
Metal Organic Frameworks: Explorations and Design Strategies for MOF Synthesis 

 

Dissertation by 

Rasha AbdulHalim 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Doctor of Philosophy 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 
 

© November 2016  

 Rasha AbdulHalim  

All Rights Reserved 

 



2 
 

The dissertation of Rasha AbdulHalim is approved by the examination committee. 

 

Committee Chairperson Dr. Mohamed Eddaoudi 

Committee Member Dr. Klaus Viktor Peinemann 

Committee Member Dr Yu Han 

Committee Member Dr Len Barbour 

 
 
 

 

 

 
 

 

 

 

 

 

 

 

  



3 
 

ABSTRACT 

Metal Organic Frameworks: Explorations and Design Strategies for the Synthesis of 
MOFs 

Rasha AbdulHalim 

Metal-Organic Frameworks (MOFs) represent an emerging new class of 

functional crystalline solid-state materials. In the early discovery of this now rapidly 

growing class of materials significant challenges were often encountered. However, 

MOFs today, with its vast structural modularity, reflected by the huge library of the 

available chemical building blocks, and exceptional controlled porosity, stand as the most 

promising candidate to address many of the overbearing societal challenges pertaining to 

energy and environmental sustainability. 

A variety of design strategies have been enumerated in the literature which rely 

on the use of predesigned building blocks paving the way towards potentially more 

predictable structures. The two major design strategies presented in this work are the 

molecular building block (MBB) and supermolecular building block (SBB) -based 

approaches for the rationale assembly of functional MOF materials with the desired 

structural features. 

In this context, we targeted two highly connected MOF platforms, namely rht-

MOF and shp-MOF. These two MOF platforms are classified based on their topology, 

defined as the underlying connectivity of their respective net, as edge transitive binodal 

nets; shp being (4,12)-connected net and rht being (3,24)-connected net. These highly 

connected nets were deliberately targeted due to the limited number of possible nets for 

connecting their associated basic building units. Two highly porous materials were 
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designed and successfully constructed; namely Y-shp-MOF-5 and rht-MOF-10. The Y-

shp-MOF-5 features a phenomenal water stability with an exquisite behavior when 

exposed to water, positioning this microporous material as the best adsorbent for 

moisture control applications. The shp-MOF platform proved to be modular to ligand 

functionalization and thus imparting significant behavioral changes when hydrophilic and 

hydrophobic functionalized ligands were introduced on the resultant MOF. 

On the other hand, rht-MOF-10 constituting of 24-connected transition metal 

based-SBB was successfully synthesized and activated using a modified supercritical 

CO2 drying technique. This allowed access to over 90 % of the total pore volume 

(1.95cm3/g). High pressure gas sorption measurements of CH4, CO2 and O2 showed that 

this material has a gravimetric uptake that ranks close to the best materials enlisted for 

the storage of these corresponding gases. 
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Chapter 1:  Introduction to Metal-Organic Frameworks: Classification, 

Properties and Selected Gas sorption and Water-Based Applications 

1.1   Advancement in Material Sciences 

At the early bloom of 1900’s, a major scientific paradigm shift was developed allowing 

deeper insights into the exact atom arrangements. This was labelled as the birth of what 

we know today as nanotechnology and nanomaterials.1 Nanoscience represents a highly 

diverse and interdisciplinary field concerned with manipulating chemical and biological 

structures in the range of 1 to 100 nanometers (nm).  

The discovery of X-rays2 by Roentgen in 1895 was a major breakthrough in the 

material science field as it allowed for elucidating the exact chemical structures, 

subsequently leading to better understanding of the chemical properties.3 As single 

crystal x-ray crystallographic analysis became more accessible more structures were 

revealed advancing our understanding of intermolecular interactions. However, this 

started a predicament in the physical science community as despite knowing the chemical 

composition of crystalline materials this still didn’t allow for predicting the resulting 

structures. This brings forward Richard Feynman4 most famous quote: “What would 

happen if we could arrange the atoms one by one the way we want?”, stressing the 

breakthroughs that could be achieved if we can “just look at things. In that endeavor he 

proposed that only with advancing electron microscopy would we be able to make head 

advance in that area. Today in the 21st century, with all the progress achieved in electron 

microscopy, atomic force microscopy and x-ray diffraction techniques, we have managed 

to harvest what Feynman planted in scientists’ minds in the 1960s.4 
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Considering nature, we observe that the control of molecules at the atomic level is 

achieved via self-assembly. For instance, DNA and peptides are readily assembled from 

the basic building blocks namely nucleotides and amino acids.5 Scientists often look into 

nature for clues to help in developing new methods for synthesizing polymers,6-7 

micelles8 and porous functional materials.6 Subsequently, the concept of self-assembly 

was adapted into coordination chemistry to allow actual control over the structure and 

functional properties at the molecular level which would lead to synthesizing complex 

coordination compounds.  

1.2   Coordination Compounds and Introduction to MOFs 

Coordination compounds are a class of materials composed of organic ligands forming 

coordinating bonds with metal ions or clusters.9 This class of compounds, where metal–

organic frameworks (MOFs) fall under, is best defined by the IUPAC: 

A coordination compound is any compound that contains a coordination entity. A 
coordination entity is an ion or neutral molecule that is composed of central atom, 
usually that of a metal, to which is attached a surrounding of atoms or group of atoms, 
each of which is called a ligand.10 

 
Examples of coordination compounds could be traced back to the late nineteenth 

century where Alfred Werner explored the possible coordination configurations of 

octahedral Co(III) based complexes.11  

Coordination compounds could be classified,12-13 based on periodicity of the 

resultant network, as zero-periodic (0-P), one-periodic (1-P) and two/three-periodic (2-

P/3-P).13-14 Before explaining more thoroughly what each of these categories correspond 

to, it is imperative at this stage to introduce the model presented by Wells15, to illustrate 

the connectivity of these materials, known as the “node and spacer” model. Wells was 
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essentially concerned with the overall structure of inorganic compounds. Therefore, he 

would define crystal structures in terms of their topology by reducing them to joints of 

certain geometries (tetrahedral, square, etc.) linked via a spacer. The model presented 

here is one of the standard models implemented to facilitate describing coordination 

polymers and MOF materials. This model was first reported by Robson16 and later on 

implemented by other researchers.16-17 

In this model, nodes represent ligands or metal clusters having more than two 

points of extension. These nodes are linked via a spacer or a linear linker. The spacer can 

either be a linear (ditopic) ligand, a 2-connected metal, or in the case of highly connected 

ligands, the spacer is only the portion of the ligand which is connecting adjacent metals 

Figure 1-1. 

 

Figure 1-1. Schematic representation of node and space model (Right) and (Left) MBB of 4-c inorganic paddlewheel 
and 3-c organic ligand. 

The first category of coordination compounds is classified as zero-periodic (0-P), also 

known as discrete coordination compounds. The following clusters goes under this 
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category: (1) mononuclear clusters resulting from monotopic or chelating ligands 

coordinating to single metal ion. (2) polynuclear clusters resulting from monofunctional 

ligands coordinating to multiple metal centers. (3) Discrete metal–organic polygons or 

metal organic polyhedral (MOPs) which are composed of multiple metal clusters linked 

via multitopic linkers to form higher complexity supermolecular entities. Molecular 

representations of these are illustrated in Figure 1-2. 

 

Figure 1-2. Schematic representation of 0-D compounds: Top-Right polynuclear cluster; Top-Left-mononuclear cluster; 
Bottom right metal organic polyhedra; Top-Left molecular square metal organic polygon. 

The second category is one-periodic (1-P) coordination compounds, which extend in 

one dimension, are also known as coordination polymers. This type of coordination 

compounds is typically composed of metal ions or clusters linked through polytopic 

ligands, such as chains, zigzag or ladders, as shown in Figure 1-3. 
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Figure 1-3. Node and space model representation of one periodic coordination polymers. (Right) Ladders, (Middle) 
zigzag and (Left) straight. 

The third category of coordination compounds is metal organic frameworks (MOFs). 

These compounds are extended into two dimensional (layered) or three dimensional 

(extended networks), Figure 1-4. 

 

Figure 1-4. Schematic representation of node and spacer model of category 3. (Right) showing 3-periodic MOF and 
(Left) 2-periodic MOF. 
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1.2.1  MOF Generations 

Well’s approach started bearing fruits, in the early 1900s, with the initial work 

presented by Robson17-18 which lead to the development of the field of coordination 

polymers (MOFs) as he extrapolated Well’s work from pure inorganic solids into the 

realm of metal-organic compounds and coordination polymers. Early examples of MOFs 

were solely based on the coordination of monodentate N-donor polytopic19 pyridine-

based ligands with single metal ions, Figure 1-5.20-24 A variety of MOFs were isolated 

from ditopic 4,4’-Bipy23 ligand and single metal ions. This was followed by nonlinear 

ditopic nitrogen donor ligands (e.g. pyrimidine, azolates)25 with specific angles 

connecting N-coordinating groups targeting specific structures, such as zeolite-like nets. 

By introducing nonlinear polytopic linkers,20 the overall structure is no longer solely 

governed by the coordination environment of the metal cluster, as the geometry of the 

ligand provides more restriction on the obtained net.23 

 

Figure 1-5. Chemical structures of Nitrogen-donor organic molecules. (1) linear ditopic; (2) and (3) bent ditopic; (4) 
tritopic; (5) tetratopic and (6) hexatopic linker. 
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However, these compounds were often plagued with their inability to support porosity 

as they lack rigidity, which often leads to structural collapse upon partial or complete 

removal of guest molecules incorporated during synthesis;26 in addition to lack of 

directionality, which makes structure prediction challenging.27-29 

Excessive work has been dedicated to the isolation of frameworks with enough rigidity 

to withstand pore evacuation. This lead to the development of the second generation of 

MOFs, where ligands with carboxylate coordinating groups were introduced.19, 26, 30 

Researchers found that multidentate linkers with carboxylate coordinating groups imparts 

high degree of rigidity due to their ability to aggregate metal ions into M-O-C clusters. 

These building units, known as molecular building blocks (MBBs) are sufficiently rigid 

because the metal ions are locked in place by the carboxylates;31 additionally, clusters 

with higher complexity were isolated.  

It has been observed that with the implanted MBBs into MOFs, frameworks with 

higher degree of rigidity and stability were isolated. In addition, MBB helped in encoding 

better directionality leading to more predictable structures. The rationale behind the 

observed increased stability is derived from the electrostatic interactions between the 

anionic ligands and the cationic metal.  

1.3   MBB/SBB 

The second generation of MOFs came with new concepts and definitions that best 

represents the connectivity of the MBBs in this field. Vertex figure, is one of the main 

concepts introduced, replaces the single node with an augmented version of the node,32  

and is typically composed of more than a single atom. The increased complexity of the 

metal clusters, are best represented by vertex figures, as they provide additional structural 
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information using geometric representations, later defined as secondary building units 

(SBUs), such as squares and triangles, Figure 1-6. In this context, the vertex symbol and 

augmented nodes can represent polytopic ligands or polynuclear metal clusters. 

In addition, the most common terminologies used for a better understanding of the 

formed nets are molecular building blocks (MBBs) and secondary building units (SBUs). 

MBBs reflect the chemical entity as in the ligand or the metal cluster; whereas, the SBUs 

is defined as the geometric representation of the MBBs based on the points of extension. 

 

 

Figure 1-6. Left: Examples of molecular building blocks (MBBs), binuclear paddlewheel (Top) and trimesic acid 
(Bottom). Middle: node and spacer representation of the MBBs. Right: Vertex symbol representing MBBs as 
augmented nodes through use of geometrical shapes.  

The two most commonly encountered carboxylate based MBBs, which was a great aid 

in advancing the MOF field, are the square binuclear paddlewheel cluster (commonly 

observed for divalent transition metals, Zn2+ and Cu2+) and the geometrically octahedral 

tetranuclear basic zinc acetate cluster composed of µ4-oxo coordinating to four zinc 

cations, which intern are connected to six carboxylate groups in a bis-monodentate 
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fashion. The main challenge we often encounter to isolate MBBs, is identifying the 

appropriate reaction conditions that would consistently form these structural motifs. 

 

1.3.1  Paddlewheel Clusters  

The binuclear paddlewheel cluster is the most encountered MBB when carboxylate-

coordinating groups are combined with divalent transition metal ions.33-34 It is composed 

of a dinuclear cluster to which four carboxylate groups coordinate to the metals in a bis-

monodentate fashion Figure 1-6. These MBBs can be viewed as square shaped building 

blocks (SBUs) when the carbon atoms of the carboxylate groups are taken as points of 

extension to link clusters together. The electrostatic interactions between the anionic 

ligand and cationic metal imparts high degree of rigidity to the metal cluster, compared to 

single metal ion nodes observed in the first generation of pyridine-based MOFs. 

A huge milestone in MOF research was achieved in 1999 with the reporting of the first 

MOF material with permanent porosity, namely MOF-2.26 MOF-2 is a layered structure 

composed of zinc paddlewheel MBBs and terephthalic acid, Figure 1-7. The 

paddlewheels were linked via terephthalic acid creating 1-D square channels and a 

significant void space. Sorption studies showed that guest molecules could be removed 

while maintaining the crystallinity of the MOF.26 

Another well-known compound consisting of copper paddlewheel is the compound 

known as HKUST-1 or [Cu3-(BTC)2].35 HKUST-1 is a 3-periodic structure based on 

paddlewheel units linked via benzenetricarboxylic acid(btc) with 3-D channels of pore 

size of 1nm. HKUST-1 is highly porous and often used as a benchmark material for 
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comparison of properties of MOFs,36-37 for synthetic38-40 or activation procedures40-41 and 

for investigating new applications.37, 42 

 

Figure 1-7. MOF-2 presented in (Right) node and spacer model and (Left) chemical representation showing layered 
structure with square channels. 

1.3.2  Basic Zinc Acetate Cluster 

One of the early studies of MOF synthesis, in 1999, reported the formation of MOF-5, a 

cubic structure with ordered 3-dimensional channels porous systems and a surface area of 

3800 m2/g.26 MOF-5 is composed of basic zinc acetate clusters Zn4O connected via 

terephthalic acid. Due to its versatility, MOF-5 generated its own class of materials, 

known as IR-MOFs, by introducing the concept of reticular chemistry. Reticular 

chemistry is the synthesis MOFs composed of specific MBBs. From reticular chemistry, 

isoreticular chemistry was derived such as the same MBBs are incorporated to target the 

same topology, while varying the organic linker. The application of isoreticular chemistry 

was first illustrated using the MOF-5 platform, which allowed for the isolation of a series 

of MOFs, with same topology, coded with different functionalities to target different 

applications, Figure 1-8.43-44 
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The combination of the 6-connected (octahedral) node with a ditopic linker results in the 

highly symmetric structure, also known as default structure, with pcu topology (primitive 

cubic45). MOF-5 was further expanded through replacing terephthalic acid with various 

ditopic ligands with zinc salts under similar reaction conditions. This resulted in a series 

of 12 IR-MOFs. The great variety of used linear dicarboxylic ligands and the great 

information gathered from obtained structures, is what made this platform highly sought 

after by researchers to identify the impact of functional and structural modifications on 

material properties.46-48 

 

Figure 1-8. Schematic representation illustrating an example of isoreticular chemistry of the MOF-5, namely IR-MOF, 
enumerating some of the ligands used in literature. A 6-connected basic zinc acetate cluster Zn4O connected using 
ditopic linker to yield a 3-periodic MOF with pcu topology. Color code: functional groups (sea green, ligands), 
nitrogen atoms (blue), cabon atoms (grey), zinc ion (indigo), oxygen atoms (red).  
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1.1.1. Supermolecular Building Blocks (SBBs) 

As we just mentioned, implementing the molecular building block (MBB) approach in 

targeting carboxylate based metal clusters, has proven to be a successful strategy in the 

design and construction of MOFs with targeted topologies. Following this approach, 

MOFs are often deconstructed to their basic organic and inorganic MBBs. The points of 

extension of the MBBs defining the geometric representation (SBUs) of the MBB are 

linked to form the overall net. 

A more recent approach to targeting MOFs with more complexity is the supermolecular 

building block (SBB) approach, where supermolecular entities becomes the building 

blocks of the MOF network. Similarly, targeting MBBs accomplished via choosing the 

proper combination of functional coordinating groups to metal salts, targeting 

supermolecular building blocks can be achieved starting from less complex MBBs. The 

requisite MBBs could be assembled into desired supermolecular structures via careful 

selection of the ligand with the appropriate geometry to form polyhedral (SBB); in 

addition, adding an external functional group would allow us to join the SBBs together. 

This approach will be discussed more thoroughly in Chapter 3, where rht-MOF is 

targeted. 

1.4   Characteristics of MOFs 

1.4.1  Modularity and Tunability 

MOFs are a class of coordination polymers that self assembles when all inherent 

conditions are satisfied. These conditions, based on geometrical and chemical principles, 

could be summarized as such. (1) We often start with a targeted network topology. (2) 
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then we break this topology to its basic geometric building blocks (SBUs). (3) We look 

for suitable molecular building blocks that best resembles the needed SBUs. (4) The 

incorporated functionality needed to generate specific inorganic MBB could be identified 

through literature searches. (5) Lastly, we need to identify the reaction conditions which 

would consistently allow the formation of targeted inorganic MBBs, either through 

literature search or experimental tryouts. 

In addition to being able to target specific topologies through the top down design, 

MOFs provide a high degree of tunability because of their hybrid constituents of 

inorganic and organic nature, which gives it vast advantage over other solid state 

materials. This tunability could be imparted to a MOF platform through the following 

channels: 

 Channel 1 represented by the organic component: Adding functional groups or 

via extending/contracting ligand while maintaining its geometry.43, 49-53 

 Channel 2 represented by the metal ion component: exchanging the metal cation 

with other metal sources capable of forming the same geometry. This can potentially 

create open metal sites for catalysis or to induce guest interactions.53 

 Channel 3 counter ion component: often encountered in charged frameworks 

where counter ion is needed to balance the overall charge.54 

Therefore, following these different tuning channels55 would allow for tangible 

modifications to their porosity (from non-porous to surface areas as high as 7000 m2/g,56 

affinity towards gases and control over pore/ aperture sizes.55 All of these have already 

been encountered and reported showing the vast superiority of MOFs in the area of 

porous materials. To that end, the focus of the chapters enumerated in this thesis focuses 
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on the use of MBB and SBB design principles and their impact on the stability, porosity 

and functionality of MOF materials. 

1.4.2  Synthetic Conditions  

MOFs are often synthesized in relatively mild conditions.57 This comes as a major 

benefit when compared to reaction conditions needed to synthesize other conventional 

porous materials such as activated carbons (ACs) and zeolites. These are often prepared 

by pyrolysis or oxidation at temperatures as high as 600 °C or via mixed thermal and 

chemical treatments at temperatures of 450 °C.58 In contrast, the majority of MOFs can 

be synthesized under solvothermal conditions that do not exceed 150 °C in a one pot 

reaction. 

1.4.3  Crystalline Products 

MOFs are a highly crystalline class of materials, like zeolites, with a narrow margin of 

pore size distribution.59-60 On the other hand, zeolites and activated carbons are often 

isolated as polycrystalline and amorphous solids, respectively.61 Never the less, 

researches are often capable of isolating MOFs in single crystal quality. This allows for a 

much more accurate and faster structure determination using single crystal x-ray 

diffraction (SCXRD) as opposed to powder X-ray diffraction (PXRD). 

