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ABSTRACT 

 
Reticular Chemistry Strategies: Design and Applications of Metal-Organic Frameworks 

Norah S. Alsadun 

Designing materials and questing the perfect candidate, or isoreticular series to tackle 

challenges in areas where no other materials can perform is where Metal-Organic-

Frameworks (MOFs) can lead, thanks to their aperture tuning, pore expansion, and made-

to-target functionality. The reticular chemistry principles and its design toolkit, including 

molecular building blocks (MBBs), supermolecular building blocks (SBBs), in addition to 

supermolecular building layers (SBLs), has simplified tailoring of state-of-the-art MOFs. 

The advancement in reticular chemistry blueprints facilitated the accessibility toward 

intricate design introduced in this dissertation, namely: merged net, cantellation, and 

supermolecular building rods (SBRs), reported for the first time. These new concepts have 

been presented with their respective chemical compositions to carefully direct synthetic 

MOF chemists to possible outcomes when multiple possibilities exist for the same 

building units. They also allow deviating from known and most default possibilities into 

challenging endeavors. The use of a multiple ligands system in the theme of merged net 

have been applied starting from: one periodic and three periodic nets, three periodic and 

three periodic nets to eventually unveil Zr-thw-MOFs, Zr-crh-MOFs, and M-sub-MOFs. 

which inspired the later discovery of the SBRs, utilizing the one-periodic pillars in the 

conceptual design assisted by experimental proof adopting three connecting modes, 

cluster-to-cluster, cluster-to-linker, and linker-to-linker. Moreover, the triply bridge 
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organic moieties with Zr in the cantellation approach revealed the first M(IV)-sod-ZMOFs. 

Owing the highest reported pore size distribution for frameworks based on tetrahedral 

building units. 

In addition, the isoreticular approach (MOFs with the same topology featuring different 

functionality) illustrates its’ vital need for utilization. MOFs reported in this dissertation 

based on the isoreticulation of two MOF platforms, ftw and soc. A series of RE-ftw-MOFs 

based on different functional groups have been prepared and tested for the separation 

of hydrocarbons targeting C4 olefins, including iso-butene, and most challenging cis/trans-

2-butene isomers and proved their superiority. On the other hand, a sequence of Cr-soc-

MOFs based on hydrophobic ligands have been made to study the water-vapor sorption 

behavior in line with Cr-soc-MOF-1. Compared to the reported materials, Cr-soc-MOFs 

have the highest record for the spontaneous water vapor adsorption-desorption behavior 

in the range of RH% 30-80%. 

 

 

 

 

 

 

 

 



6 
 

 

ACKNOWLEDGEMENTS 

First, I would like to express my warm gratitude to my advisor Prof. Mohamed Eddaoudi 

for his support, inspiration and encouragement throughout my years at FMD3. Thank you 

for giving me the freedom, with the guidance, to follow my curiosity and navigate my 

passion for exploring. Thanks to Prof. Nikos Hadjichristidis, Prof. Osman Bakr, and Prof. 

Guillaume Maurin for their suggestions and comments, which helps me introduce my 

work to the general audience. My sincere appreciation to King Faisal Unversity (KFU) for 

the scholarship supporting my studies at KAUST. And to KAUST for being a true beacon of 

knowledge, wisdom and discovery. I genuinely appreciate those who left a tremendous 

positive impact on my learning journey and combined knowledge, respect, honest 

direction, and enlightenment needed for students. To Dr. Georges Mouchahm, Dr. Hao 

Jiang and Dr. Prashant M. Bhatt, thank you for shaping my chemistry skills in all means. 

Dr. Aleksander Shkurenko, who collects and solves SCXRD. The organic synthesis team, 
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Chapter 1 . Metal-Organic Frameworks Design Aspects  
 

1.1 Metal-Organic Frameworks (MOFs) 

 

The highly ordered/crystalline organic-inorganic hybrid materials with porous nature 

known as MOFs are attractive.1-3 Their dual function and the advantage of organic and 

inorganic components allow them to show great potential in essential applications 

related to a vast area of applications.4-6 Thanks to the feasibility of pre-targeting ideal 

material for a specific purpose, tailorable pores, and functionalities in addition to high 

surface areas.7, 8  

Targeting a specific application requires careful attention to the characteristics 

implemented in MOF construction, starting from their underlying net.9 For example, 

materials related to gas storage preferably have a high surface area,10 while in the case of 

gas separation,11 the aperture size plays a crucial role in determining the efficiency of 

selected gas/vapor to be separated.11 Thus, MOFs based on soc-net and acs-net 

demonstrated outperforming results with methane and hydrogen storage 

investigation.12, 13  Studies on Metal-Organic Frameworks have proven its superiority, 

particularly for gas separation. Thus, several nets were pinpointed in a coherent list based 

on face transitivity as the best candidate for this need.9 MOFs can provide utmost hope 

for challenging separation with excellent performance, as they exceed zeolites industrial 

performance with reduced energy required for regeneration.14 One of the extreme 

advantages of MOFs, is the suitability for computational aid, thus can help not only 

predicting structure determination but also the separation behavior of specific adsorbate, 
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for instance.15 Developing porous adsorbents keeping in mind the application eligibility is 

an ongoing challenge. In this dissertation, the focus will be on the design tools that assist 

in finding/employing unique characteristics within the MOF materials for knowledge 

application and separation and water-vapor sorption study.   

 

1.2 Reticular Chemistry  

 

“The chemistry of linking molecules with strong bonds” 16 

Prof. Omar Yaghi  

Gaining insight on the prediction of crystal structures starting from the basic knowledge 

of chemical composition in the early days of MOFs discovery was considered fiction.17, 18 

Since every designed experiment has its own challenges, which occasionally prevent its 

success, failed trials contribute to the plausibility of delicate design.19, 20 The emerging 

class of materials with outstanding properties offers great potential in solving real-life 

challenges, including gas storage,21, 22 separations of hydrocarbons (olefins/paraffin),23 

separations of gases (CH4/CO2), (CO2/N2),24 chemical sensing,25 catalysis, and water-

related application (desiccants, humidity regulation).26 Alternatively, even the extension 

toward the fabrication of pure MOF membranes or mixed matrix membranes (MMMs) to 

serve the same need covering industrial necessity.27, 28 

 The current advancements in applications resulted from the knowledge accumulated in 

the field of Metal-Organic Frameworks (MOFs). The simple operations to extend/contract 

the structures deliberately facilitated access to the iconic MOF-5 isoreticulars 
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systematically.2, 4 The first example of isoreticular MOFs was built from [Zn4O(O2C-)6] with 

ditopic-carboxylate based ligands revealing IR-MOFs series.4  

Reticular is defined as having a net, netlike, while isoreticular means preserving a given 

framework’s underlying net (topology) after applying any of the following modifications.4 

Despite the doubt/uncertainty of design effectiveness in the early days of introducing the 

design approaches, considerable numbers of new and novel MOFs continue to rise, with 

the population of nearly 100,000 MOFs reported in the Cambridge structural database 

(CCDC) with diverse structures.29 The alliance of design tool-box-kit and reticular 

chemistry have opened the door for the rational assembly of preselected MBBs to target 

made-to-order crystalline materials (MOFs and COFs).30-32  

From the accumulation of knowledge for the past three decades and the successful grasp 

of reticular chemistry in MOF design,33 considering the topological/geometrical 

requirements prior to the assembly process in the design stage have widened the scope 

toward the rational cataloging of nets suitable as blueprints for MOFs discovery.34 The 

simplicity and ease of access to the necessary coded structural characteristics, shape, 

connectivity, and directionality are crucial for a higher success rate to obtain their 

associated secondary building units (SBUs) into the targeted net by positioning their MBBs 

points extension (Figure 1.1).34 Noticeably, edge-transitive nets with one kind of edge, 
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meaning all linkers are related by symmetry, transitivity [21] or [11], are the most suitable 

crystal-chemistry targets. There are 58 transitive edge nets (53 (3-p) + 5 (2-p)) as mother 

nature tends towards high symmetry, the arrangement of atoms on the molecular level 

where materials can be classified based on their periodicity: 1-periodic, 2-periodic, and 3-

periodic.35 One of the essential characteristics of MOFs is their underlying topology, which 

can be described as the simplest figure based on nodes and sticks. The valuable practice 

Figure 1.1 MBBs on the left and SBUs on the right, illustrations in MOF design. 
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of TOPOS facile is the integration of multicomponent structures into their simplified 

underlying networks.35, 36  

 

1.2.1 Nets 

With the view to design and process the construction of MOFs, it is essential to have a 

basic understanding of the topological information of their main structures. Any periodic 

framework can be abstracted by reducing associated building blocks into nodes and 

spacers, forming a particular underlying topology.37 The pre-selected platforms for 

materials design can be represented based on their nets (or graphs) as it provides the 

blueprints of frameworks construction in reticular chemistry. Nets got systematically 

generated with diverse methods.38-40 Different ways were used for the nomenclature of 

nets. For MOFs, the names/symbols of nets as utilized in the Reticular Chemistry Structure 

Resource (RCSR)41; the database contains diverse nets for the design of periodic materials. 

Each net has a three-letter symbol in bold style.42 Some net symbols use the original 

materials structures, such as srs for the SrSi2 dia for the diamond.7, 43 Some net symbols 

are from the connectivity or geometrical information of the net, such as ftw for four and 

twelve and fcu for face-centred cubic.7, 43 from their zeolite-like symbol, in case of sod, 

rho and mtn from SOD, RHO and MTN zeolite type framworks.44, 45 Other symbols can be 

generated from authors’ names such as aea for Alezi, Eddaoudi, net A,46 or the author 

choice such as qom for the Queen of MOFs.47 (Examples of nets can be found in the list 

of abbreviation b) 
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Although many new periodic materials are reported yearly, most of these structures are 

limited to specific nets.48 Chemists rationalized that not all nets are perfect design targets 

for the actual synthesis of MOFs or COFs, and it is critical to recognize and filter the ideal 

design targets. A vital property of a net is its transitivity [pqrs], which denotes that there 

are p kinds of vertices (or nodes), q kinds of edges, r kinds of faces, and s kinds of tiles. 

Ideally, nets with one type of edge (transitivity [11rs] or [21rs]) are called edge transitive 

nets and minimal edge-transitive nets, respectively. They are the most widely observed 

underlying nets of reported materials. They are regarded as ideal targets for designing 

and constructing new structures,49-51 and a steppingstone to more intricate nets. 

Each node’s coordination number in nets denotes the number of other nodes linked to 

this node through edges.36 The net containing m-coordinated (m-c) nodes and n-

coordinated (n-c) nodes are written as (m,n)-coordinated ((m,n)-c)net. For example, fcu 

is a 12-coordinated (12-c) net containing 12-c nodes, and rht is (3,24)-c net containing 3-

c and 24-c nodes.52 The coordination figure describes the shape of vertex coordination. 

And we use the RCSR abbreviations of the coordination figures.53 Nets can be denoted in 

terms of the coordination figures; for example, SB denotes the ftw net, where S and B are 

the symbols for the square and cuboctahedral coordination figures, respectively. The 

commonly used coordination figures symbols are listed on the RCSR website.54 

Another essential net description is the augmented net (net-a), which can be generated 

by substituting an n-c node in the original net for the polyhedron of its coordination 

figure.41, 55 It presents crucial geometrical and structural information, including points of 
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extension described later, in their associated vertex figures.56 For example, the (6)-c pcu 

net is an edge-transitive net with coordination figure octahedron. The pcu-a net is 

generated by substituting the 6-c nodes for octahedron. At the design phase, the 

augmented nets provide the critical geometrical codes embedded in the targeted building 

units (Figure 1.2). 

The mathematical tiling theory was applied to systematically enumerate 3-periodic 

crystalline networks resulting in the enumerated edge-transitive nets, which have been 

excessively practiced in MOF design.20, 52, 57-59, The least possibility of transitivity or the 

minimal transitivity principle derived from a growing number of MOFs has underlying nets 

with minimal transitivity. As an explicit example of Pauling’s Rule of Parsimony.60, 61 Edge-

transitive nets have one type of edge with transitivity pq = [1 1] 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 has three kinds of 

nodes and two kinds of edges. The trinodal minimal edge-transitive nets are prominent in 

evaluating theoretical possibilities for periodic networks.51, 61-68  

Figure 1.2 The generation of augmented net from an edge-transitive net with pcu net as an example. nodes are 
replaced by their coordination figure, octahedron. 
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Another terminology in nets is their derived and related nets, which means replacing the 

nodes in edge-transitive nets with groups of nodes, unveiling intricate nets.61, 69 Then, the 

preliminary edge-transitive nets are termed parent nets.  

MOFs with different underlying nets associated with the same parent net can be 

expressed with linkers featuring two or more branch points. For the topological analysis, 

both the underlying derived net and the parent net supply vital information of a MOF with 

branched ligands. The derived net gives the complete topological information because 

each branch point of a linker is regarded as a node of the resultant net. The edge-

transitive parent nets are more reliable design targets in the design process. Derived and 

related nets can be differentiated by the coordination number of the un-replaced nodes. 

If the coordination number of the un-replaced nodes is the same, the new net is derived. 

And if the coordination number of un-replaced nodes increases, the new net is related.34 

Additionally, some edge-transitive nets can be merged into a more complex net, named 

merged net, which helps access multi-component materials by design.62 The merged net 

alternatively can be divided into two or more nets, with at least one net being three-

periodic.70  

As mentioned above, the coordination figure of a given net dictates the required 

geometrical information of the building units be implemented in the chemical building 

blocks for the fruitful application of reticular chemistry.55 Accessing building units that 

embed a specific net is critical for the advanced design of MOFs, and these building units 

are termed net-coded building units (net-cBUs).71 The net-cBUs of a selected net are 
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building units or linked building unit sets that contain the unique geometrical code of the 

net, enclosing the vital information for choosing the appropriate building blocks during 

the rational design and synthesis of MOFs. Accordingly, the net-cBUs of a net include all 

the SBUs and the zero-periodic, one-periodic and two-periodic sets of connected SBUs, 

such as tertiary building units (TBUs), SBBs and SBLs.72 The highly coordinated building 

units of highly connected nets, especially those with minimal edge transitivity, are ideal 

targets to eliminate multiple possibilities reducing it to one, as in the case of rht-MOF. 

1.2.2 Connectivity  

The building blocks commonly described by their net connectivity as mentioned above. 

for example, ditopic ligands with 2-c, tritopic ligands with 3-c, hexatopic ligands with 6-c, 

while the hexanuclear cluster of RE or Zr, the connectivity regarded as 6-c, 8-c, and 12-c 

depending on the points of extension of the MBB with respect to the organic 

contribution.73 

1.2.2.1 Points of Extension  

Points of extension represent the point at which metal ions are capped with ligand, and 

it can be either through carboxylate, azolate, phosphonate, etc., to form MBBs.74 

Depending on the building blocks’ connectivity, some MBBs can create building units with 

various connectivity and geometries. When MBBs contain open metal sites which can be 

extended through additional ligands can produce BUs with high connectivity. In contrast, 

terminal ligands ( with one functional group, one carboxylate, for example) yield capped 

MBBs, reducing their network connectivity.36  
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1.2.3 Inorganic Building Blocks 

     1.2.3.1 Single-Metal-Ion Based Building Block 

Initially, the source of inorganic square (4-c), tetrahedral (4-c), and octahedral (6-c) 

building blocks were based on single metal ions including a diverse range of ions like M2+ 

( Cu2+, Zn2+, and Ni2+) and M3+ ( In3+ etc.). Their extensive use in Zeolite-like Metal-Organic 

Frameworks (ZMOFs) and Zeolitic Imidazole Frameworks (ZIFs) which offered variable 

topologies with different functions made it a strong candidate in the design of MOFs.45, 75 

In addition to that, the group of 6-c octahedral single metal ions demonstrated 

outperformance for CO2 capture and gas separation in the case of SIFSIX MOFs and the 

KAUST-7 based on NbOFFIVE-1Ni.14 The connectivity of this group is low, commonly below 

8 with limited geometrical possibilities.74  

     1.2.3.2 Metal-Cluster Building Block 

The increased number of metal ions contributing to the inorganic part afford metal 

clusters with nuclearity n is n ≥ 2. Nuclearity and mode of connectivity grant the shape 

and diversity in the geometrical representation of building blocks. The most deployed 

building block is M2L4 representing 4-c square SBU regarded as paddle-wheel with M2+ 

(Zn2+ or Cu2+). The open metal sites within the binuclear cluster provide an extension to 

increase the network connectivity to 6, by choosing the appropriate ligand as in the case 

of HKUST-1, (3,4)-c tbo net,  based on Cu paddle-wheel and 1,3,5-benzene tricarboxylic 

acid (BTC).76 When a pyridine based ligand was used to link two clusters, resulting M2L4L’2 

featuring a 6-c octahedral building unit.77 Worth mentioning that the employment of a 

single pyridine ligand affords the 5-c pyramidal BU forms M2L4L’, also benefiting the SBB 

in MOF design.77, 78  Another example is the trinuclear cluster M3L6, with (M3+ or 2+) 



34 
 

 

including Al3+, Ga3+, Fe2+/3+, In3+, Cr2+/3+, Co2+, Mg2+, Mn2+/3+, Ni2+and Sc3+ tend to form a 

trinuclear cluster that can geometrically be replaced by 6-c trigonal prismatic BU that 

synthetically reliable. 79, 80 Based on variable ligand connectivity, this group simplifies the 

access to edge-transitive nets based on 6-c nodes like acs (with ditopic ligand)81, soc, and 

stp (with tetratopic ligand)12, 82, nia (with hexatopic ligand)83. The three open metal sites 

offered by this type of cluster can be connected to produce a 9-c tricapped trigonal 

prismatic building block,84-86 allowing the formation of mixed ligand MOFs. Additionally,  

M4L6, the tetranuclear clusters when (M= Zn2+, Co2+, RE3+) offer a 6-c octahedral BUs, as 

the iconic MOF-5 with (Zn4(µ4-O)(O2C-)6) cluster facilitated the further expansion of 

IRMOFs.2, 4 The tetranuclear cluster was observed with RE, and formulated as [(RE)4(µ3-

OH)4(O2C-)]2+.87 Increasing the connectivity of tetranuclear cluster to 8, M4L8, represents 

an 8-c cuboidal building unit with M= RE3+, Cu2+, Mn2+, Co2+, Ni2+and Cd2+. This type of 

clusters considering 2-c linker resembled MOFs with  8-c bcu88 and reo89 nets. While 3-c 

linkers were used to isolate MOFs based on the-net.90 Worth mentioning that mixed 

metal has been reported based on tetranuclear cluster with Ti2Ca2(µ3-O)2(H2O)4(O2C-)8.91 

Higher nuclearity in the case of M= Zr4+, Hf4+ and RE3+, M6L12 cluster is preferrable, 

hexanuclear cluster, featuring various connectivities with the saturated 12-c as the 

common/well-known building block for fcu-MOF with 12-c hexanuclear cluster of UiO-

66.92 Using the capped ligands will allow reducing the connectivity of the MBBs into  4-c 

(rectangle),93 6-c (hexagon or trigonal antiprism),94 8-c  (cuboid),95 or 10-c elongated 

octahedron.96 The subsequent finding of RE clusters assisted by 2-flourobenzoic acid (2-

FBA)97 paved the way toward higher nuclearity as in the case of the discovery of 18-c,72 
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and 12-c nonanuclear clusters M9L12 and M9L18, with (3,12,12)-c aea,46 (3,8,12)-c pek ,46 

and (3,18)-c gea MOFs respectively.98 (Figure 1.3) 
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 Figure 1.3 Geometrical representation associated with points of extension. Adopted from ref 31. 
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1.2.4 Organic Building Blocks (linkers, ligands) 

The central core for designing reticular materials, MOFs,31/PCPs,99 COFs (Covalent-

Organic Frameworks),100 and MOCs (Metal-Organic Cubes),101 depends on organic linkers. 

It can provide a vast area for discovery and exploration based on its high connectivity, 

unique geometry, and tunability to access imagined yet obtainable structures like Zr-pbz-

MOF,94 and Zr-alb-MOFs102 by the use of hexatopic ligands. It plays a key role in designing 

a targetable outcome, mainly when ditopic ligands, the simplest form of connectivity, 

contribute to constructing frameworks based on various topologies like fcu,92 bcu,103 

reo103, 104  with hexanuclear clusters. The organic ligands can be O-donor carboxylates, or 

N-donor (pyridine, diazolate, triazolate, tetrazolate)105 or a hybrid between O- and N-

donor ligands, like imidazole carboxylic acids.106 

As further discussed in this Ph.D. chapters, orientation, angularity, length, and 

functionality are crucial in targeting a specific net. The highly connected ligands mostly 

decrease the possibilities leading to nets with edge transitivity. Our group reported eight 

prime operations to describe the group’s position representing the point of extension. 

which can be categorized as follows:31  

I. The identity operation 

II. In-plane operation: expansion, contraction, rotation, and translation 

III. Out-of-plane functions: torsion, rotation, and translation 

When a functional group is added to the organic ligand, angle and position remain the 

same. The change can be considered as the identity operation. Whereas when the size of 

the ligand changes, the overall structure will expand or contract as expansion, contraction 

operation. While the output of the rotation operation is bent ligands which contribute to 
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the construction of 0-periodic cages, 2-p layers, and 3-p frameworks. In addition to that, 

the out-of-plane rotation provides additional information with a dihedral angle between 

two planes of linking moieties. The torsion operation results in twisted ligands, which can 

be  

the in-plane translation of 2-c ligands outcome zigzag linkers.31 The employment of 

ditopic ligands, considering the above operations accelerate the discovery of unexpected 

nets, especially in the cantellation design approach, will be further discussed.  

1.3 Design Principles  

The catalogue of possibly targetable MBBs is gradually increasing.30 Although some MBBs 

with desired connectivity and directionality is yet to be achieved. To address that 

limitation, and in the same line for highly connected clusters quest, researchers assisted 

with crystal engineering eyes benefited from the evolving growth of crystalline solids with 

their chemical data, including topological/geometrical information.107 Remarkably found 

a rational way to construct and build frameworks based on the combination of suitable 

building blocks. The pioneering work by Eddaoudi et al. has facilitated the advancement 

in design principles, including the introduction of several design routes.31  

Based on 0-periodic entities that can be expanded into 3-periodic structures (the 

supermolecular building blocks with supermolecular building units), based on 2-periodic 

layers (the supermolecular building layers), and based on multi complexity based on 

mixed linker (merged nets approach) to be navigable as will be discussed.77, 108   

1.3.1 Supermolecular Building Blocks (SBBs) 

This approach takes advantage of externally decorated 0-p Metal-Organic Polyhedrons 

(MOPs) to build 3-p MOFs, resulting in a framework with highly connected topologies. 



39 
 

 

The concept was first introduced to construct (3,24)-c net with rht-MOF (Figure 1.4).52 It 

is the exclusive access to the 24-c BU, a challenge to obtain through the conventional 

inorganic MBBs.  

The rht topology is a (3,24)-c binodal edge-transitive net,43,49 In its augmented form (rht-

a), a 3-periodic array of a rhombicuboctahedron (rco, expressed rht-cBUs) linked by 

triangles. Common building blocks in chemistry include triangles, and the 24-c MBBs were 

yet to be unveiled. The 24 ligands bridging 12 Cu paddle-wheels and geometry of the 5-

position of the 24 isophthalates matching the vertex figure of a rhombicuboctahedron 

has been recognized for using MOP-1109 as a 24-c SBB.  

Isophthalic acids and the MOPs resulting from their assembly with metals can easily be 

decorated, as openly practiced in literature.110-115 In the case of rht-MOF-1,52 a tetrazole 

group decorates the 5-position of the ligand. In the presence of Cu, under appropriate 

synthetic conditions, the carboxylic groups will take part in the ubiquitous 4-c Cu paddle-

wheel building unit important for the assembly of 24-c rht-cBU, externally decorated with 

24 tetrazole groups, exposed and available for further coordination into 3-c Cu trimers, 

linking the MOPs together into the intended (3,24)-c rht MOF. 

The topology of rht-MOFs can be described as a (3,3,4)-c ntt net, which considers the 

central core of the ligand as a 3-c node, the tetrazole functionalized ligand as a 3-c node 

and the paddle-wheels as 4-c nodes. With the view to further demonstrate the strength 

and wide applicability of this design approach, numerous MOFs based on that rht 

platform were developed.116-122 Worth emphasizing that in the RCSR database, there are 
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134 trinodal nets for the assembly of three and four-c nodes, and (3,24)-c rht net is the 

only net that exists for periodically assembling triangles and rco. Finally, the SBB approach 

can be extended to many more topologies than rht, and MOFs based on the 12-c fcu 

[formally (3,3,4)-c tfb or 5-c ubt],78, 123, 124 (4,12)-c ftw [(3,4,4)-c gee or (4,5)-c xae] 125. 

 

1.3.2 Supermolecular Building Layers (SBLs) 

The two-periodic layers were used to build MOFs in the SBL approach to effectively target 

MOFs based on this strategy to take advantage of five edge transitive 2-p nets including 

sql, hcb, hxl, kgd, and kgm. The further crosslinking of the layers through the accessible 

open metal sites (bridging sites) by employing suitable organic linker three periodic, 

primarily porous, materials. The pillaring strategies can be divided into three main 

paths:77 

Figure 1.4 Pathway of SBB approach with rht-MOf as an example. Adopted from ref 30. 
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1) Axial-to-Axial (A-A): in this pillaring, exploit the accessible neighboring free metal 

sites by replacing the terminal ligands with bridging ditopic ligands to offer 

crosslinking of the layers into its respective 3-p structure.  

2) Axial-to-Ligand (A-L): In addition to the open metal sites, A-L requires using 

heterobifunctional trigonal/linear linkers with isophthalic moiety to target sql or 

kgm MOF layers specifically. 

3) Ligand-to-Ligand (L-L): this pillaring was introduced after the topological analysis 

of tbo-MOF (HKUST-1) through the structure deconstruction into sql layers cross-

linked by 4-c pillars. 

The construction of layers reported mainly based on the single ligand, two ligands 

contributing to a double bridge between the layers and forming a quadruple bridge based 

on four ligands, as will be explained later.  

From that, several pillaring modes have been distinguished based on the number of 

connected moieties to -linear when only one ligand connects the layers30 

- doubly pillaring when two parallel ligands are used to connect the neighboring points of 

extension. 

- trigonal pillaring when incorporating heterobifunctional ligands (N-donor and O-donor) 

to connect the layers.  
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The touch of intricate design has been demonstrated through a higher degree of 

complexity with incorporating more than one linker in the formation of the layers. From 

simple kagome building layer reported in UMCM-150 (agw-MOF) with net connectivity 

(3,4,6)-c net,126 through the simple isophthalic acid to multiply cross-linked with the 

contribution of 2 partial isophthalic acids in pek-MOF-1 increasing the net connectivity to 

(3,8,12)-c net.46 The quadruple mode of connecting the layers was reported in aea-MOF-

1 featuring the (3,12,12)-c net.46 The contribution of multiple cross-linking in layers and 

pillars will impact the repertoire of reticular chemistry, and one of the chapters 

(Supermolecular building rods, SBRs) is dedicated to further explanation on pillaring and 

the impact of 1-p moieties in MOF design.  

Figure 1.5 Illustration of the multiple possibilities to assemble pillared MOFs through a) the selection of edge-
transitive layers, b) the selection of pillaring mode and c) the selection of the pillar connectivity and directionality. 
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1.3.3 Merged Nets (MNs) 

Our group introduced the concept of the merged net in 2018, which is the finest addition 

to the design tool kit of reticular chemistry based on intricate multi-components 

structures. 62 The merging between two simple edge-transitive nets is based on two 

different ligands and connectivity. However, sharing the same inorganic building block 

allows the formation of a complex new merged net (Figure 1.6). The best example is sph-

MOFs, as discussed later in this dissertation in the merged net section.  

 

1.3.4 Isoreticular Design Guide  

The isoreticular, in principle, does not change the identity of the final framework in terms 

of topology. For example, starting with a framework (4,6)-c net will result in the same 

connectivity and topology. Thus introducing minor adjustments within the framework 

design leads to breakthrough advancements by only changing the metal as in Al-soc-MOF-

Figure 1.6 Merged net approach map describing the pathway to synthesize the targeted materials. 
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1, reported for methane storage and its isoreticular example with Cr, which has the 

highest water uptake among other MOF analogues at room temperature.12, 127 Three main 

routes govern the isoreticulation in periodic material:  

1.3.4.1 Modification and Substitution of the Building Blocks 

The widely used method to introduce different functional groups within the MOFs, which 

can be included before or after the framework assembly,95, 128 is named isoreticular 

modification. This approach is mainly used to target materials for different applications 

when using fcu-MOF with biphenyl, and modifying the ligand to a different functional 

group allows the energy transfer property to occur.129 The substitution includes the 

inorganic MBB replacement by another inorganic or organic MBB, as in the case of Zr in 

UiO-66 and RE-fcu-MOFs.92, 97 The post synthetically MOFs grouped under the post-

synthetic design methods, including the post-synthetic exchange/modification,130 

insertion,131 and polymerization of building blocks. This approach proved to be a powerful 

tool for practical application in obtaining diverse topologies and structures. One of the 

successful post-synthetic exchanges of Fe3+ to Cr3+ in the Cr-soc-MOF platform will be 

illustrated in the final chapter of this dissertation.127   

1.3.4.2 Contraction and Expansion of Building Blocks 

The concept of expansion and contraction has been limited to the organic linker by the 

extra benzene rings or acetylene moieties to increase further the length between the core 

and the chelating moieties of the linker. One of the best examples, in addition to the MOF-

5-IR series (Figure 1.7),4 is the expansion of the soc-MOF platform. At first, In-soc-MOF 
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was reported with 3,3’,5,5’-azobenzene tetracarboxylic acid (ABTC) as a linker to afford 

(4,6)-c MOF based on soc net.79 The ligand can be geometrically extended to 3,3’,5,5’-

tetrakis(4-carboxyphenyl)-p-terphenyl, offering the exact underlying net with an 

expanded pore system.12  

1.3.4.3 Multivariate Approach (MTV) 

This method considers more than one metal atom or functional group in a single MOF 

structure in principle.132 As an example of multimetal MTV-MOFs, MOF-74 was reported 

with ten different metals within the rod building block.133 Multi-functional group ligands 

up to eight were also reported with the MOF-5 platform.  

Figure 1.7 Isoreticular expansion by ligand elongation in IRMOFs. 
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1.3.5 Exception: Zeolite-Like Metal-Organic Framework (ZMOFs) 

Some MOF design strategies were inspired by the well-known zeolites, porous purely 

inorganic materials with high-interconnected cavities known for their charming structures 

and used in industrial applications for many years. These so-called zeolite-like MOFs 

(ZMOFs) are constructed from tetrahedral building blocks.45 Two main ZMOFs design 

approaches can be distinguished, depending on their essential elements of construction 

(figure 1.8):134  

(i) those based on single-metal ion (Cu2+, Zn2+, Co2+, In3+, etc.) with functionalized 

imidazole (ZIFs) or imidazole dicarboxylate, leading to diverse structures with 

known topologies (sod,135 ana,136 rho,75,137etc.) alongside unprecedented ones 

(med)138, in addition, some ZMOFs were constructed starting from their 

respective MOCs, leading to topologies like (ast and lta-ZMOFs).139 

(ii) those with corner-sharing of super-tetrahedra constructed from trimeric 

building blocks and linear (MIL-101) or triangular ligands (MIL-100), 

systematically afford mtn underlying topology.140 

ZMOFs synthesis with expanded pores is a real challenge. The isoreticular expansion of 

MOFs by modifying the organic linker, width or length elongation.31 Moreover, obtaining 

highly porous ZMOFs can’t be through simple isoreticulation.72 this can be attributed to 

the wide collection of zeolitic topologies based on linking tetrahedral building units 

hundreds o them.141 Additionally, linker expansion/elongation may alter the tetrahedral 

angles and the positioning of the functional groups coordinating to the metal, forbidding 

the specific ZMOF platform from isoreticular access.72 In many cases, the isorticular 
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synthesis affording mostly amorphous solids or crystalline materials based on dia 

underlying topology, the “default” structure for assembling tetrahedral building units 

(Figure 1.10). Among all reported ZMOFs, sod has the highest occurrence, making it 

suitable for designing new structures since it is a semiregular edge transitive net with net 

transitivity [1121] (Figure 1.9). Since there is a need to find a way to tailor the 

exceptionally open structures mimicking zeolitic topologies with increased porosity and 

high stability, we introduced the cantellation design approach in the next chapter.134 

 

Figure 1.8 ZMOFs construction based on single metal and super tetrahedron. 
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Figure 1.9 Illustration of different zeolite topologies as compared to the dia topology, all based on tetrahedral 
building units. 

Figure 1.10 Distribution of topological outcomes from ZIF structures demonstrating that sod has the highest 
occurrence 
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1.4 Structure Obtaining  

Choosing the suitable building blocks for a specific target in MOF synthesis is no longer a 

challenge compared to the field in early 2000, thanks to the numerous contribution of 

MOF researchers in structure prediction and MOF design.31 The challenge is at the bench 

when the required building blocks need to assemble as predicted, which is not always 

successful. Therefore, several pathways are used to synthesize MOFs, and the well-known 

method is the solvothermal reaction, which is adopted in this dissertation. The synthesis 

starts with calculating the molarity required from each building block (organic and 

inorganic), introducing solvent to dissolve the precursors. The primary solvent used is 

dimethyl formamide, diethyl formamide, water, ethanol, acetonitrile, etc. That depends 

on ligand solubility and pka, as some require harsh conditions to solubilize, including 

acids. To target structures based on clusters, the role of modulator have been 

investigated and proven to be critical in obtaining the targeted MBB.142  

Modulator plays a significant role in the synthesis; for example in the early days of RE 

MOF exploration, the rod-based structures were the only option until the discovery of the 

role of 2-FBA was reported by our group.97, 143 Increasing the nuclearity from six to nine 

with slightly changing the synthetic conditions and most importantly the organic MBB 

contributes to the high nuclearity breakthrough with gea-MOF-1.72 The synthesis 

temperature is also essential to access the structure with modular crystallinity, the higher 

the temperature, the faster the reaction rate, which is not necessarily helpful for 

obtaining the final product. 

The conventional 20 ml scintillation vials provide an excellent environment for the 

reaction. It maintains a modular pressure within the vessel, the solvent will not evaporate 
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during the synthesis if not exceeding 130˚C, and the product can be harvested easily. In 

most cases, synthesizing a MOF based on a specific MBB reported synthesis can help 

direct the synthesis toward the target material.  

1.5 Characterization and Structure Confirmation  

Since all MOFs are crystalline materials, the first analysis is checking the powder X-ray 

Diffraction (PXRD) patterns. It indicates whether the isolated material has a periodic 

structure, MOFs’ characteristics, or an amorphous phase. Then to further confirm the 

isolated phase and compare it with the simulated/targeted MOF structure through 

Material Studio (MS), a software widely used to predict and simulate networks based on 

their respective building blocks and help is measuring important structural information 

like length, planar and torsion angularity in ligands as well within MOFs structure. The use 

of SCXRD, single-crystal, will precisely define the position of each atom in the obtained 

structure and confirm our prediction. Followed by classical chemical techniques to study 

the material further, including IR, NMR, (TGA) Thermogravimetric analysis, elemental 

mapping, and others to obtain complementary information about the chemical 

composition in the structure. As porosity is a targetable goal in MOF design and cannot 

be necessarily predicted based on simulation, some MOFs undergo structural changes 

before evacuating the pores/solvent removal. The classical method tests the porosity 

using probes like N2 @ 77K or Ar @ 87K for open structures and CO2 @195K for the frames 

with no accessibility for N2 or Ar.  

