

R indices (all data) R1 = 0.0693, wR2 = 0.2213 R1 = 0.1016, wR2 = 0.2074 

Largest diff. peak 

and hole  

0.645 and -0.362 e.A-3 1.510 and -0.503 e.A-3 
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Table A.14. Crystal data and structure refinement for Al-cea-MOF-1 

Empirical formula C96H68Al4O28 

Formula weight 1777.42 

Crystal system, space group Orthorhombic, Cmmm 

Unit cell dimensions a = 6.5432(2) Å, b = 43.924(1) Å , c = 

15.7166(4) Å  

Volume 4517.0(2) Å
3
 

Z, calculated density 1, 0.653 Mg m
-3

 

F(000) 920 

Temperature (K) 100.0(1) 

Radiation type,  Cu K1.54178 Å 

Absorption coefficient 0.58 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.271 and 0.164 

Crystal size 0.01 × 0.10 × 0.30 mm 

Shape, colour Prism, colourless 

 range for data collection 4.9–66.6° 

Limiting indices -2 ≤ h ≤ 7, -51 ≤ k ≤ 48, -16 ≤ l ≤ 18 

Reflection collected / unique / observed 

with I > 2(I) 

9556 / 2277 (Rint = 0.040) / 1781 

Completeness to max = 66.6° 98.5 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 2277 / 120 / 132 

Final R indices [I > 2(I)] R1 = 0.093, wR2 = 0.264 

Final R indices (all data) R1 = 0.105, wR2 = 0.277 

Weighting scheme [2
(Fo

2
) + (0.2P)

2
]

-1*
 

Goodness-of-fit 1.17 

Largest diff. peak and hole 0.54 and -0.48 e Å
-3

 

*
P = (Fo

2
 + 2Fc

2
)/3. 
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Table A.15. Crystal data and structure refinement for Al-cea-MOF-2 

Empirical formula C132H86Al4O34 

Formula weight 2323.92 

Crystal system, space group Monoclinic, C2/m 

Unit cell dimensions a = 6.5364(7) Å, b = 43.045(3) Å, c = 15.858(1) 

Å,  = 92.888(8) 

Volume 4456.0(7) Å
3
 

Z, calculated density 1, 0.866 Mg m
-3

 

F(000) 1202 

Temperature (K) 100.0(1) 

Radiation type,  Cu K1.54178 Å 

Absorption coefficient 0.70 mm
-1

 

Absorption correction Multi-scan 

Max and min transmission 0.104 and 0.034 

Crystal size 0.01 × 0.01 × 0.15 mm 

Shape, colour Needle, colourless 

 range for data collection 2.0–41.0° 

Limiting indices -4 ≤ h ≤ 5, -34 ≤ k ≤ 35, -13 ≤ l ≤ 13 

Reflection collected / unique / observed 

with I > 2(I) 

6752 / 1451 (Rint = 0.089) / 888 

Completeness to max = 41.0° 98.4 % 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 1451 / 227 / 186 

Final R indices [I > 2(I)] R1 = 0.167, wR2 = 0.386 

Final R indices (all data) R1 = 0.200, wR2 = 0.404 

Weighting scheme [2
(Fo

2
) + (0.2P)

2
]

-1*
 

Goodness-of-fit 1.53 

Largest diff. peak and hole 0.65 and -0.38 e Å
-3

 

*
P = (Fo

2
 + 2Fc

2
)/3 

R1 = ∑|Fo| − |Fc|/|Fo|, wR2 = [∑w(Fo
2
 − Fc

2
)

2
/∑w(Fo

2
)

2
]

1/2
, where w = 1/[σ

2
(Fo

2
) + (aP)

2
 + bP], P = 

(Fo
2
 + 2Fc

2
)/3. 

 



338 
 

 
 

Appendix B. NMR spectrums 
 

 

Figure B.1. 
1
H NMR spectrum of 3,5-bis(4-carboxyphenyl)-1-hydroxybenzene (600 MHz, DMSO-d6).  
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Figure B.2. 
13

C NMR spectrum of 3,5-bis(4-carboxyphenyl)-1-hydroxybenzene (150 MHz, DMSO-d6). 
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Figure B.3. 
1
H NMR spectrum of 3,5-bis(4-methoxycarbonylphenyl)-1-hydroxybenzene (500 MHz, DMSO-

d6). 
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Figure B.4. 
13

C NMR spectrum of 3,5-bis(4-methoxycarbonylphenyl)-1-hydroxybenzene (125 MHz, DMSO-
d6). 
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Figure B.5. 
1
H NMR spectrum of 1,2,3,4,5,6-hexakis[3,5-bis(4-

methoxycarbonylphenyl)phenoxymethyl]benzene (700 MHz, CDCl3). 
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Figure B.6. 
13