This is due primarily to the equilibrium reaction between ligand and metal which 

allows for the self-correction of crystal defects resulting in the bulk material being 

polycrystalline with large crystal domains or composed of single crystal particles.31, 47, 62  

This equilibrium while beneficial for crystal growth, often poses a problem when the 

ligand/metal does not result in strong bonds. This is manifested in the lack of stability 

when these MOFs are exposed to water vapor, as water competes with the ligand over 
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metal sites.63 Using more oxophilic metals (trivalent and tetravalent) metals such as 

Chromium, Aluminum and Zirconium, often results in more water and chemically stable 

frameworks.62, 64-66 The downside of this approach is the shift in the equilibrium position 

which necessitates the use of harsher reactions conditions for formation or synthesis 

results in microcrystalline powder.64-66 

Hence the need for a parameter that would slow down the reaction long enough to 

allow for the formation of single crystal quality materials. This approach is often referred 

to as “reaction modulator” approach,67 where a modulator (namely monocarboxylate) is 

added to generate a competition with the ligand, hence resulting in slowing down the 

reaction. This approach will be discussed further in Chapter 2, where only with the aid of 

a modulator, were we able to isolate highly connected polynuclear Rare Earth (RE) metal 

clusters.68-70 

1.5   Topology and Terminology 

The crystalline nature of MOFs, their periodicity, allows these MOFs to be classified 

based on their network topology; i.e. connectivity of metal and ligands. It is crucial in 

MOF chemistry to determine the underlying net or network topology, as it assists in 

designing and targeting MOFs, as will be illustrated in the following chapters and evident 

by IR-MOF series (mentioned in an earlier section). 

The underlying topology of a structure is described by a net assigned by a three-letter 

symbol29, 71 and these are enumerated under a searchable database named RCSR.72 

Topological determination is often accomplished through calculation of the Coordination 

Sequence71, 73-75 and Vertex Symbol.29 These are often determined using software 

packages such as TOPOS,76 which identifies underlying nets of a structure by recalling a 
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huge database and SYSTRE, which is often used to identify new nets which are not 

mentioned in the RCSR database.72 

The coordination sequence of a certain net is represented by a series of numbers which 

determines the number of vertices in each coordination shell up to the 10th coordination 

shell. It explicitly states the number of interconnected nodes in a net to differentiate 

between two nets. However, it is possible to encounter two nets with the same 

coordination sequence, which then calls for the need for another complementary 

parameter, namely vertex symbol, to get a definite clear cut. The vertex symbol gives 

insight into the shortest circuits around each node in a network. This is accomplished by 

following the shortest circuit that can be formed by following one path and returning 

through another to the same node. 

1.5.1  Transitivity: Application of Topology to MOF Chemistry 

It is imperative to point out that the added value to identifying and understanding the 

underlying topologies is not limited to classification of new materials. On the contrary, 

when targeting specific platforms for tuning purposes, known topologies are the way. The 

transitivity of a network is often determined by identifying four parameters, which are 

used to classify or group nets.29, 57, 71 The main parameters being the p vertices, which 

could be unimodal (one type of vertex) or polynodal (more than one type of vertex) and q 

the edges which links the vertices together. To less extent r types of faces and s types of 

tiles. 

The importance of the vertices and edges stems from the fact that they provide direct 

information about the number and type of building blocks needed to obtain a certain 

MOF. Based on the known structures and their respective topologies, we observe that the 
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lower the complexity (regarding number of vertices and edges), the more common the 

topology when combining building blocks with the correct geometry.45, 75-76 These 

topologies, classified as “default nets”,45, 57 are characterized by high degree of symmetry 

and low transitivity.45, 57, 76 

Table 1-1The regular nets, quasiregular nets and semiregular nets abbreviation, components, and tiling representation 

Abbreviation Type of Net Components Transitivity 

srs Regular 3-connected triangular node 1111 

nbo Regular 4-connected square node 1111 

dia Regular 4-connected tetrahedral node 1111 

pcu Regular 6-connected octahedral node 1111 

bcu Regular 8-connected cubic node 1111 

fcu Quasi-Regular 12-connected cuboctahedral node 1112 

lvt Semi-Regular 4-connected square node 1121 

rhr Semi-Regular 4-connected square node 1132 

sod Semi-Regular 4-connected tetrahedral node 1121 

lcs Semi-Regular 4-connected tetrahedral node 1121 

qtz Semi-Regular 4-connected tetrahedral node 1121 

hxg Semi-Regular 6-connected hexagonal node 1121 

crs Semi-Regular 6-connected trigonal anti 
prismatic node 

1122 

bcs Semi-Regular 6-connected trigonal anti 
prismatic node 

1122 

lcy Semi-Regular 6-connected node 1121 

acs Semi-Regular 6-connected trigonal prismatic 

node 

1122 

reo Semi-Regular 8-connected cubic node 1122 

thp Semi-Regular 8-connected node 1132 



42 
 

 

Further classification could be achieved of these nets based on the complexity of the 

transitivity where regular nets are the lowest with annotation of (1111) and edge 

transitive binodal nets being highest (21rs) basically representing two vertices and one 

edge and another two with intermediate transitivity quasi regular net (1112) and semi-

regular nets (11rs). 

The first classification of nets, which falls under “regular nets” are the ones with lowest 

transitivity with single type of vertex, edge, tile and face, reported in Table 1-1.29 As we 

can see, to maintain the lowest transitivity which means only one node, the linker has to 

be ditopic acting as a linear linker; otherwise, net becomes binodal net. 

As we will see in the coming chapters, the most relevant net presented here are the 

edge transitive binodal nets. These nets have two types of vertices, where each of the 

metal cluster and the polyfunctional ligand act as nodes. Alternatively, a ditopic linker 

could be used in the presence of two types of metal clusters having different 

connectivities or geometries. In here, the ligand should be symmetric to allow the links to 

the metal clusters, through the ligand, to be crystallographically equivalent. As we will 

see in Chapter 2 and Chapter 5, reducing the symmetry of the ligand forces the formation 

of other topologies which are more suited to ligands with lesser symmetry. 

1.6   Physical Characterization of MOFs: Porosity Measurements and Gas 

Sorption 

The porous nature of metal organic frameworks has been the main drive that fueled the 

rapid growth of this field of coordination chemistry. It inspired researcher’s curiosity not 

only for industrial applications, such as gas storage and separation and heterogeneous 
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catalysis, but also purely due to the self-assembly of the embedded MBBs into extended 

framework with shaped channels and cages. The adsorption of guest molecules on the 

surface and the interaction between guest molecules and surfaces plays an essential role 

in determining the properties of the porous compound and that’s mainly governed by the 

pore size and shape. In the physical system, pores are classified based on their sizes into 

(1) macroporous (pore size > 500 Å), (2) mesoporous (20 < pore size (Å) > 500 Å), (3) 

microporous (5 < pore size (Å) < 20) and (4) ultamicroporous (pore size < 5 Å).77 The 

pore size in the isolated MOFs to date ranges from ultramicroporous to mesoporous. 

Therefore, the main techniques used to determine the porosity of MOFs is gas sorption 

analysis through the collection of sorption isotherms. 

 

Figure 1-9. IUPAC classification of the six enumerated adsorption isotherms. 

There are six representative adsorption isotherms, Figure 1-9, which best describes the 

relationship between porous solids and sorption type. A sorption isotherm is a plot of the 

adsorbate adsorbed onto the porous solid as it reaches equilibrium at various pressure 

points and constant temperature. The collected isotherms are classified by the IUPAC78 

as such: 
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Type I isotherms which have a steep initial uptake at low pressure followed by a 

plateau as it reaches saturation. This is characteristic of microporous materials and the 

total uptake is delimited by the pore volume of the solid under study. 

Type II isotherms are characteristic of non-porous solids or conventionally known as 

macroporous solids where multilayer sorption is not delimited by pore size. There is a 

monolayer adsorption occurring at low pressures followed by continuous uptake with as 

successive layers of adsorbates are adsorbed. This is governed by stronger adsorbent-

adsorbate interactions than adsorbate-adsorbate interactions. 

Type III isotherms reflect materials where adsorbate-adsorbate interactions are much 

more pronounced than adsorbent-adsorbate interactions, resulting in an increased slope of 

the isotherm. 

Type IV isotherms typical mesoporous materials showing monolayer formation, 

similar to Type II, where adsorbent-adsorbate interactions are stronger than adsorbate-

adsorbate. It has a characteristic hysteresis loop appearing at higher pressures resulting 

from capillary condensation of the adsorbate. Similar to Type I, the uptake is limited by 

the pore volume 

Type V isotherms has a similar appearance to Type III isotherm at low pressures 

indicating weak adsorbent-adsorbate interactions compared to the adsorbate-adsorbate 

interactions. There is also an additional hysteresis loop indicating mesopores. 

Type VI isotherms indicative of nonporous adsorbent on which a stepwise multilayer 

occurs.  
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1.6.1  Physical Properties: Surface Area, Pore Volume and Pore Size 

Distribution 

Although MOFs are crystalline materials and hence surface area, pore structure and 

pore size distribution can be extracted from crystal structure data, they may show 

deviations from the crystalline structure due to various factors. They may exhibit reduced 

pore volume due to excess reactants in the pores, partial collapse upon guest molecule 

removal or structural transformations when exposed to different stimuli. Hence the need 

for physical adsorption characterization to elucidate any of the above is essential. 

Commonly used gases for routine experiments are N2 at 77 K for surface area 

determination (BET)78-79 and pore volume, and Ar at 87 K for BET surface area, pore 

size distribution and pore volume determination.80 Determining the BET surface area and 

pore volume are the major physical parameters which directly reflect the pore capacity of 

the framework. Brunauer, Emmett and Teller (BET) developed a theory for determining 

the specific surface area of a framework based on the assumption that adsorption occurs 

in layers, with a monolayer forming first, followed by subsequent layers of adsorbate.79 

This analysis requires data at low relative pressure (P/P0=experimental 

pressure/saturation pressure of probe molecule) which usually lies in the range of 0.05-

0.35. N2 sorption measurements often gives satisfactory results for common MOFs, 

particularly neutral MOFs with no energetic sites (-NH2, -OH groups) as this might 

generate non-ideal adsorbent-adsorbate interactions due to the quadrapole moment of the 

diatomic N2 (0.36 nm) molecule.80  

In these circumstances, it is often preferred to use smaller monoatomic gases, Ar (0.34 

nm) at 87 K, as a sorbate to reduce the discrepancies in surface areas induced by 
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polarizable functional groups; additionally, due to its smaller size it allows access to 

smaller pores resulting in a more realistic and comprehensive characterization of the 

pores. The reduced interaction of Ar with the surface allows for pore filling (small pores 

5-10 Å) at comparatively higher pressures (10-5<P/P0<10-3) than N2 (10-7<P/P0<10-5) 

(90,91). This allows for the analysis of pore size distribution with greater accuracy (less 

error encountered at the low pressures needed for N2 pore size analysis) than is typically 

achievable with N2 sorption. 

The last parameter, pore volume representing the void volume in the framework (ccfree 

volume/gadsorbent) is obtained with either gases as the pore volume is reflected by the total 

uptake at or near saturation pressure (P/P0=0.95-1.0). at this pressure, the density of the 

gas is assumed to be equivalent to the gas’s bulk (liquid) density.81 

1.7   Robust Frameworks 

1.7.1  Applications of MOFs in Gas Storage 

The ability of a desired compound to store guest molecules is highly admirable in 

porous compounds. MOFs can be easily self-assembled from corresponding organic 

linkers and metal ions/clusters. The hybrid constituents, organic and inorganic MBBs, 

facilitates the incorporation of various properties including optical, magnetic, 

electrochemical and catalytic.19 Additionally, the high degree of tunability and controlled 

porosity expressed in high surface areas and controlled pore sizes have rendered MOFs as 

favorable candidates for addressing current energy and environmental needs of the 

industrialized world as well as health care sectors82.83  The research presented herein 

focuses on MOFs storage potential with regard to respective gases including Methane 
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(CH4), carbon dioxide (CO2) and O2. Furthermore, in this report, we introduce for the 

first time the ability of MOF materials to act as humidity control adsorbents. 

1.7.1.1  Methane Storage 

In the context of clean energy, there is an amplified drive to reduce greenhouse gas 

emissions, caused by energy production processes, as evidenced by the collaborative 

work between academia and industry in their quest to alleviate these problems. To that 

end, the demand for natural gas as a clean energy source has increased immensely as a 

replacement for coal and petroleum. Methane (CH4), the primary component of natural 

gas and biogas, has sparked great interest as a fuel for stationary and mobile applications 

(1) as a high-energy fuel regarding its high H to C ratio in comparison to other fossil 

fuels, resulting in lower CO and CO2 emissions,83 and (2) low sulfur and nitrogen 

content, leading to lessened SOx and NOx emissions. However, the main drawback for 

CH4 is illustrated in its low volume energy density; hence the need to develop suitable 

on-board methane storage solutions, close to room temperature, is vital for the successful 

deployment of methane as an alternative fuel for transport applications. To that end, 

adsorbed natural gas based storage offers the ability to storing high densities of natural 

gas at comparatively low pressure and ambient temperatures.84 

Following these results, the U.S. Department of Energy (DOE) set out initial targets for 

adsorbents to be eligible for installation in vehicles. The target was set to store methane, 

for vehicles, 180 cm3 (STP) cm-3 (equivalent to ~ ¼ the energy density of gasoline) at a 

moderate pressure of 35 bar.84 This target was reached and exceeded, in 2006, using 

PCN-14 which showed a capacity of 240 cm3 (STP) cm-3.85 In 2012, the DOE raised the 

bar of the volumetric storage to 350 cm3 (STP) cm-3 and added another gravimetric 
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storage target of 0.5 g (CH4) / g (adsorbent) at room temperature.86 This new set target is 

equivalent to the energy density of condensed natural gas (CNG) at 250 bar, with an 

added 25% to account for any loss in insufficient packing capacity.86 These targets have 

been recently met, at 258 K and 80 bar, by Al-soc-MOF-1 based on aluminum trimer and 

published by our group where it achieves a total uptake of 264 cm3(STP)/cm3.  

For MOF evaluation of performance, another term comes in handy which is the 

working capacity defined as the deliverable between set pressures. In Table 1-2, we 

report some of the best performing MOFs based on the working capacities under the best 

pressure range, 5-65 bar and 5-80 bar. The 5-bar minimum pressure range is set due to 

the current design fuel injectors which require a minimum of 5 bar to function.87 

Therefore, the working range is determined by taking the amount adsorbed at the highest 

pressure range and subtracted from the remaining methane at 5 bar. MOFs have shown to 

be extremely competitive materials as adsorbents for safe and efficient methane storage 

Table 1-2. Volumetric uptake capacity for selected MOFs in the 5-65 bar and 5-80 bar pressure ranges compared with 
Al-soc-MOF-1. (L) for Langmuir. 

Materials Surface Area 

(m2/g) 

Working 

capacity 

(5-65 bar) 

cm3(STP) cm-3 

Working 

capacity 

(5-80 bar) 

cm3(STP) cm-3 

Temperature 

(°C) 

Al-soc-MOF-183 5585 237 264 -15 

UTSA-7683 2820 207 NA 25 

HKUST-183 2203 (L) 199 200 25 

Ni-MOF-7488 1593 (L) NA 129 25 
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PCN-1485 1984 (BET) 250 157 25 

NOTT-101a88 2805 NA 181 298 

MOF-20588 4460(BET) 129 186 25 

MOF-589 3480a 198 NA 25 

IR-MOF-688 2630 (L) 143 NA 25 

MOF-51988 2400 (BET) 211 230 25 

NU-11190 4390 (BET) 239 NA -3 

 

1.7.1.2  Carbon Dioxide Storage 

Carbon dioxide (CO2) is considered one of the major components of greenhouse gases 

and is playing a significant role in global warming. The combustion of fossil fuel and gas 

– or coal-burning power plants are the major contributor for CO2 emissions. In addition, 

oil and gas reserves are often contaminated with high levels of impurities, namely H2O 

and CO2 (120). The combination of H2O and CO2 leads to the formation of carbonic acid 

which is present at high enough concentrations can lead to the corrosion of pipelines and 

eventually to pipeline failure. As the CO2 content increases, this adds up economic 

burden on due to high purification costs. Hence, the need to establish a purification 

method which reduces CO2 content in reserves.91-92 

CO2 capturing has been investigated via several methods including amine scrubbing, 

cryogenic distillation and sorbent adsorption.91 The main criteria followed for selecting a 

material with the appropriate properties for CO2 capturing are summarized as such. The 

adsorbent must be selective to CO2 over CH4, that is have higher, albeit moderate affinity 
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towards CO2 over methane. The need for moderate affinity is to maintain low cost during 

the regeneration step. Additionally, the adsorbent must be chemically and thermally 

stable in the presence of water vapor, H2S and other impurities present in the gas. It is 

also essential to have high capacity for CO2, thus less regeneration cycles. The adsorbent 

needs to be installed in industry, so the adsorbent must have a high shelf life and the 

capacity must not diminish with every cycle. 

MOFs with their large pore volumes and tunable frameworks have been presented as 

potential platforms for CO2 capturing. Exhaustive studies have been conducted to 

investigate the CO2 adsorption abilities and in a report published by Yaghi,93 MOF-177 

showed an adsorption capacity of 33 mmol/g at 35 bar and room temperature which is the 

highest reported among porous materials for CO2 storage. This is another illustration 

which shows that as opposed to the first generation of MOFs, second generation is 

becoming more and more robust with enhanced properties for targeted applications 

1.7.1.3  Oxygen Storage 

MOFs have been extensively studied and various properties have been examined 

as a storage medium for H2, CO2 and CH4; however, very little work has been done 

when it comes to oxygen storage. Storing oxygen is becoming excessively important 

in the health care domain, particularly by first aid responder in the treatment of 

respiratory insufficiencies and in hyperbaric oxygen changes for the treatment of 

carbon monoxide poisoning, as well as in welding industries where flame torches are 

used for cutting and shaping metals and aviation industries. Hence, the need to 

develop efficient pathways to store O2 for various industrial needs becomes crucial. 

In Chapter 3, we conducted high pressure study on oxygen storage to compare the 
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behavior of rht-MOF-10 with the only other porous materials that have been studied 

by Hupps group showing high potential for oxygen storage. 

 

1.7.2  Application of MOFs: Water Applications 

MOFs are always stamped with stability concerns when exposed to bulk water or water 

vapor. As the objective of using MOFs as adsorbents in various industrial applications, 

which often involves exposure to water vapor, thus the demand to synthesize 

hydrolytically stable MOFs arises. Additionally, MOFs are steered into applications 

which require capture and release of water. This could be for adsorption-driven heat 

exchangers, which is a subject heavily studied by Janiak.94-96 In addition to usage 

regarding air-conditions unites in vehicles.  

In any of the mentioned applications, the following criteria needs to be fulfilled while 

envisioning a viable porous material. First, pore filling or condensation of water in the 

pores should occur at targeted pressures and exhibit steep uptake. Second, high water 

uptake capacity is needed, which would allow for delivering maximum water content. 

Third, highly recyclable and have high water stability. Intensive work has been conducted 

to fine tune the building blocks of MOFs to have higher stability. Recently, Yaghi has 

published a series of MOFs based on polynuclear zirconium (Zr4+) carboxylate-based 

clusters for enhanced water-vapor exposure responses.97 the study was conducted on 23 

materials including MOF and other porous materials including zeolites, mesoporous 

silica and activated carbon. Two of the used MOFs in this study were highlighted as the 

highest performers based on the set criteria. 
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1.8   Research Presented 

The following chapter will highlight the main projects that I was involved in for the 

past few years. These chapters are based on applying each of MBB approach (Chapter 2, 

4 and 5) and SBB approach (Chapter 3) to MOF synthesis. Our focus was to show how 

specific, edge-transitive topologies could be targeted by implementing the adequate 

building blocks. Having established the conditions need to consistently isolate the 

requisite MBBs while targeting specific topologies allowed us to explore the tunability of 

these frameworks when exposed to ligand functionalization. In our analysis, we heavily 

rely on SXRD, PXRD, water sorption and gas sorption experiments to have a better 

understanding of the obtained structures. 