1.5.1 Porosity Investigation  

One of the significant characteristics of MOFs is their porosity. The process of accessing 

the theoretical pore values is essential to determine the use of MOFs depending on  BET 
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area, pore-volume, and pore size distribution. It draws a clear map of whether the 

material can be accessed. If size exclusion is adopted, the pore can be used for particular 

applications like separation with respect to the pore aperture size.144 Gas storage and 

capture, thus the procedure of pores activation varies depending on the pore system, 

whether the materials exhibit micropore or mesoporous. The challenge arises when the 

micropore materials have very narrow windows that will not allow the trapped solvent’s 

departure and leave a free space for the volatile solvent to replace the high boiling point 

solvent as DMF, water, and others. On the other hand, the penalty of having distinct pores 

for the mesoporous materials may result in framework collapse if the activation 

procedure is not handled carefully. Moreover, the activation procedure presented in this 

dissertation used a standard way by using the 6 mm round bottom cell since it minimizes 

the interaction with air. For the solvent choice, the best volatile solvents include 

acetonitrile (CH3CN), Ethanol (EtOH), and Methanol (MeOH) for the micropores and using 

n-hexane for mesoporous materials as a volatile solvent after exchanging the trapped 

DMF inside the pores with EtOH or CH3CN, prove to be successful as the mesoporous 

materials may suffer from fragility if the solvent evaporated faster than it should.145   

1.6 Objectives and Contributions 

The contributions of this dissertation fold in the following streams: 

 Introduce new design strategies and targets made to tailor specific MOFs, 

enriching the crystal engineering design toolbox with new/ advanced approaches, 

namely  

1. The cantellation design approach for discovery of first M(IV)-sod-ZMOFs 
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2. Supermolecular building rods (SBRs) approach for the deliberate 

implementation of one-periodic building units in MOFs design. 

 The role of bent ligands in obtaining new structures, and the possibility of forming 

multiple bridging for further control on MOF construction  

 Understand the relationship between hydrophobicity and pore-contraction on the 

behavior of water-vapor sorption  

1. Cr-soc-MOFs as a case study 

 Employ the isoreticular chemistry principles in solving a highly challenging 

separation of C4 olefins, primarily cis, trans-2-butene isomers, and iso-butylene.  

1. RE-ftw-MOFs isoreticular modifications for investigating light hydrocarbons  

separation 

2. Focused on C4 olefins, cis and trans-2-butene isomers 
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Figure 1.11 Illustration of MOFs collection discussed in this dissertation. 
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1.7 Materials and General Procedures Used to Characterize MOFs Reported in this 
Dissertation 

Powder X-ray diffraction (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) was 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 recorded on a Thermo 

Scientific Nicolet 6700 apparatus. The peak intensities are described in each of the 

spectra as very strong (vs), strong (s), medium (m), weak (w) and broad (br).  

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 or nitrogen baths at 87 K and 

77K. The bath temperature for the CO2 adsorption measurements was controlled using 

an ethylene glycol/H2O re-circulating bath. 

X-ray Single Crystal Diffraction data were collected using Bruker X8 PROSPECTOR APEX2 

CCD diffractometer using CuKα (λ = 1.54178 Å). Indexing was performed using APEX2 

(Difference Vectors method). Data integration and reduction were performed using 

SaintPlus 6.01.2. Absorption correction was performed by a multi-scan method 

implemented in SADABS.3 Space group was determined using XPREP implemented in 

APEX2. The structures were solved using Direct Methods (SHELXS-97) and refined using 
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SHELXL-97 (full-matrix least-squares on F2) contained WinGX v1.70.01 and OLEX2 

programs packages. 

Topological analyses were performed using TOPOS.146 Potential solvent-accessible 

volumes were calculated using PLATON.147, 148 
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Chapter 2. The Cantellation Design Approach for Constructing Novel ZMOFs 
Based on M4+ : Zr-sod-ZMOFs as a Case Study.134 
 

2.1 Introduction  

Metal−organic frameworks (MOFs) are a unique class of crystalline materials resulting 

from the assembly of organic and inorganic molecular building blocks (MBBs) into periodic 

structures. Since the end of the 1990s, tremendous efforts have been dedicated to 

exploring their properties and potential applications. Among thousands of MOFs reported 

to date, the touch of rational design is increasingly visible,149 thanks to the principles of 

reticular chemistry and the associated RCSR database.37, 107 Indeed, design strategies 

facilitated the assembly of MOFs with increasing complexity.150 If the assembly of 

common MBBs into MOFs based on the reticulation of edge-transitive nets is now widely 

applied, researchers are committing noticeable efforts toward expanding the repertoire 

of reticular chemistry. This is achievable by using complex ligands to deviate from 

“default” assemblies,151 or by developing advanced strategies, such as pillaring and 

supermolecular building approaches to promote the assembly into a precise topology 

when multiple possibilities are plausible for the same basic building blocks.20 As 

introduced in the first chapter, ZMOFs are the most complex to design since they are 

based on tetrahedral building units, which in many cases affords the formation of 

frameworks based on dia-net [1111]. In order to target a framework based on zeolitic net, 

a specific arrangement of tetrahedral nodes at a certain range of angles at the MBB level 

to reach the desired net must be met.7 As a semiregular edge-transitive net with simple 

tiling (transitivity 1121), the sodalite (sod) net has the highest occurrence, making it a 

suitable target for the design of expanded ZMOFs.152 Markedly, the reticulation of the sod 
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net with expanded bridging linkers will permit open ZMOF structures. Since the sod net 

is not self-dual and not prone to self-interpenetration.134 That is, it has a high 

pore/aperture size ratio, large pore volume, and contracted pore-aperture size that is 

suitable for potential applications. Herein, we introduce a cantellation design approach 

for the directed assembly of mesoporous ZMOFs based on zirconium MBBs. For the 

rational design of a novel generation of isoreticular ZMOFs, we rationalized three main 

requirements:134  

• Achieving the formation of a tetrahedral-MBB  

• Deviating from dia net, the most regular edge-transitive net, the default topology for 

the assembly of tetrahedra 

• Obtaining an assembly mode that allows the tuning of the framework through ligand 

expansion and/or decoration  

After a careful survey of existing structures and topologies, we reasoned that an efficient 

method to deviate from the default dia net while assembling tetrahedral nodes would be 

to propose a solution that prevents their stacking in a staggered fashion. For this purpose, 

we suggest a cantellation strategy (Figure 2.1). 

2.1.1 Cantellation  

 Cantellation, by definition, is the second-order truncation of a tetrahedron. Adding a face 

at each edge and vertex of a tetrahedron affords the formation of a cuboctahedron.134 

Applying the same cantellation strategy to a couple of tetrahedra stacked in an eclipsed 

formation, results in triply bridged cuboctahedra stacked in an eclipsed conformation. At 
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this stage, the triple bridges between the cuboctahedra prevent any rotation and 

therefore “lock” them in the desired eclipsed fashion (Figure 2.1).134  

2.1.1.1 Cantellation Prerequisites  

2.1.1.1.1 Choice of Inorganic MBB 

One of the well-known MBBs in reticular chemistry is the cuboctahedral (cuo) MBBs, with 

the Zr hexanuclear-cluster of UiO-66.92 For that, Zr, HF, or RE can be used as best 

candidates for the further design of a novel class of ZMOFs.153  

2.1.1.1.2 Design of Organic MBB 

We quested the organic ligand design to promote the formation of the necessary triple-

bridge between the cuo MBBs to form the required bridging between the triangular  

Figure 2.1 First order and second order truncation of tetrahedron, and the cantellation concept with locking the 
rotation by triple bridging 
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phased of two opposite cuboctahedral BBs (Figure 2.1). Similar to a reported example 

with linear terephthalic acid with hex topology, different from the well-known and 

favored fcu-polymorph UiO-66.92, 154 If our goal is to deviate from the default fcu topology, 

then the geometry of the ligand must be modified.155 Indeed, systematic explorations 

have shown that achieving topological variety by using bent or zigzag ligands and 

introducing steric hindrance alters the carboxylates' orientation.131 To meet our needs, 

the ideal ligand should be  

(1) a ditopic ligand, with a bent geometry allowing better position for the triple bridging 

formation of MBBs, reducing the constraint on the Zr-(O2C-) bonds.  

 (2) the orientation of the carboxylate should be orthogonal to the plane of the ligand. 

The importance of applying these two requirements together is of utmost priority for our 

need to succeed. The bending-angle control on planar ligands afforded a wide topological 

Figure 2.2 Illustration of the topologies mentioned in the text. 
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variety, resulting in a collection of MOFs with fcu156, bct96, kag157, hbr158, reo159, pcu160 or 

most default tetrahedral net dia161. On the other hand, steric-hindrance, introduction on 

linear ligands afforded the assembly of bcu-MOFs instead of the MOFs with fcu-topology. 

131 (nets illustrated in Figure 2.2)  

After realizing the need and information from the reported organic ligands, their 

associated MOFs with diverse topologies were identified. We opted to combine the two 

geometrical requirements into one ligand to design and synthesize a novel ligand, 

benzene 1,3-dimesitylenic acid (BDM). The ligand is based on a terphenyl core with bent 

characteristics. The central phenyl group is decorated by two benzoic groups in the meta 

positions.  

The steric hindrance was then introduced with methyl groups occupying each of the 

benzoic groups' ortho positions (with respect to the central phenyl group). In this case, 

introducing the methyl groups at these specific positions will force the turning of the 

carboxylate by 90˚, and it locks the rotation of the rings and keeps the peripheral 

carboxylate groups orthogonal to the plan of the linker. Another way to have the same 

characteristics is to design and prepare a second and novel ligand, namely 4,4′-(2,4,6- 

Trimethylpyridine)dibenzoic acid (TMPDB), it has the same bending angle s as BDM; 

however, its steric hindrance is relocated from the arms to the central core/central part 

of the new ligand, on a pyridine ring. Additionally. A third ligand, namely 4,4'-(2,6-
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diamino-4-methylpyridine-3,5-diyl)dibenzoic acid (DAMPBA), was designed with diamino 

pyridine coupled with methyl core. (Figure 2.3) 

2.1.1.1.3 Minimizing the Coordination Options, Targeting Suitable Zeolitic Net 

The introduction of the ligands in this way, if four out of the eight triangular phases of the 

cuo will be joined by a set of three ligands and in total (3 x 4 = 12), we envision the overall 

coordination options will be minimized and favors the triple bridging of the MBBs. 

Practically reducing their net connectivity from 12 to 4. Then Each 12-coordinated (12-c) 

cluster is surrounded by four others in a tetrahedral fashion, as a result of the 12 ligands 

split into four triads converging to the same neighboring cluster (Figure 2.4). From a 

purely geometrical view, the assembly of eclipsed tetrahedra through our cantellation 

strategy should give an ideal T−X−T angle of 180° between the tetrahedral MBBs. There 

is, however, no net allowing such perfect orientation of eclipsed tetrahedra. Therefore, 

mtn or mgz-x-d nets, with T−X−T angles of 175° and 174.5°, respectively, could be the 

typical topologies. Interestingly, the sod net is favored, with an experimental T−X−T angle  

 

Figure 2.3 Designed ligands with locked carboxylate conformation. 
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of 173.5° (Figure 2.34).162 This can be explained by its higher regularity; compared to the 

trinodal mtn and heptanodal mgz-x-d nets, the sod net is edge transitive and uninodal. 

Preliminary attempts in reacting ZrCl4 with the BDM ligand resulted in a mixture of crystals 

with multiple phases, including but not limited to crystallized ligand, 1-p phase, 2-p phase, 

and the most desirable 3-p phase were apparent (Figure 2.5). The challenge was to find 

the best synthetic formula to eliminate undesirable products. It conveys an important 

message that the ligand alone cannot direct the assembly of the cluster into the desired 

Figure 2.5 Optical microscopic image for the challenges observed during the synthesis. 

Figure 2.4 Mode of connectivity in cantellation with triple-bridging facilitation the access into eclipsed tetrahedral 
building units. 
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connectivity; it should be assisted with the optimum synthetic method to isolate the 

target.  

The following attempts were successful and allowed us to isolate rod-like shape crystals 

of 1-periodic phase with BDM in DMF and TFA. Although we could not obtain the pure 

phase of ZMOF at this stage, this crystalline product has confirmed the ligands' expected 

triple-bridging of the clusters (Figure 2.6). Since the cluster is not fully coordinated by the  

 

 

Figure 2.6 The synthetic route of the 1-p phase of Zr-BDM-MOF, with the respected PXRD patterns and optical 
microscopic image. 



64 
 

 

 

ligands (MBB is 6-c instead of the predicted 12-c, the remaining sites are capped with TFA 

moieties). The same approach was used, and the isostructural of the 1-p phase was 

isolated with TMPDB based on similarities in PXRD (Figure 2.7).  

We learned that synthetic conditions should be applied to obtain fully coordinated 

clusters. Indeed, adjusting the solution concentrations to decrease the Zr/L ratio with 

acetic acid (AA) as a modulator yielded rhombic dodecahedral crystals. Single-crystal X-

ray diffraction studies (SCXRD) confirmed that the isolated MOF encloses (12-c), fully 

coordinated clusters, and the overall MOF has the targeted underlying sod topology 

observed for the first time in MIV-based MOFs (Figure 2.8).134  

Figure 2.7 Synthetic route of 1-p Zr-TMPDB and the associated PXRD patterns and optical microscopic image 
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Therefore, based on the triple bridging of the clusters by ligands, the resulting cavity is 

not represented by the sod topology classical tiling. Thanks to our design principle, The 

unprecedented augmented net reflects it, with csd (cantellated sodalite). It allows us to 

Figure 2.8 Synthetic map to obtain Zr-sod-ZMOF-1, with the confirmation of phase purity from PXRD patterns, the 
optical microscopic image of rhombic dodecahedron crystals. 
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appreciate the presence and connectivity of a trigonal prism connecting the 

cuboctahedral MBBs, which is different from sod-a (Figure 2.9).  

Zr-sod-ZMOF-1 crystallizes in the Im-3m cubic space group with a unit cell parameter of 

55.199(7) Å and a volume of 168 190(60) Å3. Interestingly, Zr-sod-ZMOF-1 contains two 

crystallographically independent ligands, both existing in each of the triple-bridges 

between the clusters. The experimental bending angles of 2 × 112.2° and 1 × 127° were 

far from the ideal 120° expected for this bending ligand (Figure 2.34). This observation led 

us to conclude that, thanks to the slight natural flexibility of the ligands, the semiregular 

sod topology governs the MOF assembly over the more ideal but less regular tetrahedra 

stacking of mtn or mgz-x-d. 

The overall framework contains two cages: the large truncated rhombic dodecahedral 

cage typical from the sodalite net is mesoporous, with a diameter ≈ of 43 Å, accessible 

through square windows of ≈ 8 Å and hexagonal windows of ≈ 21 Å apertures, 

respectively. In addition, the structure resulting from the cantellation strategy and 

delimited by the three ligands bridging adjacent clusters. Each unit cell contains 3672 

Figure 2.9 Augmentation of sod net to the classical sod-a then the novel csd. 
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atoms, ≈ 13.3 and 102 times more than the unit cells of ZIF-8 (276 atoms) and the sodalite 

zeolite (36 atoms), respectively (Figure 2.12 a).134  

The porosity of Zr-sod-ZMOF-1 has been examined by an argon sorption experiment, 

exhibiting a type-IV isotherm characteristic of a mesoporous material. The apparent 

Brunauer−Emmett−Teller (BET) area was estimated to be 1565 m2 ·g−1. The total pore 

volume was calculated to be 1.98 cm3 g−1, agreeing with the PVTheo (2.4 cm3 g−1 ) (Figure 

2.11). To the best of our knowledge, the experimental pore volume is the highest for sod-

ZMOFs, and even for ZMOFs based on 4-coordinated-tetrahedral-MBBs. The pore size 

distribution (PSD) shows a sharp pore size at 43 Å, agreeing with the crystallographic data. 

Since the primary pore system in Zr-sod-ZMOF-1 is mesoporous, the model deployed 

could not assess the contribution from the micropores (Figure 2.11). The micropores 

between the clusters generated by the cantellation with three bent ligands can be 

relatively estimated by using only low-pressure data points (up to P/P0 = 0.03), asserting 

the presence of micropores around 6.2 Å and their contribution to the overall porosity. 

Moreover, the mesoporosity of the Zr-sod-ZMOF-1 transcends reported zeolite-like MOFs 

constructed from tetrahedral MBBs with an experimental pore diameter of 43 Å. and 

detailed comparison with other mesoporous MOFs are illustrated in (Figure 2.12 a). The 

sorption of N2 at 77K, CO2 at 195K and 298K, CH4 at 112K and 298K was tested for Zr-sod-

ZMOF-1 (Figures 2.38-2.40)  

Employment of ligand TMPDB using exact conditions to isolate the first Zr-sod-ZMOF-1 

facilitate the fabrication of isoreticular analogue to Zr-sod-ZMOF-1 as confirmed by 



68 
 

 

SCXRD. The phase purity was further assured by powder X-ray diffraction. Due to the 

similarities between BDM and TMPDB, Zr-sod-ZMOF-2 exhibits the same type of cages: 

the mesoporous cage, having a diameter of about 43.5 Å, and a confined cage between 

the triple ligands of 4−6 Å with two windows, a square of 12 Å and a hexagon of 22 Å. The 

porosity assessment shows a decrease in the framework's mesoporosity compared to the 

first analogue, which can be due to the fragility of MOFs while solvent removal from the 

cavities. Similar to Zr-sod-ZMOF-1, two crystallographically independent ligands are 

presented in the Zr-sod-ZMOF-2 (2× 118° and 1× 130.4°), and the tetrahedral units show 

a T−X−T angle of 173° (Figure 2.34). 

The attempts with the third ligand, DAMBA, resulted in brownish-truncated 

dodecahedron crystals; however, the fragility and air instability prevented the complete 

SCXRD collection of the primary unit cell parameter, which indicates the formation of 

isoreticular Zr-sod-ZMOF-3 (Cubic Im-3m, a=55.18 Å, cell volume 167990 Å3). 
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Figure 2.10 Zr-sod-ZMOF-2 synthetic route with the associated PXRD patterns and optical microscope image. 
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Figure 2.11 Cavities analysis for the two isostructural ZMOFs, assisted with the experimental analysis of Zr-sod-ZMOF-
1 a) Ar-adsorption-desorption isotherm at 87K Argon sorption isotherm Zr-sod-ZMOF-1 at 87K. b) Pore size 
distribution of Zr-sod-ZMOF-1 showing a mesopore cage of about 43Å, the micropore of about 6Å was not observed 
as primary pore system of the structure is mesoporous and the deployed model (Cylinder/Sphere pore NLDFT model 
for Zeolites/Silica) could not assess the contribution from the micropores. c) Pore size distribution of Zr-sod-ZMOF-1 
using only low-pressure adsorption-desorption data (P/P0 ≈ 0.03) by deploying Cylinder pore NLDFT model for 
Zeolites/Silica. The pore size distribution shows the presence of smaller cages of ≈ 6.2 Å. d) BET surface area 
calculation plot. 
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Figure 2.12 Comparison between Zr-sod-ZMOF-1 a) PSD with other materials based on tetrahedral building units, with 
b) other mesoporous MOFs based on Zr, and c) mesoporous MOFs based on different cations. 
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2.2 Exploration Based on Various Ligands 

2.2.1 Flexible Ligands with Free Rotation 

This section is to study the role of synthetic conditions on the resulting MOF framework 

with flexible ligands. As anticipated in our design approach, complete control of the ligand 

angularity (planar and torsion angles) is critical to access zeolitic-like frameworks. To 

begin with, we chose 4,4'-(perfluoropropane-2,2-diyl)dibenzoic acid (HFIPBB), which has 

a 108˚ bending angle, and 4,4'-sulfonyldibenzoic acid (SDBA) with a slightly wider angle of 

126˚with complete loss in torsion angles as compared to the original ligands used in our 

strategy as illustrated in (Figure 2.13).  

Applying the same conditions in the presence of both ligands did not allow the formation 

of new MOFs. The isolated phase with SDBA linker is based on the hxl layer, as confirmed 

from the similarities in PXRD patterns with a previously obtained structure by our RS Dr 

Vincent (KME-383). With the second ligand, cubic-shaped crystals were obtained. Based 

on finding the possible outcome with such ligands, a simulated structure based on dia 

topology was generated, as one can expect. Nevertheless, there was no matching in PXRD 

patterns between the obtained and simulated patterns. Since there are multiple 

possibilities for these flexible ligands, further simulation was challenging, and the phase 

remained unknown. Since the isolated MOFs were not the goal of our design approach. 

However, it confirms the impossible formation of ZMOFs with zero degrees of control of 

the torsion angles.  
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Figure 2.13 Angularity analysis of ligands used in this section. 
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Figure 2.14 Synthesis route and corresponding PXRD of a) Zr-SDBA-MOF and b) Zr-L(CF3)2-MOF 
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2.2.2 Realization of the Role of Triple Bridging vs Double Bridging 

Our careful survey on structures based on Zr and ditopic ligands found that there are a 

handful of structures were based on multiple bridging. They are mostly based on edge 

transitive nets like pcu and dia, with nets transitivity [1111]. It is more favorable than any 

other network as it won’t add any constraints on Zr MBB. The cases of BUT-66 with the 

pcu-MOF resulted from the (12/6) connectivity and the Zr-PDI MOF with dia-underlying 

topology (8/2).161, 163(Figure 2.15)  

Figure 2.15 Different MOFs reported with double bridging featuring dia, pcu and hxl topologies. 
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On our way of exploring the BDM ligand, we crossed one additional phase of Zr-BDM-hxl-

MOF (KME-1213), based on the 2-periodic layers of 12-c MBB joined by two ligands from 

each point (12/2=6) the hxl layer has transitivity of [111], again toward the more 

favorable structure formation (Figure 2.15).  

In light of the above observation, we focused on exploring the topological outcomes 

targeting, in best cases, the triply bridged pillars (triads) via the geometrical fixation of 

the organic ligands through the methyl groups and bending angle. First, we opted for the 

release of the steric hindrance by removing one methyl group from the core of the 

pyridine ligands (TMPDB). This will reflect in our better understanding of our newly 

introduced approach, as each experiment, whether failure or success, will add a piece to 

our knowledge in this area. In this context, we aimed for slight flexibility where the 

peripheral carboxylate to be no longer fixed at 90˚. Instead, the angle is about 70˚ 

(subjected to change upon structure formation) with 4,4'-(2,6-diaminopyridine-3,5-

diyl)dibenzoic acid (DAPDBA). Applying the same synthetic condition as in the case of sod-

ZMOFs with Zr, The obtained MOF confirms that complete locking of the carboxylates to 

90˚ is highly needed to get sod structure (Figure 2.16). Otherwise, as mentioned earlier, 

dia-net is the primary outcome to tetrahedral-based building units, as in this case with a 

crystallographic torsion angle of 56˚. In Zr-dia-MOF-1, the structure encloses an 8-c 

hexanuclear cluster MBB, represented as a cube and connected through doubly bridging 

ligands (8/2=4). If there is such a similar example reported in the literature based on Zr 

with a linear ligand is Zr-PDI MOF.161  
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The obtained structure is doubly interpenetrated. The crystallinity of the phase was 

further confirmed by SCXRD, with Tetragonal I41/amd symmetry and unit cell parameters 

a = 23.7701(6)Å, c = 64.729(2)Å with cell volume V = 36573 Å3 PXRD calculated pattern 

match perfectly with experimental pattern confirming phase purity (Figure 2.17). The 

porosity of the structure was investigated using N2 @ 77K to confirm the agreement 

between theoretical and experimental pore volumes PVTheo. = 0.67 cm3 g-1 PV Exp. = 0.566 

cm3 g-1 (Figure 2.18). 

Figure 2.16 Structure route of Zr-dia-MOF-1, starting from the 8-c MBB with semi locked carboxylate conformation 
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Figure 2.17 a) Synthesis route associated with PXRD patterns of Zr-dia-MOF-1 and optical microscopic image. 

 

Figure 2.18 N2 adsorption-desorption isotherm for Zr-dia-MOF-1. 
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The additional hindrance was aimed based on this diamino pyridine core, but this time 

with the addition of two P(iPr)2 moieties.; however, this does not allow the formation of 

a new MOF based on a new net. Instead, the isolated MOF is isostructure to the original 

Zr-dia-MOF-1 with P(iPr)2 moieties departing their initial position into the open 

coordination sites and capping it. Again, this is evidence that the double bridging is ruling 

the resulting net to be the default/most-regular one dia. (Figure 2.19)  

2.2.3 Role of Bending Angle and Core Extension in ZMOF Design  

With the challenge in isoreticulation in ZMOF design in mind, and curiosity about our new 

design approach, we opted to study the role of isoreticular substitution and expansion 

and navigate through the experimental outcomes, and for that, we designed several novel 

Figure 2.19 Synthesis route of KME-1392 with optical microscope image. 
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linkers for that purpose (detailed organic synthesis and 1H NMR data can be found in 

appendix c). 

The synthesized ligands have methylated arms to maintain the 90˚ torsion angle 

maintained. However, the planar-bending angle is modified in the first examples. And the 

length of the core has been extended via naphthalene and anthracene cores (Figure 2.20). 

2.2.3.1 (90˚) Bending Angle: Carbazole Core  

 

We designed carbazole core ligands to get another perspective on the constraints that 

might prevent triad formation, as the well-known carbazole moiety has a fixed planar 

angle of 90˚. Upon application of our synthesis conditions, polyhedral-shaped transparent 

crystals were formed. Upon SCXRD collection, the crystals did not survive and were 

challenging to handle in the presence of air. The quality of the PXRD pattern collected did 

not help to know the identity of the obtained phase. A different attempt resulted in the 

Figure 2.20 Map of the angle-expansion in ZMOF design. 
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isolation of structure with 2-p layers linked through one dangling ligand. This suggests 

that the triad formation was restricted by geometrical constraints preventing the third 

ligand from connecting to the same cluster (Figure 2.21). 

2.2.3.2 (≈ 150 ˚) Bending Angle: Five-Member Ring Cores 

Another direction toward the exploration of methylated ligands and the ability to form 

the triple bridge is by changing the core of the ligand. In this case, the phenyl/pyridine 

core is substituted by a five-member-ring like thiophene with 4,4'-(cyclopenta-3,5-diene-

1,3-diyl)bis(3,5-dimethylbenzoic acid) linker (TDM), 1,3-bis(4-carboxy-2,6-dimethyl 

phenyl)-1H-imidazol-3-ium chloride based on NHC moiety (NHCL),164 and 4,4'-(furan-2,5-

diyl)bis(3,5-dimethylbenzoic acid) based on furan cores (FDM). The main difference 

Figure 2.21 Synthesis trials employing carbazole ligand. 
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reflects the bending angle, shifting from  120˚ to expand it to ≈ 150˚. Consequently, triad 

formation was not yet possible to obtain as in the following section (Figure 2.22). 

The first reaction between ZrCl4 and the freshly made NHC ligand revealed a 2-p array of 

HOF-type framework (Hydrogen-bonded-Organic Frameworks) without any trace of the 

contribution of the Zr within the structure (Figure 2.23). Upon slightly modifying the 

conditions, the isolated structure has 2-periodic layers, namely Zr-NHC-hxl-MOF; similar 

MOF with periodicity was also observed in the first section while trying to isolate Zr-sod-

ZMOF-1. Further synthetic optimization with slightly modifying the ratio between the M:L 

using acetic acid and DEF allowed the formation of a 3-p phase, and this time it has the 

fcu topology, where 12 ligands participate in the fully-coordinated 12-c Zr MBB. (KME-

1332) or Zr-NHC-fcu-MOF has the typical fcu cage system with tetrahedral and octahedral 

cages (Figure 2.24). 

Figure 2.22 5MR core ligands explored in this section. 
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Figure 2.23 Synthetic route to obtain the HOF of NHC L. 

Figure 2.24 Zr-fcu-NHC-MOF-1 with the associated PXRD patterns and optical microscope image. 
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And hence the NHC moiety has potential application. We opted to introduce gold (Au), 

adding a slight steric hindrance, opening the door for additional possibilities with a 

different angle/perspective of exploration. The typical reaction had led with no surprise 

to fcu-MOF named as KME_1332-Au presenting three unique cages (Figure 2.25). Then, 

changing the modulator used in the reaction from acetic acid to formic acid allows for the 

isolation of a second MOF, and this time it is based on bcu net, featuring the 8-c Zr MBB 

Figure 2.25 Synthetic routes to obtain two different structures with NHC-(Au) ligand. 
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represented as a cube with eight different ligands (Figure 2.25). Although bcu is widely 

reported in MOFs chemistry, it can be regarded as zeolitic topology when every two 

connections are treated as one 8/2 = 4, reducing the overall connectivity to 4 to give an 

aco- zeolitic like topology. The overall difference between Au-containing frameworks 

diminishing minimal with 1-2 ˚ in both bending and torsion angles, suggesting that the 

major contribution comes from the modulator (solvent + modulator) combination, which 

allows the isolation of both topologies with the same ligand featuring different 

connectivities.  

Figure 2.26 Cavity analysis for NHC-(Au) MOFs, based on fcu net top, and based on bcu net bottom. 
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As for the thiophene core ligand, two batches of crystals were isolated using different M:L 

ratios. The cubic transparent crystals have an identified phase based on the similarities in 

PXRD patterns is based on fcu-net, similarly to the NHC core ligand. In the second 

polyhedral crystal, the phase remains unidentified due to the high instability in the 

presence of air, although the PXRD pattern of the unknown phase partially contains the 

peaks matching with a zeolitic topology (Figure 2.27). 

Figure 2.27 Obtained phases with TDM ligand, with the corresponding PXRD patterns and optical images. 
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With FDM ligand, cubic shaped crystals formed using the same synthetic condition, the 

phase formed was highly unstable, thus was difficult to collect any further 

characterizations. 

By comparing the three ligands, one must notice the subtle difference in bending and 

torsion angles, thus did not allow the formation of structures based on the zeolitic net. 

Our observation is that the 120˚ bending angle is important in the cantellation strategy 

since ligands with a wider angle  145˚ acted as linear ligands affording the access to fcu 

and bcu based frameworks. 

2.2.3.3 Core Expansion: Naphthalene and Anthracene Moieties 

The aim here is to study the effect of length increasing in the core by elongating the one 

phenyl core by an additional two and three to obtain naphthalene and anthracene cores. 

Hence, this will allow the same characteristics as the original ligands, with a longer 

distance between the peripheral arms. The reaction between ZrCl4 and the 4,4'-

(naphthalene-2,7-diyl)bis(3,5-dimethylbenzoic acid) (NDM) applying the conditions to get 

the 12-c Zr MBB resulted in 2 different types of crystals depending on the solvent used, 

with DMF cubic-shaped crystals formed, and with DEF polyhedral-shape crystals. On the 

other hand, the same reaction with 4,4'-(anthracene-2,7-diyl)bis(3,5-dimethylbenzoic 

acid) (ADM) resulted in polyhedral crystals. (Figure 2.28)  
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2.2.4 Higher Connectivity: 6-c Linker 

Since we reasoned that the triple bridging is the pillar/core supporting this strategy, we 

opted to mimic the similar triad formation via a single ligand based on six carboxylates. 

This will not offer any space for interpenetration, excluding dia topology, and in this case, 

we limit the outcome to be one of the zeolitic mtn or sod topologies, respectively. The 

design also considers different functional groups that can be used to incorporate other 

metals for catalysis purposes.  

Figure 2.28 Synthetic outcome with NDM and ADM ligands. 
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The same conditions to get the 12-c Zr MBBs were applied, and the first reaction showed 

rhombic dodecahedron crystals. Upon the SCXRD collection, the crystal collapse and the 

obtained phase remained ambiguous.  

2.2.5 Meta and Ortho Carboxylate Position; What Can the Outcome be? 

Toward further exploring the area, we thought about changing the position of the 

carboxylate from para to meta and monitoring what phases are possible to isolate. 

The first reaction with 3-(5-(4-carboxyphenyl)-2,4,6-trimethylpyridin-3-yl)benzoic acid 

(CPTB) showed that we could get MOF based on lsz topology that consists of 2 fold 

tetrahedral geometry. In this MOF, the Zr is 12-c through 2 types of crystallographically 

independent ligands (colored in the structure for clarity). The first is making double-

bridging that the connectivity can be considered 8/2=4 with dihedral angle ~ 86.6 ֯ and 

69.4 ֯ and bending angle 118 ֯. The second formation is in the form of tetrahedral 

connectivity 4-c, with a dihedral angle between the carboxylate and the core ~104.13 ֯ 

and 140 ֯ bending angles, as illustrated in the net. Thus the wider angle prefers single 

connectivity (Figure 2.30). 

Figure 2.29 Synthetic route with 6-c ligand. 



90 
 

 

 

2.2.6 Isostructures of sod-ZMOFs 

As mentioned in the first chapter, the chemistry of M4+ mostly offer identical structure 

based on isoreticulation principles. Thus replacing Zr with Hf in the reaction afforded the 

formation of isostructures, namely Hf-sod-ZMOF-1 and -2. Worth mentioning that several 

Figure 2.30 The route to obtaining Zr-lsz-MOF and the corresponding PXRD patterns and optical microscopic image. 
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attempts have been conducted with RE nitrates, mainly Y, which afforded polyhedral 

crystals. Unfortunately, the phases obtained were not stable to air, and the confirmation 

of the phase is still in progress. (Figure 2.31) 

 

Figure 2.31 Isoreticulation of Zr-sod-ZMOFs with Hf and Y. 
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2.3 Computational Aid 

The first example of zeolitic topology with M4+  cations has raised the question of what 

else we can achieve? Moreover, why sod is the only one achievable so far? To answer 

such a query, we started to look into the eclipsed vs staggered tetrahedral angles in 

zeolite topologies. With the computational aid provided by Prof. Maurin and his group in 

Montpelier, we reasoned five main nets that feature the eclipsed or semi eclipsed 

tetrahedra with respect to edges, which have a direct influence on how complex the 

target must be. The comparison between the semi-regular edge transitive net sod with 

others, as shown in table 2.1, and from a geometry point of view, the unprecedented 

control introduced into the system to deviate from either fcu or dia to access sod was not 

straightforward. The substantial differences in bending angles combined with torsion 

angles are the leading factor in forming the triple-bridge, the study's success. The design 

complication arises with increasing the vertices of the nets, which might need further 

Table 2.1 Nets transitivity for the targeted group of zeolite nets. 
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constructional regulations. In addition to that, the perfectly eclipsed tetrahedra 

pinpointed sod as a reasonable target for advancing ZMOFs based on the M4+ category.  

2.4 Triad/Triple Bridge Targeting 

As discussed in the previous sections, the primary pillar to construct the desired zeolitic 

geometries is the triple bridge/triad formation. In order to get insight into the different 

bending ligands with lengths and carboxylate orientation, many trials were conducted to 

observe whether the desired construction is possible to achieve. As we successfully 

isolated and reported the one periodic framework associated with Zr-sod-ZMOFs 

formation, several attempts were intended to direct the understanding of our novel 

Figure 2.32 Possible zeolite topologies with eclipsed tetrahedra. 
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system. In addition, applying conditions to mimic the construction of the triad might 

indicate the possibility of accessing the required building unit and taking into 

consideration the three groups: 5 MR core ligands, extended naphthalene and 

anthracene, and carbazole ligands. Since it is challenging to predict the packing of 1-p 

structures or even the formation of 2-p layers, it was difficult to analyze and continue the 

investigation in this direction depending only on PXRD as each reaction resulted in the 

isolation of single crystals.  
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2.5 Experimental Section: Materials and Methods 

Organic Synthesis 

The organic ligands used in this study were prepared as outlined in appendix c.  

MOFs Synthesis  

Synthesis of 1-periodic phase Zr-BDM-1p-MOF (KME-1211) 

 A solution of ZrCl4 (10 mg, 0.043 mmol) and  (benzene-1,3-dimesitylenic acid [BDM]) (5 

mg, 0.014 mmol) in N,N-Dimethylformamide (DMF) (1 ml) N,N- and trifluoroacetic acid 

(0.1 ml) was prepared in a 20 ml scintillation vial and subsequently placed into a 

preheated oven at 120 °C for 24 h to give colorless rod-like crystals. 

Synthesis of 1-periodic phase Zr-TMPDB-1p-MOF 

A solution of ZrCl4 (10 mg, 0.043 mmol) and (4,4'-(2,4,6-trimethylpyridine)dibenzoic acid 

[TMPDB]) in N,N-Dimethylformamide (DMF) (1 ml) N,N- and trifluoroacetic acid (0.1 ml) 

was prepared in a 20 mL scintillation vial and subsequently placed into a preheated oven 

at 120 °C for 24 h to give colorless rod-like crystals. 

Synthesis of Zr-sod-ZMOF-1 (KME-1201) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and (benzene-1,3-dimesitylenic acid [BDM]) (5 

mg, 0.014 mmol) in DEF (1 ml) and acetic acid glacial 100% (0.5 ml) was prepared in a 20 

ml scintillation vial and subsequently placed into a preheated oven at 120 °C for 24 h to 

give pure colorless polyhedral crystals. The crystals have been washed with DMF and DCM 

then n-hexane for a period of 12-14 days to activate the mesoporous cage. 
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Synthesis of Hf-sod-ZMOF-1 

The same synthetic condition was used with changing the metal source from ZrCl4 into 

HfCl4 yielded the same rhombic dodecahedral crystals.  