C NMR spectrum of 1,2,3,4,5,6-hexakis[3,5-bis(4-
methoxycarbonylphenyl)phenoxymethyl]benzene (176 MHz, CDCl3). 
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Figure B.7. 
1
H NMR spectrum of 1,2,3,4,5,6-hexakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene 

(700 MHz, DMSO-d6). 
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Figure B.8. 
13

C NMR spectrum of 1,2,3,4,5,6-hexakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene 
(176 MHz, DMSO-d6). 
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Figure B.9. 
1
H NMR spectrum of 1,2,4,5-tetrakis[3,5-bis(4-

methoxycarbonylphenyl)phenoxymethyl]benzene (600 MHz, CDCl3). 
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Figure B.10. 
13

C NMR spectrum of 1,2,4,5-tetrakis[3,5-bis(4-
methoxycarbonylphenyl)phenoxymethyl]benzene (150 MHz, CDCl3). 
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Figure B.11. 
1
H NMR spectrum of 1,2,4,5-tetrakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene (500 

MHz, DMSO-d6). 
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Figure B.12. 
13

C NMR spectrum of 1,2,4,5-tetrakis[3,5-bis(4-carboxyphenyl)phenoxymethyl]benzene (125 
MHz, DMSO-d6). 
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Figure B.13. 1H NMR spectrum of dimethyl 5-(isonicotinamido)isophthalate (DMSO-d6, 400 MHz). 
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Figure B.14. 
13

C NMR spectrum of dimethyl 5-(isonicotinamido)isophthalate (DMSO-d6, 100 MHz). 

 
Figure B.15. 1H NMR spectrum of 5-(isonicotinamido)isophthalic acid (DMSO-d6, 400 MHz). 
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Figure B.16. 13
C NMR spectrum of 5-(isonicotinamido)isophthalic acid (DMSO-d6, 100 MHz). 

 
Figure B.17. 1H NMR spectrum of dimethyl 5-(nicotinamido)isophthalate (DMSO-d6, 600 MHz). 
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Figure B.18. 13
C NMR spectrum of dimethyl 5-(nicotinamido)isophthalate (DMSO-d6, 150 MHz). 

 
Figure B.19. 1H NMR spectrum of 5-(nicotinamido)isophthalic acid (DMSO-d6, 600 MHz). 

 
Figure B.20. 13

C NMR spectrum of 5-(nicotinamido)isophthalic acid (DMSO-d6, 150 MHz). 
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Figure B.21. 1H NMR spectrum of 5-(pyridin-4-ylamino)isophthalic acid (D2O/NaOH, 500 MHz). 
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Figure B.22. 13
C NMR spectrum of 5-(pyridin-4-ylamino)isophthalic acid (D2O/NaOH, 125 MHz). 

 

Figure B.23. 1H NMR spectrum of dimethyl 5-(pyridin-3-ylamino)isophthalate (CDCl3, 500 MHz). 
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Figure B.24. 1H NMR spectrum of dimethyl 5-(pyridin-3-ylamino)isophthalate (CDCl3, 125 MHz). 

 
Figure B.25. 1H NMR spectrum of 5-(pyridin-3-ylamino)isophthalic acid (D2O/NaOH, 500 MHz). 
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Figure B.26. 13
C NMR spectrum of 5-(pyridin-3-ylamino)isophthalic acid (D2O/NaOH, 125 MHz). 

 

Figure B.27. 1H NMR spectrum of dimethyl 5-(pyrimidin-5-ylamino)isophthalate (CDCl3, 400 MHz). 
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Figure B.28. 13
C NMR spectrum of dimethyl 5-(pyrimidin-5-ylamino)isophthalate(CDCl3, 100 MHz). 

 
Figure B.29. 1H NMR spectrum of 5-(pyrimidin-5-ylamino)isophthalic acid (DMSO-d6, 400 MHz). 

 
Figure B.30. 13

C NMR spectrum of 5-(pyrimidin-5-ylamino)isophthalic acid (DMSO-d6, 100 MHz). 
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