In addition to targeting specific topologies, we also demonstrated the versatility of some of 

the MBBs, especially in Chapter 5, where indium (III) cations were used in the presence 

of tetratopic and hexatopic ligands which lead to the formation of unexpected structures. 

We also encountered a flexible framework built from zigzag indium (III) ions and a 

tetratopic ligand. This framework showed high sensitivity to probe gas molecules and 

CH3CN solvent exchange. As with the previous chapters, SXRD, PXRD and gas sorption 

analysis are also presented. 
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Chapter 2:  Molecular Building Block Approach to MOF Synthesis 

2.1   Introduction 

Research relating to metal-organic frameworks (MOFs), a class of porous materials, 

is one of the most rapidly developing areas of solid-state chemistry. This can be 

attributed to the general ease of synthesis and modular nature of MOFs. A great deal of 

information has been gathered in establishing different synthetic routes1-3 to target MOFs 

with specific topologies4-12 and inherent functionalities.13-15 One of the fields which have 

helped in gaining more insights into MOF synthesis, characterization and topological 

classification is zeolites. Although built solely based on inorganic moieties16-18, chemists 

with zeolite backgrounds have looked into some of the conceptual and synthetic tools for 

a better understanding of MOF synthesis18. For instance, the use of structure directing 

agents (or templates) and solvothermal reaction conditions in the synthesis of MOFs; as 

well as the concept of secondary building blocks for topological analysis.19 This implies 

that in order to understand the overall structure, we need to conceptually break it down 

into its geometrical representation of the building units, the secondary building units 

(SBUs)18. 
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Introduction of the SBU concept into the MOF field,20-21 as a geometric 

representation of the basic building units forming the overall network, has allowed for a 

vast advances in understanding and identifying the underlying network topologies. 10, 22-23 

This implies that it is now possible to choose specific building blocks which would then 

self-assemble into structures with specific network topologies.15 For example, 

honeycomb network is composed of one type of triangular nodes which are linked to each 

other via a linear link (Figure 2-1). 

 

Figure 2-1. Schematic representation illustrating the use of SBUs in describing MOF structure: (Top) A combination of 
a triangular SBU and a linear SBU allows the formation of honeycomb (hcb) net. (Bottom) An example of the MBBs 
allows the formation of a MOF with hcb-nets. A triangular pyridine-based ligand with a triangular coordinated metal 
cluster combined to form the hcb-net. 

Therefore, the key is to utilize organic and inorganic moieties, with the proper 

coordination propensity and geometry, to form molecular entities representing specific 

building units for targeted nets. In principle, these SBUs can represent any chemical 
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entity which has the same geometry (defined by the points of extensions) as triangular 

SBU (Figure 2-1). For example, the presence of a three-connected linker and a linear 

linker, represented by metal clusters or ligands, allows the formation of the targeted hcb 

net.  

 Another key factor that plays a crucial role in MOF synthesis and targeting 

specific topologies is the functional compatibility between the organic and the inorganic 

MBBs. In the instance where a square building unit is needed for targeting a specific 

topology, two scenarios can be brought to attention. One is where the binuclear 

paddlewheel cluster is considered, which can act as a square SBU, formed with four 

carboxylate-based coordinating ligands in the presence of transition metals thus having a 

general formula of [M2(RO2C–)4]. In this instance, it is appropriate to use a ligand with 

carboxylate functionality to allow the formation of the paddlewheel cluster. On the other 

hand, when palladium is used, a more appropriate functionality would be nitrogen-based 

organic ligands, such as pyridyl groups, in targeting a Pd-based MBB with square 

geometry having a general formula of [Pd (R-N)4].  

 Early in the 1990’s, literature reported MOFs were based on single metal ions and 

nitrogen-based organic ligands.24 However, monodentate coordination results in the lack 

of rigidity, which often leads to structural collapse upon partial or complete removal of 

guest molecules; in addition to lack of directionality, which makes structure prediction 

often challenging.4, 11, 25This has drawn attention for the need for introducing rigidity in 

building units through multidentate coordination. This was addressed through a plethora 

of research focused on the synthesis of MOFs based on polynuclear clusters which 
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imparts both rigidity and directionality into the inorganic SBU. This resulted in a new 

category of MOF materials, based on multidentate ligands with carboxylate 

functionalities and carboxylate-based clusters. In these carboxylate based MOFs, metal 

ions are locked in position allowing stabilizing the resulting framework even when guest 

molecules are removed.  

 As stated, identifying the compatibility between organic and inorganic MBBs 

regarding functionality is essential. When the geometric and functionality based 

conditions are satisfied, consistently synthesizing a specific MBB is often still a 

challenge. Obtaining the desired MOF is often achieved either through combinatorial 

experiments or through adopting some of the reaction conditions reported to allow 

isolation of similar discrete clusters. The goal is to identifying the proper conditions 

which allow consistent formation of the desired inorganic MBB and further 

implementing reticular chemistry and the MBB approach toward designing MOFs.5, 8, 11, 

26-29 The great interest in isolating reaction conditions to targeting MBBs, over the past 

decade, have resulted in ranges of conditions favoring the formation of several 

clusters/MBBs. The strategies most relevant to the research presented here are the 

isoreticular fcu-MOFs29-31 and ftw-MOFs32 composed of rare earth (RE) and group (IV) 

cations forming carboxylate-based hexanuclear clusters which can be regarded as one of 

the MBBs.     

The ongoing progress observed in the MBB approach has fast-forwarded MOF design 

to higher levels of complexity through targeting individual building blocks. The key in 

unraveling new series of MOFs is established through determination of the reaction 
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conditions that would allow consistent MBB formation. Under these conditions, ligands 

with appropriate geometry can then be selected to successfully isolate MOFs with desired 

topologies and embedded functionalities. 

The main interest in this chapter is MOFs based on rare earth (RE) polynuclear 

clusters. Recently, several research groups have focused on a similar class of MOFs 

derived from group (IV) polynuclear clusters. This avenue of research allowed the 

synthesis of chemically and thermally stable and versatile-highly connected MOFs. The 

prime example of this series of MOFs is the zirconium based UiO-66. This MOF has an 

underlying fcu topology and is one of the earliest findings of this class of MOFs and 

hence is the most studied. In addition, fcu MOF is highly connected and a minimal-edge 

transitive net. UiO-66 and the reported series of group IV fcu MOFs, are composed of a 

linear dicarboxylate based linker bridging 12-c hexanuclear clusters, at the time of 

publication these clusters had the highest coordination number reported in MOFs.28, 33 

The resulting network, in the case of UiO-66, has a 12-c MBB, with cuboctahedral 

coordination geometry, positioned in a face centered cubic packing linked via 

terephthalic acid ligands. This class of materials, fcu-MOFs, has become quite the focus 

due to its high modularity. More than ten compounds (Figure 2-2) so far has been isolated 

with the same topology showing its amenability to isoreticular chemistry28, 33-34. It is 

worth mentioning that the original synthetic procedure allows only for the growth of 

micro-sized aggregation of intergrown crystals; hence the need for powder diffraction 
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measurements for structural characterization.

 

Figure 2-2. Schematic representation illustrating an example of isoreticular chemistry of the fcu topology: A 12-
connected hexanuclear cluster (group (IV), RE) connected via a ditopic ligand (Top) resulting in the formation of a 
cuboctahedron SBUs linked via linear linker (middle) to yield a network of fcu topology. The right side represents the 
family of ligands implemented with group (IV) cations, ligands on the far left side are used with RE cations and the 
ones in the middle have been reported for both cations. Color code: functional groups (sea green, ligands), nitrogen 
atoms (blue), carbon atoms (grey), oxygen atoms (red), RE and group (IV) cations (sea green, metal cluster). 

 A significant breakthrough in the synthesis of these materials occurred in 2011, when 

Schaate and co-workers presented the concept of a reaction modulator as a way to tune 

the size of the crystalline product.35 Their work showed that adding excess amounts of 

mono-functional acids (benzoic acid and acetic acid) helps in slowing down the rate of 

the reaction (crystallization rate) avoiding micro-crystalline product and allowing the 

growth of single crystals. They used the term “modulator” similar to the Kitagawa group, 

where in 2010 they used a similar approach (using different amounts of dodecanoic acid) 

to control the nucleation and particle size for the MOF known as HKUST-1. The 
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Kitagawa study showed that using different modulators and controlling the concentration 

can control the growth and morphology of the HKUST-1 crystals. 

Schaate and co-workers put the use of reaction modulators into practice by 

synthesizing high quality single crystalline UiO-66 (terephhalic acid), UiO-67 (biphenyl-

4,4’-dicarboxylic acid) and the amino functionalized UiO-66. The crystal quality was 

regulated by carefully controlling the concentration of the added mono-functional acids. 

Subsequently, other groups also showed that varying the concentration of the modulator, 

not only facilitates crystal growth, but can also result in remarkable effects on the 

connectivity of the cluster. For virtually the same reaction conditions (ligand:metal ratio 

and solvent system), increasing the amount of the modulator resulted in reducing the 

connectivity of the SBU from 12-c to 8-c and even 6-c.36-37Moreover, implementing the 

modulator approach allowed for uncovering a new previously unreported 12-connected 

octanuclear Zr cluster.38 

Inclusion of a mono-functionalized acid provides a two-fold role in: 

(1) Regulating the rate at which crystal grow  

(2) Controlling the connectivity of the resulting polynuclear cluster  

The mechanism by which this occurs involves competitive coordination interactions 

between the mono-functional acid and the poly-functional linker.39 In other words, the 

addition of the modulator (benzoic acid) allows for the in situ formation of complexes 

between zirconium cations and benzoic acid. This amount of modulator controls the 

exchange rate and equilibrium between the benzoic acid and the linker additionally an 



65 
 

increased amount of benzoic acid reduces the pH of the solution.35 At the lower pH, more 

of the ligand is found in its protonated form and less of the carboxylates are available for 

coordinating to the metal cluster, this ultimately results in slower product formation and 

more controlled crystal growth. In addition, the effect of anhydrous and minimal amounts 

of water in the reaction was studied by Schaate and co-workers. This showed that the 

presence of water molecules in solution is critical for the formation of the μ3-O and 

μ3-OH in the metal cluster. 

The discovery of all these characteristic effects resulted in a widely implemented 

modulator-based synthesis method pertaining to synthesizing Zr-MOFs (such as fcu-

MOFs33-34), allowing for the synthesis of a plethora of Zr MOFs with ligands of different 

lengths and/ or embedded functionalities.40 This approach was further extended to non-

linear ligands including bent ligands and tetracarboxylates.36, 41-42 

As exemplified by the group IV fcu-MOFs, highly connected and minimal-edge 

transitive nets are of prime interest in crystal chemistry and can be regarded as ideal 

blueprints for the rational design and construction of MOFs. We are mainly interested in 

highly connected building blocks, as an effective way to limit the number of possible 

topological outcomes thus promoting the synthesis of structures with high-symmetry 

topologies.11-12, 31-32, 43 Given these critical limitations, our group has been actively 

involved in targeting highly connected polynuclear RE metal clusters. Recently, we 

isolated the reaction conditions, inspired by the modulator effect, that consistently allow 

the formation of two new highly connected RE based clusters:  

1) Hexanuclear carboxylate clusters [RE6(OH)8(O2C–)12] 
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2) Nonanuclear carboxylate-based clusters [RE9(µ3-OH)12(µ3-O)2 (O2C–)12].  

This resulted into the discovery of a new series of highly connected 3-periodic MOFs 

based upon the assembly of 12-c hexanuclear and nonanuclear clusters with 

cuboctahedron12, 29-31, 43 and/or hexagonal prism secondary building units (SBUs) 

respectively, Figure 2-3. 

 

Figure 2-3. (Left) 12-connected hexanuclear cluster forming a cuboctahedron and (Right) 12-connected nonanuclear 
cluster forming hexagonal prism (double six membered ring D6R) 

The focus of this chapter is on the synthesis of MOFs based on the aforementioned 

RE polynuclear clusters (MBBs) with high connectivity (i.e. 8-c and 12-c clusters) in 

combination with polytopic ligands having 4 and 6 potential points of extension. This 

resulted in the successful synthesis of Y-shp-MOF-5 having (4,12)-c net and shp 

topology. 
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2.2    Experimental 

2.2.1  Materials and Methods 

All chemicals unless mentioned otherwise were used as received from Acros, 

Fisher Scientific, Sigma Aldrich or TCI chemicals. 

Powder X-ray Diffraction (PXRD) measurements were carried out at room 

temperature on a PANalytial X’Pert Pro MPD X-ray 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. 

Variable Temperature Powder X-ray Diffraction (VT-PXRD) measurements were 

collected on a PANalytical X’Pert Pro MPD X-ray diffractometer equipped with an 

Anton Parr CHC+ variable temperature stage. Measurements were collected at 45 kV, 

40 mA for CuKα (λ = 1.5418 Å) with a scan speed of 1.0° min-1 and a step size of 

0.02° in 2θ. Samples were placed under vacuum during analysis and the sample was 

held at the designated temperatures for at least 15 minutes between each scan. 

Variable Relative Humidity Powder X-ray Diffraction (RH-PXRD) measurements 

were collected under different relative humidity levels. In order to regulate and 

control the humidity, the variable temperature stage (mentioned earlier) was 

connected to a Modulator Humidity Generator MHG-32 which is an add-on 

equipment. The modular humidity generator consists of a central control unit and an 

external mixing module. The mixing unit is used to monitor and regulate the flow 

rates of gases and liquids, then sends the media to the mixer in separate lines. The 

Humidifier-Mixer module is attached to the outer wall of the chamber to ensure 

closed loop regulation and a sensor for humidity and temperature is needed. The 
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carrier gas used is N2 gas, where some of which is bubbled through a vessel of 

deionized water to humidify the stream as determined. The total gas flow rate used 

throughout the experiment is 500 ml/min. Each point was given 2 h to reach 

equilibrium before a diffraction pattern is collected. The method used starts off with 

0-5% RH and diffraction patterns are collected up until 95% RH and then humidity is 

reduced to 0% RH to monitor if any changes could be observed.  

Thermogravimetric analysis (TGA) was performed on a TA instruments hi-res 

TGA Q5000IR with High Resolution TGA (Hi-Res TGA) capabilities. Experiments 

were carried out under N2 with sample and balance purge flow rates of 25ml min-1 

and 10ml min-1, respectively. Samples were placed in 100 µl high temperature 

platinum crucibles and heated in Hi-Res TGA mode with a heating rate of 1°C min-1 

and a resolution index of 2 and a sensitivity index of 4.  

Single Crystal X-ray Diffraction (SCXRD) Data were collected on a Bruker X8 

Prospector APEX2 CCD diffractometer system equipped with a Cu Kα INCOATEC 

Imus micro-focus source (λ = 1.54178 Å). APEX2 (Difference Vectors method) was 

used for indexing. Data integration and reduction were performed using SaintPlus 

6.01. Absorption correction was performed by multi-scan method implemented in 

SADABS. Space groups were determined using XPREP implemented in APEX2. The 

structure was solved using SHELXS-97 (direct methods) and refined using SHELXL-

97 and SHELXL-2013 (full-matrix least-squares on F2) contained in APEX2, WinGX 

v1.70.01 and OLEX2. 
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Pore Volume Calculation was calculated from the solvent free crystal structure by 

creating a Connolly surface using “Atom Volume and Surfaces” module in Accelrys 

Materials Studio v6.1, using a fine grid resolution and a Connoly radius of (1.82 Å 

(N2), 1.75 Å (Ar)). 

Low-pressure gas sorption measurements were performed on a 3-Flex Surface 

Characterization Analyzer (Micromeritics) at pressures up to 1 atm. The cryogenic 

temperatures controlled using liquid argon baths at 87 K. The apparent surface areas 

were determined from the argon adsorption isotherms collected at 87 K by applying 

the Braunauer-Emmett-Teller (BET) model.  

1H NMR and 13C NMR spectra were recorded on a Bruker Avance III 600 MHz, 

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 and CDCl3 residual peak (δ= 7.26) 

in Chloroform-d as internal standards, and for 13C NMR spectra with residual peaks 

for DMSO-d6 and CDCl3 observed at 39.52 and 77.16 respectively. 

Topos software packages were used to determine the coordination sequence, point 

symbol and topology of all reported compounds based on their crystal structures. 

Water vapor adsorption experiments were carried out on a VTI-SA vapor sorption 

analyzer from TA Instruments (New Castle, DE, United States). The water vapor 

partial pressure was controlled automatically by mixing wet vapor feed with a dry N2 

line; hence, N2 acts as a carrier gas for water vapor. Samples are usually pre-dried at 

125 °C in the presence of N2 dry carrier. The sample “dry mass” was measured under 

N2 and was at equilibrium (25 °C) before introducing water vapor into the chamber. 
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The adsorption isotherms, obtained at equilibrium were collected within a range of 

0% - 95% RH.  

2.2.2  Experimental 

Synthesis of Y shp-MOF-5, KME_836 [Y9(µ3-O)2(µ3-OH)12 (H2O)7 (O2C–)12]. 

To a 20 ml glass scintillation vial containing benzene-1,2,4,5-tetrabenzoic acid 

(BTEB)(6.7 mg, 0.012 mmol) dissolved in 0.5 ml DMF, a 0.5 ml of a 0.068M solution of 

Y(NO3)3·6H2O in DMF (13 mg, 0.034 mmol), followed by the addition of 2.01 ml 4 M 

2-fluorobenzoic acid (2-FBA)  (8.04 mmol) in DMF and 0.75 ml H2O. The vial was 

sealed and placed into a preheated oven at 105 °C for 24 h. Colorless hexagonal 

bipyramidal crystals were obtained. 

Synthesis of Tb shp-MOF-5 [Tb9(µ3-O)2(µ3-OH)12 (H2O)7 (BTEB)3]. To a 20 ml 

glass scintillation vial containing BTEB (6.7 mg, 0.012 mmol) dissolved in 0.5 ml 0.068 

M Tb(NO3)3·5H20 in DMF (14.8 mg, 0.034 mmol), followed by the addition of 2.01 ml 

4 M 2-FBA (8.04 mmol) in DMF and 0.25 ml H2O. The vial was sealed and placed in a 

preheated oven at 105 °C for 48 h. Colorless hexagonal bipyramidal crystals obtained. 

Synthesis of Yb shp-MOF-5 [Yb9(µ3-O)2(µ3-OH)12 (H2O)7 (BTEB)3]. To a 20 ml 

glass scintillation vial containing BTEB (6.7 mg, 0.012 mmol) dissolved in 0.5 ml DMF, 

a 0.5 ml 0.068 M Yb(NO3)3·6H2O in DMF (12 mg, 0.034 mmol), followed by the 

addition of 2.01 ml 4 M 2-FBA (8.04 mmol) in DMF, 0.75 ml H2O and 0.1 ml HNO3 

(3.5 M). The vial was sealed and placed in a preheated oven at 105 °C for 48 h. Colorless 

hexagonal bipyramidal crystals obtained. 
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Synthesis of Y-(F)- shp-MOF-5 [Y9(µ3-O)2(µ3-OH)12 (H2O)7 (F-BTEB)3]. To a 

20 ml glass scintillation vial containing (fluorine functionalized ligand at ortho position) 

F-BTEB (6.3 mg, 0.01 mmol) dissolved in 1 ml DMF, a 0.5 ml 0.068 M Y (NO3)3·6H2O 

in DMF (13 mg, 0.034 mmol), followed by the addition of 0.765 ml 4 M 2-FBA (3.06 

mmol) in DMF and 0.75 ml H2O. The vial was sealed and placed in a preheated oven at 

105 °C for 24 h. Colorless hexagonal bipyramidal crystals obtained. 