Synthesis of Zr-sod-ZMOF-2 (KME-1308) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and (4,4'-(2,4,6-trimethylpyridine)dibenzoic acid 

[TMPDB]) (5 mg, 0.014 mmol) DEF (1 ml) and acetic acid glacial 100% (0.5 ml) was 

prepared in a 20 ml scintillation vial and subsequently placed into a preheated oven at 

120 °C for 24 h to give pure colorless polyhedral crystals.  

Synthesis of Hf-sod-ZMOF-2 

The same synthetic condition was used with replacing the metal source from ZrCl4 into 

HfCl4 yielded the same rhombic dodecahedral crystals.  

Synthesis of Zr-dia-MOF-1 (Not given a number, collected in the core lab) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoic 

acid (4.5 mg, 0.014 mmol) DEF (1 ml) and acetic acid glacial 100% (0.5 ml) was prepared 

in a 20 ml scintillation vial and subsequently placed into a preheated oven at 120 °C for 

24 h to give pure colorless polyhedral crystals. 

Synthesis of Zr-dia-MOF-1 (P(iPr)2)(KME-1392) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoic 

acid-functionalized with (P(iPr)2) (6 mg, 0.014 mmol), DEF (1 ml), and acetic acid glacial 

100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently placed into a 

preheated oven at 120 °C for 24 h to give pure colorless polyhedral crystals. 
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Synthesis of Zr-SDBA-hxl-MOF (isostructural to KME-383) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and SDBA (4.5 mg, 0.013 mmol) DEF (1 ml) and 

acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless polyhedral crystals. 

Synthesis of Zr-CDM-MOF (KME-1394) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and CDM (8 mg, 0.007 mmol) DMF or DEF (1 ml) 

and acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and 

subsequently placed into a preheated oven at 120 °C for 24 h to give pure colorless rod-

like crystals. 

Synthesis of Zr-NHC-fcu-MOF (KME-1332) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and NHC l (4.5 mg, 0.013 mmol) DEF (1 ml) and 

acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless octahedral crystals. 

Synthesis of Zr-NHC-fcu-MOF (Au) (KME-1332-Au) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and functionalized NHC l with gold (6 mg, 0.013 

mmol) DEF (1 ml) and acetic acid glacial 100% (0.5 ml) was prepared in a 20 mL scintillation 

vial and subsequently placed into a preheated oven at 120 °C for 24 h to give pure 

colorless octahedral crystals. 

Synthesis of Zr-NHC-bcu-MOF(Au) (KME-1412-Au) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and NHC l (6 mg, 0.013 mmol) DMF (1 ml) and 

Formic acid (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently placed 

into a preheated oven at 120 °C for 24 h to give pure colorless octahedral crystals. 
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Synthesis of Zr-TDM-fcu-MOF (isostructural to KME-1332) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and TDM (5 mg, 0.014 mmol) DEF (1 ml) and acetic 

acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless octahedral crystals. 

Synthesis of Zr-TDM-xxx-MOF (unknown phase- similar to simulated sod-ZMOF) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and TDM (2.5 mg, 0.007 mmol) DEF (1 ml) and 

acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless polyhedral crystals. 

Synthesis of Zr-NDM-MOF (unknown phase) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and NDM (7 mg, 0.005 mmol) DEF (1 ml) and 

acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless polyhedral crystals. 

The use of DMF instead of DEF allows the formation of cubic-shaped crystals. 

Synthesis of Zr-ADM-MOF (unknown phase) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and ADM (8 mg, 0.005 mmol) DMF (1 ml) and 

acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless polyhedral crystals. 

Synthesis of Zr-CPTB-lsz-MOF (KME-1425) 

 A solution of ZrCl4 (2.3 mg, 0.01 mmol) and CPTB (4.5 mg, 0.014 mmol) DMF (1 ml) and 

acetic acid glacial 100% (0.5 ml) was prepared in a 20 ml scintillation vial and subsequently 

placed into a preheated oven at 120 °C for 24 h to give pure colorless polyhedral crystals. 
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Figure 2.33 TGA curve for the as-synthesized Zr-sod-ZMOF-1 and the corresponding exchanged solid, recorded under 
nitrogen flow with a heating rate of 1 °C min-1. 
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Figure 2.34 a) The 12-c MBB of the hexanuclear cluster, hidden tetrahedron and 12-c cuo. b) Representation of the 
ligand and the angles. Zr-sod-ZMOF-1 and 2 c) T-X-T angels where the 12-c MBB were replaced by the sod nod. d) 
Zeolite type tetrahedral tilts with the corresponding angles. e) tro sodalite cages. 
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Figure 2.35 Illustration of the 1-periodic phase a) BDM ligand and Zr6 cluster. b) The array of the 1-D chains with 6-c 
hexanuclear clusters coordinated through three ligands. c) The arrangement of the SBUs where the 6-c Zr cluster is 
trigonal prism and the three ligands (triple bridging eventually can be considered as trigonal prism. 
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Topological Analysis  

sod-net 

Prior to topological analysis, the structure has been simplified to its points of extension. 

The organic triple bridging ligands (triad) transformed into one, and therefore the 12-

coordinated MBB transformed into a 4- connected SBU. Zr-sod-ZMOF-1 exhibit an edge 

transitive sod topology. 

Point symbol for net: 42.64 

4-c net, uninodal net, sod topology.  

TD10= 791 

Extended point symbol: 4.4.6.6.6.6 

Figure 2.36 Topological Analysis of Zr-sod-ZMOF-1 a) each inorganic node (blue, representative of the inorganic 
hexanuclear cluster) is connected to four other inorganic nodes through four organic nodes (green, representative of 
organic ligands) b) The augmented net csd. 



103 
 

 

Coordination sequence: 4 10 20 34 52 74 100 130 164 202  

csd-net. 

Augmented net of the Zr-sod-ZMOFs. The new (5,5)-c csd net has the vertex figures of 

trigonal prism and cuboctahedron, representative of the triple bridging and the 12-c 

hexanuclear cluster, respectively.  

Point symbol for net: 32.44.52.62 

(5,5)-c net with stoichiometry (5-c)2(5-c) ; 2-nodal net, new topology. 

TD10=733 

Topological terms for each node: 

a) Point symbol: 32.44.52.62 

Extended point symbol: 3.3.4.4.4.4.5(2).5(2).6.6 

Coordination sequence: 5 12 19 31 47 69 95 116 151 188 

b) Point symbol: 32.44.52.62  

c) Extended point symbol: 3.3.4.4.4.4.5(2).5(2).6.6  

d) coordination sequence: 5 12 19 32 47 64 93 125 156 176  
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Figure 2.37 Tiling of the augmented csd net. 
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Low-Pressure Gas Sorption Measurements 

Low-pressure gas adsorption study for Ar was conducted on a fully automated micropore 

gas analyzer Autosorb-IQ (Quanta chrome Instruments) at relative pressures up to 1 atm. 

The temperature was controlled using a cryo-cooler system (cryogen-free) capable of 

temperature control from 20 to 320 K. The apparent Brunauer-Emmett-Teller (BET) area 

of Zr-sod-ZMOF-1 was determined from the argon adsorption isotherm collected at 87 K 

by applying the BET model. 

 

 

 

Figure 2.38 N2 @77K adsorption-desorption isotherm of Zr-sod-ZMOF-1. 
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Figure 2.39 CO2 Adsorption-desorption isotherms of Zr-sod-ZMOF-1  a) @195K and b) @298K. 
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Figure 2.40 Methane Adsorption-desorption isotherms of Zr-sod-ZMOF-1 a) @112K and b) @298K. 
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Zirconium 

based MOF 

Pore 

Volume 

(cm3g-1) 

PSD A3 Crystallo-

graphic 

Density 

Free 

volume % 

Stability in 

water 

Topolgy Inorganic 

MBB 

connectivity 

Ref. 

Zr-sod-ZMOF-

1 

1.98 43        0.34 82.8 Stable for 24h sod 12 This 

work 

MOF-525 1.4 20 0.676 69.1 Stable for 24h ftw 12 165 

NU-1103 2.9 22.7 0.22 74.2 Stable for 24h ftw 12 166 

NU-1104 2.79 24.2 0.29 78.2 - ftw 12 166 

PCN-224 1.59 19 0.49 78.9 Stable for 24h ftw 12 167 

NU-1602 2.36 27 0.429 77.7 Not reported alb 12 102 

MOF-545 1.58 36 0.55 73.8 Stable for 24h csq 8 165 

NU-1000 1.4 32 0.486 79.4 Stable for 24h csq 8 168 

PCN-222 1.57 32 0.487 79.4 Stable for 24h csq 8 169 

BUT-12 1.52 21 0.461 79.1 Stable for 7d the-a 8 170 

BUT-13 1.75 28 0.33 84.6 Stable for 7d the-a 8 170 

PCN-128-Y 1.25 38 0.5 63 Stable for 24h csq 8 171 

DUT-51 1.08 18.8 1.184 78 Stable for 24h reo 8 159 

PCN-777 2.82 35 0.49 71.2 Stable for 12h spn 6 172 

Mesoporous 

MOFs 

        

Cr-MIL-100 0.85 29       0.784 - Stable moo 6 140 

Cr-MIL-101 1.45 34 0.62 - Stable mtn-e 6 80 

Zn-DUT-60 5.02 36 0.187 90 - Ith-d 6 173 

U-NU-1301 3.9 55 0.124 - - nun 3 174 

Cu-NU-110 4.4 34 0.222 - - ntt/rht 4 10 

Bio-MOF-101 2.83 21 0.397 - - lcs 12 175 

Bio-MOF-103 4.13 29 - - - lcs 12 175 

Zn-UMCM-1 2.14 31 0.39 - - muo 6 176 

Zn-UMCM-2 2.09 24-30 0.40 84.3 - umt 6 177 

Cu-PCN-69 2.17 41.5 0.369 83.6 - ntt/rht 4 178 

 

Table 2.2 Comparison table of Zr-sod-ZMOF-1 with mesoporous MOFs. 
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Figure 2.41 Zr-sod-ZMOF-1 remains crystalline after a 24h immersion in water as proven by a) water-vapor sorption, 
and b) PXRD patterns similarity. 
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2.6 Conclusion and Remarks 

In conclusion, we developed a cantellation design approach that afforded the 12-c Zr-

based MBB as a tetrahedral secondary building unit for the first time (Figure 2.42). Locked 

in an eclipsed conformation through triple bridging by the ligands, the stacking of the 

MBBs prevents the formation of interpenetrated MOFs with dia topology while allowing 

the formation of zeolitic-nets. This strategy permitted the discovery of two isoreticular 

mesoporous Zr-sod-ZMOFs. We report novel mesoporous zirconium-based 

metal−organic frameworks (MOFs) with zeolitic sodalite (sod) topology. Zr-sod-ZMOF-1 

and -2 are constructed based on a novel cantellation design strategy. Distinctly, organic 

linkers are judiciously designed to promote the deployment of the 12-coordinated Zr 

hexanuclear molecular building block (MBB) as a tetrahedral secondary building unit, a 

prerequisite for zeolite-like nets. The resultant Zr-sod-ZMOFs exhibit mesopores with a 

diameter up to ≈ 43 Å, while the pore volume of 1.98 cm3 ·g−1 measured for Zr-sod-ZMOF-

Figure 2.42 Illustration of the design principle of cantellation. 
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1 is the highest reported experimental value for zeolite-like MOFs based on MBBs as 

tetrahedral nodes. Exploring different bending angle ligands is in progress to learn more 

about this area. Finally, our cantellation strategy offers new opportunities for the 

deliberate use of highly coordinated clusters as secondary building units with lower 

connectivity through multiple bridging. The list of our designed/novel ligands with no 

doubts is a valuable direction to study, especially with metals with different nuclearity 

(trimer, nonnuclear, etc.).  

 

 

 
 

Figure 2.43 The role of highly connected MBBs to target nets with low connectivity, the role of triple bridging to 
deviate from default nets as fcu and dia. 
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Chapter 3. Introducing New Design Approaches Assisted by Experimental 
Examples of Novel Structures 
 

3.1 Application of the Merged Nets Approach  

3.1.1 Merged Nets  

Over the past 15-20 years, introducing multi-components within MOFs and elevating 

frameworks complexity have been investigated and achieved thanks to serendipity. 176 

Despite the tremendous progress in prediction via computational tools, experimental 

structures' application and actual isolation are ambiguous.179 In 2018, a new approach 

was introduced based on the merged net approach concept. This strategy depends on 

reticular chemistry and defines the relationship between two simple edge transitive nets, 

and their merging will result in intricate novel nets as in the case of sph-isoreticular 

MOFs.180 

The enumeration of merged nets identifies the relationship between periodic entities, 

ranging from 0-p (polyhedra), 1-periodic (chains, pillars), 2-periodic (layers), and 3-p 

structures. Thanks to the enumeration of nets based on 0-periodic-3-periodic (0-p:3-p), 

(1-p:3-p), (2-p:3-p), and (3-p:3-p). The resulting outcome revealed that for the whole 

merged net system, a total of 352 new nets could be targeted theoretically. In this 

chapter, we report three nets: the first is based on merging 1-p net, lcw with 3-p net, 

resulting in a new merged net named thw. And three isoreticulars are presented and 

discussed. The second is based on 3-p net, crs and 3-p net, hxg called crh-net with two 

isoreticulars. The last one is merging 3-p net, scu and 3-p net, eft to unveil sub-net.  
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3.1.1.1 Introduction 

The reticular chemistry principles have been the guide for exploring new structures in 

periodic assembly.33, 69 The construction of MOFs based on 2-periodic layers or 3-periodic 

nets has been quietly achieved with a high degree of prediction if one develops advanced 

topological/geometrical skills.107 The more elevated the connectivity, one must expect 

fewer options, leading to the most favorable edge transitive nets.108 Complexity arises 

when the choice of ligand contains flexibility by adding free rotation bonds as amide, 

single bond (C-C), methoxy, etc., which in most cases result in isolation of either 

amorphous or unexpected outcomes.33 The other complexity comes when multiple 

components are mixed in a one-pot synthesis. Several reports discussed the multivariate 

MOFs reported by Yaghi and coworkers, where different metals were introduced in one 

reaction. The specific location of each metal in the coordination sequence was reported 

in MTV-MOFs, as discussed in the first chapter.132 On the other hand, two and more 

ligands have been reported, without detailed explanation about prevented isoreticulation 

when slight increase or decrease in length/angle introduced into the system as the 

reported tam-MOF, which is the merge between (4,6)-c she-net and 6-c pcu-net in PCN-

201.64 

Several approaches have been reported, including the multifunctional ligands resulting in 

the same structure.181 The work reported by Yaghi and coworkers in MOF-5 with zinc 

acetate basic building block, where a random distribution of functionalized 1,4-benzene 

dicarboxylic acid (BDC) ligands including -NH2, -Br, (Cl)2, -NO2, -(CH3)2, take place within 

the structure to get the MTV-MOF-5. The final product has the same topology as MOF-5. 
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The addition is ligands' modification that allows different properties and gas sorption 

data.182 Another example is Zr-fcu-MOF, UiO- isoreticular, MTV-UiO-66, as the degree of 

control is higher when the original structure is stable and fully coordinated. Cohen and 

coworkers reported a gallery of 26 different forms based on multifunctional ligands to 

study degradation in warfare agents.183 

The alternative way is to use a specific MOF as a template and fill in the missing linker 

positions with a suitable one. For example, the Zr-bcu-MOF, 8-c MBB Zr6O4(OH)8(H2O)4can 

be further modified with additional ligands to increase the connectivity into 12, yielding 

a 12-c Zr-fcu-MOF.131, 184 

Pillaring is another strategy to introduce two ligands. The first chapter mentions that 

using one edge transitive 2-periodic layers (hxl, kgm, hcb, sql, kgd) can be linked through 

a second ligand: di-, tri- or tetratopic linkers. Multiple bridging ligands can also be used to 

join the layers as discussed earlier ( double, triple, quadruple, etc.).  

Ligands based on different connectivity were used. One of the successful examples is 

UMCM-1 by Matzgr and coworkers, based on ditopic (BDC) and tritopic (BTB) ligands 

coordinated to Zn4O clusters featuring a mesoporous framework.176 The molar ratio was 

a yield determining step to secure the synthesis of UMCM-1 and not MOF-177 based on 

single linker (BTB) nor MOF-5 based on (BDC).2,47 The ditopic linker with thieno[3,2-

b]thiophene-2,5-dicarboxylate (TDC) was used to replace BDC, allowing the isolation of a 

second analogue based on the entirely different system named UMCM-2.177 Recently, The 

intricate structure of sph-MOF and its isoreticular expansion led to an evolution in the 
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design of multicomponent MOFs based on advanced periodicity, in the theme of merged 

net.62  

sph-MOF was generated rationally by merging spn (3,6)-c and hxg (6)-c and was named 

after the first letters of both nets with net connectivity (3,6,12)-c net (Figure 3.1). This 

work's beauty highlights the importance of mathematical relationships and net c-BUs, 

allowing the successful isoreticulation of the sph-MOF-1 to -4. The combination of the 

judiciously selected MBBs based on the guided map clarifies the relation between two 

simple edge transitive nets to unveil a new complex merged net that has been achieved 

Figure 3.1 Illustration of RE-sph-MOF construction with its corresponding edge transitive nets to reveal the merged 
net structure.  
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by joining the necessary synthesis elements. The typical randomization with a mixed 

ligand system will be revisited based on this clear map of merged nets. The theory 

developed by Hao et al. (unpublished data) showcase almost 140 nets for the merge 

system of 3-p 3-p nets, 137 for 2-p 3-p, 10 for 1-p 3-p, and 65 0-p 3-p for a total of 352 

new highly connected nets. Another reported example For the 1p-3p system is MOF-250, 

an ith-d MOF a (3,6)-c platform by merging the three-periodic pto-net and the one-

periodic lcw net through linking tetranuclear zinc clusters with tritopic and ditopic 

ligands.96 

3.2 The New Contribution  

This chapter aims to demonstrate the strength of our merged net design approach by 

introducing three examples of the theoretically predicted nets 

1) Zr-thw-MOFs as an example of the 1-p 3-p system. 

2)  Zr-crh-MOFs is an example of the 3-p 3-p system. 

3) M-sub-MOFs as an example of the 3-p 3-p system.  

The challenge is navigating suitable MBBs to isolate the targeted structures synthetically. 

And for that, the focus on the inorganic MBBs was based on Zr and RE cations due to the 

variable yet controllable coordination numbers with specific synthetic conditions to 

access the desired net. We also looked for unique characteristics within ligands design to 

meet our needs (length, angularity, and functionality).  

3.2.1 One-Periodic and Three-Periodic Merged Net 

The thw-MOF is constructed by connecting the three periodic the-net (3,8)-c and the one 

periodic lcw-net (2)-c (Figure 3.2). While the-net can be obtained with tritopic ligands, 
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with specific modification on the core of the BTB ligand; introducing three methyl 

moieties around the core, which constraint the rotation of the arms to get a 90˚ angle 

between the core and arm of the ligand 4,4′,4″-(2,4,6-trimethyl benzene-1,3,5-triyl) 

tribenzoic acid, (TMTB). This will force the construction of the-MOF, as reported by Farha 

and others. 185 The eight connected Zr MBB has the required open coordination sites, 

allowing the successful implementation of the second linear ligand unveiling Zr-thw-MOF 

for the first time. The synthesis route based on two steps: 1) preparing the Zr-the-MOF, 

2) then introducing the lcw ligand to fulfill the empty coordination sites, which can be any 

ligand from 1,1'-bis(4-carboxyphenyl)-[4,4'-bipyridine]-1,1'-diium,  [1,1':4',1'':4'',1'''-

quaterphenyl]-4,4'''-dicarboxylic acid, and 4,4'-([2,2'-bipyridine]-5,5'-diyl)dibenzoic acid. 

This post-synthetic modification strategy is considered more reasonable in this case, as it 

ensures obtaining the targeted net and reducing the loss/waste of starting materials. In 

most of our trials, UiO-68 is not avoidable through a one-step reaction with both linkers. 

Structure formulated as Zr6O4(OH)4(TMTB)3 (L)(FA) (Figures 3.3-3.4).  

Figure 3.2 Structural representation of the targeted net for designing thw-a net. 
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Figure 3.3 Synthesis route to obtain Zr-thw-MOFs 
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Figure 3.4 Choice of the and lcw linkers to obtain thw-MOF. 

Figure 3.5 a) Optical microscope images for the three thw-MOFs b) the associated PXRD patterns for the MOFs. 
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The isolated MOFs have been characterized using SCXRD, Zr-thw-MOF-1 has Cubic 

symmetry, space group Pm-3m with unit cell parameter a=28.1350 Å and cell volume 

V=22271 Å3, Zr-thw-MOF-3 has Cubic symmetry Im-3 with unit cell parameter 

Figure 3.6 Porosity analysis with N2 adsorption-desorption at 77K for the Zr-thw-MOFs. 
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a=56.386(3) Å and cell volume V=179273 Å3. Confirmation of the Zr-thw-MOF-2 structure 

was based on similarities in PXRD patterns with its isoreticulars, and phase purity was 

confirmed for all the phases between the calculated and as-synthesized patterns (Figure 

3.5). 

The porosity analysis showed that the isostructures enclose two types of cages, one 

octahedral and cubic-like cage, with a diameter of 12.5 Å and 20 Å, respectively. As further 

confirmed by N2 adsorption-desorption isotherms with the associated PSD calculations 

using NDLFT equation based on zeolite with spherical pores and carbon with slit pores 

models (Figure 3.6). The PVExp. ≈ 1.13 cm3 g-1, 1.24 cm3 g-1, and 1.33 cm3 g-1 in line with the 

calculated PV of 1.4 cm3 g-1, For Zr-thw-MOF-1 to-3 respectively. 

Our successful application on the thw-MOF and knowledge gained with controlling the 

angle of carboxylate directed the synthesis of a new ligand to construct the-MOF. This 

time, the methyl groups are positioned at the ligand's peripheral benzene rings/ arms, 

and the final angle between the core and the arms is precisely 90˚ in the novel  5'-(4-

carboxy-2,6-dimethyl phenyl)-2,2'',6,6''-tetramethyl-[1,1':3',1''-terphenyl]-4,4''-

dicarboxylic acid ligand (HMTB). The first attempt with Y(NO3)3.6H2O resulted in the 

isolation of colorless-hexagonal-shaped crystals. SCXRD revealed that the structure is 

based on two periodic layers with Orthorhombic symmetry, space group Ima2 with unit 

cell parameters of a = 17.3464 Å, b = 25.6405 Å, c = 8.3084 Å, α = β = γ = 90 ֯, and cell 

volume V = 3695.33 Å3. The Y in the structure is not based on the targeted hexanuclear 

cluster. Instead, it is based on an infinite chain of cations (Figure 3.7). PXRD analysis 

confirms the purity of the material. Then, using Zr and by adjusting the synthetic 
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conditions to the original Zr-the-MOF-1, colorless cubic-shaped crystals of the Zr-the-

MOF-2 were successfully isolated as confirmed by similarities in PXRD patterns of the 

simulated and as-synthesized material (Figures 3.8). The simulated material represents a 

high mesoporosity with two types of voids: an octahedral cage with 11 Å in width and a 

square-like channel with 19 Å width.  Calculation from N2 adsorption-desorption isotherm 

and PSD confirms the presence of the pores (Figure 3.9). The PVExp. ~ 1.3 cm3 g-1 close to 

the PVTheo. 1.6 cm3 g-1, the material was tested for water-vapor sorption and found to be 

stable with uptake ≈ 1 cm3 g-1, close to its theoretical pore volume (Figure 3.9). This 

structure can be used similarly with exact conditions to obtain isoreticular thw-MOF with 

any linear ligand, as explained above.  

 

Figure 3.7 Synthetic route of Y-structure with KME-1366. 
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Figure 3.8 Synthesis route to obtain Zr-the-MOF-2 with the corresponding PXRD and optical microscope image. 
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The three periodic and one periodic merged net system can be considered-among all 

systems reported by Hao et al. (unpublished data) least in complexity. Since it means, in 

Figure 3.9 a) Cage analysis and porosity of Zr-the-MOF-2 with b) the corresponding N2 adsorption-desorption 
isotherm and c) PSD showing the two types of voids and d) water sorption experiment. 
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other words, finding the appropriate candidate to fill the unsaturated coordination sites 

within the cluster.  

3.2.2 Three-Periodic and Three-Periodic Merged Net 

The three periodic and three periodic merged nets are the highest in complexity. The 

implementation of the 3-p 3-p system started with the discovery of sph-MOFs, which 

opened the door for the crh-MOFs series with 2 isorticulars based on 6-s and 2-c ligands. 

The (6,12)-c crh net is merged from two 3-periodic nets, 6-c crs net and 6-c hxg net. The 

Zr-crh-MOF-1 was obtained with a two-step reaction starting with the reported Zr-pbz-

MOF using hexakis(4-(4-carboxyphenyl)phenyl)benzoic acid ligand (BHPB). The second 

ligand was introduced to obtain Zr-crh-MOF-1, Zr6O4(OH)4(BHPB) (BTDC)3  with 

thieno[3,2-b]thiophene-2,5-dicarboxylic acid, (BTDC) ligand. The SCXRD studies revealed 

that the compound crystallized in a Cubic space group Fd-3 with a unit cell parameter 

a=44.902(3) Å and cell volume V=90530.9 Å3. The relationship between the two ligands is 

governed by the equation where the length of the ditopic ligand must be equal to the 

length of the arm of the hexatopic ligand (Figure 3.10-3.12). The presence of the elements 

in The structure was further confirmed by EDS analysis assisted by elemental mapping, 

which shows a homogeneous distribution of sulfur in the structure, confirming the 

insertion of the second ligand in the framework (Figure 3.14). The porosity analysis of the 

Zr-crh-MOF-1 revealed two cages: tetrahedral and octahedral with 7.5 and 12.5 Å, 

respectively. The high-resolution N2 @77K adsorption-desorption experiments confirmed 

the presence of the two cages through the pore size distribution calculation. Moreover, 

the experimental pore volume PVExp~ 0.78 cm3 g-1matches perfectly with the calculated 
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PVTheo~ 0.9 cm3 g-1, respectively. The free volume of the framework is ≈ 68 % and the BET 

area is estimated to be 2317 m2 g-1 (Figure 3.16). 

To confirm the strength of our approach, an isostructure was prepared, adopting trans-

mocounic acid (MA) as the ditopic linker, to yield Zr-crh-MOF-2. The slight flexibility of 

the mocounic facilitated its insertion into the framework. As further confirmed by 1H NMR 

of the acid digested samples which shows the experimental ratio of MA: BHPB to be 

1:1.96, less than the expected ratio of 1:3 (Figure 3.15). The structure was simulated and 

further characterized by PXRD and gas sorption studies to prove its structural features 

(Figure 3.13).  

Figure 3.10 Merged net illustration for crh-a net. 
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Zr-crh-MOF-2 represents similar porosity characteristics as crh-MOF-1 (Figure 3.17). The 

BET area calculated based on N2 @ 77K is less than the crh- MOF-1 with about 1786 m2 g-

1. The PVTheo. and PVExp. are in perfect match with 0.72 and 0.71 cm3 g-1, respectively.  

 

 

  

Figure 3.11 Illustration of the crh-MOFs with their corresponding ligands.  
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Figure 3.12 Synthesis route to obtain Zr-crh-MOFs. 



129 
 

 

 

  

Figure 3.13 PXRD patterns for a) Zr-crh-MOF-1 and b) Zr-crh-MOF-2. 
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Figure 3.14 Scanning electron microscopy and elemental mapping of Zr-crh-MOF-1 demonstrate the homogenous 
sulfur distribution in the crystal. 
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Figure 3.15 1H NMR data of Zr-crh-MOF-2. 
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Figure 3.16 Porosity analysis for Zr-crh-MOF-1. 
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Figure 3.17 Zr-crh-MOF-2 porosity analysis a) the cages of the structure, and b) the nitrogen adsorption-desorption 
isotherm and PSD calculation.  
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M-sub-MOF  

The last MOF was prepared based on one-pot synthesis as the merge is between (3,8)-c 

eft and (4,8)-c scu nets to give the unprecedented sub-net. A mathematical equation 

governs the angles and length required for the net (Figure 3.18). The choice of ligands was 

based on 90˚angle with carbazole moiety. Both Zr and RE can be used to construct this 

MOF (Figures (Figures 3.19-3.20); further explanation will be followed in the next section 

as this MOF provide access to a new design approach named SBRs. 

Figure 3.18 M-sub-MOF platform equation, deriving the selection of organic ligands. 
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Figure 3.19 Merged net approach to obtain RE-sub-MOF-1. 

Figure 3.20 Synthetic route of Zr-sub-MOF-1 with the corresponding PXRD patterns and optical microscopic 
image. 
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3.3 Synthesis and Methods 

Synthesis of Zr-the-MOF-1 (NU-1200) 

The MOF was synthesized according to the reported procedure with slight modification185 

In a 4 ml vial, 4,4′,4″-(2,4,6-trimethylbenzene-1,3,5-triyl) tribenzoic acid, TMTB linker 

(0.023 mmol, 16 mg) was dissolved in 2 ml of DMF, and then ZrCl4 (16.3 mg, 0.07 mmol) 

was added into the solution followed by sonicating for 10 min. Afterwards, 400 μL of TFA, 

as the modulator, was added to the resulting solution. The solution was then placed in 

the 120°C oven for 24 h. After the vials cooled down to room temperature, MOF crystals 

were isolated by centrifuge.  

Synthesis of Zr-the-MOF-2  

(0.023 mmol,18 mg ) of the 5'-(4-carboxy-2,6-dimethylphenyl)-2,2'',6,6''-tetramethyl-

[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (HMTB), were added to a solution of (0.08 

mmol, 16.3 mg) ZrCl4 in 2 ml DMF and 0.5 ml TFA then placed in 120°C preheated oven 

for 36 h before cubic shaped crystal forms.  

Synthesis of Zr-thw-MOF-1 (KME-1283) 

From a freshly prepared the-MOF sample, 50 mg weighted in 20 ml scintillation vial, to 

that 15 mg of the 1,1'-bis(4-carboxyphenyl)-[4,4'-bipyridine]-1,1'-diium, viologen based 

ligand was solubilized in 3 ml DMF then added. The mixture was then placed in a 120°C 

preheated oven.    

Synthesis of Zr-thw-MOF-2  

Similar to the thw-MOF-1, this MOF was prepared using the  [1,1':4',1'':4'',1'''-

quaterphenyl]-4,4'''-dicarboxylic acid, based on tetraphenyl dicarboxylic acid ligand. The 

solubility of this ligand is quite low, and it requires the addition of 0.1 ml TFA.  
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 Synthesis of Zr-thw-MOF-3 (KME-1408) 

Following the above procedure used with 4,4'-([2,2'-bipyridine]-5,5'-diyl)dibenzoic acid. 

Synthesis of Zr-pbz-MOF (Zr-hxg-MOF-1) 

The MOF was synthesized according to the reported procedure94 

A solution of 3 ml DMF, 1 ml acetic acid, 6 mg of hexakis(4-(4-

carboxyphenyl)phenyl)benzoic acid ligand (BHPB), and 8 mg of ZrCl4 was placed in a 20 ml 

glass scintillation vial. The vial was sealed and placed in an isothermal oven at 120°C for 

36 hours. During this period, large colorless octahedral crystals of pbz-MOF-1 were 

formed. 

Synthesis of Zr-crh-MOF-1 (KME-1320) 

40 mg of the freshly prepared Zr-pbz-MOF-1 was soaked in 3 ml DMF, to that 10 mg of 

thieno[3,2-b]thiophene-2,5-dicarboxylic acid (BTDC) was added. The vial was sealed and 

placed in a 120°C oven for 24 h before the large yellowish crystals were found.  

Synthesis of Zr-crh-MOF-2 

40 mg of the freshly prepared Zr-pbz-MOF-1 was soaked in 3ml DMF, to that a 12 mg of 

t-mocounic acid (MA) was added. The vial was sealed and placed in 120°C oven for 24 h 

before the large semi-transparent crystals were found.  

Synthesis of Zr-sub-MOF-1 

A solution of 2 ml DEF, 0.5 ml acetic acid, (0.015 mmol, 10 mg) of BBCDC, (0.008 mmol, 

3mg ) of CPCDC, and (0.05 mmol, 12.2 mg) of ZrCl4 was placed in a 20 ml glass scintillation 

vial. The vial was sealed and placed in an isothermal oven at 120 °C for 24 hours. During 
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this period, large colorless tetragonal-crystals of sub-MOF-1 were formed as proven by 

similarities in PXRD between the calculated and as-synthesized patterns (Figure 3.20). 
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3.4 Supermolecular Building Rods (SBRs) 

Advancing in the prediction, design, and synthesis of three periodic frameworks has 

attracted excessive attention in the past few years.33, 69 Novel structures were identified 

and isolated thanks to the well-established reticular chemistry principles, as discussed in 

the first chapter. Although few structures were reported with one periodic array of 

clusters that can be used as starting building unit, the clear map directing the topic is 

missing. "Supermolecular building rods approach" is introduced here as a new addition to 

the design principles governing the construction of periodic materials taking advantage 

of the 1-periodic arrays of metal clusters joined by multiply crossed linked ligands as the 

main target prior to the construction of 3-p frameworks. The enumeration generated six 

basic types of rods based on two, three, four-fold of symmetry, including square, 

tetrahedron, trigonal prism, trigonal antiprism, square prism, and hexagonal prism (Figure 

3.23). In light of that, three main routes governing the description of linkage were 

identified (Figure 3.24):  

i) Cluster-to-Cluster (C-C): the linkage is between points of extension of two 

neighboring clusters. 

ii) Ligand-to-Ligand (L-L): the connectivity is directly through the contribution of 

a tetratopic ligand. 

iii)  Cluster-to-Ligand (C-L): takes advantage of the cluster points of extension and 

the center of the ligand in the connectivity.  

As proof of our concept, three outputs were experimentally isolated, covering the 

three parts: RE-ABDC-CDC-pcu-MOF, RE-PCDC-cut-MOF, RE-CPCDC-llj-MOF. In 
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addition to RE-sub-MOF-1, demonstrating Cluster-to-Cluster (C-C), Ligand-to-Ligand 

(L-L), and Cluster-to-Ligand (C-L), featuring the power of merged net approach in SBR 

theory.  

Building the knowledge toward considering the rods/pillars -with inorganic clusters- as 

trigger parameters in MOFs design revealed advantages as compared to the well-

practiced SBL or SBB as an added value to the research of crystal engineering. 

3.4.1 Introducing the Concept of SBRs 

The trait of directionality combined with design strategies in periodic materials has been 

of utmost importance if one plans to use a specific MOF/COF platform for a targeted 

application.9 The introduction of Reticular chemistry principles with advanced design 

principles contributes to enormous advancement in the growth of designing novel yet 

predictable complexed frameworks.62  Whereas the polyhedral MBBs are more accessible 

to target and design, the majority of the reported structures, especially in the early days 

of MOFs, demonstrate the intricate design of the one periodic infinite rods based 

structures.186 Which is explicitly dependent on the organic ligand and synthesis 

conditions.187 The main challenge in this area is controlling the robust infinite SBUs, which 

are often formed by fortune.186 One of the primary examples of the infinite rod-based 

SBUs is MIL-47, VO(BDC),  built from the infinite SBUs of (-O-V-)∞ and benzene 

dicarboxylate results in three periodic net with sra-topology. Worth mentioning that the 

same structure can be obtained with (-OH-V-)∞ rods by simply replacing V3+ with V5+.186 
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In the case of the 6-c metal clusters and ditopic/o-hydroxy carboxylate ligand (5,5’-

dihydroxy1,4-benzene dicarboxylate) in MOF-74 isoreticulars, for different applications. 

While tuning the position of the hydroxy from ortho to meta, a structure with M2(m-

DOBDC) was isolated.133 The coordination between the inorganic and organic building 

blocks offers a high degree of stability, making it more reliable in critical applications such 

as water harvesting 188 or SO2 removal.  In NOTT-300, the corner-sharing extended 

octahedral chain of [AlO4(OH)2]∞  linked to biphenyl tetracarboxylic acid, 189 the 1D 

channel offers a potential for the removal of SO2 and CO2 from natural gas due to the 

selective binding through exposed hydroxyl groups within the channels. Another Al MOF 

named MOF-303, constructed from infinite secondary building units Al(OH)(-COO)2 and 

HPDC = 1H-pyrazole-3,5-dicarboxylic acid. It has been extensively used in water 

harvesting with remarkable stability and recyclability.188 

Hetero-poly topic ligands were explored with Zn in MOF-910 (Zn3(PBSP)2),  (PBSP= 

phenylyne-1-benzoate, 3-benzosemiquinonate, 5-oxidopyridine). 190It was found that the 

hetero-polytopic ligands play a significant role in helical rods instead of straight ones that 

can be adjusted by tuning the hetero-polytopic ligands. The well-defined 1D channels 

mostly offered by structures containing 1-p rods are appealing factors to target this type 

of frameworks thanks to the prevented interpenetration in most cases.31 Since the access 

to rod building blocks is highly dependent on the choice of organic ligand, the design of 

the infinite rod SBUs is less reliable, difficult and less explored compared to the polyhedral 

MBBs where the points of extension are well defined.  
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 In reticular chemistry, pursuing frameworks starting with 0-periodic (SBB and MOPs), 2-

periodic and 3-periodic frameworks is well established,72 on the contrary, humble 

attention toward starting with polyhedral 1-periodic SBUs.. Kaskel and coworkers 

reported 1-p chain of Zr-SBC-MOF (DUT-80).191 They suggested the possibility of linking 

the chains by introducing functionalities as an extension with benzene carboxylic acid 

resulting in Zr-llj-MOF (DUT-98).191 The structure featured a stimuli-responsive 

phenomenon that indicates framework flexibility. Moreover, they reported hypothetical 

examples without any experimental data. 191When introducing a novel design route, it is 

preferred to have a guidance map to distinguish the plausible outcomes based on a 

specific rod and synthesize the structure in reality. A recent example was reported,  fcu-

polymorph, with hex topology with Zr and BDC. The 12-c hexanuclear cluster can be 

divided into 6-c hxl layer and 6-c. One periodic framework can be represented as trigonal 

antiprism, where six benzene dicarboxylic acids are contributing to the rod, leaving six 

open positions to form the hxl-layer.154 (Figure 3.21)  

 

Figure 3.21 Rod formation in EHU-30 follow the SBR-4 with trigonal prism. 
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3.4.2 Objective of the Study 

Supermolecular Building Rods (SBRs) are introduced here for the first time. The additional 

value of gaining knowledge about the one periodic system in reticular chemistry design is 

that it opens the doors toward the isolation of novel derived-nets that are yet to be 

explored. Apart from the conventional chains and rods of an infinite array of inorganic 

secondary building units based on single cation (Zn, Co, Mn, Tb, and Pd) with polytopic 

ligands,186 our strategy takes into consideration the clusters based MBBs with bridging 

ligands as the seed of construction to build three periodic metal-organic frameworks. 

In this chapter, we specifically provide: 

1- Enumeration map revealed the six basic SBRs that can be used to construct MOFs 

based on 1-periodic SBUs. 

2- Basic understanding of how to start the design of new MOFs based on SBRs 

approach, assisted by the polyhedral MBBs. 

3- Deliver synthetic proves to strengthen our new design strategy.  

The generation/enumeration of the examples of the SBR approach unveiled mostly 

derived-nets, where the vertex figure of the parent net was replaced by an edge transitive 

binodal group.34  Most of them reported for the first time. The experimental part based 

on RE-hexanuclear cluster and carbazole di, tri, and tetra carboxylate moieties are 

discussed with four MOF analogues as conceptual proof for our newly introduced 

approach (Figure 3.21).  
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The enumeration enclosed six types of basic building rods that can be represented as 

feasible targets for our new concept. There are several reports with multiple bridging 

moieties, although serendipity was governing their formation and the examples reported 

in this section is to validate the idea of having a targetable/reasonable outcome. 

Driven by the inclusion of enumerated nets, we opted to assess the strength of our design 

approach by identifying experimental outcomes based on square prism (cube)/SBR-5. 

Implementing carbazole dicarboxylic acid seems feasible due to the rarity of reported 

structures based on this moiety with RE or M4+, slight flexibility suitable for our need as 

reported with some cations.192  The following section will include a detailed explanation 

for (C-C), (L-L) and (C-L) which share some specifications with the SBL approach.  

The enumeration generated six basic types of rods based on two, three, four-fold of 

symmetry, including square, tetrahedron, trigonal prism, trigonal antiprism, square prism 

and hexagonal prism. Our focus will be to target the square prism SBR-5, the basic 

elements to construct it is by the judicial choice of MBBs. We reasoned that ligand with 

carbazole moiety would offer the needed characteristics to form the square prism linking 

the clusters in the desired formation. Thus the basic units to form the 1- periodic array of 

clusters are (Figure 3.23) 

1) n-c carbazole (di, tri, tetra)-carboxylic acid. 

2) Zr or RE-hexanuclear clusters  
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In light of that, three main routes governing the description of linkage were identified as 

the following. 

 

 

 

Figure 3.23 Illustration to simplify the concept of SBRs. 

Figure 3.22 Basic MBBs used to construct the SBRs. 



146 
 

 

 

 

 

Figure 3.24 Illustration of the enumerated six types of SBRs. 

Figure 3.25 Basic elements of construction of C-C, example based on pcu-net. 
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3.4.3 Design and Nes Enumeration 

3.4.3.1 Cluster-to-Cluster (C-C)  

The most obvious route of joining 2-rod arrays will be to take advantage of the open metal 

sites of neighboring clusters in multiple linker versions (Figure 3.25). There is no surprise 

that our ten enumerated nets are based on the five edge transitive 2- periodic layers 

including (sql, square lattice), (hxl, hexagonal lattice), (kag, kagomé), (kgd, kagomé dual ), 

and (hcb, honeycomb) (Figure 3.27). Table 3.1 discloses the outcome. Therefore, each net 

can be targeted by selecting building units of diverse geometry. And one must not confuse 

the SBL and SBR since the latter is constructed from the infinite rod of SBUs based on 

clusters, and the layers can be integrated into its respectful SBRs. Our experimental 

targets then are based on pcu topology as will follow. 

RE-pcu-MOFs 

The analogue is constructed from reacting Y(NO3)3.6H2O in the presence of carbazole 

dicarboxylic acid (CDC), the basic unit for the rod/pillar construction, in addition to any 

ditopic ligand, and we chose to start with a 4,4’-azobenzene dicarboxylic acid (ABTC) 

(Figure 3.26). The reaction resulted in rod-like crystals with a powder pattern that 

matches perfectly to the desired framework (Figure 3.29), which is based on a 12-

connected hexanuclear cluster with an underlying pcu net (Figure 3.28). Considering the 

set of four CDC ligands on the top as one and the four CDC ligands on the bottom as one, 

the remaining four open metal sites will be filled with four ABTC ligands connecting to 

four neighboring clusters to overall have net connectivity of 6-c pcu-MOF (Y-ABDC-CDC-

pcu-MOF). The structure was confirmed by acid digested sample 1H NMR, which shows 

an experimental ratio of 2:1.4 CDC: ABDC in the sample (Figure 3.31). On the same note, 
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another ligand bent ligand was used to link the Y-CDC-1p rods similarly. The successful 

isolation of both pcu-MOF structures was further confirmed by PXRD patterns similarity 

between as-synthesized and simulated analogue of   Y-ABDC-CDC-pcu-MOF, and  Y-TBDC-

CDC-pcu-MOF, respectively (Figures 3.25-3.30) [(CH3)2NH2]2[Y6(μ3-OH)8(CDC)4 

(ABDC)2(H2O)6]·(solv)x, and [(CH3)2NH2]2[Y6(μ3-OH)8(CDC)4 (TBDC)2(H2O)6]·(solv)x 
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Figure 3.26 Design route to achieve RE-pcu-MOF based on SBR (C-C) approach. 
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Figure 3.27 The 2-periodic edge transitive layers 

Table 3.1 List of the enumerated nets to apply (C-C) SBR approach, the outcome is 10 nets based on 5 edge-
transitive SBLs. 
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Figure 3.28 Synthetic route of RE-ABDC-CDC-pcu-MOF, and RE-TPDC-CDC-pcu-MOF with optical microscope image. 
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Figure 3.29 Structural representation of RE-pcu-MOFs, Y-ABDC-CDC-pcu-MOF, and Y-TPDC-CDC-pcu-MOF. 
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Figure 3.30 PXRD for the reported Y-ABDC-CDC-pcu-MOF, and Y-TPDC-CDC-pcu-MOF. Simulated in black and as 
synthesized in red. 
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Figure 3.31 1H NMR for acid digested sample of Y-ABDC-CDC-pcu-MOF. 
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3.4.3.2 Cluster-to-Linker (C-L) 

The essential contributions for the formation of the rod in a cluster to linker take 

advantage of both: the points of extension of the cluster and a linking point from the 

ligand (Figure 3.32). Thus, the benzene carboxylic group attached to the nitrogen in the 

carbazole moiety is considered as the linker. The enumeration of this mode discloses 

three outcomes based on direct linkages between C-L: (3,6)-c rtl, (3,9)-c ejo (new net) and 

(3,12)-c llj nets (Table 3.2). We set the llj-net based on a square prism as a reasonable 

target for our study. 

   

 

Figure 3.32 Schematic representation of the (C-L) mode. 

Table 3.2 The three enumerated nets based on the six types of (C-L) SBRs. 
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RE-llj-MOF 

The analogue is constructed from reacting Y(NO3)3.6H2O and carbazole tricarboxylic acid 

9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylic acid (CPCDC) to unveil a 12-connected 

framework based on llj-net, Y-CPCDC-llj-MOF. An isoreticular MOF based on Zr was 

reported with a flexible framework, namely Zr-llj-MOF (DUT-98)191. SCXRD confirms the 

structure with triclinic symmetry with space group P1, a = b = 23.92 Å, c = 14.59 Å, α = β 

= γ = 90˚, and cell volume V = 8355.4 Å3. The framework has the formula of 

[(CH3)2NH2]2[Y6(μ3-OH)8(CPCDC)4 (H2O)6]·(solv)x, the crystallinity and phase purity were 

confirmed by PXRD patterns similarity between the as-synthesized and calculated 

patterns (Figures 3.33-3.34).  

The ligand can be deconstructed into two parts; first, the partial carbazole dicarboxylate 

forms the quadrupole linkages to make the rod that is represented as the square prism. 

Then the benzene/phenyl carboxylate part contribute to the linkage of the rods. It is 

important to draw attention to a second analogue that has been reported based on this 

ligand. The example is based on higher nuclearity, nonanuclear cluster with  12-

connectivity based on the aea-net, namely Y-aea-MOF-1.46 The structure has two periodic 

layers, hcb,  based on the contribution of four carbazole dicarboxylate moieties to link the 

clusters in multiply quadruple cross-linked fashion, ten the pillar is based on the 

remaining carboxylate represented as the hexagonal prismatic pillar (Figure 3.35). The 

nuclearity variation in these two structures using the same modulator will widen the 

scope of what is currently known about the role of the ligand as a structure guide toward 

the inclusion of other possible outcomes.  
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Figure 3.33 Y-CPCDC-llj-MOF synthetic route, with the associated PXRD patterns and optical microscope image. 
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Figure 3.34 Schematic representation of RE-CPCDC-llj-MOF and the connectivity mode of C-L. 
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Figure 3.35 Reported structure with three connected carbazole ligand (CPCDC) based on high nuclearity Y-aea-MOF 
and our new Y-llj-MOF. 
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3.4.3.3 Linker-to-Linker/ Ligand-to-Ligand (L-L) 

The linkage mode in the linker to linker is falling in the same definition as the above 

example. The difference is now the connection must be through the nitrogen in the 

carbazole moiety instead of the cluster. The covalent linkage within a carbazole 

tetracarboxylic ligand is best to adapt in our case. The ligand can be divided into 

symmetrical carbazole dicarboxylate to build the rods, and then a benzene ring can be 

used to join both parts. The connection between the carbazole entities is considered 

linker to linker.   

Sixteen nets from linking six basic SBRs (L-L) were generated. It is worth noticing that the 

majority of the enumerated nets are derived from their respected edge-transitive nets 

(Table 3.3). We set a realistic example to target, which is the (3,8)-c cut-net, a scu-derived 

net. This can be achieved by the employment of four connected carbazole-based ligands, 

with half of the ligand carbazole dicarboxylate contributing to the quadruple linkage, with 

a linear connection between the rods through the ligand.  

Table 3.3 The enumerated 16 nets from linking the six basic SBRs through (L-L) 
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RE-cut-MOF 

The analogue is constructed from reacting Y(NO3)3.6H2O and carbazole tetracarboxylic 

acid, namely 9-(4-(3,6-dicarboxy-4a,9a-dihydro-9H-carbazol-9-yl)phenyl)-9H-carbazole-

3,6-dicarboxylic acid (PBCDC) to unveil an 8-connected framework based on the scu-

derived net, Y-PBCDC-cut-MOF (Figure 3.37-3.38). The ligand can be deconstructed into 

two symmetrical carbazole dicarboxylate participating in rod construction, as explained 

above. After synthesis, transparent octahedral shape crystals were formed. SCXRD 

analysis confirmed the formula of structure to be [Y6(μ3-OH)8(PBCDC)2 (2-

FBA)2(H2O)6]·(solv)x with Tetragonal symmetry, space group P4/m, unit cell parameters a 

= b = 14.6136 Å, c = 19.9840 Å, and cell volume V = 4267.73 Å3 (Figure 3.38). The ligand to 

2-FBA ratio was confirmed by 1H NMR to be 1:0.25 (Figure 3.39). Worth mentioning that 

a former PhD student used this ligand, Ryan Luebke, to get a MOF based on the other 

derived scu-net tty-net, the difference between the two derived nets illustrated in (Figure 

3.36). This is another example of the importance of synthetic conditions in finding new 

nets based on the same organic building block.  

Figure 3.36 Difference between the tty and cut, both scu derived nets. 
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Figure 3.37 Design route for the Y-PBCDC-cut-MOF. 
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Figure 3.38 Synthesis route with the associated PXRD patterns of Y-PBCDC-cut-MOF. 
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Figure 3.39 1H NMR of Y-PBCDC-cut-MOF. 
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3.4.3.4 Multiple Rods in One Structure   

Merged Nets (both C-L and L-L):  

RE-sub-MOF 

Solvothermal reactions of Y(NO3)3·6H2O, 9-(4-carboxyphenyl)-9H-carbazole-3,6-

dicarboxylic acid (CPCDC) and 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-

dicarboxylic acid) (BBCDC) in a DMF/water solution in the presence of 2-FBA for 24 hours 

at 115 °C yielded colorless needle-like crystals of Y-sub-MOF-1 (Figure 3.42). The SCXRD 

studies revealed that the compound crystallized in the tetragonal space group P4/mmm 

with a unit cell, a=25.5 Å and c=14.7 Å. The compound formulated as (DMA)2[Y6(μ3-

OH)8(CPCDC)2(BBCDC)(H2O)6]·(solv)x. The PXRD pattern of the as-synthesized bulk 

crystalline materials for Y-sub-MOF-1 with the calculated pattern from single-crystal data 

(Figure 3.42). The presence of both linkers was also confirmed by 1H NMR of the HCl 

digested samples (Figure 3.43). 

In the structure of sub-MOF-1, there are two types of Y6 clusters, 12-c cluster and 8-c 

cluster, and two types of linkers, 3-connected CPCDC and 4-connected BBCDC. The 

chemical environment around each 12-c cluster contains eight BBCDC linkers and four 

CPCDC linkers, and each 8-c cluster only links to eight CPCDC linkers. Structure and 

topological analysis revealed that the linker BBCDC with rectangle shape serve as two 3-c 

MBBs and the linker CPCDC with triangle shape serve as one 3-c MBB (Figure 3.41). These 

four types of building units form a 3-periodic (3,3,8,12)-c MOF with the underlying 

unprecedented sud net (Figure 3.40), which is a net derived from (4,8,16)-c sub net. As 

anticipated, by further topologically analysis of sub-MOF-1, the underlying sub net was 

found to be an assembly of two edge-transitive nets, (4,8)-c scu net and 8-c bcu net. The 
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overall framework of sub-MOF-1 contains one type of cage and one type of channel. Form 

the SBR point of view; the structure has two modes to connect the rods, first (L-L) with 

the BBCDC ligand since the ligand can be divided into two symmetrical carbazole square 

prisms covalently joined via biphenyl core. The second is (C-L) with the CPCDC ligand 

similarly to the llj-example (Figure 3.40-3.42).    

The ellipsoid cage, having diameters of about 4.4 Å x 3.4 Å, is delimited by two Y6 clusters 

and four carbazole moieties, while the triangle channel, having diameters of about 7.9 Å 

x 7.2 Å, which is delimited by three clusters, two CPCDC linkers and one BBCDC linker. 

Homogenous crystalline samples of sub-MOF-1 were activated by washing the as-

synthesized crystals with 3 x 5 ml of DMF, followed by the solvent exchange in DCM three 

times and n-hexane three times. The solution was refreshed several times daily during 

this period. In a typical experiment, around 50 mg of each activated sample was 

transferred to a 12-mm glass sample cell and firstly evacuated at room temperature using 
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a turbo molecular vacuum pump and then gradually heated to 105 ˚C (increasing at a rate 

of 1 ˚C /min), held for 12 h and then cooled to room temperature. 

 

 

Figure 3.40 RE-sub-MOF rods construction, colored based on the rod connectivity, green (cluster-ligand) and 
pink (ligand to ligand) 
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Figure 3.41 Rods connectivity in RE-sub-MOF-1 based on the clusters. 
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Figure 3.42 Synthetic route and the associated characterization of Y-sub-MOF-1, with the associated PXRD patterns 
and optical microscope image. Porosity is shown with nitrogen adsorption-desorption isotherm. 
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3.5 Experimental Section: Materials and Methods 

Synthesis of Y-ABDC-CDC-pcu-MOF 

In 20 ml scintillation vial, A solution of Y(NO3)3·6H2O (50 mg, 0.13 mmol), CDC (13.3 mg,   

0.045 mmol), ABDC (8 mg, 0.03 mmol),  2-FBA (210 mg, 1.5 mmol) in 3 ml N,N-

dimethylformamide (DMF)  and 0.5 ml H2O. The vial was sonicated for 5 mins and placed 

in preheated oven 115 ˚C for 72 h to give pure orange rod-like crystals.  

Synthesis of Y-TBDC-CDC-pcu-MOF 

In 20 ml scintillation vial, A solution of Y(NO3)3·6H2O (50 mg, 0.13 mmol), CDC (13.3 mg,   

0.045 mmol), TBDC (9.5 mg, 0.03 mmol),  2-FBA (210 mg, 1.5 mmol) in 3 ml N,N-

dimethylformamide (DMF)  and 0.5 ml H2O. the vial was sonicated for 5 mins and placed 

in preheated oven 115 ˚C for 72 h to give pure white rod-like crystals.  

Figure 3.43 1H NMR spectrum of Y-sub-MOF-1 after digesting the sample in HCl, DMSO-d6 solution. 



171 
 

 

Synthesis of Y-CPCDC-llj-MOF (KME-1314) 

A solution of Y(NO3)3·6H2O (16 mg, 0.04 mmol), 9-(4-carboxyphenyl)-9H-carbazole-3,6-

dicarboxylic acid (CPCDC) (6 mg, 0.016 mmol), 2-FBA (140 mg, 1 mmol) in N,N-

dimethylformamide (DMF) (4 ml), was prepared in a 20 ml scintillation vial and 

subsequently heated to 115 °C for 24 h to give pure colorless rod-shape crystals. 

Synthesis of Y-PBCDC-cut-MOF (KME-1364) 

In 20 ml scintillation vial, A solution of Y(NO3)3·6H2O (14 mg, 0.036 mmol), (PBCDC) 9,9′-

(1,4-phenylene)bis(9H-carbazole-3,6-dicarboxylate (5.8-6 mg,  0.01 mmol),  2-FBA (280 

mg, 2 mmol) in 1 ml N,N-dimethylformamide (DMF)  and 0.75 ml H2O. The vial was 

sonicated for 5 mins and placed in preheated oven at 115 ˚C for 24 h to give pure 

transparent octahedron crystals.  

Synthesis of Y-sub-MOF-1 

In 20 ml scintillation vial, A solution of Y(NO3)3·6H2O (19.2 mg, 0.05 mmol), CPCDC (3 mg,   

0.008 mmol), BBCDC 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylic acid) 

(10 mg,   0.015 mmol), 2-FBA (840 mg, 6 mmol) in 3.5 ml N,N-dimethylformamide (DMF),  

and 0.75 ml H2O. the vial was sonicated for 5 mins and placed in preheated oven 115 ˚C 

for 36 h to give pure transparent rod-like crystals. 
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3.6 Conclusion and remarks  

Novel MOFs have been designed, targeted, and experimentally synthesized to apply the 

merged net approach and, for the first time, enumerate nets based on the 

supermolecular building rods approach.   

 
Figure 3.44 Illustration of the examples isolated in SBRs approach. 
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Figure 3.45 Illustration of merged nets based MOFs with different periodicity some of them discussed in this chapter. 
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Chapter 4. Isoreticular Chemistry Addressing Separation Challenge: Fine-
tuned Rare-Earth ftw-MOFs for C4 Olefins Separation. 

4.1 Olefins/Paraffins Separation 

Separating light olefins is a challenging operation due to the similarities in their 

corresponding physical-chemical properties.193, 194 The industrial importance of those 

molecules as building blocks for the use in rubbers, plastics,195 solvents, and industrial 

chemicals/pharmaceuticals,196 is the main factor driving the need for their production at 

any cost in pure phase, as exemplified in the use of cost extensive cryogenic distillation.197 

The need to find a suitable replacement to the highly intensive energy techniques pushed 

physisorption approaches into the spotlight. Adsorptive separation based on the affinity 

of porous materials to interact with a given adsorbate via different mechanisms is a 

promising technique to substitute the above-mentioned energy-consuming process.198 

Various studies showed that classical adsorbents such as carbon or zeolites lack the 

proper pore-system with adequate structural and functional features that favor the 

efficient selective separation of different vapors/gases with close physical-chemical 

properties such as C2, C3, and C4 hydrocarbons.11  

Reticular chemistry is a well-documented assembly strategy that can directly find specific 

materials for specific applications thanks to the design principles.9 Can display unique 

structural features that promote the separation of essential commodities based on the 

difference in solubility or/ and diffusivity.53 Moreover, Metal-organic Frameworks (MOFs) 

have proven their superiority among other classes of materials at the lab scale in the 

separation of gases with closely related dimensions.199, 200 
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4.2 Questing the Opportunity  

The RE-MOFs gallery reported by our group contains a promising MOF, namely RE-ABTC-

ftw-MOF (ABTC:  3,3’,5,5’-azobenzene tetra-carboxylic acid) previously reported for the 

favorable kinetics based separation of propylene from propane (Figure 4.1).201 ftw-net is 

an edge transitive based on a four-twelve connected net, where hexanuclear cluster 

based on RE cations coordinated to tetratopic ligands,202 allows the formation of highly 

connected and structurally uniform MOFs with a singular quadratic-shape entrance.  

 

It is worth mentioning that the ftw-MOF platform receives less attention than the fcu-

MOF platform. It shares with fcu the hexanuclear cluster 12-c MBB, and the organic MBB 

is now 4-c square/rectangular to offer (4,12)-c ftw net (Figure 4.2). The beauty of such an 

example arises from the geometry/shape of the pore, hence semi-cuboidal mono cage 

Figure 4.1 Parent Tb-ABTC-ftw-MOF reported for the kinetically driven separation of C3. 



176 
 

 

with only one accessible quadratic shaped window, for the system constructed from the 

minimum possible phenyl rings = 2. Another possibility when introducing 4-c ligands is 

obtaining scu net, and in this form, an 8-c hexanuclear cluster formed to give (4,8)-c scu 

net, channel-based with square shape accessible windows. The synthetic conditions play 

an essential role in targeting one over the other, especially since our system makes it easy 

to distinguish between the two nets. as ftw is not porous to nitrogen while scu is open 

and porous to nitrogen @77K.93 On top of that, the targeted C4 olefins separation won’t 

be possible without the fully-coordinated (4-12)-c ftw-MOFs. Our group reported the first 

RE-ftw-MOFs, based on 3,3’,5,5’-biphenyl tetracarboxylic acid (BPTC) and 3,3’,5,5’-

azobenzene tetracarboxylic acid (ABTC), for the kinetically driven separation of 

propane/propylene.201  The windows shape makes it an ideal candidate for such 

separation, with very close kinetic dimensions, ftw-MOF illustrated the solid ability for 

achieving what was not possible with fcu-MOFs at that stage.144, 201  
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Figure 4.2 Illustration of differences between fcu and ftw platforms and the detailed cage system of ftw-net. 
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4.2.1 Introducing Isoreticular Contraction  

The first chapter explains that isoreticular contraction can be applied via isoreticular 

synthesis using ligand modification (functionalization/decoration) to introduce simple 

hindrance/cavity blocking effects (Figure 4.3). The intended contraction within the pore 

dimensions is expected to reflect on the separation behavior and be achieved thanks to 

the isoreticular principles. By implementing a variety of ligands: as biphenyl 3,3',5,5'-

tetracarboxylic acid (H4BPTC), diphenylethyne-3,3',5,5'- tetracarboxylic acid (H4DPET), 

azoxybenzene-3,3′,5,5′-tetracarboxylic acid (H4AOBTC), (5-(3,5-dicarboxy 

benzamido)isophthalic acid) (H4BAIPA), 5,5'-(ethane-1,2-diyl)di isophthalic acid (H4EDIPA)  

and trans-stilbene-3,3′,5,5′-tetracarboxylic acid (H4SBTC), based respectively, on 

acetylene, azoxy, amide, c-c single bond and double bond (stilbene) groups (Figure 4.3). 

Indeed, these different proposed functional groups are intended to offer very subtle 

differences in chemical nature, dimension, and geometry. To reduce the apertures with a 

narrow range ≈ of 0.2-0.4 Å). And for that, we came with the azoxy (N=N+--O), stilbene 

(C=C), amide (N-C-O), single bond (C-C) and acetylene (C=C). The intended alteration is 

expected to showcase an important study, whereas adapting subtle differences will 

impact the overall separation behavior with the challenging with very close dimensions 

C3 and C4 olefins—table 4.1. To analyze the structures, we compared the distance 

between the phenyl rings when introducing the various functional groups and the 

orientation of the phenyl rings, and based on that, the spaces between the rings follow 

the trend acetylene (4.08Å) > stilbene (3. 83Å) > amide (3.79Å) > azoxy (3.73Å) > azo (3.7Å) 

> single bond (3.62Å) as shown in (Figure 4.12). The ligands offer an additional feature to 

the structure: the orientation of the phenyl rings. As in the case of acetylene, the rings 
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are aligned perfectly to the plan. In the case of the single bond, it offers a high degree of 

motion/rotation to set the phenyl rings in a position of the more open aperture compared 

to other moieties. 

In light of our idea, a series of isoreticular MOFs synthesized as single crystals by reacting 

each of the linkers mentioned above with RE nitrate salt in the presence of 2-fluoro 

benzoic acid (2-FBA) (Figure 4.4). As anticipated, the resulting crystal structure topological 

analysis and powder diffraction patterns (Figure 4.13) confirm that the topology of all the 

resultant materials corresponds to the targeted ftw net, which constructed from the 12-

c node, bridged hexanuclear oxo-clusters, [RE6(µ3-OH)8(O2C–)12] MBBs, and the 4-c node/ 

L4 ligands.  Topological analysis showed that the underlying network of the ftw-MOFs is 

(3,12)-coordinated kxe, a net derived from (4,12)-c ftw net. This series of ftw-MOFs 

structures enclose one type of quadratic-shaped cages delimited by six L4 ligands, which 

Figure 4.3 Organic ligands used in the study. 
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occupy the faces of the cage, and eight inorganic hexanuclear RE(III) clusters located on 

the vertices of the semi-cuboidal cage. Markedly, this specific topology (ftw-MOFs) 

notably offers very narrow apertures as access to relatively big pores provides a potential 

in gas adsorption and separation. To highlight the structural features of these isoreticular 

MOFs, we intended first to explore the adsorption of small probes such as N2 and CO2 at 

low pressures and cryogenic temperatures. Markedly, the investigated ftw-MOFs were 

found to be non-porous to N2 at 77 K, in line with their reduced pore-aperture sizes. 

Figure 4.4 Structural analysis illustrating the different RE-ftw-MOFs.  
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Accordingly, we opted to use CO2 as a probe for porosity and specific interactions 

characterization. Indeed, Adsorption measurements of CO2 at 195 K were performed for 

Y-DPET-ftw-MOF, Y-BADIPA-ftw-MOF, Y-BAIPA-ftw-MOF, Y-AOBTC-ftw-MOF, and Y-

SBTC-ftw-MOF. The cages are accessible to CO2 at cryogenic temperature (Figure 4.5). 

Moreover, this MOF group demonstrates high stability ( temperature and humidity ). To 

prove that, we chose  Y-SBTC-ftw-MOF to show the remarkable stability in the presence 

of elevated moisture percentage and at high activation temperatures up to 250 ֯ C (Figure 

4.15). 

 

 

 

Figure 4.5 CO2 isotherms at 195K for Y-DPET-ftw-MOF after MeOH exchange in purple , Y-AOBTC-ftw-MOF in blue, 
and Y-SBTC-ftw-MOF in red, Y-EDIPA-ftw-MOF in yellow and Y-BAIPA-ftw-MOF in cyan 
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4.3 Propane/Propylene Separation  

 
Upon preparing these MOFs, the preliminary thought was to test their separation ability 

in the case of propane/propylene, which has a close kinetic dimension of 4.5 and 4.3Å, 

respectively.11 Following the steps of the parent RE-ABTC-ftw-MOF, Y-SBTC-ftw-MOF and 

Y-AOBTC-ftw-MOF were selected due to their contracted pore aperture size with extra 

Oxygen and 2 Hydrogens in the cases of azoxy and stilbene moieties, respectively. The 

prepared materials were activated prior to testing propane and propylene adsorption 

experiments. The data eventually suggested similar separation behavior, kinetically 

driven with slower kinetics for propane and propylene for the tested samples, as further 

proven by the breakthrough experiments with a mixture of 5%,5%, 90% propane, 

propylene, and nitrogen, as shown in (Figure 4.6). The results suggested the slower 

kinetics for this type of separation without additional value compared to the parent MOF. 

The computational aid further confirmed the results indicated a high degree of 

span/rotation in the case of stilbene than azoxy, hindering the separation from reaching 

total exclusion, as discussed further. In addition, several isotherms were collected for C2, 

C3, and C4 without outstanding separation of any of the molecules except C4 (Figure 4.21)  

Figure 4.6 Breakthrough experiment for a) Y-AOBTC-ftw-MOF b)Y-SBTC-ftw-MOF using 5% propane/ 5% propylene/ 
90% N2 gas mixture with 10 cm3/min flowrate at 298K and 1 bar 
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4.3.1 Computational Methodology 

Through computational calculations, the role of the flexibility of the double bond, which 

was higher than the azoxy case, prevents propane/propylene sieving based separation 

from happening. To test this hypothesis, we decided to compare the flexibility of the 

AOBTC and SBTC ligands by taking fragments of their respective MOF structures. And 

evaluating the energy profiles obtained with the rotation of the central torsional angles 

in the amide and vinyl groups interconnecting the phenyl rings of each ligand. Given the 

relative rigidity of the phenyl groups, these torsional angles are most likely to play a more 

prominent role in the flexibility of the organic linker. As observed in Figure 4.7, the SBTC-

containing Y-ftw-MOF fragment clearly shows a broader range of energetically stable 

torsional configurations when compared to the AOBTC-containing one. For instance, 

upon a 50 kJ.mol-1 energy penalty from its energetic minimum, the torsional angle in the 

fragment containing SBTC may span up to 40° (130° to 170°). Meanwhile, in the fragment 

containing AOBTC linkers, this energy penalty grants a variation in the torsional angle of 

only 5° (from 170° to 175°). This broader range of stable torsional configurations suggests 

that the SBTC linker is more flexible than the AOBTC one.  
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Besides these microporous materials' relatively narrow inter-cage aperture, their guest 

transport is also limited by the steric hindrance generated by the bulky charge-

compensating DMA+ counter cations,  as confirmed by analysing the GCMC-derived DMA+ 

sitting on our selected Y-ftw-MOF set. As seen in Figure 4.8-A, these cations are 

preferentially oriented next to the windows connecting two cages, making the molecule 

transportation from one cage to another more difficult. Besides this somewhat 

cumbersome sitting, the DMA+ occupation also promotes a bimodal pore size distribution 

(PSD) pattern (Figure 4.8-B) in these frameworks, centred at ca. 3 and 5 Å, and 3 and 6 Å 

respectively for the AOBT and SBTC Y-ftw-MOF analogues. As seen in figure 4.8-C, the 

resulting accessible porosity in either structure is not evenly distributed throughout the 

material. This can be linked to a combination of the organic linkers different orientations 

in and outwards the cages and the consequent different orientation of the DMA+ 

molecules next to the cage windows formed by the organic groups. The presence of less 

accessible cages in the MOFs, combined with the DMA+ sitting next to the cages’ windows, 

Figure 4.7 Flexibility span of AOBTC and SBTC ligands. 
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generate zones of exclusion which could explain the lower uptake of bulkier molecules, 

such as C3H8. 

The hindrance effects in the previous paragraphs are usually not considered in standard 

GCMC calculations, where the whole available porosity is sampled. However, these 

effects can be indirectly modelled by including exclusion zones to narrower spaces in the 

porosity. New GCMC calculations were performed, limiting the access of the bulkier C3H8 

molecules to these limited spaces. As seen in figure 4.9, with this approximation, we were 

able to satisfactorily reproduce the adsorption profile of C3H8 in the AOBTC-containing 

analogue by limiting the access of corner zones in the porosity with an exclusion radius of 

ca. 3.0 Å. Observing the occupation of C3H6 and C3H8 molecules from a structure point of 

view, it is easy to notice that the limitation of access to the corner zones prevents the 

access of full cages, rather than only reducing the number of molecules in each cage. This 

Figure 4.8 DMA+ occupation on AOBTC- and SBTC-containing Y-ftw-MOFs (A) and resulting pore size distribution (B) 
and pore size accessibility (C). 
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goes in hand with porosity distribution and limited pore accessibility in some of the cages 

of these materials shown in figure 4.8-C.  

Based on the experimental data obtained from C3 separation and further assurance from 

the computational aid. (The results described in appendix A thanks to the collaboration 

with Dr. Paolo Mileo and prof. Maurin), we aim to find a suitable and more realistic 

separation. 

Then the direction switched into the more challenging with relatively larger kinetic 

dimension than C3, with room for improvement with C4 olefins. The compact kinetic 

dimensions, boiling points, and industrial importance made them a suitable target to 

quest with our ftw-MOFs. 