Synthesis of Y-(NH2)- shp-MOF-5 [Y9(µ3-O)2(µ3-OH)12 (H2O)7 (NH2-BTEB)3]. 

To a 20 ml glass scintillation vial containing (amine functionalized ligand at ortho 

position) NH2-BTEB (6.2 mg, 0.01 mmol) dissolved in 1.5 ml DMF, a 0.5 ml 0.068 M Y 

(NO3)3·6H2O in DMF (13 mg, 0.034 mmol), followed by the addition of 0.765 ml 4 M 

2-FBA (3.06 mmol) in DMF and 0.75 ml H2O. The vial was sealed and placed in a 

preheated oven at 115 °C for 24 h. Pale yellowish hexagonal bipyramidal crystals 

obtained. 

Synthesis of Y-(OMe)- shp-MOF-5 [Y9(µ3-O)2(µ3-OH)12 (H2O)7 (OME-BTEB)3]. 

To a 20 ml glass scintillation vial containing (methoxy functionalized BTEB at ortho 

positions) OME-BTEB (7 mg, 0.01 mmol) dissolved in 1 ml DMF, a 0.5 ml 0.068 M Y 

(NO3)3·6H2O in DMF (13 mg, 0.034 mmol), followed by the addition of 0.34 ml 4 M 2-

FBA (1.36 mmol) in DMF, 2 ml of DMF and 0.75 ml H2O. The vial was sealed and 

placed in a preheated oven at 105 °C for 24 h. Colorless hexagonal bipyramidal crystals 

obtained. 

Synthesis of Y OMe- scu-MOF-5 [Y6(µ3-OH)8 (H2O)x (OME-BTEB)2(F-BzA)x]. 

To a 20 ml glass scintillation vial containing OME-BTEB (3.5 mg, 0.005 mmol) 
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dissolved in 1 ml DMF, a 0.5 ml 0.068 M Y (NO3)3·6H2O in DMF (13 mg, 0.034 

mmol), followed by the addition of 0.552 ml 4 M 2-FBA (2.08 mmol) in DMF, 2 ml of 

DMF and 0.75 ml H2O. The vial was sealed and placed in a preheated oven at 105 °C for 

24 h. Colorless elongated hexagonal bipyramidal crystals obtained. 

Synthesis of Y-CTTA MOF [Y6(µ3-OH)8 (H2O)x (L)2]. To a 20 ml glass 

scintillation vial containing CTTA (5.78 mg, 0.012 mmol) dissolved in 1 ml DMF, a 0.5 

ml 0.068 M Y (NO3)3·6H2O in DMF (13 mg, 0.034 mmol), followed by the addition of 

0.765 ml 4 M 2-FBA (3.06 mmol) in DMF, 0.5 ml of DMF and 0.75 ml H2O. The vial 

was sealed and placed in a preheated oven at 105 °C for 24 h. Colorless diamond shaped 

crystals were obtained. 

Synthesis of Y-DCTTDCA MOF [Y6(µ3-OH)8 (H2O)x (L)2]. To a 20 ml glass 

scintillation vial containing DCTTDCA (5 mg, 0.009 mmol) dissolved in 1.5 ml DMF, a 

0.735 ml 0.068 M Y (NO3)3·6H2O in DMF (19 mg, 0.05 mmol), followed by the 

addition of 0.917 ml 4 M 2-FBA (3.67 mmol) in DMF, 0.5 ml of EtOH, 1ml ClBz and 2 

ml H2O. The vial was sealed and placed in a preheated oven at 115 °C for 72 h. Colorless 

lozenge shaped crystals were obtained. 

Synthesis of Y-L MOF [Y7(µ3-OH)8 (µ2-OH)2(O2C–)10]. To a 20 ml glass 

scintillation vial containing H6L (8.06 mg, 0.0075 mmol) dissolved in 1 ml DMF, a 0.331 

ml 0.068 M Y (NO3)3·6H2O in DMF (8.61 mg, 0.0225 mmol), followed by the addition 

of 0.3375 ml 4 M 2-FBA (1.35 mmol) in DMF, 0.5 ml of DMF and 2 ml H2O. The vial 

was sealed and placed in a preheated oven at 105 °C for 72 h. Colorless block shaped 

crystals were obtained. 
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2.2.3  Results and Discussions 

A.1.1.1  Y shp-MOF-5 with BTEB 

In our pursuit in acquiring a group IV MOF with shp topology, a rectangular 

tetracarboxylate ligand benzene-1,2,4,5-tetrabenzoic acid (BTEB) was utilized as 

obtained from sigma Aldrich. As anticipated, based on previous work from our group, the 

in situ formation of the 12-c rare earth MBB was successfully isolated by the addition of 

excess amount of 2-FBA, which acts as “reaction modulator” for the in situ formation of 

highly connected polynuclear carboxylate-based clusters.29-30 Hence, a solvothermal 

reaction of BTEB and yttrium nitrate, ytterbium nitrate or terbium nitrate with excess 

amount of 2-FBA, resulted in a 3-periodic MOF composed of 12-c hexagonal prismatic 

and 4-c rectangular building blocks, Figure 2-4. The obtained MOF has the expected shp 

network topology. 

Single crystal X-ray diffraction showed that the obtained compound, shp-MOF-5 

crystallizes in the hexagonal P63/mmc space group having cell parameters of a = 22.995 

(2) Å, c = 24.684 (2) Å; α = β = 90°, γ = 120°. The tetratopic BTEB ligand coordinates 

through all four carboxylates to separate, but crystallography related, 12-c [M9(µ3-

O)2(µ3-OH)12 (H2O)7 (O2C–)12] (M = Y, Yb or Tb) metal clusters. Topological analysis44 

confirms that the obtained MOF is indeed an edge transitive binodal shp or shp-a 

network topology.  
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Figure 2-4. Schematic representation showing the structure of the shp-MOF-5 based on the assembly of 4-c BTEB 
ligand with 12-c RE nonanuclear cluster MBB.  

The Y shp-MOF-5 structure is built from nonanuclear metal clusters 

composed of nine yttrium cations (Y9) statistically disordered over two positions 

with occupancy ca. 0.79 and 0.21 arranged in a tricapped trigonal prism fashion. 

Six Y3+ ions coordinate to eight oxygen atoms; that is, two carboxylates of two 

separate ligands (BTEB), four µ3-OH, one µ3-O, and one water molecule or 

hydroxyl group to complete the coordination environment. Each of the remaining 

three Y3+ ions coordinate to nine oxygen atoms; that is, four from carboxylates of 

four distinct BTEB ligands, four µ3-OH, and one apical water molecule. The 

overall cluster is anionic [Y9(µ3-O)2(µ3-OH)12(O2C–)12]3−, and the resultant 

overall charge of the framework is balanced by three DMA+ 

(DMA = dimethylammonium) cations generated in situ from the decomposition 

of DMF molecules. As shown in Figure 2-4, the Y-shp-MOF-5 structure is 
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composed of 12-c nonanuclear cluster linked via 12 carboxylates from 12 

different BTEB ligands to form a 12-c MBB, hexagonal prism building unit. More 

appropriately, the Y-shp-MOF-5 structure can be viewed as a hexagonal close 

packing of the nonanuclear cluster MBBs and thus can be further simplified into 

pillared hexagonal (hxl) layers; thus forming uniform 1D channels along c axis, 

having a diameter of 10.6 Å. 

The phase purity of the obtained bulk material for the Y/Tb and Yb 

analogs (Figure 2-5) was verified using powder diffraction experiments. The peak 

positions in the calculated and experimental PXRD patterns are consistent.  

 

Figure 2-5. Experimental PXRD patterns of RE shp-MOF-5 analogs compared with the calculated PXRD pattern based 
on Y-shp-MOF-5. 

Further VT-PXRD experiments were performed on acetone exchanged 

Y-shp-MOF-5 to assess the stability of this material under elevated temperatures 

and under soft vacuum. As shown in Figure 2-6, the material shows high degree 



76 
 

of thermal stability under vacuum as it maintains its crystallinity up to 400 °C. 

This was further confirmed using TGA, shown Figure 2-7, where it is observed 

that structure degradation starts occurring as the sample is heated beyond 400 °C. 

 

Figure 2-6. VT-PXRD for acetone exchanged samples showing Y-shp-MOF-5 retains crystallinity up to 400 °C 
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Figure 2-7. TGA showing Y-shp-MOF-5 retaining its stability up to 400 °C. 

 

2.2.3.1.1  Investigating the structural Stability of Y-shp-MOF-5 

To investigate the structural effect of water loading on Y-shp-MOF-5, PXRD was 

collected for samples exposed to relative humidity levels similar to the data points 

collected for water vapor adsorption measurements. Using a variable humidity stage, 

PXRD patterns were collected for acetone exchanged samples at room temperature at 

% RH from 0% RH up to 95% RH, Figure 2-9. We also monitored the stability of 

Y-shp-MOF-5 soaked in liquid water over 24 h, Figure 2-8. As shown in Figure 2-9 and 

Figure 2-8, Y-shp-MOF-5 shows exceptional stability to liquid water and water vapor.  
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Figure 2-8. Calculated and experimental PXRD patterns for Y-shp-MOF-5, indicating the stability of the acetone 
exchanged samples after soaking in water for 24 h. 

 

Figure 2-9. Variable relative humidity PXRD collected on acetone exchanged Y-shp-MOF-5 sample exposed to 
elevated relative humidity levels: At ambient conditions (–), below 65% RH (–), above 65% RH up to 95% RH (–), 
less than 50% RH (–). 
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2.2.3.1.2  Water adsorption properties of Y-shp-MOF 

In light of the large number of exposed open metal sites per nonanuclear cluster, 

inferred from the single crystal data, we aimed to assess and evaluate the performance of 

the Y-shp-MOF-5 with regard to moisture adsorption by performing water adsorption 

measurements over a wide range of relative humidity levels spanning between 0% RH 

and 95% RH. This set of experiments was supplemented by collecting crystal structures 

under variable relative humidity conditions. 

Water vapor adsorption experiments were carried out to examine moisture 

adsorption characteristics on Y-shp-MOF-5 using VTI-SA vapor sorption analyzer from 

TA Instruments. The dynamics of this method is fully explained in “Experimental 

Section”. Samples were prepared and washed first with DMF over the course of 2 to 3 

days to remove excess and unreacted materials, then acetone exchanged for another 2 to 3 

days. The full exchange is confirmed using TGA as shown in Figure 2-10. 

 

Figure 2-10. TGA showing Y-shp-MOF-5 retaining its stability up to 400 °C. 
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Then the fully exchanged sample is loaded on the VTI-SA and heated to 125 °C to 

dry at a rate of 2 °C/min in the presence of N2 carrier for a maximum time of 8 h. Water 

vapor adsorption isotherms of the fully activated (heated to 125 °C) Y-shp-MOF-5, 

collected at 25 °C, for acetone exchanged samples showed fully reversible Type-IV-like 

isotherm (Figure 2-12), with corresponding inflection points of adsorption and desorption 

branches at p/p0 of 0.55 and 0.45 respectively.  

The water vapor adsorption isotherm demonstrated an initial water uptake of 

5 wt% at relative humidity levels less than 20% RH, after which it plateaus until the 

moisture level reaches 55% RH - 60% RH. It is anticipated that the exposed Y open 

metal sites serve as the primary adsorption sites for water molecules at low %RH. As we 

increase the moisture levels, we observe a steep water vapor uptake as the total uptake 

capacity of Y-shp-MOF-5 reaches 50 wt% and then it plateaus at 85% RH, Figure 2-11 

(black circles). The overall water adsorption isotherm profile reveals an unconventional 

and a very intriguing s-shaped adsorption and desorption branches, for microporous 

materials, with full desorption completed at intermediate relative humidity of 30% RH.  
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Figure 2-11. Water adsorption (filled symbols) and desorption (open symbols) isotherms of Y-shp-MOF-5, (■) water 
adsorption and desorption collected after activating sample at 125 °C, (  ) water adsorption collected after activating 
sample at 25 °C. 

 In order to differentiate between the water molecules adsorbed on the open metal 

sites and those filling the pores, a 2nd cycle of water vapor adsorption-desorption 

measurements, Figure 2-11 (red circles), were carried out without pre-heating the acetone 

exchanged sample. As shown in Figure 2-11(red circles), a slightly lower total water 

uptake by ~ 5 wt% was observed, while maintaining the total working capacity at 45 

wt%, corresponding to 45 wt% as the total water uptake at saturation. The water 

desorption is achieved simply by reducing the relative humidity, illustrating that complete 

desorption of non-coordinated water molecules occurs, as expected, as they are held by 

weaker bonds due to the relatively weak water-framework interactions. On the other 

hand, water molecules coordinating to the nonanuclear cluster could not be fully 

desorbed under dry air conditions and would require a higher driving force (such as 



82 
 

heating). Hence, the initial step observed in the water vapor adsorption isotherm, 

corresponding to water uptake of 5 wt%, is attributed to the available open metal sites in 

the cluster, which can be regarded as the most energetic sites for the initial adsorption of 

water molecules.   

 Intrigued by the obtained s-shaped isotherm, which is quite unconventional for 

microporous materials, we decided to explore this material further. In order to gain more 

physical insights into the intrinsic properties and the dynamics of the adsorption behavior 

of Y-shp-MOF-5, gases with different sizes and polarizabilities were investigated under 

different pressures, as illustrated in the section below. 

2.2.3.1.3  Preliminary Gas Sorption Studies: Utilizing gas 
sorption studies for a better understanding of the intrinsic 
properties of Y-shp-MOF-5 

 

Prior to conducting gas sorption studies to evaluate if Y-shp-MOF-5 exhibits 

specific guest molecule-controlled response, we opted to explore the porosity of the 

material. First, samples of Y-shp-MOF-5 were exchanged using different volatile 

solvents and the aptness of the solvent was assessed using TGA. For Y-shp-MOF-5, 

acetone showed to be the optimum solvent for sorption studies as it allows full access to 

the pores. In order to ensure complete exchange, 50 mg of sample was washed 

thoroughly with DMF to remove any unreacted reagents. This was followed by washing 

the sample in ~ 15 ml of acetone over the course of 3 to 4 days. The solution is usually 

refreshed 3-4 times during the day to ensure complete exchange of non-volatile solvents 

(DMF in this case). Then the sample is evacuated at room temperature using a turbo 

molecular vacuum pump and gradually heated to the optimal temperature (with a heating 
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rate of 1°C/min), which will allow full access to the pores, and held for 12 h before being 

cooled to room temperature. This is determined by carrying preliminary sorption 

screening of nitrogen adsorption at 77 K after each activation temperature. As shown in 

Figure 2-12, the optimal activation temperature is 125 °C.  

Low pressure Ar adsorption experiments were performed to confirm the 

permanent porosity of Y-shp-MOF-5 and to determine the pore volume. Ar adsorption 

isotherms recorded at 87 K for acetone exchanged samples showed fully reversible Type-

I isotherm (Figure 2-13), characteristic of a microporous material with permanent 

microporosity. The apparent BET surface area for Y shp-MOF-5 was estimated to be 

1580 m2 g-1 and a pore volume of 0.63 cm3 g-1, where the pore volume is in good 

agreement with the theoretical value extracted from crystallographic data of 0.61 cm3 g-1.  

 

Figure 2-12. Activation screening, N2 isotherms for Y-shp-MOF-5 

As mentioned earlier, the objective is to determine if a similar behavior as that 

observed when exposed to different water vapor pressures can be induced when 
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exposed to other gases. First, low pressure gas sorption measurements of CO2 and H2 

were collected at different temperatures and the isosteric heats of adsorption (Qst) 

were estimated, to determine the affinity of the framework to these gases, by applying 

the Clausius-Clapeyron expression using the H2 sorption isotherms measured at 77 K 

and 87 K and the CO2 isotherms measured at 258, 273, 288 and 298 K, Figure 2-14 

and Figure 2-15. 

 

Figure 2-13. Argon Isotherm for Y-shp-MOF-5 collected at 87 K. Adsorption and desorption profiles illustrated in 
closed and open symbols. 

Low pressure studies for H2 and CO2 showed relatively low uptake and weak 

interactions with Y-shp-MOF-5, as confirmed from the Qst, with isotherms exhibiting 

regular shapes. We also performed low pressure studies on a larger probe molecule, 

n-C4H10 at 298 K showing fully reversible Type-I behavior, Figure 2-16, which saturates 

at 500 torr with a total uptake of ~5 mmol g-1.  
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Figure 2-14. (Left) CO2 isotherms collected at variable temperatures (258 K, 273 K, 288 K and 298 K) for Y-shp-
MOF-5 and (Right) CO2 Qst for Y-shp-MOF-5 calculated from the corresponding isotherms. 

 

Figure 2-15. (Left) H2 isotherms collected at 77 K and 87 K for Y-shp-MOF-5 and (Right) H2 Qst for Y-shp-MOF-5 
calculated from the corresponding isotherms. 
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Figure 2-16. n-C4H10 adsorption isotherm of Y-shp-MOF-5 at 298 K 

Additional sorption studies of CO2 and CH4 were conducted. Excess CO2 

adsorption isotherm collected at high pressure of 25 bar at 298 K achieved a total uptake 

of ~10 mmol g-1. Examination of absolute CH4 gravimetric (mmol g-1) and volumetric 

(cm3 (STP)/cm3) uptakes at intermediate and high pressure values also showed that Y-

shp-MOF-5 displays very low capacity of ~ 9 mmol g-1 at 55 bar (Figure 2-17). 
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Figure 2-17. CO2 and CH4 high pressure adsorption isotherms for Y-shp-MOF-5 at 298 K 

 

Figure 2-18. C3H8, C3H6 and C2H6 high pressure adsorption isotherms for Y-shp-MOF-5 at 298 K 

This was followed by performing high pressure adsorption studies (at 298 K) on 

Y-shp-MOF-5 of larger and relatively more polarizable probe molecules C2H6, C3H8 

and C3H8. The uptake for C3H6 and C3H8, as illustrated in Figure 2-18, reach saturation 
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at almost same pressure of ~5 bar, whereas, C2H6 reaches saturation at ~8 bar with a total 

uptake of 6.5 mmol g-1, 5.8 mmol g-1 and 6.28 mmol g-1 respectively.  

These results did not show any untoward behavior when Y-shp-MOF-5 was 

exposed to gases of different sizes and polarizabilities and under different pressures to 

pursue any further the applicability of Y-shp-MOF-5 as a potential adsorbent for gas 

storage and separation applications. 

On the other hand, the exceptional behavior of Y-shp-MOF-5 towards water 

vapor remains a mystery and we need to look more into the structure integrity when 

exposed to water and the driving mechanism initiating such an intriguing behavior. 

2.2.3.1.4  Into the mechanism of water sorption in Y-shp-MOF-5 
 

In order to elucidate the mechanism responsible for this unique water vapor 

adsorption-desorption behavior, SCXRD measurements were carried out for crystals 

at different relative humidity conditions (Figure 2-19). Our target of these studies is 

also to infer if water adsorption leads to any structural changes. In here we report 

single crystal data for crystals activated under different external conditions and will 

be referred to as follows; starting with 2, as 1 is the data collected for a crystal picked 

from mother solution (as synthesized), is the structure collected when an acetone 

exchanged sample is activated at 125 °C and under vacuum to ensure empty pores 

and removal of water from open metal sites (if any exists). 3 is the collected when the 

crystal is exposed to 22% RH in the presence of a saturated potassium acetate 

solution and 4 is when the crystal is exposed to 100% RH by adding a drop of water. 
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Figure 2-19. SCXRD revealing adsorption sites for water molecules in Y-shp-MOF-5 as exposed to elevated relative 
humidity. For 2, at 0% RH, no water molecules observed (far left); for 3, between 10% RH to 45% RH water molecules 
occupying open metal sites (middle); for 4, above 65% RH water molecules occupying triangular channels (turquoise 
colored balls representing condensed water molecules in channels). 