4.4 C4 Olefins separation 

C4 hydrocarbon mixtures primarily consisting of butadiene C4H6, isolated through 

extractive distillation or selective hydrogenation, leaving mono olefins  1-butene (n-C4H8), 

Figure 4.9 Comparison between adsorption isotherms obtained experimentally (empty symbols) and from GCMC 
calculations (filled symbols) for C3H6 (red squares) and C3H8 (black circles) in the Y-AOBTC-ftw-MOF (A) and Y-SBTC-
ftw-MOF (B) respectively taken at 333K and 298K. Other GCMC-obtained curves were obtained allowing access to 
porosities sizes (d) of 3.2 Å and 3.0 Å (diamonds), 3.2 Å and 3.0 Å (inverse triangles), and 2.8 Å and 2.6 Å (triangles) 
respectively for the AOBTC- and SBTC-containing analogues. 
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isobutene (i-C4H8), cis/trans-2-butene (2-C4H8) and butane (C4H10) known as raffinate 1, 

their structural figures illustrated in (Figure 4.10). This for instance, contains high amounts 

of isobutylene ≈ 50-60 %  and cis/trans 2-butene 7-25 %, and 1-butene 21-26 %.203 Besides 

the energy cost from distillation, the raffinate mixtures are complicated to separate due 

to the subtle differences in boiling points for cis/ trans-2-butene 274 and 277 K, for 

instance. In this regard, at a lower energetic cost, alternative and advanced separation 

agents capable of discriminating between molecules with close physical-chemical 

properties is highly desirable.194  

Recent reports indicate promising results when MOFs are used to separate C4 

hydrocarbons. The sulfonate-pillared hybrid ultra-microporous materials ZU-619 and 

TMOF-1 for discrimination 1-C4H8 and C4H6 from i-C8H8.204 Another report was based on a 

series of M-gallate MOFs that can distinguish between 2-butene isomers with uptake less 

than 2 mmol g-1 of trans-2-butene. Some early reports did not consider the importance 

of window/aperture shape and size like ZNJU-30, which significantly adsorb almost all C4 

Table 4.1 Kinetics diameter and boiling points of C4 olefins. 
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olefins/paraffins and lacks selectivity.205 M-MOFs-74 investigated with computational aid 

and the role of open metal sites, which favors 1-butene binding vs 2-butene.206 

Another example is the interpenetrated MOFs GeFSIX-2-Cu-i (ZU-32), NbFSIX-2-Cu-i (ZU-

52), GeFSIX-14-Cu-i (ZU-33) realized the sieving of C4H6/n-C4H8, C4H6/iso-C4H8, and n-

C4H8/iso-C4H8 with high capacity.207 The later report with ultra-microporous MOF, namely 

RE-fum-fcu-MOF, Rare Earth (RE) based MOFs, built of hexanuclear oxo-clusters and 

carboxylate based ditopic ligand, have attracted significant attention in the field of gas 

separation with the unprecedented exclusion of iso-paraffins from linear paraffins.  The 

relatively rigid/triangular window aperture of about 4.7 Å allowed fum-fcu MOF to display 

a kinetically driven separation with C4 Olefins based on single components isotherms and 

breakthrough experiments.208 Since zeolites and other MOF analogues did not provide 

sufficient separation for those isomers (detailed data in Table 4.2), Herein we proposed 

the use of the RE-ftw-MOF platform to further the exploration of this specific MOF via 

isoreticulation, ultra-fine tuning the pore aperture sizes and shape of ftw-MOFs for the 

separation of 

1) cis and trans-2-butene isomers 

2) isobutylene total sieving from the mixture of C4 hydrocarbons 
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Table 4.2 Data collected from the reported materials for C4 olefins separation. 
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The subsequent investigation of C4 olefins at low-pressure and room temperature shows 

that almost all the analogues act as molecular sieves for isobutylene; examples are 

illustrated in (Figure 4.12). Whereas for the cis/ trans-2-butene, Y-ABTC-ftw-MOF, in 

addition to the other analogues, represented a kinetic driven separation for the isomers 

with total uptake exceeding the reported materials with high uptake (   2 mmol g-1) 

(Figure 4.11). 

Hence the measurements were conducted at room temperature 298K-293K, the rotation 

of the molecules are no longer controlled, and there is a contribution from framework 

flexibility,  unlike the experiments at cryogenic temperatures (77K for N2 or 87K for Ar, 

195K  for CO2), where the rotation of the bonds is fixed. Due to the predicted behavior of 

the bonds, the acetylene, the amide, and the single bond functionalized ftw-MOFs, the 

Figure 4.10 Illustration of the studied olefins and the corresponding kinetic diameter and the dimensions represented in 
the closest basic flat shapes. 
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investigation of C4 hydrocarbons separation was delayed to further investigate the bond 

rotation through computational aid.  

  

Figure 4.11 Adsorption of cis and trans-2-butene with the corresponding adsorption kinetics for a,d) Y-ABTC-ftw-MOF, 
b,e) Y-AOBTC-ftw-MOF, and c,f) Y-SBTC-ftw-MOF. 
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4.5 Synthesis and Methods  

4.5.1 Synthesis of Ligands: all ligands used in this study were obtained from commercial 

sources with high purity unless mentioned 

Azoxybenzene-3,3′,5,5′-tetracarboxylic acid (H4AOBTC): It was obtained according to the 

reported procedure as yellow solid.215 

trans-stilbene-3,3′,5,5′-tetracarboxylic acid (H4SBTC): Bright yellow solid was obtained 

according to the reported procedures.215 

4.5.2 MOFs Synthesis: 

Synthesis of Y-Acetylene-ftw-MOF (Y-DPET-ftw-MOF): KME-1115(Y) 

A solution of Y(NO3)3·6H2O in N,N-dimethylformamide (DMF) (22 mg in 1 ml, 0.057 mmol) 

was added to a mixture of H4DPET (10 mg, 0.026 mmol) and stock solution of 2-FBA in  

Figure 4.12 Total exclusion of i-butylene by Y-ftw-MOFs. 
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DMF ( 840 mg in 1 ml), DMF (1 ml), and 700 µl H2O in a 20 ml scintillation vial. The clear 

solution obtained after sonication was subsequently placed into a preheated oven at 115 

°C for 72 h to give pure transparent cube-shaped crystals (Figure 4.13). Then taken out of 

the oven and allowed to cool to room temperature. Crystals were washed 3-5 times with 

5 ml DMF then the crystals were soaked in a 10 ml MeOH solution which was then 

exchanged by a fresh amount every 12 h for 5 days.  

Synthesis of Y-Azoxy-ftw-MOF (Y-AOBTC-ftw-MOF): KME-1163(Y) 

A solution of Y(NO3)3·6H2O in N,N-dimethylformamide (DMF) (22 mg in 1 ml, 0.057 mmol) 

was added to a mixture of H4AOBTC (10 mg, 0.026 mmol) and a stock solution of 2-FBA in  

DMF ( 840 mg in 1 ml), and 700 µl H2O in a 20 ml scintillation vial. The yellowish solution 

obtained after sonication was subsequently placed into a preheated oven at 115 °C for 72 

h to give pure orange cube-shaped crystals (Figure 4.13). Then taken out of the oven and 

allowed to cool to room temperature. Crystals were washed 3-5 times with 5 ml DMF 

similar to the previous sample. 

Synthesis of Y-Stilbene-ftw-MOF (Y-SBTC-ftw-MOF): KME-1205(Y) 

A solution of Y(NO3)3·6H2O in N,N-dimethylformamide (DMF) (22 mg in 1 ml, 0.057 mmol)  

was added to a mixture of H4SBTC (10 mg, 0.026 mmol) and a stock solution of 2-FBA in  

DMF ( 840 mg in 1 ml), DMF (1 ml), and 700 µl H2O in a 20 ml scintillation vial. The whitish 

solution obtained after sonication was subsequently placed into a preheated oven at 115 

°C for 72 h to give pure white cube-shaped crystals (Figure 4.13). The vial was allowed to 

cool to room temperature in preparation to be washed with 5 ml DMF 3 times a day 

before soaking in MeOH to activate the sample, similar to the samples mentioned above. 
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Synthesis of Y-amide-ftw-MOF (Y-BADIPA-ftw-MOF): simulated 

A solution of Y(NO3)3·6H2O in N,N-dimethylformamide (DMF) (22 mg in 1 ml, 0.057mmol)  

was added to a mixture of H4BADIPA (10 mg, 0.026 mmol) and a stock solution of 2-FBA 

in  DMF ( 840 mg in 1 ml), DMF (1 ml), and 700 µl H2O in a 20 ml scintillation vial. The 

whitish solution obtained after sonication was subsequently placed into a preheated oven 

at 115 °C for 72 h to give pure white cube-shaped crystals (Figure 4.13). The vial was out 

of the oven and allowed to cool to room temperature in preparation to be washed with 

5 ml DMF 3 times a day before soaking in MeOH to activate the sample, similar to the 

samples mentioned earlier. 

Synthesis of Y-single bond-ftw-MOF (Y-EDIPA-ftw-MOF): simulated 

A solution of Y(NO3)3·6H2O in N,N-dimethylformamide (DMF) (22 mg in 1 ml, 0.057mmol)  

was added to a mixture of H4EDIPA (10 mg, 0.026 mmol) and a stock solution of 2-FBA in  

DMF ( 840 mg in 1 ml), DMF (1 ml), and 700 µl H2O in a 20 ml scintillation vial. The whitish 

solution obtained after sonication was subsequently placed into a preheated oven at 115 

°C for 72 h to give pure white cube-shaped crystals (Figure 4.13). The vial was allowed to 

cool to room temperature in preparation to be washed with 5 ml DMF three times a day 

before soaking in MeOH to activate the sample, similar to the examples above. 

Activation procedure: All RE-ftw-MOFs were washed thoroughly with methanol twice a 

day for five days before transferring into the 6mm cells and applying vacuum at 30 ˚C for 

6 h then heated to 175˚C  for 12 h before each sorption experiment.   
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4.6 Characterizations   

Figure 4.13 Optical microscope images for the ftw-MOFs as mentioned with the ligands, scale of the images 100 
µm. sorted per ligand used. 
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Figure 4.14 Ligands analysis illustrates the sub differences between the ligands prior to the synthesis compared to the 
parent ABTC ligand. 
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Figure 4.15 PXRD patterns calculated in black, as synthesized in red and MeOH exchanged in blue, for for (a) Y-AOBTC-
ftw-MOF, and (b) Y-SBTC-ftw-MOF, (c) Y-BAIPA-ftw-MOF, (d) Y-EDIPA-ftw-MOF and (e) Y-DPET-ftw-MOF. 
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Figure 4.16 TGA plots as synthesized in black MeOH exchanged in red, a) Y-DPET-ftw-MOF, b) Y-AOBTC-ftw-MOF, and 
n(c) Y-SBTC-ftw-MOF 
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Figure 4.17 VH-PXRD and CO2 sorption at different temperatures proving the stability of the Y-SBTC-ftw-MOF. 



200 
 

 

  

Figure 4.18 CO2 isotherms at different temperatures for Y-AOBTC-ftw-MOF, Y-SBTC-ftw-MOF, Y-BAIPA-ftw-MOF, Y-
EDIPA-ftw-MOF, and Y-DPET-ftw-MOF respectively 
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Figure 4.19 CO2 heat of adsorption isotherms for a) Y-DPET-ftw-MOF, b) Y-AOBTC-ftw-MOF, and c) Y-SBTC-ftw-MOF. 
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Figure 4.20 CO2 at 195K adsorption-desorption isotherms of Y-ftw-MOFs. 
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Figure 4.21 Adsorption isotherms comparison of a) Y-DPET-ftw-MOF, Y-AOBTC-ftw-MOF, and Y-SBTC-ftw MOF for 
C3H6/C3H8. b) The corresponding adsorption kinetics for the same gases for the three analogues. In c) and d) the 
adsorption isotherms followed by adsorption kinetics presenting C2H4/C2H6. In e) and f) the adsorption isotherms and 
Kinetics for 1-C4H8. 
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Figure 4.22 Fractional uptake of propane vs. propylene for the Y- DPET-ftw-MOF presented in a) propane vs. 
propylene b) 1-butene vs. n-butane for the same material. 
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4.7 Nanoparticles Preparation of RE-ftw-MOF: a General Procedure Starts from 12-c RE 
Hexanuclear Cluster. 

 

MOFs particle size can vary between a few hundred micrometres to nanometer size.216 

When each size offers different characteristics that can be used for a specific application, 

membrane/ mixed matrix membranes require tiny grains to be mixed with the polymer 

to provide the best results in terms of separation.217 As discussed in the previous section, 

RE-ftw-MOFs showed a potential toward the kinetically driven separation of 

Propane/propylene.201  The target behind this chapter is to systematically find a suitable 

way to control the particle size during the synthesis instead of using physical grinders to 

produce less than micron-sized particles that lack the homogeneity of the grains size and 

pressure applied. Some frameworks lose their characteristics and do not hold the same 

property as the original materials.218 Therefore, our investigations started with modifying 

the synthetic condition of the original Tb-ABTC-ftw-MOF, trying to obtain smaller 

particles.           

4.7.1 Original Method: 

1. Stock solutions of: Y(NO3)3.6H2O, and  2-FBA preparation. 

 
Stock solution   1: Y(NO3)3.6H2O 2: 2-FBA 

 383 mg in 10 ml DMF 

0.1 mmol/ml 

15 g in 10 ml DMF 

6 mmol/ml 

 For scaling up the synthesis, I have tried up to 30X, and this 

should be done using sizeable blue cap bottles 500-1 L volume.  
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2. In a 20 ml scintillation vial, 15 mg (0.045 mmol) of the ABTC L should be 

weighted, then 1 ml of 1, 1 ml of 2, 2 ml DMF and 1 ml H2O. 

3. Seal the vial, then sonicate it for 5 min until the solution becomes clear, 

then place it in a sand bath in a 120 ˚C oven for 72 h. the observation of 

the formation of the crystals starts after 36 h. 

4. After three days, orange cubic crystals can be harvested, and they should 

be washed with DMF three times before collecting PXRD patterns.  

The exploration takes four primary paths where the main parameter was to perform the 

reaction 1) inside the oven and 2) over a stirrer/hot plate. The principle is to  change one 

parameter per reaction to track the changes that can be obtained by using any of the 

following:  

a) different temperatures for synthesis ranging from 85-130 ˚C (maximum heat the 

vial can stand) 

b) different M:L (metal to ligand) ratio, From 2:1 into 1:2 or 1.5:2. 

c) reducing the total solvent volume From the original 5 ml into 4- 3.5 -2.5 -2- 1.5 -1 

ml 

d) different reaction time From 8h- 12h- 18h- 24h- 30h- 36h- 48h to 72h  

Our conclusion from this study is that the preparation inside the oven or the stirring plate 

always resulted in large particles size, impurity observations, failed reactions, etc., which 

shift the orientation of the synthesis toward a new direction.  



207 
 

 

4.7.2 The New Route ( Preparing the Cluster First, then Adding the Ligand) 

In this method, the metal and modulator were mixed and heated before adding the 

ligand. In this case, we eliminate the impurity formation, and the exact amount of the 

ligand can be calculated to match the metal ratio added. Inspired by the work reported 

by our group,98 clusters have been prepared with adjustments to a reported procedure 

to stimulate cluster formation in a short time. And for that, similar exploration to figure 

out the best mixture can produce the required particles in the range below 100 nm (Figure 

4.25). Following the same approach of fixing one parameter (temperature, ratios, and 

solvents), the best condition was selected following the procedure at the end of this 

section.  

Our developed method can also be used to obtain fcu-MOFs, with respect to M:L ratio, as 

reported by our group following the same approach.27 

The nanoparticles were homogeneously sized and well distributed in the solvent after 

synthesis. The particles must be washed very carefully to avoid the formation of 

crystallized unreacted ligand in some cases. The similarities in powder pattern between 

the calculated and as-synthesized Y-ABTC-ftw-MOF-NP confirm the phase purity and 

crystallinity. PXRD Patterns were also collected at elevated temperatures, and the 

nanoparticles were proven to be stable up to 400 ˚C, as confirmed by testing porosity. 

The sorption properties for the particles were tested, revealing a perfect match with the 

original material (Figure 4.23), followed by the propane/propylene sorption testing 

combined with kinetic adsorption, which is illustrated in (Figure 4.24-4.27). The 
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nanoparticles show a respectful kinetically driven separation similar to the parent MOF 

with respect to time. When the material surface increases, the faster the kinetics, as in 

the case of nanosize materials.   

Synthesis of NP-73: Y-ABTC-ftw-NP 

1- cluster preparation: solution of Y(NO3)3.6H2O in DMF ( 0.15 mmol, 58 mg ) in DMF 

was added into 180 mg of 2-FBA and dissolved in 6 ml DMF and 1.5 ml water. The 

mixture was placed in preheated oven for one day at 120 ˚C to yield a clear 

solution.  

2- MOF preparation: After cooling down, the cluster solution (0.05 mmol, 18 mg) of 

ABTC ligand was added and dissolved through sonication. The vial was then placed 

inside the hot block at a stirring hot plate with temperature fixed to 130˚C for 18h 

before an orange suspension formed. The particles were thoroughly washed with 

DMF and then kept in MeOH for activation. The activation temperature was set to 

be 175˚C for gas sorption analysis.  

Figure 4.23 Synthesis route for Y-ABTC-ftw-MOF-NP (NP-73).  
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4.7.3 Nanoparticles Characterization 

 

 

 

 

 

 

 

 

 

Figure 4.24 PXRD data a) for structure comparison between nanoparticles and original material of Y-ABTC-ftw-MOF b) 
VT-PXRD. 
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Figure.4.25 The separation of propane/propylene profile for a) Tb-ABTC-ftw-MOF b) Y-ABTC-ftw-MOF. In addition, 
corresponding kinetics of adsorption at first point c) Tb-ABTC-ftw-MOF, and d) Y-ABTC-ftw-MOF. 
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Figure 4.26 a) SEM images of Y-ABTC-ftw-MOF nanoparticles b,c) TEM images with the size of the particles 
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Figure 4.27 CO2 at 298K adsorption-desorption isotherm of Y-ABTC-ftw-MOF nanoparticles before and after VTPXRD 
experiment 
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Figure 4.28 Kinetic data for original Y-ABTC-ftw-MOF and nanoparticles showing similar behavior in C3 separation with 

 respect to time. 
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4.8 Outlooks 

Olefins separation and specially isomers are very difficult to discriminate. The suggested 

materials based on ftw-MOFs adsorbents can participate in adsorption based technology 

to replace the energy-demanding process by providing sufficient purity of C4 

hydrocarbons with similar physical characteristics. It can offer a direct purification of the 

C4 mixture (raffinate 1), and isolation of iso-butylene gives a great advantage to the 

industrial separation processes. The practice of isoreticular modification of MOFs based 

on different functional groups offers identification between the 2-butene two isomers (cis 

and trans) with uptake higher than with the reported adsorbents. Our study provides a 

systematic approach that has explored the mature relationship between the adsorbent's 

characteristics and adsorbates. In this regard, at a lower energetic cost, alternative and 

advanced separation agents capable of discriminating between molecules with close 

physical-chemical properties are proposed. In addition, the successful practice of 

downscaling the size of particles from micrometre to less than 100 nm in size was 

reported.  
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Chapter 5. Cr-soc-MOF Analogues for Water-Vapor Sorption Study. 
 

5.1 Introduction  

Moisture/water vapor in the air has attracted attention recently as researchers found an 

environmentally friendly method to produce water from arid areas using Metal-Organic 

Frameworks (MOFs).219 Due to their high chemical stability, uniform pore size, and high 

surface areas,96, 220 MOFs emerged as a solid competitor to the conventional porous 

materials, such as silica gels and zeolites for water-related applications. Including water 

desiccants,14 desalination,221 dehumidification,222 heat transformation applications,223 

and water harvesting.219 

Controlling/maintaining humidity levels for indoor living areas is essential to keep the 

humidity levels under control.224 Particularly, where the humidity levels are high, it often 

leads to moisture accumulation that results in the growth of molds and fungi.225 

Moreover, it is well-known that very high (> 60%), or deficient humidity levels (< 30%) are 

uncomfortable for our bodies and might result in health issues like Asthma and Eczema.226 

Therefore, a humidifier/dehumidifier is often installed to tackle this problem depending 

upon whether the humidity levels are low or high in the concerned areas. These are pretty 

comprehensive energy solutions, which is why adsorptive heat transformation (AHT) 

applications using an appropriate water vapor adsorbent are often preferred over 

traditional compression-decompression systems.227 

In the case of indoor moisture control, the prerequisite of any desirable material to show: 

i) excellent water stability, ii) uptake capacity, and iii) regeneration at low activation 
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temperatures for practical usability.228 In addition to these factors, as per the American 

Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) standards, the 

ideal material for moisture control should also be able to adsorb water steeply as humidity 

levels rise beyond 65% and desorb when the humidity levels drop below 45%.229 Although 

there is an abundance of highly porous MOF materials that can show large water uptake 

capacities, most of these materials’ chemical stabilities towards water are often a matter 

of concern,230 as the reported MOF materials with cycling ability around 100 cycles are a 

handful. And cycling means that the adsorption-desorption process is measured between 

the humidity levels that showed the lowest-highest uptake capacity for a given material.26   

Another big challenge for such materials is to survive the water desorption process. It has 

been observed that many MOF examples, including the highly stable zirconium-based 

MOFs with high surface areas and excellent chemical stabilities,  fail to survive the water 

desorption process. Due to the collapse of the open frameworks upon desorption, most 

reported studies usually report data based on a single isotherm without cycling data. 230 

Remarkably, other MOFs have shown tremendous potential to survive under vapor 

treatment, and this can be attributed to the pore system, which has a relatively small 

aperture, relying on the steric shielding from the binding groups, MOF-801,96 MOF-841 

(based on Zr)231, Al-fumarate,232 CAU-23,233 CAU-10,234 MOF-303235 (based on Al) and Y-

shp-MOF-5 at a higher relative humidity percentage (RH%).236 Uniquely, chromium-based 

MOFs have been reported as super promising materials with immense potential to 
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demonstrate high hydrolytic stability, increased water uptake capacities, and recyclability 

even when pore volume exceeds 2.1 cm3 g-1.127, 237  

Out of these MOFs, Cr-soc-MOF-1 showed the highest water uptake capacity reported for 

any porous framework to date and exceptional stability maintained even after running 

100 water adsorption-desorption cycles at 298K.127 Moreover, it showed the best 

performance in the working range of 25% - 75% and 25% - 85% relative humidity. And 

most importantly, this MOF does not require any heating for regeneration, and the 

adsorbed water can be spontaneously recovered as the humidity levels fall below a 

particular value which is a very crucial factor for designing energy-efficient materials.127  

 Based on the recent studies on the mechanism of water clusters/interaction assisted with 

computational data, It is known that depending on the pore environment, including the 

size, volume, and functionality within the framework. MOFs can display a wide range of 

water adsorption capacities and pore-filling pressures.238 A recent study conducted by 

Yaghi’s group classified porous compounds into three distinct classes’ considering 

1) small pores  

2) large pores  

3)  hydroxyl-functionalized materials whose adsorption behavior was studied for 

water capture.239  

It was observed that where the small pore materials show steep uptake at low P/P0 values 

(below 0.3), the large pore materials, on the other hand, show pore filling at relatively 
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higher P/P0 ( 0.4 onwards). Most interestingly, the pore-filling pressures were shifted to 

lower P/P0 values due to stronger host-guest interactions and hydrophilicity effect for the 

MOFs with hydroxyl functionalized groups.228 

It is noteworthy that the effect of planting hydrophilic moiety into the framework 

backbone has been extensively studied from time to time, especially with the well known 

UiO-66 derivatives with -NH2, -OCH3, -NO2, and –naphthyl. The amino-substituted ligands 

exhibited the sharpest uptake at the lowest P/P0 versus other analogues, including the 

parent UiO-66 (unfunctionalized). 240   Whereas the naphthyl showed a reduction in water 

uptake capacity and delayed in adsorption toward higher P/P0 compared to other 

analogues. This example can be regarded as part of the small pore materials classified 

above. 240  Stock and coworkers reported the effect of functionalization on Al-based MOF 

CAU-10 [Al(OH)(1,3-benzenedicaroxylate)] with various functionality including -CH3, -NH2, 

-NO2 and –OH.234 The effect of these groups was significant, not only on the water uptake 

at lower relative pressure/ relative humidity levels but, most importantly, the shape of 

the water adsorption-desorption isotherm. The pristine CAU-10 water-vapor adsorption 

profile contains a sharp increase in the water uptake at P/P0 ≈ 0.18-0.19. the introduced 

hydrophilic moieties (amino and hydroxyl) shift the adsorption profile toward lower 

relative humidity and, on the other hand (methoxy, nitro, and methyl) moved toward 

higher relative pressure with “S“ shape isotherms, respectively. 220 

Another analogue this time represents the large pore materials is Cr-MIL-101 

([Cr3(O)x(BDC)3(H2O)2]nH2O), with the aromatic ring functionalized with (-NH2, -NO2, and 
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-SO3H). 241, 242 The water adsorption profile of the parent MOF have a curved S shape two-

step isotherm, presenting the pore-filling mechanism starting with micropores filling 

followed by mesopores in the structure. In the amino-functionalized analogue, the 

inflection point at P/P0 ≈ 0.31 while for the nitro functionalized analogue ≈ 0.45. 220 

The reports on implications of introducing hydrophobicity combined with bulkiness to the 

MOF structure are still scarce, especially with high water capacity. Also, it is commonly 

expected that the increase in hydrophobicity of the structure will suppress the water-

framework interactions, thus leading the pore-filling pressure towards higher relative 

humidity, as discussed above.242   

 

 

 

Figure 5.1 shifting profile in the discussed materials, when the material contain hydrophilic moiety it tend toward 
the right while with hydrophobic moieties it tends toward the left. 
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5.2 Cr-soc-MOF Platform 

To validate these assumptions and understand the underlying mechanism, we decided to 

study the effects of hydrophobicity on the water uptake behavior of large pore MOF 

materials adopting the soc-MOF platform as an excellent example. For this, we revisited 

our previously reported Cr-soc-MOF-1, as it is the benchmark material for the highest 

water uptake capacity and spontaneous regeneration (Figure 5.2).127 The strategy takes 

advantage of tuning the Cr-soc-MOF platform water adsorption behavior. Via introducing 

hydrophobicity into the system, by means to the core/center of the ligand, additional 

benzene rings, and trifluoromethyl moieties were introduced to switch to the backbone 

of the parent soc-MOF-1 linker into more hydrophobic nature. The ligands  choice are 

then (illustrated in Figure 5.3):  

L2: (TCDPN) 3',3'',5',5''-tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene 

L3: (TCDPA) 3',3'',5',5''-tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene 

Figure 5.2 Cr-soc-MOF-1 the benchmark material in water adsorption at 298K. 
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L4:(TCDPTF)3,3'',5,5''-tetrakis(4-carboxyphenyl)-2',5'-bis(trifluoromethyl)-1,1':4',1''-

terphenyl. 

As elaborated in our previous report, Cr-soc-MOF-1 crystals were obtained by metal 

metathesis via reaction of Fe-soc-MOF-1 crystals with CrCl2, source of Cr(II) ions under 

inert conditions, which eventually upon air exposure converts to Cr(III) [Cr3(μ3-O)(O2C−)6] 

Molecular Building Block (MBB). The significant difference in the redox potential in aqueous 

solutions of M3+/M2+  for Fe (0.77 V) and Cr (−0.42 V ) indicates that a redox reaction can 

irreversibly take place between Fe(III) and Cr(II) as shown in : 

Fe3+ + Cr2+           (inert environment)                 → Fe2+ + Cr3+            (air exposed) 

 

We then employed a similar methodology to synthesize isoreticular analogues, namely Cr-

soc-MOF-2, Cr-soc-MOF-3 and Cr-soc-MOF-4 (Figure 5.3). The as-synthesized Fe-soc-

MOF-2,-3 and -4 crystals were converted to their respective Cr (III) based frameworks, and 

the percentage of conversion was monitored, by using the inductively coupled plasma 

optical emission spectrometry (ICP-OES) method and further confirmed by EDS, elemental 

mapping and XPS ensuring the complete conversion of Fe to Cr for the three studied 

analogues with 99.5-100 % Cr in the samples (Figures 5.8-5.10). 
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The isolated Cr-soc-MOF-2, -3, and -4 samples were thoroughly washed with DMF for 

three days to remove any excess metal salts present in the sample's solution. The crystal 

structures of the Cr-soc-2,-3 and -4 MOFs were recorded using single-crystal X-ray 

diffraction (SCXRD) and crystallized in cubic Pm-3n space group. Their phase purities were 

confirmed by comparing their calculated and experimental powder X-ray diffraction 

(PXRD) patterns (Figure 5.12). The high-resolution N2 sorption experiments of Cr-soc-

MOF-2, Cr-soc-MOF-3, and Cr-soc-MOF-4, showed pore volumes of 1.84, 1.54, and 1.89 

cm3 g-1, respectively, which fully agrees with the theoretical pore volumes (Figure 5.15). 

The decrease in the pore volume values are expected in the order Cr-soc-MOF-1 soc-2≈ 

soc-4 soc-3 in accordance with an increase in the bulkiness of the ligands (Figure 5.14-

5.15). 

 

Figure 5.3 The construction of  Cr-soc-MOFs start with the μ3-oxygen-centered trinuclear Cr(III) carboxylate 
clusters and the deprotonated organic linker a) (TCDPN4−) to give soc-MOF-2 , b) (TCDPA4−) to give soc-MOF-3 , and 
c)  (TCDPTF4−) to give soc-MOF-4. Color code M (blue), C (dark grey). O (red), Cl (green), and F (lime).  
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The considerable change in the pore volume values signifies the impact of the introduced 

structural variations on the porosity of these MOFs. Since our objective is to modulate the 

water sorption behavior and study the effect of increasing hydrophobicity of these 

materials, we then conducted water sorption experiments on all analogues based on 

naphthalene (Cr-soc-MOF-2), anthracene (Cr-soc-MOF-3), and di-trifluoromethylated (Cr-

soc-MOF-4) cores, respectively. The observed water uptake constantly increases from 55% 

relative humidity (RH) for Cr-soc-MOF-2, followed by steep uptake beyond this point 

(Figure 5.4). The total water uptake for this material at 298 K ca. 1.73 g (173 wt %) of water 

per gram of sorbent at 85% RH. On the other hand, desorption of water is slow till 50% 

RH, beyond which there is a quick release of the water molecules from the framework, 

which continues till 35% RH. 

 
Figure 5.4 Water-vapor adsorption study for Cr-soc-MOFs a) Water adsorption (solid spheres) and desorption (empty 
circles) isotherms at 298 K for activated Cr-soc-MOF-1 (blue), Cr-soc-MOF-2 (red), Cr-soc-MOF-3 (brown), and Cr-soc-
MOF-4 (cyan). 100 cycles of water uptake profile versus relative humidity at 298 K of b) Cr-soc-MOF-2. c) Cr-soc-MOF-
3, and d) Cr-soc-MOF-4. 
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Interestingly, most water is desorbed, with only about 10 wt % water remaining in the 

structure. This is very significant since, for indoor moisture control, a framework should 

display a steep adsorption-desorption profile with the rise and fall of relative humidity 

levels, respectively. It is worth noting that the adsorption profile for Cr-soc-MOF-2 is 

slightly left-shifted (lower RH), whereas the desorption profile is slightly right-shifted 

(higher RH) as compared to Cr-soc-MOF-1. This signifies that both processes - the pore 

filling and the pore evacuation - start early in the case of Cr-soc-MOF-2. This is in deep 

contrast to our conventional understanding based on the reported functionalized 

frameworks based on fcu or mtn topologies as discussed earlier,240, 242, whereupon 

increasing the hydrophobicity, the material is expected to adsorb water at relatively higher 

RH values. Most importantly, it shows that the contraction of the pore size has a much-

pronounced effect on the water sorption behavior of the large pore MOFs compared to 

the increase in their hydrophobicity. This interesting unprecedented observation made us 

more curious to study the anthracene analogue. Two additional benzene rings are 

attached to the original linker, making it more symmetrical than the naphthalene version.  

However, for the Cr-soc-MOF-3 analogue, the total water uptake was noted to be 1.22 g 

(121.70 wt %) of water per gram of sorbent at 85% RH (Figure 5.4). Surprisingly, the Cr-

soc-MOF-3 analogue follows a different pathway than the hydrophobic functionality trend 

(right shifting). Due to the bulkiness of anthracene moiety, the partially narrow apertures 

and contraction in pore size are expected to have a critical role in changing the behaviour 

of water interaction with chromium clusters than the parent Cr-soc-MOF-1. The water 
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clusters are also likely to take a large portion in this behavior, as one would expect that 

the anthracene moiety repels water molecules from sitting next to the wall of the channels 

leading to a prominent change in the water cluster arrangement inside the framework. 

Whereas, for Cr-soc-MOF-4, the presence of relatively small trifluoromethyl groups did 

not have much influence on the pore size contraction. In fact, the adsorption isotherm is 

shifted to the right of the original isotherm of Cr-soc-MOF-1, falling in the same line with 

hydrophobic moieties. The total water uptake was noted to be 1.717 g (171.75 wt %) of 

water per gram of sorbent at 85% RH (Figure 5.4).  

Water-vapor cyclic measurements were carried out to study the long-term stability of the 

frameworks towards humidity (Figure 2-b,c,d). For the analogues, the cyclic 

measurements were carried out at different humidity ranges such as 30-70, 30-80, and 

40-80. All the three MOFs showed excellent stability towards water over 100 cycles, with 

no decline observed in their water uptake capacities (Figure 5.4- b,c,d). The data 

demonstrate that these materials are promising candidates for 

humidification/dehumidification application.  

Based on our findings, the isoreticular MOFs exhibited different working range/ 

adsorption-desorption at 298K as follows  

 35-60 % for Cr-soc-MOF-1 

 40-60 % for Cr-soc-MOF-2 

 40-45 % for Cr-soc-MOF-3 
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 55- 65 % for Cr-soc-MOF-4 

In comparison to the best materials reported to date, the Cr-soc-MOF series preserve the 

highest reported experimental pore volumes and high-water uptake capacity at relative 

pressure P/P0 = 0.9 (Figure 5.20)  

5.3 Characterization:  

5.4 Materials and General Procedures 

The organic ligands used in this study were purchased from song young and Merck. All 

other reagents were obtained from commercial sources and used without further 

purification.  

Synthesis of Fe-soc-MOF-2 (KME-1193-Fe) 

Prior to the synthesis, a stock solution of FeCl3·6H2O was prepared in DMF (0.1 M), from 

that (0.3 ml, 0.03 mmol) was added to a 20 ml scintillation vial with a dissolved TCDPN 

(7.3 mg, 0.01 mmol) in DMF (1 ml), and acetonitrile (1 ml). Then a stock solution of nitric 

acid in DMF (3.5 M) was prepared, from that (1.5 ml) was added to the reaction mixture 

followed by sonication for 5 mins. Subsequently, the clear orange-yellow solution was 

placed in a preheated oven at 115°C for three days to give pure tiny orange-yellow cubic 

shaped crystals. After synthesis, the crystals were washed to remove any extra metal salts 

with DMF until the color of the supernatant turned colorless. 

Synthesis of Fe-soc-MOF-3 (KME-1194-Fe) 

Fe-soc-MOF-3 was synthesized in the same way as Fe-soc-MOF-2 using TCDPA instead of 

TCDPN, and the reaction was carried out at 130 °C.  
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Synthesis of Fe-soc-MOF-4 (KME-1288-Fe) 

Fe-soc-MOF-4 was synthesized in the same way as Fe-soc-MOF-2 using TCDPTF- instead 

of TCDPN, and the reaction was carried out at 115 °C. 

Synthesis of Cr-soc-MOF-2 (KME-1193-Cr) 

The Fe-soc-MOF-2 crystals were washed with acetonitrile quickly three to four times to 

remove the excess of DMF. Then the crystals were washed with acetone twice before 

transferring it into the glove box.  

Under the inert atmosphere in a 20 ml scintillation vial, 25 mg of Fe-soc-MOF-2 was 

weighed in a premade solution of CrCl2 in DMF (150 mg, 3 ml), resulting in a light-sky-blue 

clear solution. An immediate change of crystals color from brown to green was observed. 

The vial was placed in preheated oven at 115°C for 18 hr. The vial was then allowed to 

cool to room temperature before the dark-green supernatant solution was removed, and 

the resulting green crystals of Cr-soc-MOF-2 were washed three times with DMF to 

remove any unreacted materials. Then was washed twice with acetonitrile before 

exposing it to air. ICP-OES confirms the full exchange into Cr by 100%. 

Synthesis of Cr-soc-MOF-3 and -4 (KME-1194 and 1288-Cr) 

Cr-soc-MOF-3 and -4 were synthesized in the same way as Cr-soc-MOF-2 but by using Fe-

soc-MOF-3 and -4 crystals instead of Fe-soc-MOF-2. ICP-OES confirms the full exchange 

into Cr by 99.5-99.8%. 
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Figure 5.5 Synthesis route for the Fe-soc-MOFs 

Figure 5.6 Synthesis route of Cr-soc-MOFs. 
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Figure 5.7 Schematic showing the structure of (Fe) Cr-soc-MOF-2, (Fe)Cr-soc-MOF-3, and (Fe)Cr-soc-MOF-4. 
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Figure 5.8 a) Scanning electron microscopy images with Energy-dispersive X-ray spectroscopy and b) elemental 
mapping analysis of Cr-soc-MOF-2 
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Figure 5.9 a) Scanning electron microscopy images with Energy-dispersive X-ray spectroscopy and b) elemental 
mapping analysis of Cr-soc-MOF-3.  
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Figure 5.10 a) Scanning electron microscopy images with Energy-dispersive X-ray spectroscopy and b) elemental 
mapping analysis of Cr-soc-MOF-4.   
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Figure 5.11 High-resolution X-ray photoelectron spectroscopy spectrum of the Cr 2p core level of the a) Cr-soc-
MOF-2 b) Cr-soc-MOF-3 and c) Cr-soc-MOF-4  samples, the binding energies of the components of the Cr 2p 
doublet, and their corresponding satellites are characteristic of the Cr3+ oxidation state of chromium 

https://www.sciencedirect.com/topics/chemistry/x-ray-photoelectron-spectroscopy
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Figure 5.12 Experimental and calculated PXRD patterns for a,b) (Fe) Cr-soc-MOF-2, c,d) (Fe) Cr-soc-MOF-3 and e,f) (Fe) 
Cr-soc-MOF-4 indicating the phase purity of the samples and stability upon activation. 
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Figure 5.13 FTIR graphs of the Cr- and Fe-soc-MOFs a,b) for -2 and c,d) for -3 . 



236 
 

 

Porosity Assessment 

Homogenous microcrystalline samples of Fe and Cr-soc-MOF-2, Fe, Cr-soc-MOF-3, and Fe 

and Cr-soc-MOF-4 were activated by washing the as-synthesized crystals with 3 x 5 ml of 

DMF followed by a solvent exchange in Acetonitrile for three days. The solution was 

refreshed several times daily during this period. In a typical experiment, around 15-20 mg 

of each activated sample was transferred to a 6-mm glass sample cell and firstly 

evacuated at room temperature using a turbomolecular vacuum pump. Gradually heated 

to 120oC, held for 12 h, then cooled to room temperature. The measurement was 

repeated after 100 cycles of vapor sorption to show no loss in the PVExp. Neither BET area.  
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Figure 5.14 N2 @77K adsorption-desorption isotherms for the freshly activated and after 100 cycles for : a,b) Cr-soc-
MOF-2, c,d) Cr-soc-MOF-3 and e,d) Cr-soc-MOF-4. 
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Figure 5.15 PSD Measurements associated with theoretical PSD estimation from crystal structures for a,b) Cr-soc-
MOF-2, c,d) Cr-soc-MOF-3, and e,f) Cr-soc-MOF-4. 
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Water Sorption Experiment and Cyclic Water Data 

Water sorption experiments were measured with a VTI-SA vapor sorption analyzer (TA 

Instruments (New Castle, DE, United States)). In which the activity of water vapor was 

controlled automatically via mixing wet vapor feed with a dry N2 line, which used as a 

carrier gas for water vapor. The sample’s dry mass was measured under N2 and was at 

equilibrium before water vapor was introduced into the chamber. The equilibrium based 

adsorption isotherms were collected within a range of 0%–90% RH. The Cr-soc-MOF-2, -

3 and 4 were activated at 120°C before the sorption experiment for 8 h. The maximum 

equilibrium time for each RH was maintained at 120 mins. The cycles were carried out 

between 30% and 80% RH with a maximum equilibrium time of 180 mins. 
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Figure 5.16 Water-vapor sorption analysis of Cr-soc-MOFs as compared with Cr-soc-MOF-1 a) Cr-soc-MOF-2, b) Cr-
soc-MOF-3, c) Cr-soc-MOF-4, and d) overlay of all the reported isotherms for Cr-soc-MOFs. 
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Figure 5.17 100 cycles of H2O uptake profile vs. relative humidity of a,b) Cr-soc-MOF-2, c,d) Cr-soc-MOF-3 and                    
e,f) Cr-soc-MOF-4 
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Table 5.1 Comparison of the best materials exhibiting high water uptake capacity at different relative pressures. 

Adsorbent 

Experimental Pore 

volume (cm3 g-1) 

Water Uptake (g g-1) at P/P0 = Ref. 

0.3 0.6 0.9  

Cr-soc-MOF-1 2.1 0.03 0.18 1.92 127 

Cr-soc-MOF-2 1.84 0.06 0.2 1.74 This work 

Cr-soc-MOF-4 1.8 0.034 0.063 1.72 This work 

MIL-101-Cr a 1.64 0.11 1.21 1.29 241 

Cr-soc-MOF-3 1.5 0.051 0.64 1.21 This work 

NU-1500-Cr 1.24 0.06 1.02 1.09 243 

Ni-MOF-74 1.14 0.16 0.71 0.88 244 

MCM-41 1.12 0.05 0.18 0.77 96 

Co2Cl2(BTDD) 1.08 0.85 0.94 0.96 245 

PIZOF-2 0.88 0.01 0.01 0.68 96 

MOF-808 0.84 0.12 0.57 0.59 96 

Y-shp-MOF-5 0.63 0.06 0.2 0.44 236 

MOF-303 0.519 0.4 0.44 0.45 238 

MOF-333 0.52 0.38 0.41 0.45 238 

Zr-UiO-66 0.49 0.09 0.41 0.3 96 

MOF-801-P 0.45 0.31 0.34 0.36 96 

Zeolite 13X 0.24 0.31 0.32 0.33 96 
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Figure 5.18 Representation of the comparison data to set Cr-soc-MOFs on the leading materials for highest water 
uptake capacity, WU = water uptake. 
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5.5 Scale up and Cr-soc-ABTC-MOF Synthesis  

5.5.1 Bulk Synthesis of Cr-soc-MOF-1 for Projects with Large Scale.  

MOFs are often prepared on a small scale since they were first designed on a lab-scale at 

the discovery stage, and consuming the starting materials in large quantities will not be a 

wise idea in the first stage. Many MOF examples demonstrate outstanding potential in 

environment-related applications and thus explain the necessity to produce precise MOFs 

in a gram scale.246 The market of Metal-organic frameworks is overgrowing with an 

increasing number of startups/companies like (BASF, Novo MOF, MOF Technologies, and 

NUMAT), providing an alternative option to synthesize reported materials MOF-5, HKUST-

1, UiO-66 NU-1000, and others on large scales. 247 The difficulties of scaling a MOF in a lab 

rise from three main reasons: 

1- Lack of the starting material, complex ligand synthesis, and cost of the starting 

materials that might be lost if the scale-up is not straightforward as in most cases. 

2- Calculating the vessel pressure of which material can be obtained without adding 

extra pressure or breaking the glass of the vessel, the used container must mimic 

the same environment of the original synthesis with the mg scale.  

3- The presence of impurities during synthesis, metal oxides, unreacted ligands, 

multiple phases formation, modulator crystallization, etc., can be a real challenge.  

Since Cr-soc-MOFs illustrated a remarkable potential for room temperature humidity 

control, several attempts were conducted to test the ability to get the material in the 

desired gram scale. The study started with incrementally increasing the amount of the 

obtained MOF, thus targeting the 1 g scale. 
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The original method uses a 20 ml scintillation vial with a mixed solution of DMF, CH3CN, 

and diluted HNO3 as the modulator. The mixture was slightly adjusted to get the same 

inorganic building block without additional impurities, mainly oxide, and the vessel used 

for synthesis was replaced into a 100 ml blue cap bottle to meet the increase in volume. 

The preliminary attempts revealed a decrease in the sorption behavior of the Fe-soc-

MOF-1, and therefore, the time of the reaction was reduced to 48 h instead of the original 

72h. The successful combination of FeCl3, linker and the solvent mixture was adjusted to 

meet the required concentration for the MOF preparation. The obtained MOF was then 

washed thoroughly several times and kept in DMF for one day to ensure that all unreacted 

substances were removed/dissolved in DMF before exchanging it with  CH3CN to prepare 

for the metathesis step using CrCl2. The tricky part was to find the best condition for Fe-

soc-MOF preparation at different scales. Despite the amount of MOF material, the 

metathesis step was controlled successfully. The successful recipe for the Cr exchanged 

MOF is to have excess amounts of Cr in the solution to ensure that the concentration of 

Cr in the solution is enough to proceed with the complete conversion of Fe to Cr.  

The choice of the perfect vessel is significant to mimic the same environment in each 

preparation (Figure 5.19). Then, to produce ≈ 1 g materials, the vessels were replaced 

with a 1 L size pressure flask. The 1-litre blue cap bottles were relatively fragile in keeping 

the pressure inside the vessel maintained for the reaction period. The obtained material 

perfectly matched the original/large single crystal of Cr-soc-MOF-1. The MOF was ground 
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with a mortal to prepare fine particles for application purposes, and the surface area and 

sorption profile perfectly matched the original material.  

The characterization proves that no change occurs when increasing the product from 8-

10 mg scale up to 1 g in a one-pot synthesis.  

5.5.2 Procedure and Methods 

The ligand was commercially obtained from song young company.  

5.5.3 Synthesis of 1 g Cr-soc-MOF-1  

Prior to the synthesis, a solution of FeCl3·6H2O was prepared in 100 ml DMF, with 

(1800 mg, 6.6 mmol) was added to a 1 L pressure flask with a dissolved TCPT (2100 mg, 

3 mmol) in DMF (50 ml), and acetonitrile (150 ml). Then a stock solution of nitric acid in 

DMF (3.5 M) was prepared, from that (200 ml) was added to the reaction mixture 

followed by sonication for 15 mins. The clear orange-yellow solution was subsequently 

Figure 5.19 Vessels described in the study. 
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placed in a preheated oven at 115°C for 48 h to give pure orange-yellow cubic shaped 

crystals. After synthesis, the crystals were washed to remove any extra metal salts with 

DMF until the color of the supernatant turned colorless. Then the crystals were soaked in 

50 ml CH3CN for one day. (yield 1.5 g) 

In preparation to exchange the sample with CrCl2, the solvent was removed, and the 

material was charged in a 100 ml blue cap glass container under an inert atmosphere. 

Then a solution of 3000 mg of CrCl2 dissolved in 30 ml DMF was added. The vial was then 

placed in preheated oven with a fixed temperature of 115°C for 18 h before removing it 

from the oven. The green product was washed with DMF several times until the 

supernatant turned colorless. (yield 1.3-1.1 g) detailed procedure in (Figure 5.20). 

Notes: The MOF was synthesized with a 1 l pressure flask, be aware of the pressure for 

your safety.  
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Figure 5.21 Porosity and PXRD patterns of the scaled up material of Cr-soc-MOF-1. 

Figure 5.20 Synthesis route of Cr-soc-MOF-1 scaled up route. 
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5.6 Cr-ABTC-soc-MOF 

Since Cr based-MOFs showed great potential and hydrolytic stability compared to other 

M3+ cations from the same group (Fe, In, Sc, Al, etc.). We opted to explore the ability to 

exchange/synthesize an isoreticular to In-soc-MOF based on (ABTC) 3,3’,5,5’-azobenzene 

tetracarboxylic acid to investigate further the water adsorption behavior of this MOF, 

which contains modest pores as compared to the original Cr-soc-MOF-1.79, 127 The 

synthesis route started with metathesis, to exchange the Fe3+ with Cr2+ then to Cr3+. 

Despite the choice of solvent used in the reaction, DMF, DEF, NMP, CH3CN, none of the 

attempts resulted in the isolation of even partially exchanged samples. The results 

indicate that the pore dimensions are crucial in the exchange process as most reported 

Cr exchanged MOFs were based on relatively open structures with large pores. 130, 

248Inspired by the well-known Cr-MIL-100 and -101,80, 140, which were synthesized starting 

from Cr precursor in the presence of hydrofluoric acid (HF) as a modulator. Then our 

synthesis direction switched to the one-pot synthesis. Opting Cr(NO3)3.6H2O, water, DMF 

as solvents, and HF as modulator allowed the successful isolation of nanosized powder of 

Cr-ABTC-soc-MOF reported for the first time. To prove the purity of our product, PXRD 

patterns were simulated and collected, and the comparison between the two 

demonstrates the perfect matching (Figure 5.22). Followed by N2 at 77K  adsorption-

desorption experiments collected for the CH3CN exchanged sample activated at elevated 

temperatures with increased porosity as temperature increases, indicating the material's 

high stability at high temperatures ≈ 400 ˚C. The estimated PVTheo. ≈ 0.52 cm3 g-1 matches 



250 
 

 

perfectly with PVExp. ≈ 0.525 cm3 g-1 ( Calculated @ P/P0= 0.5), the estimated BET area ≈ 

1157 m2 g-1, which is less than expected due to the fine particle size of the material. 

 Scanning electron microscopy was used to image the material and get an insight about 

particle size and associated EDX to confirm the elemental mapping and elements' 

existence. XPS was used to confirm the oxidation state of Cr in the sample and examine 

the other elements. Surprisingly, no trace of Fluorine within the sample composition was 

confirmed by XPS, suggesting that the inorganic building block contains -OH in the open 

metal site of the trinuclear cluster (Figures 5.22-5.24). 

5.6.1 Synthesis: Cr-ABTC-soc-MOF  

In a 20 ml Teflon-lined digestion vessel, 230 mg of Cr(NO3)3.6H2O was dissolved in 0.5 ml 

water and 1 ml DMF, then 180 mg of ABTC ligand was added, the mixture was sonicated 

for 10 mins before the addition of HF 30 µl was added. The mixture was then placed in a 

programmed oven at 220˚C for 18h. The powder product was harvested and washed with 

warm DMF several times. For material activation, acetonitrile was used to wash the 

particles for five days.   

5.6.2 Characterization 
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Figure 5.22 Synthetic route of Cr-ABTC-soc-MOF, with the corresponding PXRD patterns and SEM image. 

Figure 5.23 Simulated Cr-ABTC-soc-MOF structure with cage and channel dimensions. 
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Figure 5.24 Porosity assessment of Cr-ABTC-soc-MOF using nitrogen adsorption-desorption at 77K. a) The role of 
activation temperatures to increase the porosity of the MOF, b) high resolution experiment, c) BET area plot, d) the 
PSD calculation, and e) the water-vapor sorption experiment.  
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Figure 5.25 XPS analysis of Cr-ABTC-soc-MOF with the associated signals of a) Cr 2p, b) C 1s, c) O 1s, and d) F 1s. 
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Figure 5.26 a) EDS combined with b) elemental mapping of Cr-ABTC-soc-MOF. 
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5.7 Outlooks 

The effect of hydrophobicity on the water sorption behavior of the highly porous series 

of Cr-soc-MOFs has been studied in this chapter. The outcome of 

functionalization/decoration by introducing hydrophobic groups to the organic backbone 

of Cr-soc-MOF-1 was introduced, well-known for its high water uptake capacity and 

spontaneous water vapor adsorption-desorption behavior in the range of RH% 35-70%. 

The introduction of hydrophobicity with simultaneous contraction of the pore size led to 

a distinct modulation of the water adsorption behavior of these MOFs, following an 

opposite trend to the reported analogues with hydrophilic-hydrophobic functions. The 

new MOF materials, namely Cr-soc-MOF-2,-3 and -4, exhibit exceptional stability and 

recyclability as confirmed by water adsorption-desorption cycles. Our work demonstrates 

the modified Cr-soc-MOF analogues own different indoor moisture control abilities and 

reveals new physical properties related to the soc-MOF structures. The gram production 

of Cr-soc-MOF-1 and its isoreticular Cr-ABTC-soc-MOF have been reported and discussed. 
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Chapter.6 Outlooks and Future Work 
The research results reported in this dissertation shed light on the importance of adopting 

and considering the new design principles. It is highly likely to end with the desired target; 

however, it does not eliminate the possibility of finding exceptional frameworks that have 

not been thought of before by using new ligands, new inorganic clusters, and combining 

both.  

The discussed strategies open a new direction for further advancements in porous 

materials design of nets of low connectivity via multiple bridging thanks to our 

cantellation, which can be extended to pillaring with predesigned layers. The authentic 

ligands design with geometrical restrictions were the keys to accessing the complex area 

leading to the unprecedented structures reported for the first time based on sod-ZMOFs.  

There is more than 300 novel merged nets that theoretically can be obtained. Some of 

them can be used in critical applications like catalysis, gas storage and separation. The 

introduction of our new structures is to show the route of actual isolation deliberately. In 

our supermolecular building rods (SBRs) approach, the employment of the complete set 

of enumerated rods, with application in mind, will add to the field of reticular materials. 

Deviating from the most default nets or the known structures is the key message from 

this dissertation. The curiosity and experimental passion eventually unveiled 

unprecedented structures, knowing that it is a highly challenging area to force the SBBs 

into the intended geometry. 
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On the other hand, the robust application of the isoreticulation serves the best in 

obtaining new structures of RE-ftw-MOFs and Cr-soc-MOFs. The deliberate modification 

on the ftw-MOF platform assures success in the challenging separation of 2-butene 

isomers. The continuation of this work will be a navigating point to gain insight into the 

structure/gas relationship, expand it to other C4 moieties and consider studying the whole 

catalogue of RE-ftw-MOFs reported here for splitting different gas molecules, including 

C5 and C6. Hydrophobic tailored Cr-soc-MOFs have revealed a conflict with the known 

trend for hydrophobic-based MOFs in water adsorption-desorption experiments with 

anthracene as core, which needs to be crystallographically investigated. To highlight the 

role of hydrophobicity/bulkiness on the shape of hydrated water clusters when different 

functional groups are introduced. From a different perspective, hydrophilic based ligands 

are yet to be tested to widen our understanding of the Cr-soc-MOFs platform in the 

presence of humidity. Additionally, there is a vast area of advancement that is still to be 

explored with both MOFs platforms.  

Finally, enriching the design toolkit with our new concepts will benefit from expanding 

the gallery of SBBs by using purely organic cages or the new polyhedral cages. This, 

without a doubt, will awaken hidden gems in MOFs chemistry in the near future. 
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APPENDICES 
Appendix A Computational modelling 

of Y-AOBTC-ftw-MOF and Y-SBTC-ftw-MOF provided by collaboration with Dr.Paulo 

Mileo and Prof. Maurin 

Our modelling strategy started with the microscopic description of the negatively charged 

Y-ftw-MOFs’ scaffolds. First representations of these structures were obtained from PXRD 

(ref.). Forthwith, each of them had their atomic positions relaxed at the Density 

Functional Theory (DFT) level keeping their experimentally resolved unit cell parameters 

fixed. These calculations were performed using the CP2K package249 using Gaussian plane 

waves with a 500 Ry cutoff and a 60 Ry value for the grid in which each Gaussian is 

mapped. In these geometry optimization calculations, the convergence criteria on the 

self-consistent field, the maximum displacement, and sum of atomic forces were of 

respectively 1×10-6 Ry, 5×10-3 Bohr, and 1×10-3 Bohr/Hartree. Atomic orbitals were 

treated as valence states using a GGA-PBE functional250 combined with a double- ζ valence 

plus polarization (DZVP) basis set for the Y atoms and a triple-ζ basis set with double 

polarization (TZ2VP)251 for the C, O, and H atoms. The DFT-D3 correction 252was used to 

take dispersive interactions into account. From the geometry optimized structures, 

atomic partial charges were calculated from an energy calculation using the REPEAT 

scheme.253 The atomic types and respective charges associated with each framework are 

shown in Figure AA1. 
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Figure AA1. Illustration detailing the different atomic types and their respective point charges of all ftw-

MOFs here studied. 

The inherent DMA+ counter-cations were then introduced according to their 

stoichiometric amounts through Monte Carlo (MC) calculations using the microcanonical 

ensemble at 298 K as implemented in the RASPA 2.0 code.254 In these calculations, 

interatomic interactions were modelled as a sum of dispersive and electrostatic 

contributions respectively, modelled by 12-6 Lennard-Jones (12-6 LJ) and Coulombic 

potentials. While the dispersive energetic contribution was determined using a 12 Å 

cutoff, the long-range effects of the electrostatic interactions were calculated using the 

Ewald summation technique.255 Atoms of the organic and inorganic moieties of the Y-ftw-
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MOFs had their 12-6 LJ parameters assigned respectively from the Dreiding256 and UFF257 

forcefields. DMA+ molecules were modelled with their CH3 groups assuming a united-

atom representation. The cation’s charges were obtained from the ESP fitting of DFT 

calculations using the GGA-PBE functional and the double numerical basis set plus 

polarization function (DNP),258 as implemented in the DMol3 code. Once the DMA+ 

molecules were placed in their most stable loci, their methyl’s hydrogen atoms were 

subsequently added. These DMA+-loaded Y-ftw-MOF structures were then geometrically 

optimized at the DFT level using the same protocol described above. From this batch of 

DFT-optimized frameworks, the AOBTC- and SBTC-containing Y-ftw-MOF structures were 

selected to have their pore size distribution (PSD) evaluated using the method of Gelb 

and Gubbins259 as implemented in the RASPA software package.254 Additionally, the 

accessible volumes of these structures were spatially determined using the Zeo++ 

software package.260, 261 

Adsorption profiles in all Y-ftw-MOFs were obtained from Monte Carlo calculations using 

the Grand Canonical ensemble (μVT) and microcanonical (NVT) ensembles respectively 

for the C3H6/C3H8 and DMA+ species. These calculations were carried out uing 105 

equilibration cycles followed by 8×105 production cycles using the software package 

RASPA. In each cycle, a number of max(20, N) move-attempts are performed, with N being 

the number of guest molecules. In order to simulate the limitations that guest molecules 

have in accessing the MOFs’ porosities due to the steric hindrance of the counter-cations, 

we repeated these calculations blocking the accessibility of the MOF porosity so they 
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could only accommodate guest molecules of pre-determined radii using blocking spheres 

whose positions were generated with the Zeo++ software package. For each calculation, 

we approximated the structures as rigid. The C3H6 and C3H8 molecules are modelled using 

a united atom representation which successfully reproduced experimental liquid-vapor 

equilibrium curves .262 

The flexibilities of two Y-ftw-MOFs (ABOTC and SBTC analogues) were described in terms 

of the energy barriers associated to the rotation of the torsional angle (φ) formed by the 

central atoms of interconnecting the phenyl rings of the organic linkers. Representative 

clusters cleaved from each framework with dangling bonds being capped by H atoms (cf.  

The energy barriers related to crossing C3H6/C3H8 molecules from one cage to another 

were determined from enhanced-sampling molecular dynamics calculations using a 

Figure AA2. Representative clusters cleaved from the Y-AOBTC were used to estimate the torsional energy 

profiles. Different cluster’s conformers were then generated by varying the φ value and had their energy 

calculated at the force field level.  
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constant volume and number of particles. We decided to employ as a collective variable 

(ξ) the projection of the center of mass of a guest molecule onto the normal of a plane 

formed by the inward carbon atoms of the phenyl rings forming each aperture of the 

AOBTC and SBTC Y-ftw-MOF structures (see Figure AA3). This so-defined collective 

variable takes a value of 0 when the center of mass of the guest molecule crosses the 

plane and negative or positive values according to their relative position with respect to 

the plane. A similar collective variable was previously defined to characterize the diffusion 

of small paraffins and olefins through zeolite cages.263, 264 In order to effectively sample 

the phase space comprising this collective valuable and extract the free energy barriers 

of C3H6/C3H8 diffusion across the windows of a clathrate network, we selected 12 Å long 

reaction coordinates (ranging between -8 Å and 8 Å) along the ξ-axis and divided it into 

64 equidistant umbrellas of 0.25 Å width each. For each window, 1 ns long restrained 

molecular dynamics (MD) simulations at 300 K were carried out in order to ensure all 

points along the diffusion path are well sampled. An harmonic bias potential with a force 

constant of 50 kJ/(mol.Å2) was introduced to restrict the sampling of each umbrella.  

MD calculations were carried out using the LAMMPS software package265 using the Nose-

Hoover (ref.) thermostat with a relaxation constant of 0.1 ps. A time-step of 1 fs was 

employed to solve the Newton’s equation of motion using the velocity-Verlet 

integrator.266  
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Figure AA3. Representation of the plane (yellow zone) formed by the inward C atoms (pointed by dashed 

arrows) of the phenyl rings forming the MOF’s apertures (A) and the collective variable ξ, consisting of the 

normal vector crossing such plane through the center of mass of the selected C atoms (B).  

Figure AA4. Enthalpy of adsorption of C3H6 (red squares) and C3H8 (black circles) in the AOBTC- (A) and 

SBTC-containing (B) Y-ftw-MOF obtained from single component GCMC calculations at 333 K and 298 K 

respectively. 
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Results 

In the previous sections we have unambiguously determined the superior adsorption and 

separation potential of propene/propane mixtures in Y-ftw-MOFs. However, a more in-

depth analysis of the mechanisms guiding such separation still needs to be detailed. In 

order to carry out this analysis, we computationally explored two Y-ftw-MOF analogues 

containing either AOBTC or SBTC as organic linkers. 

By means of Grand Canonical Monte Carlo (GCMC) calculations, we were able to 

determine that at the thermodynamic equilibrium both propane and propene showed a 

similar uptake either in the AOBTC or in the SBTC analogues (Figure AA5). This is a clear 

indication that the preferential C3H6 adsorption experimentally observed in these 

structures is not thermodynamically driven. This statement is also supported by the very 

similar calculated C3H6 and C3H8 enthalpies of adsorption at low coverage (Figure AA4) in 

these materials. In the light of this consideration, we postulated that kinetic aspects 

would probably be at the root of the experimentally measured preferential C3H6 

adsorption. 
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Figure AA5. C3H6 (red squares) and C3H8 (black circles) adsorption isotherms obtained experimentally 

(empty symbols) and from GCMC calculations (filled symbols) in the Y-AOBTC-ftw-MOF (A) and Y-SBTC-ftw-

MOF (B) respectively taken at 333K and 298K. 

Kinetically-driven separations in porous materials are usually highly dependent of the 

topology, pore size and pore arrangement.201 In order to understand the how the textural 

characteristics of Y-ftw-MOFs may result in the C3 separation observed in these 

structures, we analysed in further details the textural attributes of Y-ftw-MOF study set. 

First, we should detail how the inter-cage transport of a given adsorbate in a Y-ftw-MOF 

framework takes place. Taking the AOBTC-containing analogue as an example, as shown 

in Figure 2A, one can see that the aperture between cages is formed by a narrow space 

between two ligands positioned transversally with respect to each other. Interestingly, 

these small apertures (radius of 9.85 Å and 9.8 Å for AOBTC- and SBTC-containing MOFs) 

are aligned and form a pathway allowing the passage of one guest molecules from one 

cage to another (Figure AA6-B).  
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Figure AA6. Detail of the inter-cage aperture in a Y-AOBTC-ftw-MOF (A) and representation showing the 

pathway through which guest molecules undergo from one cage to another of this framework (B). C, H, N, 

O, and Y atoms displayed in grey, white, blue, red, and light green respectively. 

Besides the relatively narrow inter-cage aperture of these microporous materials, their 

guest transport is also limited by the stearic hindrance generated by the bulky charge-

compensating DMA+ counter cations, as confirmed by analysing the GCMC-derived DMA+ 

sitting on our selected Y-ftw-MOF set. As seen in Figure AA7-A, these cations are 

preferentially oriented next to the windows connecting two cages, making the molecule 

transportation from one cage to another more difficult. Besides this somewhat 

cumbersome sitting, the DMA+ occupation also promotes a bimodal pore size distribution 

(PSD) pattern (Figure AA3-B) in these frameworks, centred at ca. 3 and 5 Å, and 3 and 6 Å 

respectively for the AOBT and SBTC Y-ftw-MOF analogues. As seen in Figure AA7-C, the 
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resulting accessible porosity in either structure is not evenly distributed throughout the 

material. This can be linked to a combination of different orientations of the organic 

linkers in- and outwards the cages and the consequent different orientation of the DMA+ 

molecules next to the cage windows formed by the organic groups. The presence of less 

accessible cages in the MOFs, combined with the DMA+ sitting next to the cages’ windows 

generate zones of exclusion which could explain the lower uptake of bulkier molecules, 

such as C3H8. 

 

 

 

 

 

 

 

 

Figure AA7. DMA+ occupation on AOBTC- and SBTC-containing Y-ftw-MOFs (A) and resulting pore size 

distribution (B) and pore size accessibility (C).  

The hindrance effects referred in the previous paragraphs are usually not taken into 

account in regular GCMC calculations, where the whole available porosity is sampled. 
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However, these effects can be indirectly modelled by including exclusion zones to 

narrower spaces in the porosity. New GCMC calculations were performed limiting the 

access of the bulkier C3H8 molecules to these narrow spaces. As seen in Figure AA8, with 

this approximation we were able to satisfactorily reproduce the adsorption profile of C3H8 

in the AOBTC-containing analogue by limiting the access of corner zones in the porosity 

with exclusion radius of ca. 3.0 Å. Observing the occupation of C3H6 and C3H8 molecules 

in Figure AA9, it is easy to notice that the limitation of access to these corner zones 

prevents the access of full cages, rather than only reducing the number of molecules in 

each cage. This goes in hand with the porosity distribution showed in Figure AA7-C, which 

shows how the pore accessibility is limited in some of the cages of these materials.  

Figure AA8. Comparison between adsorption isotherms obtained experimentally (empty symbols) and from GCMC 

calculations (filled symbols) for C3H6 (red squares) and C3H8 (black circles) in the Y-AOBTC-ftw-MOF (A) and Y-SBTC-ftw-

MOF (B) respectively taken at 333K and 298K. Other GCMC-obtained curves were obtained allowing access to porosities 

sizes (d) of 3.2 Å and 3.0 Å (diamonds), 3.2 Å and 3.0 Å (inverse triangles), and 2.8 Å and 2.6 Å (triangles) respectively 

for the AOBTC- and SBTC-containing analogues. 
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Figure AA9. Snapshots displaying the C3H6 (purple molecules) and C3H8 (orange molecules) occupation of 

the Y-AOBTC-ftw-MOF cages at 2 bar. To the C3H6 molecules a full access to the framework’s porosity was 

allowed (A) while to the C3H8 molecules the access of corner zones of less than 3.0 Å was blocked (B). 

Interestingly, as seen in Figure AA8, using this partial blocking approach to model the 

MOF’s kinetic limitations, we were not able to fully reproduce the C3H8 adsorption profile 

in the SBTC-containing analogue. Rather, it seems as though the experimental adsorption 

curve would gradually allow the access of more excluded zones with increments in the 

external pressure. A possible interpretation to this behaviour is that the linkers in the Y-

SBTC-ftw-MOF would have a larger degree of flexibility than the ones in the Y-AOBTC-ftw-

MOF. Therefore, in the latter there would be an easier inter-cage flux of C3H8 molecules 

as the mechanical effort of these molecules in the cages’ apertures increases with the 

pressure.  To test this hypothesis, we decided to compare the flexibility of the AOBTC and 

SBTC ligands by taking fragments of their respective MOF structures and evaluating the 

energy profiles obtained with the rotation of the central torsional angles in the amide and 

vinyl groups interconnecting the phenyl rings of each ligand. Given the relative rigidity of 

the phenyl groups, these torsional angles are most likely to play a larger role in the 
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flexibility of the organic linker. As observed in Figure AA10, the SBTC-containing Y-ftw-

MOF fragment clearly shows a broader range of energetically stable torsional 

configurations when compared to the AOBTC-containing one. For instance, upon a 50 

kJ.mol-1 energy penalty from its energetic minimum, the torsional angle in the fragment 

containing SBTC may span up to 40° (from 130° to 170°). Meanwhile, in the fragment 

containing AOBTC linkers this energy penalty grants a variation in the torsional angle of 

only 5° (from 170° to 175°). This broader range of stable torsional configurations suggests 

that the SBTC linker is more flexible than the AOBTC one.  

Figure AA10. Force field-based energy profiles associated to the rotation of central torsional angles of 

clusters’ organic linkers cleaved from Y-ftw-MOFs containing AOBTC (black line) and SBTC (red line) ligands. 

In order to access more directly the energetic penalties associated with the crossing of 

C3H6 and C3H8 molecules through the windows of a Y-ftw-MOF, we carried out enhanced-

sampling molecular dynamics (ES-MD) calculations in the Y-AOBTC-ftw-MOF stating as 

collective variable (ξ) a vector normal to a cage aperture and crossing its center. As 
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mentioned before, due to their sitting next to the cages’ windows, we expect the DMA+ 

counter cations to play a vital role obstructing the passage of C3H6/C3H8 molecules 

through each cage’s gates. In order to track the energetic implications of this effect on 

the C3 crossing’s free energy profile, we carried obtained free energy profiles from ES-

MD calculations sampling the passage of C3 molecules through two windows: one in 

which a DMA+ cation partially obstructs the entry (Figure AA11) and another where such 

charged molecule does not immediately hinder the guest molecule’s hopping from one 

cage to another (Figure AA11-B).  

In these plots, we clearly observe that the free energy profiles related to the C3H6 

window’s crossing is lower than the C3H8 ones. Besides, we could also notice that the 

DMA+ hindrance considerably increases the total window crossing’s energy barrier for 

both molecules and decreases the energy gap between them at the free energy’s profiles 

apexes from 17 kJ.mol-1 (Figure AA11-B) to 8.5 kJ.mol-1 (Figure AA11-A). 
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Figure AA11. Free energy profiles obtained from enhanced-sampling molecular dynamics calculations and 

correlated to the crossing of C3H6 (purple lines) and C3H8 (orange lines) through the cages of a Y-AOBTC-

ftw-MOF structure with a DMA+ cation partially obstructing the cages’ window (A) and with a clear pathway 

(B). 
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Appendix B Crystallographic tables 
 

Single-crystal X-ray diffraction data were collected using a BrukerAXS SMART-APEX2 CCD 

diffractometer (Cu Kα, λ = 1.54178 Å). Elemental analysis was performed with a Thermo 

Scientific Flash 2000 instrument. Powder X-ray diffraction (PXRD) measurements were 

performed on a PANalytical X'Pert PRO MPD X-ray diffractometer at 45 kV, 40 mA for Cu 

Kα (λ = 1.5418 Å) equipped with a variable temperature stage, with a scan speed of 

20/min. The sample was held at the designated temperatures for at least 12 min between 

each scan. 
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Table S1. Crystallographic data for Zr-sod-ZMOF-1 

Empirical formula C324H544N60O92Zr6 

Formula weight 7299.48 

Crystal system, space group Cubic, Im-3m 

Unit cell dimensions a = 55.199(7) Å 

Volume 168190(60) Å3 

Z, calculated density 12, 0.865 Mg m-3 

F(000) 46608 

Temperature (K) 190.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 1.35 mm-1 

Absorption correction Multi-scan 

Max and min transmission 1.000 and 0.672 

Crystal size 0.03 × 0.25 × 0.37 mm 

Shape, color Rhombic dodecahedron, colorless 

 range for data collection 2.9–31.4° 

Limiting indices -31 ≤ h ≤ 19, -31 ≤ k ≤ 36, -37 ≤ l ≤ 10 

Reflection collected / unique / observed 

with I > 2 σ (I) 

24046 / 2598 (Rint = 0.083) / 1896 

Completeness to θmax = 31.4° 99.5 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2598 / 174 / 214 

Final R indices [I > 2 σ (I)] R1 = 0.079, wR2 = 0.229 

Final R indices (all data) R1 = 0.095, wR2 = 0.258 

Weighting scheme [σ2(Fo
2) + (0.1976P)2 + 109.7457P]-1* 

Goodness-of-fit 1.09 

Largest diff. peak and hole 0.20 and -0.40 e Å-3 
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Table S2. Crystal data and structure refinement conditions for Zr-sod-ZMOF-2 

Empirical formula C351H617N79O105Zr6 

Formula weight 8171.52 

Crystal system, space group Cubic, Im-3m 

Unit cell dimensions a = 55.974(9) Å  

Volume 175370(90) Å3 

Z, calculated density 12, 0.928 Mg m-3 

F(000) 52272 

Temperature (K) 250.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 1.36 mm-1 

Absorption correction Multi-scan 

Max and min transmission 1.000 and 0.672 

Crystal size 0.003 × 0.025 × 0.030 mm 

Shape, color Rhombic dodecahedron, colorless 

 range for data collection 2.2–31.8° 

Limiting indices -31 ≤ h ≤ 28, -6 ≤ k ≤ 38, -13 ≤ l ≤ 37 

Reflection collected / unique / observed 

with I > 2 σ (I) 

21346 / 2797 (Rint = 0.097) / 2096 

Completeness to θmax = 31.8° 99.6 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2797 / 360 / 211 

Final R indices [I > 2 σ (I)] R1 = 0.136, wR2 = 0.357 

Final R indices (all data) R1 = 0.155, wR2 = 0.374 

Weighting scheme [σ 2(Fo
2) + (0.2P)2]-1* 

Goodness-of-fit 1.56 

Largest diff. peak and hole 0.59 and -0.90 e Å-3 
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Table S3. Crystal data and structure refinement conditions for the 1-periodic phase 

Empirical formula C177H194F27N5O80Zr12 

Formula weight 5279.00 

Crystal system, space group Trigonal, R-3m 

Unit cell dimensions a = 23.603(1) Å, c = 40.208(2) Å  

Volume 19398(2) Å3 

Z, calculated density 3, 1.356 Mg m-3 

F(000) 7962 

Temperature (K) 100.0(1) 

Radiation type, λ Cu Kα, 1.54178 Å 

Absorption coefficient 4.61 mm-1 

Absorption correction Multi-scan 

Max and min transmission 0.153 and 0.051 

Crystal size 0.12 × 0.25 × 0.25 mm 

Shape, color hexagonal plate, colorless 

 range for data collection 4.4–68.2° 

Limiting indices -21 ≤ h ≤ 28, -28 ≤ k ≤ 28, -48 ≤ l ≤ 47 

Reflection collected / unique / observed 

with I > 2 σ (I) 

29357 / 4254 (Rint = 0.028) / 3476 

Completeness to θmax = 68.2° 99.5 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4254 / 871 / 557 

Final R indices [I > 2 σ (I)] R1 = 0.077, wR2 = 0.238 

Final R indices (all data) R1 = 0.088, wR2 = 0.264 

Weighting scheme [σ 2(Fo
2) + (0.1729 P)2 + 57.6379 P]-1* 

Goodness-of-fit 1.07 

Largest diff. peak and hole 0.93 and -0.60 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Appendix C Organic synthesis 

The organic ligands used in this study were prepared as outlined on the following pages. 