The X-ray diffraction data for the as synthesized structure as well as for the 

activated structure at 125 °C were measured on a Bruker X8 Prospector APEX II 

CCD diffractometer (Cu Κα λ = 1.54178 Å). The X-ray diffraction data for the 22% 

and 100% RH were collected on a Bruker APEX II Duo CCD diffractometer using 

Mo Kα radiation (λ = 0.71073 Å). Indexing was performed using APEX 245 

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

SaintPlus46 6.01. Absorption correction was performed by multi-scan method 

implemented in SADABS.47 Space groups were determined using XPREP 

implemented in APEX2. The structure was resolved using SHELXS-97 (direct 

methods) and refined using SHELXL-201348 (full-matrix least squares on F2) 

contained in APEX2,45, 48 WinGX v1.70.0148-51 and OLEX2.48, 52  

All of the collected crystal structures of Y-shp-MOF-5 crystallize in the 

hexagonal crystal system in the space group P63/mmm. Crystal data and refinement 

conditions are illustrated in Tables 1-4 (Appendices). The nonanuclear (Y9) clusters 
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are disordered over two positions with occupancy factors of 0.79, 0.70, 0.74 and 0.71 

for structures 1, 2, 3 and 4, respectively. For proper refinement, thermal parameters of 

all the chemically equivalent atoms and distances between them were constrained/ 

restrained to be the same. Since light oxygen atoms O3 at one cluster orientation were 

located close to heavy yttrium Y2 atoms at the second cluster orientation, their 

thermal parameters were constrained to be the same. In the as synthesized structure 1, 

oxygen atoms at the axial positions of the nonanuclear cluster reveal elongated 

thermal ellipsoids and were split into 2 positions and refined with the same thermal 

parameters as one hydroxyl group and two other water molecules at each side of the 

cluster. Therefore, three dimethylammonium cations are needed to balance the 

framework charge and then the formula of 1 becomes 

|DMA|3[Y9(µ3-O)2(µ3-OH)12(OH)2(H2O)7(BTEB)3]·(solv)x (DMA+ = 

dimethylammonium cation and solv = solvent). The dimethylammonium cations, 

disordered over 12 positions, were localized for the major part of the disorder only. 

The anisotropic refinement of DMA+ cations was unstable, so they were refined with 

fixed geometry in an isotropic approximation. 

Prior to evaluating possible structural changes upon exposing a single crystal to 

different water vapor pressures, we collected diffraction data for a crystal mounted in 

an environmental gas-cell and evacuated in situ under dynamic vacuum at 125 °C for 

12 h, and we would be referring to this structure as 2. No significant residual electron 

density was found in the difference Fourier maps in the pores or around the cluster 

(Figure 2-20, a), indicating the absence of guest molecules into the pores and the 

presence of at least three open metal sites per RE cluster. The presence of thermal 
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parameters for O-atoms at the axial positions suggests that hydroxyl groups 

coordinate to the cluster. In addition, this data clearly shows that the crystal structure 

remains intact when exposed to vacuum.  Subsequently, this crystal was exposed to 

22% RH, labelled as 3, using saturated potassium acetate solution. Crystallographic 

analysis of 3 reveals that the open metal sites present in 2 are now fully occupied by 

water molecules. Diffuse electron density around the cluster suggests the presence of 

water molecules hydrogen bonded with the hydroxyl groups of the cluster 

(Figure 2-20, b). Finally, the crystal was exposed to 100% RH at 25 °C using a drop 

of water, labelled as 4. In 4, apart from water molecules and electron density 

observed in 3, considerable diffused electron density is observed in the channels and 

positions of the most ordered water molecules can be localized (Figure 2-20, c). This 

partial crystallinity of water localization at higher relative humidity is also confirmed 

by PXRD data as clarified using the red dotted line in Figure 2-9 below. 

 

 

Figure 2-20. Residual electron density (Fo-Fc) maps of the (a) crystal structure of 2, clear even at the iso-surface 
level -0.5 e; (b) crystal structure of 3 at the iso-surface level -1.3 e; crystal structure of 4 at the iso-surface level -1.3 e. 

 It is noticed that for the activated structure 2 and for both hydrated structures 3 

and 4, thermal ellipsoids of oxygen atoms at the axial positions of the nonanuclear cluster 
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were similar to other oxygen atoms in the structures. Nevertheless, inductively coupled 

plasma mass spectrometry (ICP-MS) measurements of Na+-exchanged samples confirm 

the same ratio of 1:3 between outer cations and Y3+ as for 1. Therefore, the 

dimethylammonium cations were localized for the major part of the disorder only and 

refined isotropically with a restrained geometry for crystal structures 2-4. In solving these 

structures, it was not possible to use SQUEEZE procedure to estimate crystal 

composition for the structures 1-4 due to considerable disorder of the framework. 

 

Figure 9. Variable RH-PXRD collected on acetone exchanged Y-shp-MOF-5 sample exposed to elevated relative 
humidity levels: At ambient conditions (–), below 65% RH (–), above 65% RH up to 95% RH (–), less than 50% RH 
(–). The red dotted line reflects the ordered water molecules as the %RH increases up to 95 %RH. 

As expected, SCXRD experiments (Figure 2-19 and Figure 2-20) confirm that the 

crystal structure remains intact under different water activation conditions. Hence, the 

shape of the water vapor isotherm only reflects different active sites for water molecules. 

At low pressure, water molecules are first adsorbed on the unsaturated open metal sites. 
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The initial 5 wt% water uptake observed in Figure 2-11 is equivalent to eight water 

molecules, which corresponds to water molecules coordinating to the Y9 cluster and 

hydrogen bonded with the hydroxyl groups of the cluster. The saturation of all open sited 

occur at 10% RH followed by a steady uptake (at ~ 5 wt%) up to 50% RH. The limited 

water uptake indicates the low affinity of water to the MOF surface due to the 

hydrophobicity imposed by the ligand decorating the windows of the channels. Hence, 

the need for higher driving force, i.e., higher water vapor pressure to induce the 

adsorption of water molecules into the available channels and consequently reaching full 

saturation with 50 wt% uptake reached at 70% RH. 

2.2.3.1.5  Implementing the Dubinin and Serpinsky method to 
explain the mechanism involved for water adsorption 

 

The characteristic s-shaped isotherm and the occurrence of a wide hysteresis-like loop 

are highly unusual for microporous materials. This phenomenon is more observed for 

porous materials with mesoporous channels and cages, where hysteresis reflects the 

irreversibility of capillary condensation. In our attempt to explain the unusual hysteresis 

loop observed in this microporous Y-shp-MOF-5, we scanned the literature looking if a 

similar behavior has been observed for microporous MOFs and were not able to find 

anything similar so we referred to the mechanism of water adsorption on activated 

carbons propose by Dubinin and Serpinsky (DS).53 Their interpretation of the shape of 

the experimental isotherms is based on the interactions between water molecules with 

either pure carbon or oxygen-containing surface species. This is followed by the 

adsorption of more water molecules as they form new hydrogen bonds with the adsorbed 

molecules at the primary binding sites. Finally, these secondary sites act as nuclei for the 
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formation of larger water clusters at higher relative humidity; eventually these clusters 

build sufficiently high dispersion energy to migrate into the pores and connect across the 

pores forming superclusters allowing for water condensation in the framework to occur.  

Based on the DS theory, the unique behavior of water adsorption for the 

Y-shp-MOF-5 can be explained as follows: The open metal sites of Y-shp-MOF-5 and 

the exposed hydroxyl groups in the cluster act as primary adsorption sites, via 

coordination or hydrogen bonding, due to their high affinity for water molecules and 

accounts for the initial adsorption of water molecules (5 wt% - 6 wt%) at very low %RH 

(< 10% RH). After the first water adsorption step, the material practically does not adsorb 

any additional water until the relative humidity reaches 50% RH. As the pressure 

increases, water clusters start growing until these clusters build enough dispersive energy 

to sustain it inside the pores. This is plausibly occurring at 50% RH for the 

Y-shp-MOF-5, manifested by the steep uptake where energetically favorable water 

clusters form on secondary sites via hydrogen bonding between water molecules, 

ultimately leading to instant pore filling as the clusters connect across the pore systems to 

form superclusters. On the other hand, as observed in Figure 2-11, at 25 °C and below 

75% the desorption branch is not superimposing with the adsorption branch, due to the 

presence of the superclusters in the pores. In effect, in order for the water molecules to 

escape from the pores, a driving force is needed (i.e. reducing RH to 45% for Y-shp-

MOF-5) to dissociate the superclusters into smaller clusters54 (having weaker dispersive 

forces); hence promoting the progressive desorption of the water molecules from the 

pores while the coordinated water molecules to the open metal sites remain adsorbed. 
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2.2.3.1.6  Applicability of Y-shp-MOF-5 
 

This unique shape observed for water vapor adsorption isotherm illustrated in a steep 

adsorption at 55% RH - 60% RH and a hysteresis coincide with the recommended range 

for moisture level control, ranging between 40% RH to 60% RH, to maintain a healthy 

moisture level in confined spaces as recommended by the standards set by occupational 

health and safety, aerospace and aviation agencies nationally and internationally.55 

Owing to the inventions of the contemporary age, our lifestyle has morphed from 

previously open-air residential and occupational environments into more enclosed air-

conditioned ones, particularly in regions with extreme hot and cold weather.56 One of the 

most critical challenges facing engineers in indoor environments, and more so in 

confined spaces, is regulating the escalating levels of humidity levels. Relative humidity 

is defined as the amount of water vapor in air compared to the amount of water vapor at 

saturation levels at a specific temperature.57 Extreme RH conditions, very low (≤ 25% 

RH) or very high (≥% RH), can lead to adverse effects on the building integrity, proper 

functioning of mechanical systems as well as having adverse effects on human health. 

The recommended indoor RH levels for a healthy and comfortable atmosphere for 

occupied structures should be between 45% RH and 65% RH, as set by the American 

Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE).55 

Moisture-control problems are evident in residential buildings, museums, schools, 

office spaces, shopping malls as well as in other confined spaces with the excessive 

amount of moisture released by human activities.57 An increase in RH leads to 

condensation on windows and walls as well as physical sensation of dampness as the 
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warm-moisture-loaded air comes in contact with a colder surface.58 One of the main 

concerns upon moisture accumulation, in the absence of proper control measures such as 

ventilation and sorbents, is the growth of mold, mildew, and other fungi.59 Recent studies 

have shown that prolonged exposure to toxigenic fungi is directly related to high levels of 

allergies and infectious diseases.60-61 

Of particular concern are cases of confined spaces with no or limited access to fresh 

air, such as space shuttles, airplane cabins, submarines, etc. In these instances, control of 

moisture levels must sometime be maintained without introducing fresh air, which 

imposes additional ventilation challenges.62 Therefore, maintaining relative humidity 

levels between 45% and 65% is crucial to provide a comfortable environment as well as 

prevent various respiratory and central nervous system problem attributed to fungal 

growth. 

For instance, during an airplane flight, the average relative humidity level ranges, at 

elevated altitudes, drops considerably ranging from 14% RH to 19% RH. These very low 

pressures induce the uncomfortable sensation resulting from dry mucus membranes. 

Therefore, eye, nose and respiratory tract irritation symptoms are often encountered and 

may extend even after the exposure is discontinued.63 These low levels are encountered 

as the temperatures drop considerably and the air becoming thin; hence losing its ability 

to hold much water. The chief sources of moisture on board are limited to the evaporation 

of water from passengers’ hygienic activities, perspiration and respiration, exposed food 

and drinks as well as water spills.64 A proposed method to enhance humidity levels is by 

installing active humidification systems; however, the current systems imposes weight 
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constraints on the airplane;65 in addition to condensation hazards, which might cause 

corrosion and electrical faults.63 In this particular case, the control of humidity levels 

becomes crucial. 

Dehumidification is often achieved either by conventional vapor compression air 

conditioning systems or by desiccants such as zeolites, active carbon and silica gels.66 

Vapor compression systems require the installation of bulky and expensive machinery, 

which demands energy intensive operating systems; hence imposing weight and space 

constraints on the aircraft. On the other hand, desiccants are porous materials that have 

high affinity for water, which can be regenerated utilizing heat energy from energy 

sources such as electricity or solar energy.67 Therefore, desiccants would be more 

favorable since they are generally light and easy to handle. However, it is essential to 

point out that desiccants can only act as dehumidifiers. Therefore, in order to regulate the 

humidity levels in the cabin, an ideal sorbent material should swiftly adsorb water vapor 

as humidity levels reach 65%, and start desorbing as humidity levels drop below 45% to 

maintain a comfortable thermal environment as recommended by ASHRAE.55 In that 

perspective, this material addresses the various burdens imposed by other techniques 

regarding design capacity, energy efficiency and overall cost. 

In principle, the concept of implementing adsorbents implies that the material can 

inherently adsorb and desorb water vapor as it is exposed to different humidity levels as 

environmental triggers. However, most materials lack this duality, as they either adsorb 

water or desorb water vapor to the environment under specific conditions. 
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Y-shp-MOF-5 has a remarkable response when exposed to various water vapor 

pressures. The unique shape observed for water vapor adsorption isotherms, Figure 2-11, 

illustrated in a steep adsorption at 55% RH - 60% RH and a hysteresis coincide with the 

recommended range for moisture level control, ranging between 40% RH to 60% RH, to 

maintain a healthy moisture level in confined spaces as recommended by the standards 

set by occupational health and safety, aerospace and aviation agencies nationally and 

internationally.55 

 Consequently, the deployment of Y-shp-MOF-5 into moisture control devices will 

offer vital advantages as it will permit to adsorb moisture starting at a humidity level of 

50% RH and promptly release water when the humidity level goes below 45% RH.    

It is imperative to notice that desorption of water is solely driven by reducing the 

relative humidity. Interestingly, this behavior was also detected when additional water 

adsorption studies were performed at temperatures close to RT, 30 °C and 35 °C. Water 

sorption measurements collected at temperatures close to ambient, 30 °C and 35 °C, 

showed similar behavior albeit with slightly reduced working range for moisture level 

control, as shown in Figure 2-21. As %RH is increased from 0% to 55% RH, we observe 

a relatively steeper uptake at 55% RH and an earlier plateau attained at a lower humidity 

level of 65% RH compared to the 80% RH achieved by isotherms collected at 25 °C. 

This is followed by a full pore desorption at 30% RH; hence resulting in a slightly lower 

working range for moisture level control. 
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Figure 2-21. Water vapor adsorption isotherms of acetone exchanged samples of Y-shp-MOF-5 activated at 125 °C and 
collected at 25 °C, 30 °C and 35 °C showing similar behavior to the one collected at 25 °C with slight reduction in the 
working range for moisture level control. 

As Y-shp-MOF-5 has shown a unique water vapor adsorption behavior, in order 

to assess the cyclic adsorption/desorption performance of the material, further cyclic 

measurements were conducted.  A total of more than 1000 water vapor adsorption and 

desorption measurements were collected under non-equilibrium conditions. For these 

measurements, instead of collecting data over the full range from 0% RH to 90% RH as 

we did for the full isotherm, we chose 2 points. The adsorption and desorption were 

collected at 85% RH (26 mbar) and at 25% RH (8 mbar), where the water vapor pressure 

was maintained at each of the defined pressures for one hour before switching to the 

second point resulting in a total time of 2 h per cycle.  
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Figure 2-22. (Top) change of total mass variation of Y-shp-MOF-5 during non-equilibrium adsorption and desorption 
over more than 1000 cycles driven by repetitive change in relative humidity between 25% RH and 85% RH. (Bottom) 
highlighting the first 200 cycles. 
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Y-shp-MOF-5 showed high and steady cyclic water vapor adsorption operation as 

it maintains its working capacity in the range of 35 wt% - 40 wt%, Figure 2-22. In order 

to verify that the structural properties of the material remain intact, we collected PXRD 

and water adsorption isotherm at equilibrium. As shown in Figure 2-23, PXRD shows 

that the material is still crystalline and the performance when exposed to the full range of 

relative humidity is similar to that collected before recycling the material over a thousand 

adsorption and desorption measurements. 

 

Figure 2-23. (Left) Calculated and experimental PXRD patterns for Y-shp-MOF-5, indicating the stability of the 
acetone exchanged samples after soaking in water for 24 h. (Right) Water vapor adsorption isotherms of () freshly 
prepared acetone exchanged sample (both activated at 125 °C) of Y-shp-MOF-5 and () after exposing the sample to 
1000 water sorption cycles. The full and the empty symbols reflect the adsorption and desorption, respectively. 

2.2.3.1.7  Further Studies into RE shp-MOFs 

The advantages of this class of porous solids, MOFs, compared to other conventional 

porous compounds are their highly designable and tunable frameworks. Applying the 

modulator strategy approach allowed us to consistently form nonanuclear clusters leading 

to shp-topology when BTEB was used as stated in the previous section. The observed RE 

carboxylate-based nonanuclear cluster is a suitable MBB for the rational design of 

highly-connected MOFs as its acclimated geometry and high connectivity limits the 
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number of possible topological outcomes, which is an ideal system for the effective 

practice of isoreticular chemistry. This targeted RE shp-MOF platform offers potential to 

systematically assessing the effect of pore functionalization through ligand 

functionalization on adsorption properties of water vapor. 

The successful synthesis of the highly stable water-resistant Y-shp-MOF-5 prompted 

us to further investigate pathways for modification of this promising MOF platform. 

Subsequently, a series of RE shp-MOFs were targeted to illustrate the tunability of this 

synthetic platform. Our main target is to study the effect of functionalization with both 

hydrophilic and hydrophobic group on the water adsorption properties of Y-shp-MOF-5 

by changing the affinity of the pore surface to water through linker. 

Ligand functionalization could be achieved in different ways, either through 

functionalizing the central ring, or the meta position to COO– coordinating group on the 

peripheral group or through the ortho position. In our study, we chose to functionalize all 

four ortho-positions to the COO– coordinating group. 

To this end, we synthesized functionalized Y-shp-MOF-5 through the systematic 

introduction of both hydrophilic (–NH2) and hydrophobic (–OMe, –F) organic groups on 

the linker to modify the affinity of the pore surface to water and study its influence on the 

water adsorption isotherm. 
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Figure 2-24. Schematic representation illustrating the formation of functionalized Y-shp-MOF in the presence of 
NH2-BTEB and F-BTEB ligands. (Functional groups represented in red) 

 

  

Figure 2-25. Experimental PXRD patterns of isoreticular structures Y-shp-MOF-5-F and Y-shp-MOF-5-NH2 
compared with the calculated PXRD pattern extracted from single crystal data. 

A solvothermal reaction of RE(NO3)3, RE=Y, with excess F-BzA was used as the 

reaction modulator, in the presence of X-BTEB (X= F, NH2 and OMe) and F-BTEB in 

targeting the edge-transitive 3-periodic net having shp topology. We successfully isolated 

the pure phase isoreticular Y-shp-MOF-5 structures when NH2-BTEB and F-BTEB 

ligands were used, as confirmed by single crystal studies (Figure 2-24) and PXRD 

(Figure 2-25). 
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To assess the porosity of the obtained isoreticular MOFs, nitrogen adsorption 

isotherms were measured at 77 K. Nitrogen adsorption isotherms collected at 77 K for 

acetone exchanged samples, activated at 55 °C, showed fully reversible Type-I isotherm,  

Figure 2-26, characteristic of microporous materials with permanent microporosity. The 

apparent BET for Y-shp-MOF-5 (NH2/F) were estimated to be 1208 m2 g-1
 and 1219 m2 

g-1, respectively and a pore volume of 0.5 cm3 g-1 and 0.51 cm3 g-1 which is in good 

agreement with theoretical values extracted from crystallographic date of 0.52 cm3 g-1 and 

0.51 cm3 g-1. 