All other reagents were obtained from commercial sources and used without further 

purification. 1H NMR and 13C NMR spectra were recorded on Bruker Advance III 400, and 

500 MHz instruments. Chemical shifts for 1H NMR spectra are reported in ppm (δ, relative 

to TMS) using DMSO residual peak (δ = 2.50 ppm) in DMSO-d6 as an internal standard and 

for 13C NMR spectra solvent peaks at 39.52 ppm, and for solutions in CDCl3 solvent peaks 

at 7.26 and 77.16 ppm, respectively.  

Synthesis of ethyl 3,5-dimethyl-4-(trifluoromethylsulfonyloxy)benzoate: This 

compound was synthesized according to the reported procedure.267  

 

Ethyl 4-hydroxy-3,5-dimethylbenzoate: To a suspension of 4-hydroxy-3,5-

dimethylbenzoic acid (5.00 g, 30.1 mmol) in ethanol (200 ml), concentrated H2SO4 (0.802 

ml, 15.0 mmol) was added and reaction mixture was refluxed for 18 h. Cooled to room 

temperature, saturated NaHCO3 was added and organic solvent was removed under 

reduced pressure. Mixture was diluted with ethyl acetate (150 ml) and washed with 

saturated NaHCO3 (100 ml) and water (100 ml). Obtained solution was dried over Na2SO4 
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and concentrated to give ethyl 4-hydroxy-3,5-dimethylbenzoate (5.75 g, 98%) as an off 

white solid.  

1H NMR (500 MHz, CDCl3) δ 7.70 (s, 2H), 5.11 (s, 1H), 4.33 (q, J = 7.1 Hz, 2H), 2.28 (s, 6H), 

1.38 (t, J = 7.1 Hz, 3H) ppm.  

13C NMR (126 MHz, CDCl3) δ 166.9, 156.5, 130.6, 122.9, 122.4, 60.7, 15.9, 14.5 ppm. 

 

Ethyl 3,5-dimethyl-4-(trifluoromethylsulfonyloxy)benzoate: To a solution of ethyl 4-

hydroxy-3,5-dimethylbenzoate (5.75 g, 29.6 mmol) and triethylamine (9.0 mL, 65.1 mmol) 

in anhydrous DCM (70 mL) at -78 °C was slowly added a solution of Tf2O (7.00 mL, 41.4 

mmol) in DCM (20 mL). The reaction mixture was stirred for 30 min before DCM (50 mL) 

was added. The resultant solution was washed with saturated NaHCO3 (100 mL) and brine 

(100 mL). The organic layer was dried over MgSO4 and concentrated to give a residue that 

was purified by column chromatography, eluting with hexanes and ethyl acetate (20:1) to 

give ethyl 3,5-dimethyl-4-(trifluoromethylsulfonyloxy)benzoate (8.89 g, 92%) as a white 

solid.  

1H NMR (500 MHz, CDCl3) δ 7.81 (s, 2H), 4.37 (q, J = 7.1 Hz, 2H), 2.43 (s, 6H), 1.39 (t, J = 

7.1 Hz, 3H) ppm.  

13C NMR (126 MHz, CDCl3) δ 165.6, 149.9, 132.04, 131.3, 130.1, 118.7 (q, J = 319.9 Hz), 

61.5, 17.3, 14.4 ppm. 



281 
 

 

Synthesis of benzene-1,3-dimesitylenic acid [BDM] 

 

Diethyl benzene-1,3-dimesityloate: Dry Schlenk flask was charged with ethyl 3,5-

dimethyl-4-(trifluoromethylsulfonyloxy)benzoate (2.36 g, 7.24 mmol), 1,3-

phenylenediboronic acid (0.500 g, 3.02 mmol) and flushed with argon. Anhydrous THF (50 

mL) was added followed by 2N K2CO3 (9.0 mL, 18.1 mmol). Pd(PPh3)4 (349 mg, 302 µmol) 

was added and the flask was again flushed with argon and sealed. The reaction was 

heated at 100 °C for 3 days. The reaction was diluted with water and the ethyl acetate, 

layers separated. The organic layer was collected, dried over Na2SO4 and concentrated. 

The residue was purified on silica gel (hexanes, then a gradient of 0-10% ethyl 

acetate/hexanes) to give diethyl benzene-1,3-dimesityloate (1.20 g, 92%) as an off white 

solid.  

1H NMR (500 MHz, CDCl3) δ 7.79 (s, 4H), 7.53 (t, J = 7.6 Hz, 1H), 7.12 (dd, J = 7.6, 1.7 Hz, 

2H), 6.88 (t, J = 1.6 Hz, 1H), 4.38 (q, J = 7.1 Hz, 4H), 2.11 (s, 13H), 1.41 (t, J = 7.1 Hz, 6H) 

ppm.  
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13C NMR (126 MHz, CDCl3) δ 167.0, 146.36, 140.9, 136.4, 129.3, 129.1, 128.7, 128.5, 127.4, 

61.0, 21.0, 14.5 ppm. 

 

Benzene-1,3-dimesitylenic acid [BDM]: Diethyl benzene-1,3-dimesityloate (1.10 g, 

2.55 mmol) was dissolved in 80 mL solution 4:1 of THF/MeOH. To this mixture 2N NaOH 

(25 mL, 51.1 mmol) was added and placed in a preheated 90 °C oil bath for 18 h. Reaction 

mixture was cooled to room temperature, concentrated and diluted with DI H2O (50 mL). 

Obtained mixture was extracted with EtOAc (discarded), water phase was collected and 

acidified with 2N HCl to pH~1. Obtained precipitation was collected on filter funnel, 

washed with DI H2O and dried on suction to give L1 (0.88 g, 92%) as a white solid.  

1H NMR (400 MHz, DMSO-d6) δ 12.82 (s, 1H), 7.70 (s, 4H), 7.59 (t, J = 7.6 Hz, 1H), 7.17 (dd, 

J = 7.6, 1.7 Hz, 2H), 6.89 (d, J = 1.8 Hz, 1H), 2.07 (s, 12H) ppm.  

13C NMR (101 MHz, DMSO-d6) δ 167.4, 145.7, 140.1, 135.9, 129.4, 129.2, 128.2, 127.3, 

20.5 ppm. 

Synthesis of 4,4'-(2,4,6-trimethylpyridine)dibenzoic acid [TMPDB] 
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3,5-Dibromo-2,4,6-trimethylpyridine: To a solution of 2,4,6-trimethylpyridine (2.00 mL, 

24.8 mmol) in TFA (15.3 mL, 198 mmol) were added conc. H2SO4 (19.8 mL, 371 mmol) and 

NBS (26.4 g, 149 mmol) and the resultant reaction mixture was stirred at 50 °C for 2d. The 

contents were poured into crushed ice and the solution was made alkaline with 10% 

NaOH. The suspension was extracted with EtOAc twice. The organic layers were 

combined, washed with brine, dried over Na2SO4, filtered and concentrated. The residue 

was purified on silica gel (Hexane-EtOAc, 10:1) to afford the 3,5-dibromo-2,4,6-

trimethylpyridine (4.08 g, 59%) as a white crystal.  

1H NMR (500 MHz, CDCl3) δ 2.62 (s, 6H), 2.60 (s, 3H) ppm.  

13C NMR (126 MHz, CDCl3) δ 155.1, 146.7, 121.4, 25.8, 24.8 ppm. 

 

Diethyl 4,4'-(2,4,6-trimethylpyridine)dibenzoate: A vigorously stirred mixture of 3,5-

dibromo-2,4,6-trimethylpyridine (2.00 g, 7.17 mmol), (4-(ethoxycarbonyl)phenyl)boronic 
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acid (3.89 g, 20.1 mmol), Pd(OAc)2 (96.6 mg, 430 µmol), S-Phos (353 mg, 860 µmol) and 

K3PO4 (6.09 g, 28.7 mmol) ) in toluene (50 mL) was heated at 90 °C (oil bath) under inert 

gas atmosphere for 18 hour. After completion of the process, the mixture was cooled and 

quenched with cold water (25 ml). The mixture was then extracted with ethyl acetate (3 

× 50 ml). Combined organic extracts were dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude mixture was purified by column chromatography on 

silica gel with the 10% ethyl acetate/hexane as eluent to afford diethyl 4,4'-(2,4,6-

trimethylpyridine)dibenzoate (2.88 g, 96%) as an off white solid.  

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.3 Hz, 4H), 7.30 (d, J = 8.5 Hz, 4H), 4.43 (q, J = 7.1 

Hz, 4H), 2.29 (s, 6H), 1.69 (s, 3H), 1.44 (t, J = 7.1 Hz, 6H) ppm.  

13C NMR (101 MHz, CDCl3) δ 166.5, 154.2, 144.3, 143.0, 133.8, 130.2, 129.7, 129.5, 61.2, 

23.8, 18.5, 14.5 ppm. 

4,4'-(2,4,6-trimethylpyridine)dibenzoic acid [TMPDB]: Diethyl 4,4'-(2,4,6-

trimethylpyridine-3,5-diyl)dibenzoate (1.105 g, 2.647 mmol) was dissolved in 50 mL 

THF/MeOH (1/1), and 2N LiOH (26 mL, 52.93 mmol) was added. The reaction was stirred 

at RT for 18 h. The mixture was concentrated, diluted with DI water (50 mL) and washed 

with EtOAc (2 × 40 mL, discarded). The aqueous phase was acidified with 2N HCl, a light 

precipitate was collected by filtration, washed thoroughly with DI H2O, and dried on 

suction overnight to give L2 (0.83 g, 87 %) as an off white solid.  
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1H NMR (500 MHz, DMSO-d6) δ 13.01 (s, 2H), 8.04 (d, J = 7.8 Hz, 4H), 7.38 (d, J = 7.8 Hz, 

4H), 2.17 (s, 6H), 1.63 (s, 3H) ppm.  

13C NMR (126 MHz, DMSO-d6) δ 167.1, 153.1, 143.4, 142.3, 133.3, 129.8, 129.8, 129.6, 

23.3, 18.2 ppm. 
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 1H and 13C NMR Spectra 

 

Figure AC1. 1H NMR spectra of ethyl 4-hydroxy-3,5-dimethylbenzoate (500 MHz, CDCl3). 
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Figure AC2. 13C NMR spectra of ethyl 4-hydroxy-3,5-dimethylbenzoate (126 MHz, CDCl3).  
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Figure AC3. 1H NMR spectra of ethyl 3,5-dimethyl-4(trifluoromethylsulfonyloxy) 

benzoate (500 MHz, CDCl3). 
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Figure AC4. 13C NMR spectra of ethyl 3,5-dimethyl-4-

(trifluoromethylsulfonyloxy)benzoate (126 MHz, CDCl3).  
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Figure AC5. 1H NMR spectra of diethyl benzene-1,3-dimesityloate (500 MHz, CDCl3). 
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Figure AC6. 13C NMR spectra of diethyl benzene-1,3-dimesityloate (126 MHz, CDCl3).  
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Figure AC7. 1H NMR spectra of benzene-1,3-dimesitylenic acid (400 MHz, DMSO-d6). 
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Figure AC8. 13C NMR spectra of benzene-1,3-dimesitylenic acid (101 MHz, DMSO-d6).  
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Figure AC9. 1H NMR spectra of 3,5-dibromo-2,4,6-trimethylpyridine (500 MHz, CDCl3). 
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Figure AC10. 13C NMR spectra of 3,5-dibromo-2,4,6-trimethylpyridine (126 MHz, CDCl3).  
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Figure AC11. 1H NMR spectra of diethyl 4,4'-(2,4,6-trimethylpyridine)dibenzoate (400 

MHz, CDCl3). 
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Figure AC12. 13C NMR spectra of diethyl 4,4'-(2,4,6-trimethylpyridine)dibenzoate (101 

MHz, CDCl3).  
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Figure AC13. 1H NMR spectra of 4,4'-(2,4,6-trimethylpyridine)dibenzoic acid (500 MHz, 

DMSO-d6). 
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Figure AC14. 13C NMR spectra of 4,4'-(2,4,6-trimethylpyridine)dibenzoic acid (126 MHz, 

DMSO-d6). 
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Synthesis of 5'-(4-carboxy-2,6-dimethylphenyl)-2,2'',6,6''-tetramethyl-[1,1':3',1''-

terphenyl]-4,4''-dicarboxylic acid 

 

Dry Schlenk flask was charged with ethyl 3,5-dimethyl-4 ethyl 3,5-dimethyl-4- 

(trifluoromethylsulfonyloxy)benzoate (2.50 g, 3.5 Eq, 7.68 mmol), 1,3,5-tris(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzene (1.00 g, 1 Eq, 2.19 mmol) and flushed with 

argon. Anhydrous THF (50 mL) was added followed by 2N K2CO3 (2.73 g, 9.9 mL, 2.0 molar, 

9 Eq, 19.7 mmol). Pd(PPh3)4 (380 mg, 15 mol%, 329 µmol) was added and the flask was 

again flushed with argon and sealed. The reaction was heated at 110 °C for 3 days. The 

reaction was diluted with water and the ethyl acetate, layers separated. The organic layer 

was collected, dried over Na2SO4 and concentrated. The residue was purified on silica gel 

(hexanes, then a gradient of 0-10% ethyl acetate/hexanes) to give diethyl 5'-(4-

(ethoxycarbonyl)-2,6-dimethylphenyl)-2,2'',6,6''-tetramethyl-[1,1':3',1''-terphenyl]-4,4''-

dicarboxylate (1.32 g, 2.18 mmol, 99 %) as an off white solid. 

1H NMR (400 MHz, CDCl3) δ 7.79 (s, 6H), 6.91 (s, 3H), 4.38 (q, J = 7.1 Hz, 6H), 2.16 (s, 18H), 

1.40 (t, J = 7.1 Hz, 9H) ppm. 

13C NMR (101 MHz, CDCl3) δ 166.9, 146.0, 141.4, 136.2, 129.4, 128.6, 127.52, 77.5, 77.2, 

76.8, 61.1, 21.0, 14.5 ppm. 
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Figure AC15. 1H NMR spectra of diethyl 5'-(4-(ethoxycarbonyl)-2,6-dimethylphenyl)-

2,2'',6,6''-tetramethyl-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (400 MHz, CDCl3). 
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Figure AC16. 13C NMR spectra of diethyl 5'-(4-(ethoxycarbonyl)-2,6-dimethylphenyl)-

2,2'',6,6''-tetramethyl-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (101 MHz, CDCl3). 

 

Diethyl 5'-(4-(ethoxycarbonyl)-2,6-dimethylphenyl)-2,2'',6,6''-tetramethyl-[1,1':3',1''-

terphenyl]-4,4''-dicarboxylate (1.450 g, 1 Eq, 2.390 mmol) was dissolved in 80 mL solution 

4:1 of THF/MeOH. To this mixture 2N sodium hydroxide (3.8 g, 47.79 mL, 95.59 mmol) 

was added and placed in a preheated 100 °C oil bath for 18 h. Reaction mixture was cooled 

to room temperature, concentrated and diluted with DI H2O (150 mL). Obtained mixture 

was extracted with EtOAc (discarded), water phase was collected and acidified with 2N 

HCl to pH~1. Obtained precipitation was collected on filter funnel, washed with DI H2O 
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and dried on suction to give 5'-(4-carboxy-2,6-dimethylphenyl)-2,2'',6,6''-tetramethyl-

[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (1.20 g, 2.30 mmol, 96 %) as a white solid. 

1H NMR (500 MHz, DMSO-d6) δ 12.76 (s, -2H), 7.70 (s, 6H), 6.86 (s, 3H), 2.10 (s, 19H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 167.4, 145.4, 140.6, 135.9, 129.5, 128.2, 127.2, 20.4 ppm. 

 

Figure AC17. 1H NMR spectra of 5'-(4-carboxy-2,6-dimethylphenyl)-2,2'',6,6''-

tetramethyl-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (500 MHz, DMSO-d6). 
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Figure AC18. 13C NMR spectra of 5'-(4-carboxy-2,6-dimethylphenyl)-2,2'',6,6''-

tetramethyl-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (126 MHz, DMSO-d6). 
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Synthesis of 4,4'-(furan-2,5-diyl)bis(3,5-dimethylbenzoic acid) (FDM) 

 

Dry Schlenk flask was charged with ethyl 3,5-dimethyl-4 ethyl 3,5-dimethyl-4- 

(trifluoromethylsulfonyloxy)benzoate1 (1.22 g, 2.4 Eq, 3.75 mmol) 2,5-bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)furan (0.500 g, 1 Eq, 1.56 mmol) and flushed with 

argon. Anhydrous 1,4-Dioxane (10 mL) was added followed by cesium carbonate (3.05 g, 

6 Eq, 9.38 mmol). SPhos Pd G 2 (113 mg, 0.1 Eq, 156 µmol) was added and the flask was 

again flushed with argon and sealed. The reaction was heated at 110 °C for 3 days. The 

reaction was diluted with water and the ethyl acetate, layers separated. The organic layer 

was collected, dried over Na2SO4 and concentrated. The residue was purified on silica gel 

(hexanes, then a gradient of 0-10% ethyl acetate/hexanes) to diethyl 4,4'-(furan-2,5-

diyl)bis(3,5-dimethylbenzoate) (0.60 g, 1.4 mmol, 91 %) 

1H NMR (500 MHz, CDCl3) δ 7.78 (s, 4H), 6.45 (s, 2H), 4.38 (q, J = 7.1 Hz, 5H), 2.31 (s, 12H), 

1.40 (t, J = 7.1 Hz, 7H) ppm. 

13C NMR (126 MHz, CDCl3) δ 166.7, 150.9, 138.8, 135.5, 130.4, 128.6, 111.1, 61.1, 21.0, 

14.5 ppm. 
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Figure AC19. 1H NMR spectra of diethyl 4,4'-(furan-2,5-diyl)bis(3,5-dimethylbenzoate) 

(500 MHz, CDCl3). 
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Figure AC20. 13C NMR spectra of diethyl 4,4'-(furan-2,5-diyl)bis(3,5-dimethylbenzoate) 

(126 MHz, CDCl3). 

 

Diethyl 4,4'-(furan-2,5-diyl)bis(3,5-dimethylbenzoate) (0.600 g, 1 Eq, 1.43 mmol) was 

dissolved in 80 mL solution 4:1 of THF/MeOH. To this mixture 1N sodium hydroxide (571 

mg, 14.3 mL, 14.3 mmol) was added and placed in a preheated 100 °C oil bath for 18 h. 

Reaction mixture was cooled to room temperature, concentrated and diluted with DI H2O 

(150 mL). Obtained mixture was extracted with EtOAc (discarded), water phase was 

collected and acidified with 2N HCl to pH~1. Obtained precipitation was collected on filter 
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funnel, washed with DI H2O and dried on suction to give 4,4'-(furan-2,5-diyl)bis(3,5-

dimethylbenzoic acid) (0.511 g, 1.40 mmol, 98 %) 

1H NMR (500 MHz, DMSO-d6) δ 12.95 (s, 2H), 7.71 (s, 4H), 6.70 (s, 2H), 2.27 (s, 12H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 167.1, 150.1, 138.2, 134.7, 130.7, 128.3, 111.5, 20.5 ppm. 

 

Figure AC21. 1H NMR spectra of 4,4'-(furan-2,5-diyl)bis(3,5-dimethylbenzoic acid) (500 

MHz, DMSO-d6). 
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Figure AC22. 13C NMR spectra of 4,4'-(furan-2,5-diyl)bis(3,5-dimethylbenzoic acid) 

(126 MHz, DMSO-d6). 
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Synthesis of 4,4'-(cyclopenta-3,5-diene-1,3-diyl)bis(3,5-dimethylbenzoic acid) (TDM) 

 

Dry Schlenk flask was charged with ethyl 3,5-dimethyl-4 ethyl 3,5-dimethyl-4- 

(trifluoromethylsulfonyloxy)benzoate (1.28 g, 2.4 Eq, 3.93 mmol) 2,5-bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)thiophene (0.550 g, 1 Eq, 1.64 mmol) and flushed 

with argon. Anhydrous 1,4-Dioxane (10 mL) was added followed by cesium carbonate 

(3.20 g, 6 Eq, 9.82 mmol) SPhos Pd G2 (118 mg, 0.1 Eq, 164 µmol) was added and the flask 

was again flushed with argon and sealed. The reaction was heated at 110 °C for 3 days. 

The reaction was diluted with water and the ethyl acetate, layers separated. The organic 

layer was collected, dried over Na2SO4 and concentrated. The residue was purified on 

silica gel (hexanes, then a gradient of 0-10% ethyl acetate/hexanes) to diethyl 4,4'-

(thiophene-2,5-diyl)bis(3,5-dimethylbenzoate) (0.69 g, 1.6 mmol, 97 %) 

1H NMR (500 MHz, CDCl3) δ 7.80 (s, 2H), 6.83 (s, 1H), 4.39 (q, J = 7.1 Hz, 2H), 2.28 (s, 6H), 

1.41 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 166.8, 140.9, 138.8, 130.1, 128.4, 126.7, 61.1, 20.9, 14.5 ppm. 
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Figure AC23. 1H NMR spectra of diethyl 4,4'-(thiophene-2,5-diyl)bis(3,5-

dimethylbenzoate) (500 MHz, CDCl3). 
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Figure AC24. 13C NMR spectra of diethyl 4,4'-(thiophene-2,5-diyl)bis(3,5-

dimethylbenzoate) (126 MHz, CDCl3). 

Diethyl 4,4'-(thiophene-2,5-diyl)bis(3,5-dimethylbenzoate) (0.690 g, 1 Eq, 1.58 mmol) was 

dissolved in 50 mL solution 4:1 of THF/MeOH. To this mixture 2N NaOH (0.63 g, 7.90 mL, 

15.8 mmol) was added and placed in a preheated 100 °C oil bath for 18 h. Reaction 

mixture was cooled to room temperature, concentrated and diluted with DI H2O (150 mL). 

Obtained mixture was extracted with EtOAc (discarded), water phase was collected and 

acidified with 2N HCl to pH~1. Obtained precipitation was collected on filter funnel, 

washed with DI H2O and dried on suction to give 4,4'-(thiophene-2,5-diyl)bis(3,5-

dimethylbenzoic acid) (0.526 g, 1.38 mmol, 88 %). 
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1H NMR (500 MHz, DMSO-d6) δ 12.94 (s, 1H), 7.73 (s, 2H), 7.01 (s, 1H), 2.24 (s, 7H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 167.2, 139.9, 138.1, 137.8, 130.5, 128.1, 127.3, 20.4 ppm. 

 

 

Figure AC25. 1H NMR spectra of 4,4'-(thiophene-2,5-diyl)bis(3,5-dimethylbenzoic acid) 

(500 MHz, DMSO-d6). 
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Figure AC26. 13C NMR spectra of 4,4'-(thiophene-2,5-diyl)bis(3,5-dimethylbenzoic acid) 

(126 MHz, DMSO-d6). 

 

 

 

 

 

Synthesis of 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoic acid (DAPDBA) 
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A mixture of 3,5-dibromopyridine-2,6-diamine268  (0.500 g, 1 Eq, 1.87 mmol) , (4-

(ethoxycarbonyl)phenyl)boronic acid (908 mg, 2.5 Eq, 4.68 mmol) , cesium carbonate 

(1.83 g, 3.0 Eq, 5.62 mmol) and 2nd Generation SPhos Pre-catalyst (135 mg, 0.1 Eq, 187 

µmol) in 20 mL of anhydrous 1,4-dioxane was stirred at 120 °C under nitrogen in a MW 

vial. After 18 h, the crude mixture was filtered when hot through a plug of Celite, and the 

filter cake was washed with chloroform, tetrahydrofuran (THF) and 1,4-dioxane. 

Purification on column on alumina with DCM/MeOH. material was recrystalized from 

DCM/hexane to afford diethyl 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoate (0.70 g, 1.7 

mmol, 92 %) 

1H NMR (500 MHz, CDCl3) δ 8.19 (d, J = 8.3 Hz, 4H), 7.53 (s, 1H), 7.50 (d, J = 8.3 Hz, 4H), 

6.15 (s, 4H), 4.44 (q, J = 7.1 Hz, 5H), 1.44 (t, J = 7.1 Hz, 7H) ppm. 

13C NMR (126 MHz, CDCl3) δ 165.9, 148.8, 145.1, 138.3, 131.1, 128.6, 110.5, 61.5, 14.5 

ppm. 
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Figure AC27. 1H NMR spectra of diethyl 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoate 

(500 MHz, CDCl3). 
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Figure AC28. 13C NMR spectra of diethyl 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoate 

(126 MHz, CDCl3). 

 

The diethyl 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoate (0.390 g, 1 Eq, 962 µmol) was 

dissolved in 40 mL of mixed solvent of methanol (MeOH) and THF (v/v = 1 : 1). Then 20 

mL of aqueous solution of lithium hydroxide (299 mg, 6.25 mL, 2 molar, 13 Eq, 12.5 mmol) 

was added to the above solution. The mixture was stirred at 23 ºC overnight. The organic 

phase was removed under vacuum, and the remaining aqueous phase was acidified by 

2M hydrochloric acid (HCl) until pH 4 under ice-water bath. The resulting precipitation 
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was centrifuged, washed with water, and dried in a vacuum oven, affording the 4,4'-(2,6-

diaminopyridine-3,5-diyl)dibenzoic acid (0.315 g, 902 µmol, 94 %) as an off-white solid. 

1H NMR (500 MHz, DMSO-d6) δ 12.82 (s, 2H), 7.95 (d, J = 8.3 Hz, 4H), 7.58 (d, J = 8.2 Hz, 

4H), 7.19 (s, 1H), 5.60 (s, 4H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 167.2, 154.9, 143.4, 140.3, 129.8, 128.2, 109 ppm. 

 

 

Figure AC29. 1H NMR spectra of 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoic acid (500 

MHz, DMSO-d6). 
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Figure AC30. 13C NMR spectra of 4,4'-(2,6-diaminopyridine-3,5-diyl)dibenzoic acid 

(126 MHz, DMSO-d6). 
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Synthesis of 4,4'-(2,6-diamino-4-methylpyridine-3,5-diyl)dibenzoic acid (DAMPBA) 

 

 

 

 

To solution of 4-methylpyridine-2,6-diamine (2.00 g, 1.0 Eq, 16.2 mmol) in glacial acetic 

acid (25 mL) at 0 ºC bromine (5.71 g, 1.84 mL, 2.2 Eq, 35.7 mmol) was added drop wised. 

Then the temperature was raised to room temperature and the mixture was stirred for 5 

h. The reaction mixture was treated with aqueous Na2SO3 solution to remove residues of 

bromine. The mixture was neutralized with NaOH to pH 8-9. The light brown solid of 3,5-

dibromo-4-methylpyridine-2,6-diamine (3.92 g, 14.0 mmol, 85.9 %) was obtained after 

filtering, washing with water and drying in vacuum. 

1H NMR (500 MHz, CDCl3) δ 4.79 (s, 4H), 2.46 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 152.8, 147.9, 94.1, 24.1 ppm. 
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Figure AC31. 1H NMR spectra of 3,5-dibromo-4-methylpyridine-2,6-diamine (500 MHz, 

CDCl3). 
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Figure AC32. 13C NMR spectra of 3,5-dibromo-4-methylpyridine-2,6-diamine (101 MHz, 

CDCl3). 

 

A mixture of 3,5-dibromo-2,6-diaminopyridine, (4-(ethoxycarbonyl)phenyl)boronic acid 

(863 mg, 2.5 Eq, 4.45 mmol), cesium carbonate (1.74 g, 3.0 Eq, 5.34 mmol) and 2nd 

Generation SPhos Pre-catalyst (128 mg, 0.1 Eq, 178 μmol) in 15 mL of anhydrous 1,4-

dioxane was stirred at reflux under nitrogen in a MW sealed vial. After 18 h, the crude 

mixture was filtered when hot through a plug of Celite, and the filter cake was washed 

with chloroform, tetrahydrofuran (THF) and 1,4-dioxane. Evaporated, purification on 
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column with neutral Al2O3 with DCM/MeOH gradient. Collected material was redissolved 

in DCM and precipitated with hexane to obtain diethyl 4,4'-(2,6-diamino-4-

methylpyridine-3,5-diyl)dibenzoate (0.677 g, 1.78 mmol, 90 %) 

1H NMR (500 MHz, CDCl3) δ 8.20 (d, J = 8.2 Hz, 4H), 7.37 (d, J = 8.2 Hz, 4H), 5.17 (s, 4H), 

4.44 (q, J = 7.1 Hz, 4H), 1.72 (s, 3H), 1.44 (t, J = 7.1 Hz, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 166.1, 150, 139.1, 131.0, 130.9, 130.8, 110.5, 61.4, 22.8, 19.1 

ppm. 

 

Figure AC33. 1H NMR spectra of 3,5-dibromo-4-methylpyridine-2,6-diamine (500 MHz, 

CDCl3). 
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Figure AC34. 13C NMR spectra of diethyl 4,4'-(2,6-diamino-4-methylpyridine-3,5-

diyl)dibenzoate (101 MHz, CDCl3). 

Diethyl 4,4'-(2,6-diamino-4-methylpyridine-3,5-diyl)dibenzoate (0.680 g, 1 Eq, 1.62 mmol) 

was dissolved inTHF (10 mL), and Lithium hydroxide monohydrate (680 mg, 8.11 mL, 2 

molar, 10 Eq, 16.2 mmol)was added. The reaction was stirred at RT for 18 h. The mixture 

was concentrated, diluted with DI water (50 mL) and washed with EtOAc (2 x 40 mL, 

discarded). The aqueous phase was acidified with 2N HCl to pH ca 4, a light precipitate 

was collected by filtration, washed thoroughly with DI H2O, and dried on suction 
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overnight to give 4,4'-(2,6-diamino-4-methylpyridine-3,5-diyl)dibenzoic acid (0.53 g, 1.5 

mmol, 90 %) 

1H NMR (500 MHz, DMSO-d6) δ 12.88 (s, 2H), 7.99 (d, J = 8.2 Hz, 4H), 7.35 (d, J = 8.2 Hz, 

4H), 4.83 (s, 4H), 1.53 (s, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 167.3, 154.5, 142.8, 131.1, 129.9, 129.2, 109.1, 18.1 ppm. 

 

 

Figure AC35. 1H NMR spectra of 4,4'-(2,6-diamino-4-methylpyridine-3,5-diyl)dibenzoic 

acid (500 MHz, DMSO-d6). 
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Figure AC36. 13C NMR spectra of 4,4'-(2,6-diamino-4-methylpyridine-3,5-diyl)dibenzoic 

acid (101 MHz, DMSO-d6). 
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Synthesis of 9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylic acid (CPCDC) 

 

 

Preparation of dipropyl 9-(4-(methoxycarbonyl)phenyl)-9H-carbazole-3,6-

dicarboxylate 

Dry Schlenk flask was charged with dipropyl 9H-carbazole-3,6-dicarboxylate269 (2.00 

g, 1 Eq, 5.89 mmol), methyl 4-iodobenzoate (1.54 g, 1 Eq, 5.89 mmol) and potassium 

phosphate (K3PO4) (5.00 g, 4.0 Eq, 23.6 mmol) and argonated. Dry Toluene (45 mL) was 

added followed by N1,N2-dimethylethane-1,2-diamine (DMEDA) (312 mg, 0.6 Eq, 3.54 

mmol). To this solution copper(I) iodide (168 mg, 15 mol%, 884 µmol) was added, flask 

was argonated, sealed and placed in preheated to 120°C oil bath for 30 h. After that time 

reaction mixture was cooled to room temperature and diluted with EtOAc (100mL), NH4Cl 

(50 mL), DI H2O (50 mL). Phase separated, extracted with EtOAc (2 x 50 mL), dried over 

Na2SO4. Organic fraction was evaporated and purified on silica with 10% EtOAc in Hexane 

to afford dipropyl 9-(4-(methoxycarbonyl) phenyl)-9H-carbazole-3,6-dicarboxylate (2.29 

g, 82 %) as beige solid. 

1H NMR (700 MHz, CDCl3) δ 8.92 (d, J = 1.5 Hz, 2H), 8.33 (d, J = 8.4 Hz, 2H), 8.17 (dd, 

J = 8.6, 1.6 Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 4.36 (t, J = 6.7 Hz, 4H), 

4.01 (s, 3H), 1.87 (h, J = 7.2 Hz, 4H), 1.09 (t, J = 7.4 Hz, 6H) ppm. 
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13C NMR (126 MHz, CDCl3) δ 167.1, 166.2, 143.7, 140.7, 131.7, 129.9, 128.5, 126.7, 

123.7, 123.5, 123.2, 109.8, 66.7, 52.7, 22.3, 10.8 ppm. 

 

 

 

 

Figure AC37. 1H NMR spectrum of dipropyl 9-(4-(methoxycarbonyl)phenyl)-9H-

carbazole-3,6-dicarboxylate (700 MHz, CDCl3). 
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Figure AC38. 13C NMR spectrum of dipropyl 9-(4-(methoxycarbonyl)phenyl)-9H-

carbazole-3,6-dicarboxylate (126 MHz, CDCl3). 
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Preparation of 9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylic acid 

Dipropyl 9-(4-(methoxycarbonyl)phenyl)-9H-carbazole-3,6-dicarboxylate (2.28 g, 1 

Eq, 4.81 mmol) was dissolved in 50 mL solution of 4:1 THF/MeOH. To this mixture 2N 

solution of sodium hydroxide (1.93 g, 24 mL, 10 Eq, 48.1 mmol) was added and placed in 

preheated to 45 °C oil bath for 28 h. Reaction mixture was cooled to room temperature, 

concentrated and diluted with DI H2O (50 mL). Obtained mixture was extracted with 

EtOAc (discarded), water phase was collected and acidified with 2N HCl to pH~3. Obtained 

precipitation was collect on filter funnel, wash with DI H2O and dried on suction overnight. 

9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylic acid (1.49 g, 82 %) was obtained as 

white solid. 

1H NMR (500 MHz, DMSO-d6) δ 12.99 (s, 3H), 8.98 (d, J = 1.6 Hz, 2H), 8.30 – 8.21 (m, 

2H), 8.09 (dd, J = 8.7, 1.7 Hz, 2H), 7.88 – 7.79 (m, 2H), 7.53 (d, J = 8.6 Hz, 2H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 168.6, 167.7, 143.6, 140.3, 132.2, 130.9, 129.2, 

127.3, 124.2, 123.5, 123.4, 110.7 ppm. 
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Figure AC39. 1H NMR spectrum of dipropyl 9-(4-carboxyphenyl)-9H-carbazole-3,6-

dicarboxylic acid (500 MHz, DMSO-d6). 
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Figure AC40. 13C NMR spectrum of dipropyl 9-(4-carboxyphenyl)-9H-carbazole-3,6-

dicarboxylic acid (126 MHz, DMSO-d6). 
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Synthesis of 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylic acid) 

(BBCDC) 

 

 

Preparation of tetrapropyl 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-

dicarboxylate) 

Dry Schlenk flask was charged with dipropyl 9H-carbazole-3,6-dicarboxylate (2.22 g, 

2.21 Eq, 6.53 mmol), 4,4'-diiodo-1,1'-biphenyl (1.20 g, 1 Eq, 2.96 mmol) and potassium 

phosphate (K3PO4) (5.02 g, 8 Eq, 23.6 mmol) and argonated. Dry Xylene (50 mL) was added 

followed by N1,N2-dimethylethane-1,2-diamine (DMEDA) (365 mg, 0.255 mL, 1.40 Eq, 

4.14 mmol). To this solution copper(I) iodide (169 mg, 30 mol%, 887 µmol) was added, 

flask was argonated, sealed and placed in preheated to 140 °C oil bath for 6 days. Reaction 

mixture was cooled to room temperature and diluted with EtOAc (100mL), NH4Cl (50 mL), 

DI H2O (50 mL). Phase separated, extracted with EtOAc (2 x 50 mL), organic phases dried 

over Na2SO4 and evaporated. Mixture was purified on silica with 10% EtOAc in Hexane to 

afford tetrapropyl 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylate) (2.14 

g, 87 %) as off white solid. 
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1H NMR (500 MHz, CDCl3) δ 8.96 (s, 4H), 8.21 (d, J = 8.7 Hz, 4H), 7.97 (d, J = 8.0 Hz, 

4H), 7.72 (d, J = 7.9 Hz, 4H), 7.50 (d, J = 8.6 Hz, 4H), 4.38 (t, J = 6.7 Hz, 8H), 1.89 (h, J = 7.1 

Hz, 9H), 1.11 (t, J = 7.4 Hz, 12H) ppm. 

13C NMR (126 MHz, CDCl3) δ 167.2, 144.2, 140.2, 136.3, 129.1, 128.4, 127.7, 123.4, 

123.4, 123.2, 109.9, 66.7, 22.4, 10.8 ppm. 
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Figure AC41. 1H NMR spectrum of tetrapropyl 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-

carbazole-3,6-dicarboxylate) (500 MHz, CDCl3). 
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Figure AC42. 13C NMR spectrum of tetrapropyl 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-

carbazole-3,6-dicarboxylate) (126 MHz, CDCl3). 
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Preparation of 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylic acid) 

Tetrapropyl 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylate) (2.14 

g, 1 Eq, 2.58 mmol) was dissolved in 80 mL solution 4:1 of THF/MeOH. To this mixture 2N 

solution of sodium hydroxide (3.10 g, 39 mL, 30 Eq, 77.4 mmol) was added and placed in 

preheated to 45 °C oil bath for 30 h. Reaction mixture was cooled to room temperature, 

concentrated and diluted with DI H2O (50 mL). Obtained mixture was extracted with 

EtOAc (discarded), water phase was collected and acidified with 2N HCl to pH~3. Obtained 

precipitation was collect on filter funnel, wash with DI H2O and dried on suction 9,9'-([1,1'-

biphenyl]-4,4'-diyl)bis(9H-carbazole-3,6-dicarboxylic acid) (1.70 g, 99 %) was obtained as 

white solid. 

1H NMR (500 MHz, DMSO-d6) δ 12.83 (bs, 4H), 9.01 (d, J = 1.7 Hz, 4H), 8.19 – 8.11 

(m, 8H), 7.86 (d, J = 8.3 Hz, 4H), 7.55 (d, J = 8.6 Hz, 4H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 168.1, 143.9, 139.7, 136.0, 129.3, 128.8, 128.0, 

124.0, 123.5, 123.1, 110.5 ppm. 
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Figure AC43. 1H NMR spectrum of 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-

3,6-dicarboxylic acid) (500 MHz, DMSO-d6). 
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Figure AC44. 13C NMR spectrum of 9,9'-([1,1'-biphenyl]-4,4'-diyl)bis(9H-carbazole-

3,6-dicarboxylic acid) (126 MHz, DMSO-d6). 
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Gascon, J.; Eddaoudi, M., Electrochemical synthesis of continuous metal–organic 
framework membranes for separation of hydrocarbons. Nature Energy 2021, 6 (9), 882-
891. 



342 
 

 

28. Liu, G.;  Chernikova, V.;  Liu, Y.;  Zhang, K.;  Belmabkhout, Y.;  Shekhah, O.;  
Zhang, C.;  Yi, S.;  Eddaoudi, M.; Koros, W. J., Mixed matrix formulations with MOF 
molecular sieving for key energy-intensive separations. Nature Materials 2018, 17 (3), 
283-289. 
29. Groom, C. R.;  Bruno, I. J.;  Lightfoot, M. P.; Ward, S. C., The Cambridge Structural 
Database. Acta Crystallographica Section B 2016, 72 (2), 171-179. 
30. Guillerm, V.; Eddaoudi, M., The Importance of Highly Connected Building Units in 
Reticular Chemistry: Thoughtful Design of Metal–Organic Frameworks. Accounts of 
Chemical Research 2021, 54 (17), 3298-3312. 
31. Jiang, H.;  Alezi, D.; Eddaoudi, M., A reticular chemistry guide for the design of 
periodic solids. Nature Reviews Materials 2021, 6 (6), 466-487. 
32. Ockwig, N. W.;  Delgado-Friedrichs, O.;  O'Keeffe, M.; Yaghi, O. M., Reticular 
Chemistry:  Occurrence and Taxonomy of Nets and Grammar for the Design of 
Frameworks. Accounts of Chemical Research 2005, 38 (3), 176-182. 
33. Freund, R.;  Canossa, S.;  Cohen, S. M.;  Yan, W.;  Deng, H.;  Guillerm, V.;  
Eddaoudi, M.;  Madden, D. G.;  Fairen-Jimenez, D.;  Lyu, H.;  Macreadie, L. K.;  Ji, Z.;  
Zhang, Y.;  Wang, B.;  Haase, F.;  Wöll, C.;  Zaremba, O.;  Andreo, J.;  Wuttke, S.; Diercks, 
C. S., 25 Years of Reticular Chemistry. Angewandte Chemie International Edition 2021, 
60 (45), 23946-23974. 
34. Chen, Z.;  Jiang, H.;  Li, M.;  O’Keeffe, M.; Eddaoudi, M., Reticular Chemistry 3.2: 
Typical Minimal Edge-Transitive Derived and Related Nets for the Design and Synthesis 
of Metal–Organic Frameworks. Chemical Reviews 2020, 120 (16), 8039-8065. 
35. Delgado-Friedrichs, O.;  O’Keeffe, M.; Yaghi, O. M., Taxonomy of periodic nets 
and the design of materials. Physical Chemistry Chemical Physics 2007, 9 (9), 1035-1043. 
36. Delgado-Friedrichs, O.; O’Keeffe, M., Crystal nets as graphs: Terminology and 
definitions. Journal of Solid State Chemistry 2005, 178 (8), 2480-2485. 
37. O’Keeffe, M.; Yaghi, O. M., Deconstructing the Crystal Structures of Metal–
Organic Frameworks and Related Materials into Their Underlying Nets. Chemical 
Reviews 2012, 112 (2), 675. 
38. Delgado Friedrichs, O.; Huson, D. H., 4-Regular Vertex-Transitive Tilings of E3. 
Discrete & Computational Geometry 2000, 24 (2), 279-292. 
39. Friedrichs, O. D.;  Dress, A. W. M.;  Huson, D. H.;  Klinowski, J.; Mackay, A. L., 
Systematic enumeration of crystalline networks. Nature 1999, 400 (6745), 644-647. 
40. Delgado Friedrichs, O.;  O'Keeffe, M.; Yaghi, O. M., Three-periodic nets and 
tilings: semiregular nets. Acta Crystallographica Section A 2003, 59 (6), 515-525. 
41. O'Keeffe, M.;  Peskov, M. A.;  Ramsden, S. J.; Yaghi, O. M., The Reticular 
Chemistry Structure Resource (RCSR) Database of, and Symbols for, Crystal Nets. 
Accounts of Chemical Research 2008, 41 (12), 1782-1789. 
42. O’Keeffe, M., Nets, tiles, and metal-organic frameworks. APL Materials 2014, 2 
(12), 124106. 
43. Delgado-Friedrichs, O.;  O'Keeffe, M.; Yaghi, O. M., Three-periodic nets and 
tilings: edge-transitive binodal structures. Acta Crystallographica Section A 2006, 62 (Pt 
5), 350-355. 



343 
 

 

44. Park, K. S.;  Ni, Z.;  Côté, A. P.;  Choi, J. Y.;  Huang, R.;  Uribe-Romo, F. J.;  Chae, H. 
K.;  O’Keeffe, M.; Yaghi, O. M., Exceptional chemical and thermal stability of zeolitic 
imidazolate frameworks. Proceedings of the National Academy of Sciences 2006, 103 
(27), 10186-10191. 
45. Eddaoudi, M.;  Sava, D. F.;  Eubank, J. F.;  Adil, K.; Guillerm, V., Zeolite-like metal–
organic frameworks (ZMOFs): design, synthesis, and properties. Chemical Society 
Reviews 2015, 44 (1), 228-249. 
46. Alezi, D.;  Peedikakkal, A. M. P.;  Weseliński, Ł. J.;  Guillerm, V.;  Belmabkhout, Y.;  
Cairns, A. J.;  Chen, Z.;  Wojtas, Ł.; Eddaoudi, M., Quest for Highly Connected Metal–
Organic Framework Platforms: Rare-Earth Polynuclear Clusters Versatility Meets Net 
Topology Needs. Journal of the American Chemical Society 2015, 137 (16), 5421-5430. 
47. Chae, H. K.;  Siberio-Perez, D. Y.;  Kim, J.;  Go, Y.;  Eddaoudi, M.;  Matzger, A. J.;  
O'Keeffe, M.; Yaghi, O. M., A route to high surface area, porosity and inclusion of large 
molecules in crystals. Nature 2004, 427 (6974), 523-527. 
48. Yaghi, O. M.;  Kalmutzki, M. J.; Diercks, C. S., Introduction to reticular chemistry: 
metal-organic frameworks and covalent organic frameworks. John Wiley & Sons: 2019. 
49. Delgado-Friedrichs, O.; O'Keeffe, M., Three-periodic tilings and nets: face-
transitive tilings and edge-transitive nets revisited. Acta Crystallographica Section A 
2007, 63 (4), 344-347. 
50. Chen, Z.;  Jiang, H.;  O’Keeffe, M.; Eddaoudi, M., Minimal edge-transitive nets for 
the design and construction of metal–organic frameworks. Faraday Discussions 2017, 
201 (0), 127-143. 
51. Chen, Z.;  Weseliński, Ł. J.;  Adil, K.;  Belmabkhout, Y.;  Shkurenko, A.;  Jiang, H.;  
Bhatt, P. M.;  Guillerm, V.;  Dauzon, E.;  Xue, D.-X.;  O’Keeffe, M.; Eddaoudi, M., Applying 
the Power of Reticular Chemistry to Finding the Missing alb-MOF Platform Based on the 
(6,12)-Coordinated Edge-Transitive Net. Journal of the American Chemical Society 2017, 
139 (8), 3265-3274. 
52. Nouar, F.;  Eubank, J. F.;  Bousquet, T.;  Wojtas, Ł.;  Zaworotko, M. J.; Eddaoudi, 
M., Supermolecular building blocks (SBBs) for the design and synthesis of highly porous 
metal-organic frameworks. Journal of the American Chemical Society 2008, 130 (6), 
1833-1834. 
53. Lin, R.-B.;  Xiang, S.;  Zhou, W.; Chen, B., Microporous Metal-Organic Framework 
Materials for Gas Separation. Chem 2020, 6 (2), 337-363. 
54. http://rcsr.net/help/names.html (accessed 2-Aug-2021). 
55. O'Keeffe, M.;  Eddaoudi, M.;  Li, H. L.;  Reineke, T. M.; Yaghi, O. M., Frameworks 
for extended solids: Geometrical design principles. Journal of Solid State Chemistry 
2000, 152 (1), 3-20. 
56. O’Keeffe, M.; Yaghi, O. M., Deconstructing the Crystal Structures of Metal–
Organic Frameworks and Related Materials into Their Underlying Nets. Chemical 
Reviews 2012, 112 (2), 675-702. 
57. Eubank, J. F.;  Mouttaki, H.;  Cairns, A. J.;  Belmabkhout, Y.;  Wojtas, L.;  Luebke, 
R.;  Alkordi, M.; Eddaoudi, M., The Quest for Modular Nanocages: tbo-MOF as an 
Archetype for Mutual Substitution, Functionalization, and Expansion of Quadrangular 

http://rcsr.net/help/names.html


344 
 

 

Pillar Building Blocks. Journal of the American Chemical Society 2011, 133 (36), 14204-
14207. 
58. Bai, Y.;  Dou, Y.;  Xie, L.-H.;  Rutledge, W.;  Li, J.-R.; Zhou, H.-C., Zr-based metal–
organic frameworks: design, synthesis, structure, and applications. Chemical Society 
Reviews 2016, 45 (8), 2327-2367. 
59. Muldoon, P. F.;  Liu, C.;  Miller, C. C.;  Koby, S. B.;  Gamble Jarvi, A.;  Luo, T.-Y.;  
Saxena, S.;  O’Keeffe, M.; Rosi, N. L., Programmable Topology in New Families of 
Heterobimetallic Metal–Organic Frameworks. Journal of the American Chemical Society 
2018, 140 (20), 6194-6198. 
60. Pauling, L., The principles determining the structure of complex ionic crystals 
Journal of the American Chemical Society 1929, 51 (4), 1010-1026. 
61. Li, M.;  Li, D.;  O’Keeffe, M.; Yaghi, O. M., Topological Analysis of Metal–Organic 
Frameworks with Polytopic Linkers and/or Multiple Building Units and the Minimal 
Transitivity Principle. Chemical Reviews 2014, 114 (2), 1343-1370. 
62. Jiang, H.;  Jia, J.;  Shkurenko, A.;  Chen, Z.;  Adil, K.;  Belmabkhout, Y.;  Weselinski, 
L. J.;  Assen, A. H.;  Xue, D.-X.;  O’Keeffe, M.; Eddaoudi, M., Enriching the Reticular 
Chemistry Repertoire: Merged Nets Approach for the Rational Design of Intricate Mixed-
Linker Metal–Organic Framework Platforms. Journal of the American Chemical Society 
2018, 140 (28), 8858-8867. 
63. Colón, Y. J.;  Gómez-Gualdrón, D. A.; Snurr, R. Q., Topologically Guided, 
Automated Construction of Metal–Organic Frameworks and Their Evaluation for Energy-
Related Applications. Crystal Growth & Design 2017, 17 (11), 5801-5810. 
64. Yuan, S.;  Qin, J.-S.;  Li, J.;  Huang, L.;  Feng, L.;  Fang, Y.;  Lollar, C.;  Pang, J.;  
Zhang, L.;  Sun, D.;  Alsalme, A.;  Cagin, T.; Zhou, H.-C., Retrosynthesis of multi-
component metal−organic frameworks. Nature Communications 2018, 9 (1), 808. 
65. Zhang, L.;  Yuan, S.;  Feng, L.;  Guo, B.;  Qin, J.-S.;  Xu, B.;  Lollar, C.;  Sun, D.; Zhou, 
H.-C., Pore-Environment Engineering with Multiple Metal Sites in Rare-Earth Porphyrinic 
Metal–Organic Frameworks. Angewandte Chemie International Edition 2018, 57 (18), 
5095-5099. 
66. Wang, Y.;  Feng, L.;  Fan, W.;  Wang, K.-Y.;  Wang, X.;  Wang, X.;  Zhang, K.;  
Zhang, X.;  Dai, F.;  Sun, D.; Zhou, H.-C., Topology Exploration in Highly Connected Rare-
Earth Metal–Organic Frameworks via Continuous Hindrance Control. Journal of the 
American Chemical Society 2019, 141 (17), 6967-6975. 
67. Wang, H.;  Dong, X.;  Lin, J.;  Teat, S. J.;  Jensen, S.;  Cure, J.;  Alexandrov, E. V.;  
Xia, Q.;  Tan, K.;  Wang, Q.;  Olson, D. H.;  Proserpio, D. M.;  Chabal, Y. J.;  Thonhauser, T.;  
Sun, J.;  Han, Y.; Li, J., Topologically guided tuning of Zr-MOF pore structures for highly 
selective separation of C6 alkane isomers. Nature Communications 2018, 9 (1), 1745. 
68. He, Y.;  Li, B.;  O'Keeffe, M.; Chen, B., Multifunctional metal-organic frameworks 
constructed from meta-benzenedicarboxylate units. Chemical Society Reviews 2014, 43 
(16), 5618-5656. 
69. Chen, Z.;  Thiam, Z.;  Shkurenko, A.;  Weselinski, L. J.;  Adil, K.;  Jiang, H.;  Alezi, D.;  
Assen, A. H.;  O'Keeffe, M.; Eddaoudi, M., Enriching the Reticular Chemistry Repertoire 
with Minimal Edge-Transitive related Nets: Access to Highly-coordinated MOFs based on 



345 
 

 

Double Six-membered Rings as net-coded Building Units. Journal of the American 
Chemical Society 2019, 141 (51), 20480-20489. 
70. Jiang, H.; Eddaoudi, M. Intricate mixed-linker structures. EP3803883A2, 2021-04-
14. 
71. Jiang, H.;  Alezi, D.; Eddaoudi, M., A reticular chemistry guide for the design of 
periodic solids. Nature Reviews Materials 2021. 
72. Guillerm, V.;  Kim, D.;  Eubank, J. F.;  Luebke, R.;  Liu, X.;  Adil, K.;  Lah, M. S.; 
Eddaoudi, M., A supermolecular building approach for the design and construction of 
metal-organic frameworks. Chemical Society Reviews 2014, 43 (16), 6141-6172. 
73. Hoffmann, F.; Fröba, M., Network Topology. In The Chemistry of Metal–Organic 
Frameworks, 2016; pp 5-40. 
74. Schoedel, A.;  Li, M.;  Li, D.;  O’Keeffe, M.; Yaghi, O. M., Structures of Metal–
Organic Frameworks with Rod Secondary Building Units. Chemical Reviews 2016, 116 
(19), 12466-12535. 
75. Banerjee, R.;  Phan, A.;  Wang, B.;  Knobler, C.;  Furukawa, H.;  O'Keeffe, M.; 
Yaghi, O. M., High-Throughput Synthesis of Zeolitic Imidazolate Frameworks and 
Application to CO2 Capture. Science 2008, 319 (5865), 939-943. 
76. Chui, S. S.-Y.;  Lo, S. M.-F.;  Charmant, J. P. H.;  Orpen, A. G.; Williams, I. D., A 
Chemically Functionalizable Nanoporous Material [Cu3(TMA)2(H2O)3]n. Science 1999, 283 
(5405), 1148-1150. 
77. Eubank, J. F.;  Wojtas, L.;  Hight, M. R.;  Bousquet, T.;  Kravtsov, V. C.; Eddaoudi, 
M., The Next Chapter in MOF Pillaring Strategies: Trigonal Heterofunctional Ligands To 
Access Targeted High-Connected Three Dimensional Nets, Isoreticular Platforms. Journal 
of the American Chemical Society 2011, 133 (44), 17532-17535. 
78. Chun, H., Low-Level Self-Assembly of Open Framework Based on Three Different 
Polyhedra:  Metal-Organic Analogue of Face-Centered Cubic Dodecaboride. Journal of 
the American Chemical Society 2008, 130 (3), 800-801. 
79. Liu, Y.;  Eubank, J. F.;  Cairns, A. J.;  Eckert, J.;  Kravtsov, V. C.;  Luebke, R.; 
Eddaoudi, M., Assembly of Metal–Organic Frameworks (MOFs) Based on Indium-Trimer 
Building Blocks: A Porous MOF with soc Topology and High Hydrogen Storage. 
Angewandte Chemie International Edition 2007, 46 (18), 3278-3283. 
80. Férey, G.;  Mellot-Draznieks, C.;  Serre, C.;  Millange, F.;  Dutour, J.;  Surblé, S.; 
Margiolaki, I., A Chromium Terephthalate-Based Solid with Unusually Large Pore 
Volumes and Surface Area. Science 2005, 309 (5743), 2040-2042. 
81. Serre, C.;  Millange, F.;  Surblé, S.; Férey, G., A Route to the Synthesis of Trivalent 
Transition-Metal Porous Carboxylates with Trimeric Secondary Building Units. 
Angewandte Chemie International Edition 2004, 43 (46), 6285-6289. 
82. Liu, Q.;  Cong, H.; Deng, H., Deciphering the Spatial Arrangement of Metals and 
Correlation to Reactivity in Multivariate Metal–Organic Frameworks. Journal of the 
American Chemical Society 2016, 138 (42), 13822-13825. 
83. Jia, J.;  Sun, F.;  Borjigin, T.;  Ren, H.;  Zhang, T.;  Bian, Z.;  Gao, L.; Zhu, G., Highly 
porous and robust ionic MOFs with nia topology constructed by connecting an 



346 
 

 

octahedral ligand and a trigonal prismatic metal cluster. Chemical Communications 
2012, 48 (48), 6010-6012. 
84. Jiang, G.;  Wu, T.;  Zheng, S.-T.;  Zhao, X.;  Lin, Q.;  Bu, X.; Feng, P., A Nine-
Connected Mixed-Ligand Nickel-Organic Framework and Its Gas Sorption Properties. 
Crystal Growth & Design 2011, 11 (9), 3713-3716. 
85. Zhao, X.;  Bu, X.;  Wu, T.;  Zheng, S.-T.;  Wang, L.; Feng, P., Selective anion 
exchange with nanogated isoreticular positive metal-organic frameworks. Nature 
Communications 2013, 4 (1), 2344. 
86. Zhai, Q.-G.;  Bu, X.;  Mao, C.;  Zhao, X.;  Daemen, L.;  Cheng, Y.;  Ramirez-Cuesta, 
A. J.; Feng, P., An ultra-tunable platform for molecular engineering of high-performance 
crystalline porous materials. Nature Communications 2016, 7 (1), 13645. 
87. Luo, T.-Y.;  Liu, C.;  Eliseeva, S. V.;  Muldoon, P. F.;  Petoud, S.; Rosi, N. L., Rare 
Earth pcu Metal–Organic Framework Platform Based on RE4(μ3-OH)4(COO)6

2+ Clusters: 
Rational Design, Directed Synthesis, and Deliberate Tuning of Excitation Wavelengths. 
Journal of the American Chemical Society 2017, 139 (27), 9333-9340. 
88. Chen, D.-m.;  Shi, W.; Cheng, P., A cage-based cationic body-centered tetragonal 
metal–organic framework: single-crystal to single-crystal transformation and selective 
uptake of organic dyes. Chemical Communications 2015, 51 (2), 370-372. 
89. Wang, D.;  Zhao, T.;  Li, G.;  Huo, Q.; Liu, Y., A porous sodalite-type MOF based on 
tetrazolcarboxylate ligands and [Cu4Cl]7+ squares with open metal sites for gas sorption. 
Dalton Transactions 2014, 43 (6), 2365-2368. 
90. Dincǎ, M.;  Dailly, A.;  Liu, Y.;  Brown, C. M.;  Neumann, D. A.; Long, J. R., 
Hydrogen Storage in a Microporous Metal−Organic Framework with Exposed Mn2+ 
Coordination Sites. Journal of the American Chemical Society 2006, 128 (51), 16876-
16883. 
91. Castells-Gil, J.;  Padial, N. M.;  Almora-Barrios, N.;  Albero, J.;  Ruiz-Salvador, A. R.;  
González-Platas, J.;  García, H.; Martí-Gastaldo, C., Chemical Engineering of Photoactivity 
in Heterometallic Titanium–Organic Frameworks by Metal Doping. Angewandte Chemie 
International Edition 2018, 57 (28), 8453-8457. 
92. Cavka, J. H.;  Jakobsen, S.;  Olsbye, U.;  Guillou, N.;  Lamberti, C.;  Bordiga, S.; 
Lillerud, K. P., A new zirconium inorganic building brick forming metal organic 
frameworks with exceptional stability. Journal of the American Chemical Society 2008, 
130 (42), 13850-13851. 
93. Wang, H.;  Dong, X.;  Colombo, V.;  Wang, Q.;  Liu, Y.;  Liu, W.;  Wang, X.-L.;  
Huang, X.-Y.;  Proserpio, D. M.;  Sironi, A.;  Han, Y.; Li, J., Tailor-Made Microporous 
Metal–Organic Frameworks for the Full Separation of Propane from Propylene Through 
Selective Size Exclusion. Advanced Materials 2018, 30 (49), 1805088. 
94. Alezi, D.;  Spanopoulos, I.;  Tsangarakis, C.;  Shkurenko, A.;  Adil, K.;  
Belmabkhout, Y.;  O′Keeffe, M.;  Eddaoudi, M.; Trikalitis, P. N., Reticular Chemistry at Its 
Best: Directed Assembly of Hexagonal Building Units into the Awaited Metal-Organic 
Framework with the Intricate Polybenzene Topology, pbz-MOF. Journal of the American 
Chemical Society 2016, 138 (39), 12767-12770. 



347 
 

 

95. Mallick, A.;  Liang, H.;  Shekhah, O.;  Jia, J.;  Mouchaham, G.;  Shkurenko, A.;  
Belmabkhout, Y.;  Alshareef, H. N.; Eddaoudi, M., Made-to-order porous electrodes for 
supercapacitors: MOFs embedded with redox-active centers as a case study. Chemical 
Communications 2020, 56 (12), 1883-1886. 
96. Furukawa, H.;  Gándara, F.;  Zhang, Y.-B.;  Jiang, J.;  Queen, W. L.;  Hudson, M. R.; 
Yaghi, O. M., Water Adsorption in Porous Metal–Organic Frameworks and Related 
Materials. Journal of the American Chemical Society 2014, 136 (11), 4369-4381. 
97. Xue, D.-X.;  Cairns, A. J.;  Belmabkhout, Y.;  Wojtas, L.;  Liu, Y.;  Alkordi, M. H.; 
Eddaoudi, M., Tunable Rare-Earth fcu-MOFs: A Platform for Systematic Enhancement of 
CO2 Adsorption Energetics and Uptake. Journal of the American Chemical Society 2013, 
135 (20), 7660-7667. 
98. Guillerm, V.;  Weseliński, Ł. J.;  Belmabkhout, Y.;  Cairns, A. J.;  D'Elia, V.;  Wojtas, 
Ł.;  Adil, K.; Eddaoudi, M., Discovery and introduction of a (3,18)-connected net as an 
ideal blueprint for the design of metal-organic frameworks. Nature Chemistry 2014, 6 
(8), 673-680. 
99. Kitagawa, S.;  Kitaura, R.; Noro, S. i., Functional Porous Coordination Polymers. 
Angewandte Chemie International Edition 2004, 43 (18), 2334. 
100. Geng, K.;  He, T.;  Liu, R.;  Dalapati, S.;  Tan, K. T.;  Li, Z.;  Tao, S.;  Gong, Y.;  Jiang, 
Q.; Jiang, D., Covalent Organic Frameworks: Design, Synthesis, and Functions. Chemical 
Reviews 2020, 120 (16), 8814-8933. 
101. Alkordi, M. H.;  Belof, J. L.;  Rivera, E.;  Wojtas, L.; Eddaoudi, M., Insight into the 
construction of metal–organic polyhedra: metal–organic cubes as a case study. Chemical 
Science 2011, 2 (9), 1695-1705. 
102. Chen, Z.;  Li, P.;  Wang, X.;  Otake, K.-i.;  Zhang, X.;  Robison, L.;  Atilgan, A.;  
Islamoglu, T.;  Hall, M. G.;  Peterson, G. W.;  Stoddart, J. F.; Farha, O. K., Ligand-Directed 
Reticular Synthesis of Catalytically Active Missing Zirconium-Based Metal–Organic 
Frameworks. Journal of the American Chemical Society 2019, 141 (31), 12229-12235. 
103. Bon, V.;  Senkovska, I.;  Weiss, M. S.; Kaskel, S., Tailoring of network 
dimensionality and porosity adjustment in Zr-and Hf-based MOFs. CrystEngComm 2013, 
15 (45), 9572-9577. 
104. Nguyen, H. T. T.;  Tu, T. N.;  Nguyen, M. V.;  Lo, T. H. N.;  Furukawa, H.;  Nguyen, 
N. N.; Nguyen, M. D., Combining Linker Design and Linker-Exchange Strategies for the 
Synthesis of a Stable Large-Pore Zr-Based Metal-Organic Framework. ACS Appl Mater 
Interfaces 2018, 10 (41), 35462-35468. 
105. Montoro, C.;  Linares, F.;  Quartapelle Procopio, E.;  Senkovska, I.;  Kaskel, S.;  
Galli, S.;  Masciocchi, N.;  Barea, E.; Navarro, J. A. R., Capture of Nerve Agents and 
Mustard Gas Analogues by Hydrophobic Robust MOF-5 Type Metal–Organic 
Frameworks. Journal of the American Chemical Society 2011, 133 (31), 11888-11891. 
106. Cook, T. R.;  Zheng, Y.-R.; Stang, P. J., Metal–Organic Frameworks and Self-
Assembled Supramolecular Coordination Complexes: Comparing and Contrasting the 
Design, Synthesis, and Functionality of Metal–Organic Materials. Chemical Reviews 
2013, 113 (1), 734-777. 



348 
 

 

107. Yaghi, O. M.;  O’Keeffe, M.;  Ockwig, N. W.;  Chae, H. K.;  Eddaoudi, M.; Kim, J., 
Reticular synthesis and the design of new materials. Nature 2003, 423, 705. 
108. Luebke, R.;  Eubank, J. F.;  Cairns, A. J.;  Belmabkhout, Y.;  Wojtas, L.; Eddaoudi, 
M., The unique rht-MOF platform, ideal for pinpointing the functionalization and CO2 
adsorption relationship. Chemical Communications 2012, 48 (10), 1455-1457. 
109. Eddaoudi, M.;  Kim, J.;  Wachter, J. B.;  Chae, H. K.;  O'Keeffe, M.; Yaghi, O. M., 
Porous metal-organic polyhedra: 25 angstrom cuboctahedron constructed from 12 
Cu2(CO2)4 paddle-wheel building blocks. Journal of the American Chemical Society 2001, 
123 (18), 4368-4369. 
110. Perry, J. J. I.;  Perman, J. A.; Zaworotko, M. J., Design and synthesis of metal-
organic frameworks using metal-organic polyhedra as supermolecular building blocks. 
Chemical Society Reviews 2009, 38 (5), 1400-1417. 
111. Abourahma, H.;  Coleman, A. W.;  Moulton, B.;  Rather, B.;  Shahgaldian, P.; 
Zaworotko, M. J., Hydroxylated nanoballs: synthesis, crystal structure, solubility and 
crystallization on surfaces. Chemical Communications 2001,  (22), 2380-2381. 
112. Gosselin, E. J.;  Decker, G. E.;  Antonio, A. M.;  Lorzing, G. R.;  Yap, G. P. A.; Bloch, 
E. D., A Charged Coordination Cage-Based Porous Salt. Journal of the American Chemical 
Society 2020, 142 (21), 9594-9598. 
113. Albalad, J.;  Carné-Sánchez, A.;  Grancha, T.;  Hernández-López, L.; Maspoch, D., 
Protection strategies for directionally-controlled synthesis of previously inaccessible 
metal–organic polyhedra (MOPs): the cases of carboxylate- and amino-functionalised 
Rh(ii)-MOPs. Chemical Communications 2019, 55 (85), 12785-12788. 
114. Carné-Sánchez, A.;  Albalad, J.;  Grancha, T.;  Imaz, I.;  Juanhuix, J.;  Larpent, P.;  
Furukawa, S.; Maspoch, D., Postsynthetic Covalent and Coordination Functionalization 
of Rhodium(II)-Based Metal–Organic Polyhedra. Journal of the American Chemical 
Society 2019, 141 (9), 4094-4102. 
115. Grancha, T.;  Carné-Sánchez, A.;  Zarekarizi, F.;  Hernández-López, L.;  Albalad, J.;  
Khobotov, A.;  Guillerm, V.;  Morsali, A.;  Juanhuix, J.;  Gándara, F.;  Imaz, I.; Maspoch, D., 
Synthesis of Polycarboxylate Rhodium(II) Metal–Organic Polyhedra (MOPs) and their use 
as Building Blocks for Highly Connected Metal–Organic Frameworks (MOFs). 
Angewandte Chemie International Edition 2021, 60 (11), 5729-5733. 
116. Zheng, B.;  Bai, J.;  Duan, J.;  Wojtas, Ł.; Zaworotko, M. J., Enhanced CO2 Binding 
Affinity of a High-Uptake rht-Type Metal−Organic Framework Decorated with Acylamide 
Groups. Journal of the American Chemical Society 2010, 133 (4), 748-751. 
117. Li, B.;  Zhang, Z.;  Li, Y.;  Yao, K.;  Zhu, Y.;  Deng, Z.;  Yang, F.;  Zhou, X.;  Li, G.;  Wu, 
H.;  Nijem, N.;  Chabal, Y. J.;  Lai, Z.;  Han, Y.;  Shi, Z.;  Feng, S.; Li, J., Enhanced Binding 
Affinity, Remarkable Selectivity, and High Capacity of CO2 by Dual Functionalization of a 
rht-Type Metal–Organic Framework. Angewandte Chemie International Edition 2012, 51 
(6), 1412-1415. 
118. Zheng, B.;  Yang, Z.;  Bai, J.;  Li, Y.; Li, S., High and selective CO2 capture by two 
mesoporous acylamide-functionalized rht-type metal-organic frameworks. Chemical 
Communications 2012, 48 (56), 7025-7027. 



349 
 

 

119. Yan, Y.;  Lin, X.;  Yang, S.;  Blake, A. J.;  Dailly, A.;  Champness, N. R.;  Hubberstey, 
P.; Schroder, M., Exceptionally high H2 storage by a metal-organic polyhedral 
framework. Chemical Communications 2009,  (9), 1025-1027. 
120. Yan, Y.;  Blake, A. J.;  Lewis, W.;  Barnett, S. A.;  Dailly, A.;  Champness, N. R.; 
Schroeder, M., Modifying Cage Structures in Metal-Organic Polyhedral Frameworks for 
H2 Storage. Chemistry – A European Journal 2011, 17 (40), 11162-11170. 
121. Zou, Y.;  Park, M.;  Hong, S.; Lah, M. S., A designed metal-organic framework 
based on a metal-organic polyhedron. Chemical Communications 2008,  (20), 2340-
2342. 
122. Farha, O. K.;  Yazaydin, A. O.;  Eryazici, I.;  Malliakas, C. D.;  Hauser, B. G.;  
Kanatzidis, M. G.;  Nguyen, S. T.;  Snurr, R. Q.; Hupp, J. T., De novo synthesis of a metal-
organic framework material featuring ultrahigh surface area and gas storage capacities. 
Nature Chemistry 2010, 2 (11), 944-948. 
123. Stoeck, U.;  Krause, S.;  Bon, V.;  Senkovska, I.; Kaskel, S., A highly porous metal-
organic framework, constructed from a cuboctahedral super-molecular building block, 
with exceptionally high methane uptake. Chemical Communications 2012, 48 (88), 
10841-10843. 
124. Cairns, A. J.;  Perman, J. A.;  Wojtas, Ł.;  Kravtsov, V. C.;  Alkordi, M. H.;  Eddaoudi, 
M.; Zaworotko, M. J., Supermolecular building blocks (SBBs) and crystal design: 12-
connected open frameworks based on a molecular cubohemioctahedron. Journal of the 
American Chemical Society 2008, 130 (5), 1560-1561. 
125. Stoeck, U.;  Senkovska, I.;  Bon, V.;  Krause, S.; Kaskel, S., Assembly of metal–
organic polyhedra into highly porous frameworks for ethene delivery. Chemical 
Communications 2015, 51 (6), 1046-1049. 
126. Wong-Foy, A. G.;  Lebel, O.; Matzger, A. J., Porous Crystal Derived from a 
Tricarboxylate Linker with Two Distinct Binding Motifs. Journal of the American Chemical 
Society 2007, 129 (51), 15740-15741. 
127. Towsif Abtab, S. M.;  Alezi, D.;  Bhatt, P. M.;  Shkurenko, A.;  Belmabkhout, Y.;  
Aggarwal, H.;  Weseliński, Ł. J.;  Alsadun, N.;  Samin, U.;  Hedhili, M. N.; Eddaoudi, M., 
Reticular Chemistry in Action: A Hydrolytically Stable MOF Capturing Twice Its Weight in 
Adsorbed Water. Chem 2018, 4 (1), 94-105. 
128. Cohen, S. M., The Postsynthetic Renaissance in Porous Solids. Journal of the 
American Chemical Society 2017, 139 (8), 2855-2863. 
129. Jia, J.;  Gutiérrez-Arzaluz, L.;  Shekhah, O.;  Alsadun, N.;  Czaban-Jóźwiak, J.;  
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