 

Figure 2-26. Nitrogen adsorption isotherms collected at 77 K for (blue squares) Y-shp-MOF-5 (NH2) and (red squares) 
Y-shp-MOF-5 (F). 

As mentioned earlier the objective is to study the effect of the insertion of 

hydrophobic/ hydrophilic functional groups on the affinity of the pore surface to water. 

Water vapor adsorption isotherms were collected on acetone exchanged samples. The 

fully exchanged sample is loaded on the VTI-SA and heated to 125 °C and 55 °C for Y-

shp-MOF-5 (F) and Y-shp-MOF-5 (NH2) respectively. Water vapor adsorption 

isotherms of the fully activated isoreticular MOFs were collected at 25 °C and showed 
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fully reversible Type-IV-like isotherms as shown in Figure 2-27, with corresponding 

inflection points of adsorption branches at p/p0 0.49 and 0.35 and desorption branches at 

p/p0 0.49 and 0.49 for Y-shp-MOF-5 (F) and Y-shp-MOF-5 (NH2), respectively.  

  

Figure 2-27. Water adsorption (filled symbols) and desorption (open symbols) isotherms of (/) Y-shp-MOF-5 (F) and 
(/) Y-shp-MOF-5 (NH2) collected at 25 °C. 

The water adsorption isotherm demonstrates similar behavior as that observed in 

Y-shp-MOF-5 with two inflection points in the adsorption branch indicating different 

preferential sites and a desorption branch that does not overlap with the adsorption 

branch. In Y-shp-MOF-5 (F), we observe an initial water uptake of 3 wt% at a relative 

humidity of 10% RH, after which it plateaus until it reaches 49% RH. Then a steep 

uptake of water molecules continues until relative humidity reaches 60% RH with a total 

uptake of 32 wt%. As for desorption, Y-shp-MOF-5 starts desorbing at 49% RH till it 

reaches a minimum of 3 wt% at 0% RH. In the case of Y-shp-MOF-5 (NH2), we observe 

an initial uptake of 3 wt%, followed by plateau until 35% RH after which a steep uptake 

is observed as it reaches a total of 35 wt% uptake. Then desorption starts as relative 

humidity is reduced to 49% RH reaching 2 wt% at 0% RH. However, a wider hysteresis 
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loop is observed for Y-shp-MOF-5 (NH2) compared to its analogue Y-shp-MOF-5 (F) 

reflecting stronger interactions into the pores enhanced by the presence of NH2-groups as 

opposed to the presence of hydrophobic groups.  

 

Figure 2-28. PXRD calculated from single crystal data for scu and shp MOF compared with experimental PXRD 
showing mixed phase. 

On the other hand, when linker OME-BTEB was used, two phases can be 

distinguished based on PXRD, Figure 2-28. The two phases are isolated in single crystal 

quality showing that phase 1 is expected shp, while phase 2 has scu topology, 

Figure 2-29 . Phase 2 crystallizes in the monoclinic C2/m space group with a formula unit 

of [Y6O4(OH)4L8]·(solv)x and cell parameters of a = 20.5946 Å, b = 12.1428 Å, c = 

34.2665 Å. It should be noted that data was not collected with highest symmetry which 

for scu MOFs would be orthorhombic. The tetratopic ligand coordinates through all four 

carboxylates to separate 8-c [Y6O8(O2C–)8]·(solv)x hexanuclear clusters. Topologically 

one can distinguish two types of nodes, an 8-connected metal cluster forming a D4R 

(double four membered ring) and the tetratopic ligand which is 4-connected. Topological 
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analysis reveals that the combination of a D4R and a tetratopic linker results in an edge 

transitive binodal scu or scu-a network topology and will be referred to as Y-scu-MOF.   

 

Figure 2-29. Employment of RE in the presence of F-BzA in the presence of OME-BTEB prompted the formation of 
(Top) an 8-connected hexanuclear cluster forming a D4R (double four membered ring) resulting in (4,8)-c net, the scu 
net; (Bottom) a 12-connected nonanuclear cluster forming a D6R (double six membered ring) resulting in (4,12)-c net, 
the shp net.  

The resulting Y-scu-MOF has 1-D channels with diamond shape instead of the 

expected square shape with a size of 8Å × 20 Å along the c-axis. Y-scu-MOF is closely 

related to the Y-shp-MOF, where 4 of the 12 carboxylates, observed for shp-MOF, are 

replaced with disordered terminating ligands (F-BzA and water molecules).    

So far I have not been able to isolate pure phase of each of the obtained mixture and so I 

did not conduct any thermal stability, water stability or porosity studies on the mixture. 

However, we can infer from the isolation of these related structures that functional groups 

can have steric effects affecting the resulting MOF. 
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2.3    Highly Connected Hexanuclear Rare Earth Clusters 

During the course of our research in exploring 4 connected ligands with rare earth 

metal clusters, several new compounds were synthesized and analyzed using SCXRD as 

listed below. Preliminary activation and sorption studies were performed but these 

materials did not show promising results regarding porosity. The synthesis and 

characterization will be presented in the following sections.  

2.3.1  Y-CTTA 

In the previous section, we employed a symmetrical ligand with rare earth metal 

clusters, which resulted in shp topology, as one of the expected outcomes among the 

minimal-edge transitive nets when a 4-c node is joined with a 12-c node. In here, we 

decided to take a different approach for exploring RE clusters, by using an elongated 4-c 

ligand with reduced symmetry, CTTA. The reason behind reducing the symmetry is 

creating a mismatch in the building unites, allowing the discovery of new highly 

connected MOFs. This method was verified, as reported by our group,43 when a 

symmetrical trigonal ligand in the presence of RE metal clusters, induced the formation 

of the 18-c nonanuclear cluster resulting in an unprecedented (3,18)-c MOF. In addition, 

this was observed again when a rigid 3-c ligand with reduced symmetry was introduced 

into the reaction leading to the discovery of another 2 new MOFs, (3,8,12)-c and 

(3,12,12)-c, with new topologies. Here in, we followed the modulator synthesis technique 

and used substantial amount of F-BzA to help in the formation of RE-polynuclear 

clusters. A very similar reaction conditions to those needed for acquiring Y-shp-MOF-5 

were used successfully resulted in a RE-polynuclear cluster, albeit a hexanuclear cluster 

in Y-CTTA MOF. 
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A solvothermal reaction of RE(NO3)3 (RE = Y) and CTTA with an excess 

amount of F-BzA in DMF, yielded a 3-periodic MOF with a new (4,8)-c topology. The 

phase purity of the material was confirmed by comparing the as-synthesized PXRD 

pattern with the calculated one based on the crystal structure (Figure 2-30). 

 

Figure 2-30. PXRD of Y-CTTA MOF as synthesized compared to the PXRD calculated from the single crystal 
structure 

The SCXRD study showed that the obtained compound, Y-CTTA MOF 

crystallizes in the orthorhombic Pnma space group with cell parameters of a=14.3533 (4) 

Å, b=25.2971 (7) Å, c=28.332 (9) Å; α = λ = β = 90°. Analysis of the crystal structure 

reveals the in situ formation of highly connected (Y) polynuclear carboxylate-based 

clusters, namely an 8-c Y hexanuclear and a fully depronated tetracarboxylate ligand 

resulting in a novel 3-periodic highly connected Y-MOF. Analysis of the Y hexanuclear 

cluster reveals that two Y ions (Y1 and Y2) are coordinated to nine oxygen atoms; where 

for Y1, each corresponds to four carboxylates from four separate ligands, four µ3-OHs 

and one terminal water molecule. As for Y2, each corresponds to two carboxylates from 
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two separate ligands, two carboxylates from two terminal ligands (F-BzA), four µ3-OHs 

and one terminal water molecule. The remaining four Y ions, each coordinated to eight 

oxygen atoms, are also divided into two groups Y3 and Y4. Y3 coordinates to three 

carboxylates from three separate ligands and the remaining five coordination sites are 

completed by oxygen atoms from µ3-OHs and terminal ligands (F-BzA and water). Y4 

coordinates similarly to Y3, except that terminating ligands are formate and water. 

Hence, the hexanuclear cluster coordinates to 8 carboxylates from 8 different 

ligands (Figure 2-31) and 4 carboxylates from terminal ligands (formate and F-BzA) to 

give an 8-connected MBB, [Y6(µ3-OH)8(O2C–)8], with points of extension 

corresponding to the carbons of the carboxylate moieties from eight distinct 

tetracarboxylate ligands giving an elongated triangular bipyramid secondary building unit 

(SBU).
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Figure 2-31. Schematic representation of the 4,8-c MOF based on the assembly of 4-c CTTA ligand and an 8-connected 
RE hexanuclear cluster MBB. 

The 4-c organic MBB is the tetratopic CTTA ligand, which coordinates through 

all of the four carboxylate groups; whereas, the 8-c inorganic MBB is the hexanuclear 

metal cluster ([Y6(µ3-OH)8(O2C–)8]) (Figure 2-31). This results into tilted rectangular 

1-dimensional channels of 3.1 Å (height) and 5.5 Å (width) running along the z-axis. 

These channels can be viewed as delimited by CTTA ligands, forming the walls of the 

channels. The correspondent accessible solvent free volume was estimated to be 46% 

with a pore volume of 0.4 cc g-1 as calculated from the crystal structure. The porosity of 

the material was confirmed as methanol exchanged samples were exposed to vacuum at 

RT and then N2 sorption analysis conducted at 77K resulted in a pore volume of 

0.3 cc g 1, Figure 2-32. 

 

Figure 2-32. N2 adsorption isotherm for methanol exchanged Y-CTTA MOF collected at 77 K 
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To better understand the structure, we opted to assess the intrinsic roles of the 

MBBs. Close structural examination reveals that the structure can be deconstructed into 

2-dimesional layers pillared by CTTA ligand in two ways. As shown in Figure 2-33, 

when the ligand behaves as a pillar through isophthalic acid, this results in 3,6-c layered 

forming kgd planes. On the other hand, Figure y, when the ligand acts as a pillar through 

the terephthalate arm, this results in a 3,3-connected hcb planes. 

 

Figure 2-33. Schematic representation showing the pillaring versatility of the ligand revealing two different pillared 
layers in Y-CTTA MOF. 

2.3.2  Y-DCTTDCA MOF 

In our pursuit of disclosing new highly connected MOFs using 4-connected 

ligands and RE metal clusters, again we employed a ligand with reduced symmetry, 

albeit, longer than DCTTDCA with a triazole group imparting some flexibility to the 

ligand. The use of DCTTDCA with modified flexibility and size in the presence of F-

BzA and RE ions lead to the formation of Y-DCTTDCA MOF containing hexanuclear 

clusters and exhibiting another novel and a highly connected (4,8)-c 3-periodic net with 

new topology. 
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A solvothermal reaction of RE(NO3)3 (RE=Y) and DCTTDCA with an excess 

amount of F-BzA in DMF, yielding a 3-periodic MOF with new topology. The phase 

purity of the material was confirmed by comparing the as-synthesized PXRD pattern with 

the calculated one based on the crystal structure (Figure 2-34). We also observe some 

intense peaks at high angle, which might account for formation of oxides and 

crystallization of F-BzA. 

   

Figure 2-34. PXRD of Y-DCTTDCA as synthesized compared to calculated from single crystal data. 

 The SCXRD study showed that the obtained compound, Y-DCTTDCA MOF 

crystallizes in the orthorhombic Pbcm space group with cell parameters a = 16.1420 Å, 

b = 25.9465 Å, c = 30.2528 Å; α = β = λ = 90°. Analysis of the crystal structure reveals 

the in situ formation of highly connected (Y) polynuclear carboxylate-based clusters, 

namely an 8-c Y hexanuclear cluster and a fully deprotonated tetracarboxylate ligand 

resulting in a novel 3-periodic highly connected Y-based MOF. Analysis of the Y 

hexanuclear cluster reveals that two Y ions (Y1 and Y2) coordinates to nine oxygen 

atoms; where Y1, the corresponding oxygen atoms are two carboxylates from two 
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separate ligands, four µ3-OH and the other three coordination sites are completed by 

oxygen atoms from terminal ligands (water and F-BzA). As for Y2, four carboxylates 

from four separate ligands, four µ3-OH and one terminal water molecule. The four Y 

ions, each coordinated to eight oxygen atoms, can be divided (crystallographically) into 

two sets (Y3 and Y4). Y3 coordinates to four carboxylates from four separate ligands 

coordinating to the cluster in a bismonodentate mode with the remaining four 

coordination sites completed via oxygen atoms from µ3-OH and terminal ligands (F-BzA 

and water). Y4 coordinates to four carboxylates from four separate ligands and two 

modes of coordination are observed for the ligand; two ligands binding in a 

bismonodentate mode and two in a monodentate mode. The remaining four sites are 

similar to Y3 completed by µ3-OH and terminating ligands (F-BzA and water). 

 Hence, the resulting hexanuclear cluster, is capped by eight carboxylates from 

eight different ligands and four carboxylates (Figure 2-35) from F-BzA to give an 

8-connected MBB [Y6(µ3-OH)8(O2C–)8], with points of extension corresponding to 

carbons of the carboxylate moieties from eight distinct tetracarboxylate ligands giving a 

trapezoidal prism SBU.  
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Figure 2-35. Schematic representation of the 4,8-c DCTTDCA ligand and 8-c RE hexanuclear cluster MBB. 

The 4-connected organic MBB is the tetratopic DCTTDCA ligands, which 

coordinates through all four carboxylates with different coordination modes. It is 

observed that each of the hexanuclear clusters, as mentioned earlier, is surrounded by 

eight ligands; however, where all ligands coordinate in a bismonodentate mode, only two 

of them coordinate in a monodendate mode. Each of these ligands links 4 other 

hexanuclear clusters to each other resulting a 3-periodic structure with cylindrical 

channels running along the y-axis of a pore size 11 Å and the z-axis of pore size 9.5 Å. 

These channels allow a solvent free volume estimated to be 43% with a pore volume of 

0.35 cm3 g-1. However, this material is not fully characterized due to difficulties faced in 

establishing a proper activation method. Although several solvent systems were used to 

activate the sample, the material was too fragile when exposed to vacuum as a standard 

procedure prior to conducting sorption analysis for samples. 
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To gain a better understanding for the structure, we subjected the structure to 

similar analysis as that of Y-CTTA, where different layers were observed pillared by the 

organic linker when different arms were considered pillaring points. As shown in 

Figure 2-36, the ligand DCTTDCA can pillar mainly through three different moieties. As 

shown in Figure 2-36 path a, where the triazole group is acting as a pillar, deconstructing 

the structure into its layered forms, reveals sql sheets formed via linking the polynuclear 

RE clusters through isophthalic acid and 1,3-di(4-carboxyphenyl) benzene. In addition, 

this ligand can pillar through either arm of the isophthalic acid (Figure 2-36, path b) or 

the 1,3-di(4-carboxyphenyl) benzene (Figure 2-36, path c). To better refer to the arms 

included in the pillaring, each was referred to according to its position relative to the 

position of Nitrogen atoms (N-side) or carbon atoms (C-side) on the triazole moiety. As 

we observe for path c, 3-connected hcb layers are pillared through N-side; whereas, a 

new layer that is 3,6-connected is pillared through C-side. If path c is considered where 

pillaring is observed through the arms of the isophthalic acid, pillaring through N-side 

results in a (3,6)-c kgd pillared layers; whereas, pillaring through C-side results in a 

similar layer as that observed in path a (C-side) that is 3,6-connected. 

 



 

Figure 2-36. Schematic representation showing different approaches to pillaring established by the ligand leading to different pillared layers in Y-DCTTDCA MOF. 



2.3.3  Y- H6L 

In our attempt to further study the versatility of RE polynuclear clusters and 

exploring new 3-periodic MOFs, we utilized a linker with more than four carboxylates. In 

here, we use H6L to target MOFs with higher connectivity leading to novel 3-periodic 

MOFs.  H6L can potentially show a variety of coordination modes and conformations 

because of the presence of aliphatic amino groups which increases the flexibility of the 

carboxylate groups compared to a rigid isophthalic acid; hence leading to possibly new 

clusters and MOFs. Indeed, employing our protocol resulted in an unexpected 

unprecedented 10-connected heptanuclear cluster forming a pentagonal prism resulting in 

a new topology.  

A solvothermal reaction of Y(NO3)3 and H6L with excess F-BzA (modulator), 

yields a 3-periodic MOF with (5,8)-connected new topology. SCXRD studies reveal that 

Y-L MOF crystallizes in the monoclinic C2/m space group with a formula unit of 

[L5Y7(OH)x] (solvent)x and cell parameters of a = 40.265 (4) Å; b = 34.882 (3) Å; c = 

18.6306 (19) Å; α = λ = 90°; β = 106.5 (5) °. The homogeneity of the bulk was confirmed 

by performing PXRD analysis and comparing it to the powder pattern calculated from the 

single crystal, Figure 2-37. 
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Figure 2-37. PXRD of Y-L MOF and the calculated PXRD pattern based on single crystal structural data. 

 This MOF is composed of 10 and 5-connected building units, Figure 2-38. The 

heptanuclear RE MBB is built from seven metal ions arranged in an augmented triangular 

prism. It is noticed that four of the yttrium ions are co-planar metal centers (Y1, Y2, Y1’, 

Y2’) sitting on the square side of the triangular prism with Y1 and Y1’ are related by 

symmetry as well as Y2 and Y2’.  Y1, Y2, Y1’ and Y2’ coordinates to eight oxygen 

atoms, four of which are µ3-OHs, three carboxylates coming from three separate ligands 

and one carboxylate from F-BzA. Y4 coordinates to seven oxygen atoms, four 

carboxylates from four separate ligands, one µ2-OH, one µ3-OH and one terminal water 

molecule. Y3 coordinates to nine oxygen atoms, four µ3-OH, four carboxylates from 

separate ligands and one terminal water molecule. Y5 coordinates to eight oxygen atoms, 

three µ3-OH, one µ2-OH, two carboxylates from separate ligands and two terminal water 

molecules. The overall cluster is neutral with a formula of [Y7(µ3-OH)8(µ2-OH)2(O2C–]. 

Hence the yttrium cluster is capped by 10 carboxylates from 10 different H6L ligands.  
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Figure 2-38. Schematic representation, projected along (x,y) plane, of a (5, 10)-connected 3-periodic MOF based on a 
10-c heptanuclear cluster forming pentagonal prism SBU and a 5-c H6L. YL shows three channels (I, II, III) all 
oriented along the z-axis. 

 A closer inspection to the structure reveals pillared sql layers formed in the 

xy plane, Figure 2-39. In that perspective, the hexatopic ligand H6L coordinate through 

only five of its carboxylates, four of which contributing to building the 4-connected 

layers and linking them through the fifth arm to form a 3-periodic MOF, Figure 2-38. All 

the formed channels (I, II and III) are along the z-axis; however, channel II is blocked by 

the sixth carboxylate as it points into the channels, Figure 2-38. Each of these channels is 

delimited by H6L ligands, contributing to the formation of the walls of these channels. 

Whereas, it was expected for channels of equal dimensions to be formed along z-axis, the 

flexibility of the ligand magnified by the extended phenyl groups on the isophthalic 

moieties as well as amino groups in the center leads to the formation of channels I with 

3 Å × 5.4 Å, channels II with 4.2 Å × 4.5 Å, which is an overestimation as dimensions 

are calculated by complete elimination of the pointing carboxylate groups and channels 
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III with 2.7 Å × 11.7 Å. The accessible solvent free volume is calculated from single 

crystal data to be 50 % with a pore volume of 0.51 cm3 g -1.  

 

Figure 2-39. Illustration showing the pillaring of sql observed in the YL MOF, creating one-dimensional channels. 

 This material has not been fully characterized due to the lack of proper sample 

activation methods. Several solvent exchanges (acetone and methanol) were used and at 

best nitrogen isotherms at 77 K collected for methanol exchanged samples showed 

0.15 cc g-1 accounting for 30 % of the total pore volume, Figure 2-40. The instability of 

the material to solvent removal was also observed as PXRD collected for methanol 

exchanged samples, which tend to dry faster than as synthesized samples. 
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Figure 2-40. N2 adsorption isotherm for methanol exchanged YL collected at 77 K for room temperature activated 
samples. 

Structural and topological analysis of the resulting crystal structure reveals the 

formation of a (5, 10)-connected MOF based on heptanuclear RE cluster [Y7(µ3-

OH)8(µ2-OH)2(O2C–], a distinctive 10-connected MBB linked through five carboxylates 

of the H6L resulting in a (5,10)-connected net with new topology. 

2.4   Conclusion 

Based on previous studies, the modulator plays a crucial role in the formation of 

single crystal quality MOFs based on polynuclear group (IV) clusters. In a similar 

approach, the use of a fluorinated modulator facilitates the formation of highly connected 

RE clusters. In some instances, use of a ligand with a fluoro group on the ortho position 

to carboxylate groups can show similar effects, hence allowing for elimination of using 

the modulator as shown in previously published work.29 
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 In this work, the use of the modulator F-BzA allowed for the successful formation 

and isolation of a series of MOFs. RE based nonanuclear MBB allowed the formation of 

12-connected MBB which in the presence of a 4-connected ligand lead to the formation 

of shp-MOF as an edge transitive net. The rigidity of the formed network showed high 

stability under vacuum, high temperatures (up to 400 °C) and when exposed to a high 

number of water sorption cycles. As the material retained its stability, we were 

encouraged to pursue this platform even further by adding functionality through 

functionalizing the ligand with –NH2, –OMe, –F as means to controlling the 

hydrophilicity/ hydrophobicity of the obtained MOF. We successfully isolated two 

isoreticular MOFs of NH2-shp-MOF and F-shp-MOF. However, in the presence of –

OME, which imposed some steric hindrance, a second phase which is closely related to 

shp was isolated, a 4,8-connected OME-scu-MOF. This research shows that there is 

much more to be done in exploring different functional groups with different 

electronegative potential which would control the resultant MOF. In addition, this study 

could be extended to study the effect of the position of these functional groups on 

different positions on the same ligand (BTEB). 

RE based hexanuclear MBBs have shown a high degree of structural versatility 

allowing for the formation of 8-connected MBBs and exploring new MOFs as was shown 

when flexible ligands and/or ligands with reduced symmetry were used (CTTA and 

DCTTDCA). Unfortunately, the flexibility of the ligands didn’t impose stability to the 

structure and lead to channel collapse upon exposing it to vacuum. Furthermore, the 

isolation of a heptanuclear cluster with a 10-connected MBB, although showed to be 

unstable due to the flexibility of the ligand, it only shows that these polynuclear clusters 
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are quite versatile, unpredictable and there are still much more to experiment with. 

However, it is crucial to point out that the more rigid ligand allowed for the formation of 

a highly thermally stable MOF and in the presence of water. 
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APPENDICES 

 Crystal Structure Tables Y-shp-MOF-5 and Activated Crystals 

Table 2-1 Crystal data and structure refinement for 1 (Y-shp-MOF-5). 

Identification code 1 (as synthesized) 
Empirical formula C108H106N3O47Y9 
Formula weight 2998.14 
Crystal system, space group Hexagonal, P63/mmc 
Unit cell dimensions a = 22.995(2) Å, c = 24.684(2) Å 
Volume 10342(2) Å3 
Z, calculated density 2, 0.963 g cm-3 
F(000) 3004 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 3.66 mm-1 
Absorption correction Multi-scan 
Max and min transmission 1.000 and 0.862 
Crystal size 0.02 × 0.03 × 0.03 mm 
Shape, color Hexagonal bipyramid, colorless 

θ range for data collection 2.9–67.5° 

Limiting indices -25 ≤ h ≤ 25, -24 ≤ k ≤ 26, -29 ≤ l ≤ 28 
Reflection collected / unique / 
observed with I > 2σ(I) 

72757 / 3416 (Rint = 0.050) / 3016 

Completeness to θmax = 67.5° 98.5 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3416 / 44 / 157 

Final R indices [I > 2σ(I)] R1 = 0.074, wR2 = 0.217 

Final R indices (all data) R1 = 0.079, wR2 = 0.227 
Weighting scheme [σ2(Fo

2) + (0.1741P)2 + 5.1421P]-1* 
Goodness-of-fit 1.07 
Largest diff. peak and hole 1.11 and -1.44 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table 2-2 Crystal data and structure refinement for 2. 

 
Identification code 2 (0% RH) 
Empirical formula C108H100N3O44Y9 
Formula weight 2944.09 
Crystal system, space group Hexagonal, P63/mmc 
Unit cell dimensions a = 22.1503(5) Å, c = 24.4010(7) Å  
Volume 10368.1(6) Å3 
Z, calculated density 2, 0.943 g cm-3 
F(000) 2944 
Temperature (K) 296.0(1) 
Radiation type Cu Kα 
Absorption coefficient 3.63 mm-1 
Absorption correction Multi-scan 
Max and min transmission 1.000 and 0.816 
Crystal size 0.02 × 0.03 × 0.03 mm 
Shape, color Hexagonal bipyramid, colorless 

θ range for data collection 4.0–67.5° 

Limiting indices -25 ≤ h ≤ 24, -26 ≤ k ≤ 16, -28 ≤ l ≤ 28 
Reflection collected / unique / 
observed with I > 2σ(I) 

75389 / 3432 (Rint = 0.055) / 2951 

Completeness to θmax = 67.5° 98.8 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3432 / 42 / 152 

Final R indices [I > 2σ(I)] R1 = 0.055, wR2 = 0.154 

Final R indices (all data) R1 = 0.063, wR2 = 0.176 
Weighting scheme [σ2(Fo

2) + (0.0959P)2 + 6.2463P]-1* 
Goodness-of-fit 1.12 
Largest diff. peak and hole 1.15 and -0.55 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table 2-3 Crystal data and structure refinement for 3. 

Identification code 3 (22% RH) 
Empirical formula C108H106N3O47Y9 
Formula weight 2998.14 
Crystal system, space group Hexagonal, P63/mmc 
Unit cell dimensions a = 21.996(2) Å, c = 24.912(2) Å  
Volume 10438(2) Å3 
Z, calculated density 2, 0.954 g cm-3 
F(000) 3004 
Temperature (K) 296.0(1) 
Radiation type Mo Kα 
Absorption coefficient 2.52 mm-1 
Absorption correction Multi-scan 
Max and min transmission 1.000 and 0.726 
Crystal size 0.02 × 0.03 × 0.03 mm 
Shape, color Hexagonal bipyramid, colorless 

θ range for data collection 2.7–23.3° 

Limiting indices -24 ≤ h ≤ 22, -20 ≤ k ≤ 24, -21 ≤ l ≤ 27 
Reflection collected / unique / 
observed with I > 2σ(I) 

48234 / 2795 (Rint = 0.175) / 1705 

Completeness to θmax = 21.3° 99.4 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2795 / 52 / 133 

Final R indices [I > 2σ(I)] R1 = 0.075, wR2 = 0.221 

Final R indices (all data) R1 = 0.133, wR2 = 0.248 
Weighting scheme [σ2(Fo

2) + (0.1955P)2]-1* 
Goodness-of-fit 1.03 
Largest diff. peak and hole 0.96 and -0.74 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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Table 2-4 Crystal data and structure refinement for 4. 

Identification code 4 (100% RH) 
Empirical formula C104H106N3O47Y9 
Formula weight 2998.14 
Crystal system, space group Hexagonal, P63/mmc 
Unit cell dimensions a = 22.097(1) Å, c = 24.705(2) Å  
Volume 10447(2) Å3 
Z, calculated density 2, 0.953 g cm-3 
F(000) 3004 
Temperature (K) 296.0(1) 
Radiation type Cu Kα 
Absorption coefficient 2.52 mm-1 
Absorption correction Multi-scan 
Max and min transmission 0.043 and 0.017 
Crystal size 0.02 × 0.03 × 0.03 mm 
Shape, color Hexagonal bipyramid, colorless 

θ range for data collection 1.4–23.0° 

Limiting indices -24 ≤ h ≤ 24, -24 ≤ k ≤ 24, -27 ≤ l ≤ 13 
Reflection collected / unique / 
observed with I > 2σ(I) 

38668 / 2720 (Rint = 0.120) / 1758 

Completeness to θmax = 24.7° 99.7 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 2720 / 32 / 135 

Final R indices [I > 2σ(I)] R1 = 0.089, wR2 = 0.261 

Final R indices (all data) R1 = 0.130, wR2 = 0.302 
Weighting scheme [σ2(Fo

2) + (0.1803P)2]-1* 
Goodness-of-fit 1.12 
Largest diff. peak and hole 1.32 and -1.11 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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 Organic Chemistry 

B.1   4-Connected Ligands 

B.1.1  Synthesis of 5'-(4-carboxyphenyl)-[1,1':3',1''-terphenyl]-3,4'',5-

tricarboxylic acid (CTTA) 

 

Figure B. 1. 5'-(4-carboxyphenyl)-[1,1':3',1''-terphenyl]-3,4'',5-tricarboxylic acid  
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Figure B. 2. Schematic representation of the synthetic procedure of CTTA 

Preparation of 1,3-bis(4-ethoxycarbonylphenyl)-5-iodobenzene (A): “A” was obtained 

according to a published procedure6 and purified using column chromatography (hexane 

(100%) to ethyl acetate (EtOAc) (10%)) to give light pink solid, 900mg, 80%. 1H NMR 

(CDCl3, 600 MHz) δ= 8.13 (d, J=8.4, 4H), 7.97 (d, J=1.6, 2H), 7.77 (t, J=1.6, 1H), 7.66 

(d, J=8.4, 4H), 4.41 (q, J=7.1, 4H), 1.43 (t, J=7.1, 6H). 13C NMR (CDCl3, 150 MHz) δ= 

166.4, 143.8, 142.9, 136.9, 130.4, 130.2, 127.3, 125.9, 95.9, 61.3, 14.5. 

Preparation of 5'-(4-carboxyphenyl)-[1,1':3',1''-terphenyl]-3,4'',5-tricarboxylic acid 

(CTTA): This product was synthesized according to a modified procedure from the 

literature68. In a Schlenk tube under argon atmosphere, a mixture of 1,3-bis(4-
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ethoxycarbonylphenyl)-5-iodobenzene (1.5g, 3mmol) and 

3,5-bis(methoxycarbonyl)phenylboronic acid (0.96g, 4.04 mmol), [1,1’-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (Pd(dppf)Cl2) (0.060g, 0.082 

mmol), 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (Sphos) (0.065g, 0.16 mmol), 

18-crown-6 ether (0.436g, 1.65 mmol) in a mixture of degassed THF (30ml) and absolute 

ethanol (abs. EtOH) (15ml) and finely grinded K3PO4 (1.9g, 9mmol) was prepared and 

reacted at 65 °C for 24h with vigorous stirring. The reaction mixture is then filtered over 

Celite® and the volatiles were removed under vacuum. The crude product was dried with 

silica powder, and loaded on top of silica gel column and eluted with a gradient solvent 

system (10-50% EtOAc in hexane) to yield a light grey powder (1.3 g, 2.3 mmol, 70% 

yield). The intermediate tetraester was added to a round bottom flask containing THF 

(10ml) and abs EtOH (10ml). An aq. NaOH solution (16 equiv.) was added slowly to the 

mixture and refluxed for 18h. The solution was concentrated, diluted with water (20ml), 

then acidified using concentrated HCl (cc HCl). The solution is then filtered under 

vacuum and washed extensively with water. 1H NMR (600MHz, DMSO-d6): δ= 13.24 

(br, 4H), 8.56 (d, J=1.6Hz, 2H), 8.52 (t, J=1.5Hz, 1H), 8.10 (t, J=1.6Hz, 1H), 8.08 (d, 

J=1.6Hz, 2H), 8.04 (s, 3H). 13C (DMSO-d6, 150 MHz): δ=167.1, 166.5, 143.7, 140.8, 

140.3, 132.2, 131.9, 130.0, 129.9, 127.5, 125.6.    

B.1.2  Synthesis of 5'-(1-(3,5-dicarboxyphenyl)-1H-1,2,3-triazol-4-yl)-[1,1':3',1''-
terphenyl]-4,4''-dicarboxylic acid (DCTTDCA) 
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Figure B. 3. 5'-(1-(3,5-dicarboxyphenyl)-1H-1,2,3-triazol-4-yl)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid 

 

 

Figure B. 4. Schematic representation of the synthetic procedure of DCTTDCA 

Preparation of dimethyl 5'-ethynyl-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (B): 

“B” was obtained starting from “A”, according to a published procedure6, by adding 
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ethynyl trimethylsilane group, followed by removing the trimethylsilyl protecting group 

in a mixture of DCM/EtOH in the presence of Cs2(CO3). The product was acidified by 

1M HCl and then extracted in DCM, dried over Na2(SO4), dried under reduced pressure 

to give a while crystalline material .1H NMR (CDCl3, 600 MHz) δ= 8.13 (d, J=8.2, 4H), 

7.65 (d, J=8.2, 4H), 7.81 (s, 1H), 7.76 (s, 2H), 3.95 (s, 6H), 3.17 (s, 1H). 13C NMR 

(CDCl3, 150 MHz) δ= 166.94, 144.38, 141.19, 130.6, 130.4, 127.2, 126.8, 123.6, 83.1, 

78.2, 52.4. 

Preparation of dimethyl 5-azidoisophthalate (C): C was synthesized following a 

published procedure69-70. Dimethyl 5-aminoisphthalic acid (55mmol, 10g) was dissolved 

in 200ml of 3M HCl, and cooled to 0 °C. Then a freshly prepared ice-cold solution of 

sodium nitrite (NaNO2) (1.05 eq.; 58 mmol, 4 g) dissolved in 50 ml water was added 

dropwise while stirring and maintaining the temperature between 0 to 5 °C for 15 min. A 

cooled solution of sodium azide (NaN3) (1.05 eq.; 58 mmol, 3.77 g) in 50 ml water was 

added over the course of 30 min, and then the solution was left to warm to RT after 30 

min, and stirring was continued for 3h. C-acid precipitates out of solution and was 

separated by filtering it over filter paper and washed first with aq. HCl then thoroughly 

with deionized water (DI) and left to dry. C-acid (14.6 mmol, 3.03 g) was suspended in 

MeOH (80 ml) and thionyl chloride (SOCl2) (4eq.; 59 mmol, ~ 4.5 ml) was carefully 

added dropwise at RT (CAUTION! Exothermic reaction), then stirred at RT for 14 h. It 

was concentrated to smaller volume, dissolved in 100 ml DCM, washed with 100 ml aq. 

NaHCO3, dried over MgSO4. After filtration and concentration, the yellow solid (81 %) 

was used without further purification. NMR data matches the reported.71 
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Preparation of 5'-(1-(3,5-dicarboxyphenyl)-1H-1,2,3-triazol-4-yl)-[1,1':3',1''-terphenyl]-

4,4''-dicarboxylic acid DCTTDCA: A suspension of B (3.22 g, 8.7 mmol) in THF/DI 

water mixture (150/30 ml) in a 250 ml round-bottom flask sealed with septum was 

evacuated/backfilled with Ar three times, and then further bubbled with Ar for 10 min. 

Then C (2.045 g, 8.7 mmol), copper sulfate pentahydrate (CuSO4·5H2O, 0.109 g, 0.435 

mmol), ascorbic acid (0.46 g, 2.61 mmol) and CuI (0.13 g, 0.68 mmol) were added, 

followed by DMSO (10ml) and the flask was degassed and filled with Ar three times 

again, and stirred at 50 °C for 88 h. A grey suspension forms. After 88 h, it was 

concentrated under vacuum to remove most of the THF, and diluted with more DI water 

to ca. 250 ml volume. Then filtered over a paper, the filter cake washed with diluted aq. 

ammonia (100 ml), and then thoroughly with water.  Then it was washed with acetone 

several times (60 ml total ml), until the filtrate becomes colorless, then dried briefly on 

air to yield a grey solid (4.45 g, 85 %). 1H NMR (600 MHz, CDCl3) δ = 8.74 (s, 1H), 

8.68 (s, 2H), 8.5 (bs, 1H), 8.19 (s, 2H), 8.16-8.16 (d, J = 7.4, 4H), 7.84 (s, 2H), 7.79-7.78 

(d, J=7.4, 4H), 7.70-7.69 (d, J=7.4, 1H), 4.01 (s, 6H), 3.96 (s, 6H). 

The intermediate tetraester (4.45 g, 1.2 mmol) was added to a round bottom flask 

containing THF (350 ml) and MeOH (50 ml). An aq. NaOH solution (3.53 g, 88 mmol in 

200 ml H2O) was added slowly to the mixture and heated at 50 °C for 31h. The solution 

was cooled, concentrated, diluted with water (20ml), then acidified using concentrated 

HCl (cc HCl). The filtrate is collected by centrifugation (6000 rpm). Then washed by the 

repeated centrifugation with water (6 times), then suspended in ethanol, filtered on paper, 

dried briefly on air, then at 45 °C under vacuum for 24 h to give grayish solid (3.865 g, 

96 %). 1H NMR (600MHz, DMSO-d6): δ= 13.24 (br, 4H), 9.79 (s, 1H), 8.69 (s, 2H), 8.52 
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(s,1H), 8.35 (s, 2H), 8.07 (d, J=8.3, 4H), 8.02 (s, 1H), 7.9 (d, J=8.34, 4H). 13C (DMSO-

d6, 150 MHz): δ=167.1 (Cq), 165.8 (Cq), 147.2 (Cq), 143.6 (Cq), 140.6 (Cq), 136.9 (Cq), 

133.7 (Cq), 131.6 (Cq), 130.1, 129.4, 127.3, 127.1, 125.3, 123.5, 123.4, 120.4.    

B.1.3  Synthesis of 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-
tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid)) “H6L” 

 

Figure B. 5. 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid)) 

 

Figure B. 6. Schematic representation of the synthetic procedure of H6L. 

Preparation of diethyl 5'-amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate: 

A schlenck tube was evacuated/backfilled with argon 5 times. Absolute EtOH (30 ml), 

THF (50 ml) and 18-crown-6 (1.32 g, 5 mmol) were added into a Schlenk tube, the tube 

was evacuated/backfilled with argon 5 times. 3,5-Dibromoaniline (2.87 g, 10 mmol); (4-



136 
 

 

(ethoxycarbonyl)phenyl)boronic acid (4.268 g, 22 mmol); Sphos (0.41 g, 1 mmol); 1,1′-

bis(diphenylphosphino)ferrocene]dichloropalladium (0.366 g, 5 mmol) and potassium 

phosphate tribasic (10.6 g, 50 mmol) were added into the Schlenk tube in one portion. 

The tube was evacuated/backfilled with argon 5 times and heated at 80°C for 30 h with 

vigorous stirring.  

It was cooled to room temperature and filtered through 0.5 cm pad of celite, the filtrate 

was washed thoroughly with ethyl acetate (150 ml), and solvent was removed under 

reduced pressure. The residue was purified by column chromatography in hexane - ethyl 

acetate (30:70 to 80:20) mixture to give 3.64 g (94%) of white powder. 1H-NMR (400 

MHz; CDCl3): δ 8.04 (d, J = 8.4 Hz, 4H), 7.82 (d, J = 8.4 Hz, 4H), 7.16 (s, 1H), 6.97 (s, 

2H), 5.47 (s, 2H), 4.34 (q, J = 7.1 Hz, 4H), 1.35 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz; 

CDCl3): δ 165.6, 149.9, 145.3, 140.5, 129.7, 128.6, 126.9, 113.5, 112.3, 60.7, 14.2. 

Preparation of 5'-amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid: 

A solution of diethyl 5'-amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (3.64 g, 9.35 

mmol) in ethanol (20 ml) and THF (20 ml) mixture was treated with aq. NaOH (2.25 g, 

56 mmol in 20 ml of water) and heated overnight at 40 °C with vigorous stirring. The 

reaction mixture was cooled to RT and volatiles were evaporated under reduced pressure. 

The residue was diluted with water (150 ml); aqueous layer was washed with ethyl 

acetate (3 x 40 ml), organic layer was discarded; aqueous layer was acidified with 2N aq. 

HCl to pH 5. White precipitate formed was filtered, washed with water (250 ml) and 

dried in the vacuum oven at 60°C overnight to provide 2.46 g, 79% yield of the product 

as a white powder. 1H-NMR (400 MHz; DMSO-d6): δ 9.57 (dd, J = 2.9, 1.1 Hz, 2H), 
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8.01 (s, 5H), 8.01 (s, 5H), 7.77 (d, J = 8.3 Hz, 4H), 7.77 (d, J = 8.3 Hz, 4H), 7.15 (s, 1H), 

7.15 (s, 1H), 6.95 (s, 2H), 6.95 (s, 2H). 

Preparation of 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)tris(azanediyl))tris(([1,1':3',1''-
terphenyl]-4,4''-dicarboxylic acid)) was performed by procedure analogous to one 
described in [1]: 

Solution of 5'-amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (2.65 g, 8 mmol) in 2.7 

ml of 5M aq. NaOH and aq. NaHCO3 (0.56 g in 16 ml of water) was cooled with an ice 

bath followed by the addition of cyanuric chloride (0.36 g, 2 mmol) in 2 ml of acetone 

was dropwise. The reaction mixture was left under vigorous stirring at 105 °C for 24 h 

and then was cooled to room temperature and volatiles were removed under reduced 

pressure to about 10 ml volume. Residual solution was added dropwise to 50 ml of 

absolute ethanol to form white precipitate, which was filtered, washed with small amount 

of aq. ethanol (1:1) and dried in air. 

Crude precipitate was dissolved in 20 ml of water and brought to pH 10 by addition of 

5N aq. NaOH while stirring. The resulting solution was filtered through the frit and 

filtrate was dropwise added to the vigorously stirred abs. ethanol (30 ml). Off-white 

precipitate was collected by filtration and dried in air to provide 1.68 g, 79% yield of 

5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-

dicarboxylic acid)) hexasodium salt Na6L. 

The off-white powder of the hexasodium salt Na6L (230 mg, 0.2 mmol) was dissolved 

in 6 ml of water to give transparent solution and was acidified with 5N HCl to pH 4 to 

form white precipitate which was collected by filtration on frit and dried in air to provide 

170 mg, 83% yield of 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-
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tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid)) H6L as a brown solid. 

1H NMR (400 MHz; DMSO-d6): δ 9.57 (s, 3H), 7.95 (s, 24H), 7.59 (s, 6H). 13C NMR 

(101 MHz; DMSO-d6): δ 167.4, 164.6, 143.7, 140.2, 130.7, 129.8, 126.8.  
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Chapter 3:  Super Molecular Building Block Approach to MOF Synthesis 
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3.1   Introduction 

As stated in the previous chapter, implementing the molecular building block (MBB) 

approach through targeting carboxylate based metal clusters, has proven to be a 

successful strategy in the design and construction of MOFs with targeted topologies. 

Following this approach, MOFs are deconstructed to their basic organic and inorganic 

MBBs. The points of extension of the MBBs defining the geometric representation 

(SBUs) of the MBB, are linked to form the overall net.  

Although using these predetermined SBUs provides guidance in MOF synthesis, it is 

not always intrinsically successful and often lead to many potential outcomes, 

particularly when MBBs are non-rigid or have low connectivities. In addition, under 

circumstances with mixed MBBs, it becomes more challenging to precisely predict the 

network topology of the constructed MOFs.  

In the previous chapter, we illustrated that targeting MBBs with high connectivity, a 

combination of 4-connected nodes and 12-connected nodes, predictability encodes for the 

obtained structures. Our group also reported the reaction conditions which consistently 

form hexanuclear group IV or RE carboxylate based metal clusters1-6 and nonanuclear RE 

carboxylate-based metal clusters,2-3 allowing access to unique 12-connected inorganic 

MBBs. The combination of these MBBs with polytopic ligands (linear, triptopic and 

tetratopic ligands) resulted in the isolation of a series of highly connected 3-periodic 

MOFs.  

This is a rare example of MBBs having such high connectivity and it is still 

uncommon to find reports of isolation of proper conditions to consistently form in situ-  
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complex polynuclear MBBs. From the standpoint of designing a highly connected ligand, 

it is not often straightforward as the connectivity of most of the ligands are 2,3,4 or 6 7-10 

with rare cases of 8 11-13 and 124, 14 points of extensions exemplified through the 

coordinating functional groups. Likewise, the majority of the inorganic clusters reported 

in MOF chemistry have 4-9 points of extension, with very few cases of 12-c inorganic 

MBB.4-6, 15 Hence, the need for another route, the supermolecular building block (SBB) 

approach which will be introduced in this chapter, toward targeting MOFs with higher 

connectivity becomes crucial. 

3.1.1  Supermolecular Building Blocks (SBBs) 

The SBB approach is a term that was introduced to describe linking hierarchically 

more complex building blocks based upon discrete metal-organic polyhedra (MOPs).  

Over the years, a broad range of discrete MOPs, have been reported in the literature, 

including supertetrahedra,16-17 rhombicuboctahedra,18-20 cubes,20-22 octahedra14, 19, 23 and 

various other geometries.19, 24-25  

Many of these MOPs have been utilized as SBBs and extended into MOFs primarily 

either through (1) functionalization of their exterior through potential coordinating 

group14, 23 or (2) the use of N-donor coordinating ligands to link MOPs through open 

metal sites.26 Utilizing the SBB approach has improved the synthetic accessibility to 

more highly connected nodes as well as providing sure access of porosity due to the 

MOPs well-defined and confined cavities. In order to synthesize 3-period hierarchically 

complex MOFs based on MOPs, the following points should be considered:  
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(1) Determining the proper geometry of the organic ligand, where often a bent ligand 

is observed in MOPs. For example, the use of bent ligand at angle of 90º vs 120º 

can lead to different MOPs, as shown in Figure 3-1.  

(2) Incorporating the proper functional coordinating group into the ligand to allow 

formation of appropriate inorganic MBB which promotes formation of the 

targeted MOP/SBB. 

(3) The need for an additional functionality which would allow linking the formed 

MOPs into 3-periodic structures. 

 

Figure 3-1. Examples of using a bent ligand with (top) 90º angle resulting in octahedral MOP and (bottom) 120º angle 
resulting in nanoball. 
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It is important to note that, the formation of a MOP and incorporating it into a MOF 

can still lead to several topologies depending on the observed points of extension, 

Figure 3-2. For instance, when considering the MOP consisting of metal paddlewheels 

and the carbazole ligand with carboxylate groups separated at a 90° angle, the points of 

extension can either be through the paddlewheels or through the carbazole linker. In a 

similar analogy, the MOP formed of paddlewheels and the isophthalic acid, with a 120º 

angle between the carboxylates, the points of extension can be either through the 

isophthalic linker or through paddlewheel. Therefore, the carbazole-based MOP can be 

viewed either as (1) a 6-connected octahedral node when the paddlewheels are taken as 

points of extension as they are linked through N-donor linkers; or (2) a 12-connected 

node if the linker is further functionalized by a coordinating group through the nitrogen 

of the carbazole, as shown in Figure 3-2. 
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Figure 3-2. Carbazole based metal-organic polyhedron (left) forming either (Top-Center) Octahedral SBU when linked 
through the open metal sites of the paddle wheel (Top-Right) or (Bottom Center) cuboctahedral SBU when linked 
through the functionalized coordinating group of the nitrogen of the carbazole based ligand (Bottom Right). 

Similarly, the isophthalic-based MOP (commonly known as nanoball) can be 

simplified in two ways depending on points of extension, Figure 3-3. The MOP can 

represent either a 12-connected cuboctahedral node if a polytopic N-donor ligand 

coordinated through the apical positions of the paddlewheels. In the second scenario, 

when position 5 of the isophthalic acid is functionalized by a coordinating group to act as 

a point of extension, the nanoball becomes a 24-connected rhombicuboctahedral node. 

This 24-connected nanoball based SBB is the focus of this chapter for our synthesized 

MOF. 

The prototypical nanoball is based on the assembly of paddlewheel MBBs and the 

bent ligand isophthalic acid (with 120º bent angle) and was first reported by Zaworotko27 

and Yaghi.28 Subsequently, a variety of 5-position functionalized isophthalic acid (e.g. –
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NH2, –OH, –SO3H, –NO2) were reported leading to the formation of decorated 

nanoballs, Figure 3-3. 

 

Figure 3-3. Functionalization of 5-position of isophthalic acid, highlighted in blue, to form functionalized 24-connected 
nanoball. 

 Our main interest in this chapter is focused on targeting MOFs based on the 

functionalized 24-connected nanoball MOP with rhombicuboctahedral SBB, where the 

MOP can be linked through 5-position of the isophthalic acid moiety affording the 

peripheral exposure of 24 points of extension to link the MOPs into 3-periodic MOFs. 

These nanoballs are cross-linked through the functionalized 5-position of the isophthalate 

via a 3-connected MBB. The combination of triangular 3-connected and 24-connected 

building blocks leads exclusively for the formation of a MOF with rht (rht-a) topology, 

where rht stands for rhombicuboctahedral and trigonal, representing the geometry of the 

two nodes. 

Our interest in targeting the rht-platform arises from (i) rht-platform is an edge 

transitive net which is a highly desirable property in a platform, as it prompts the 
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formation of a plethora of MOFs with embedded tunability. (ii) In employing the rht-

topology, the absence of catenation is guaranteed, prompting the vast growth of this 

platform. An increase in the linker length while opting to increase the pore volume, often 

results in an interpenetrated structure, leading to reduced pore size and volume. 

3.1.2  rht-MOFs 

The rht-MOF topology was originally exemplified by rht-MOF-1 in 2008 by our 

group.18 rht-MOF-1 is based on the nanoball MOP (SBB) cross-linked through the 

tetrazole functionality at the 5-position of the isophthalic acid. The chosen tetrazole 

ligand isophthalic acid (TZI) contains two distinct groups, the carboxylate and the 

tetrazole, both of which are needed to generate the required MBBs. Reacting TZI under 

mild conditions in the presence of a suitable copper source allows for the formation of 

two different inorganic building blocks: 1) binuclear copper paddlewheel clusters, which 

in the presence of isophthalic acid, can result in the in situ formation of the nanoball SBB 

and 2) copper-oxo tetrazole based trimers  which cross link the nanoballs and act as 3-

connected nodes. The resulting edge transitive net, with the distinct 3 and 24-connected 

nodes, was the first reported rht-MOF. Further structural analysis reveals that the 

arrangement of the nanoballs, with rhombicuboctahedron rco geometric representation, 

allows for the formation of additional cages. A truncated tetrahedral cage, later referred 

to as truncated cube tcu,29 delimited by four copper trimers, situated at the faces of the 

tetrahedron and the truncated octahedral cage, later referred to as augmented rhombic 

dodecahedron rdo,29 delimited by eight copper trimers, situated at the faces of the 

octahedron.   
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The ability to target this single MOF from particular MBBs and SBBs is highly 

desirable as it allows for a high degree of tunability. The tunability of the rht-MOF 

platform has recently been demonstrated through several independent expansion 

pathways, Figure 3-4:29-30  

(1) Substituting the triangular core (organic or inorganic) with any functionality 

which can link three isophthalic acid moieties.  

(2) Expanding the SBB by distancing the isophthalate carboxylates while 

maintaining the necessary 120° angle.  

(3) Spacing the distance between the trigonal core and the corresponding SBB.  

(4) Ligand functionalization and  

(5) metal substitution (Ni, Cu, Mn, Zn, etc.)

 

Figure 3-4. Possible tuning pathways in rht-MOF. (A) illustrates the expansion of the SBB. (B) Spacing the distance 
between the central core and SBBs. 

These various patented strategies29 have allowed for facile expansion and decoration 

of the SBBs and charge control of the MOF through the use of tetrazole-based trigonal 
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MBBs vs purely organic MBBs, respectively. The singular nature of rht platform and its 

high tunability are desirable features for a synthetic platform as reflected in the large 

number of reports, where more than fifty structures have been published since 2008, 

Figure 3-5.  

 

Figure 3-5. A plethora of ligands implemented in rht MOF synthesis.30 

3.1.2.1  Tuning Trigonal Core 
 

The first reported rht-MOF, with trigonal tetrazole copper trimer, was followed 

with several other rht-MOFs, where the copper trimer was exchanged with an organic 

core covalently linked to the three terminual isophthalic acids,18 as shown in Figure 3-6. 

The cores in theses hexatopic ligands30 include triazine,31-34 heptazine,35 tertiary amine,7, 
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29, 36-37 phenyl rings7-8, 29, 36-40 functionalized phenyl rings37, 40 and functionalized silicon.41 

Although many different trigonal cores have been reported, the most commonly reported 

rht-MOFs are composed of ligands where a phenyl ring lies at the core linking 

isophthalic moieties.  

 

Figure 3-6. Various trigonal cores observed in isolated rht-MOFs. 

 Up until recent times, although more than 50 rht-MOFs have been reported, only 

four of which, including rht-MOF-1, -2, -3, -8,18, 29 were based on the trigonal tetrazole 

copper-oxo trimer. This is primarily due to the observed low stability and sensitivity 

when exposed to air/water. A recent study, published by Gao and coworkers42, showed 

that the poor stability could be attributed to the copper paddlewheel, which is often 

susceptible to degradation by hydrolysis. This study proposed to remotely stabilize the 

bond strength of the paddlewheel as a consequence of strengthening the bond between 

the organic MBB and the trigonal inorganic MBB. They accomplished this by replacing 

the tetrazole functionality on the 5-position of the isophthalic acid with more basic 
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moieties, namely triazole and pyrazol. The pyrazol as the most basic moiety displaying 

the highest degree of stability; hence providing a new insight into obtaining more stable 

MOFs based on copper paddlewheel MBBs. 

3.1.2.2  Expansion in the A Direction 
 

The second path in tuning the rht-platform is through expanding the 

rhombicuboctahedral nanoball SBB (labelled as expansion along the A-axis). To date, 

there are only a handful of rht-MOFs which are reported with expanded nanoballs. All of 

them involve distancing the carboxylate groups on the isophthalic moiety by exchanging 

it with a benzoic acid, Figure 3-7. The only reported examples are rht-MOF-2, 29 rht-

MOF-6 29 and NU-108 43. 

 

Figure 3-7. Schematic representation showing the nanoball and the expanded nanoball from isophthalic acid (right) and 
expanded isophthalic acid (left) while maintaining the requisite 120° angle. 

 This expansion results in an increase in the overall theoretical pore volume as 

well as an increase in the pore size of the three isolated cages (rho-a, tcu and tcz). 

Among the three isolated MOFs, only rht-MOF-2 has been reported as porous, with BET 

surface areas of 880 m2/g, significantly lower than the expected surface area. 

3.1.2.3  Expansion in the B Direction 
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The third path of expansion is elongating the distance between the trigonal core and 

the isophthalate based moiety, or expansion along the B-axis. This is the most pursued 

path when it comes to tuning the rht-platform. Much like expansion of the nanoball, 

lengthening the also linker has the effect of increasing the surface area and the pore 

volume or the resulting MOF. In addition to solely lengthening the connection between 

the 3-c center and the 24-c node, different functionalities (Figure 3-8) have been 

introduced to target different applications. The various functionalities introduced include 

phenyl rings (rht-MOF-3/PCN-69/NOTT-112),29, 44-45 alkyne bonds (PCN-61, NU-

111)36, 46, a combination of alkyne and phenyl rings linkers (PCN-68/PCN-610/NU-

110/NU-100),36, 47-48 triazole functionality (NU-125, NU-138, NU-139 and NU-140),38, 49 

acylamide linker (rht-MOF-8, rht-amide (TPBTM)),7, 29, 50 methoxy (rht-MOF-4), and 

secondary amines (rht-MOF-7 and rht-MOF-9).34-35 
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Figure 3-8. An illustration of various linkages used in rht-MOF platforms (phenyl, alkyne, methoxy, triazole, 
acylamide and amine). 

These three pathways represent various methods of tuning the MOFs properties while 

maintaining the integrity of the rht-platform. These pathways do not only allow for the 

isolation of exotic nets that was hard to achieve before establishing the SBB approach, 

gas adsorption studies have revealed some interesting embedded properties in these 

materials. Of interest is the effect of including different functional groups leading to the 

isolation of materials with enhanced affinities towards various gases. This is nicely 

illustrated by a series of rht-MOFs published by the Hupp group where linkage 

modifications between central core and the isophthalic acid significantly impacted the 

CO2 uptake. In this series (NU-X), two MOFs are compared, one whereas single triazole 

functionality is introduced between the phenyl core and the isophthalic acid (NU-125) 

and the second where a triazole and a phenyl group are introduced between the phenyl 

core and the isophthalic acid (NU-140). The additional phenyl ring is reflected in an 
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increase in an overall pore volume from 1.29 cm3/g for NU-125 to 1.97 cm3/g for 

NU-140 This was further manifested in the gravimetric CO2 uptake with a total uptake of 

1.59 g/g for NU-125 and 1.1 g/g for NU-140. .36 

As mentioned earlier, one of the paths to targeting a rht-MOF having a larger surface 

area and pore volume is by following path A, expanding the distance between the 

carboxylate coordinating group and the phenyl ring on the isophthalic moiety. The three 

isolated MOFs synthesized by this approach have not shown a high degree of porosity 

due to their collapse upon activation. As such, the focus of this chapter is to synthesize 

rht-MOF with an expanded nanoball based on rht-MOF-7 which showed very high 

stability to dynamic vacuum, heating and when exchanged in different solvents. These 

promising properties have prompted us to design a ligand analogous to the ligand in rht-

MOF-7, but having an expanded isophthalic acid. Thus utilizing a triazine core having 

amines covalently linking to three expanded isophthalic acid moieties. The objective is to 

use this ligand to synthesize a new MOF, namely rht-MOF-10.  Reported herein is the 

synthesis activation procedure and gas storage properties obtained by conducted through 

high pressure adsorption studies of CO2/CH4/O2 as well more polarizable C2+ gases 

C2H6/C3H8/n-C4H10 at 298K.  

 

3.2    Experimental 

3.2.1  Materials and Methods 

All materials and methods are described in section 2.2.1 any deviations will be 

reported accordingly. 
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Supercritical CO2 Drying was carried out on a Tousimis Samdri® PVT-3D 

critical point dryer. MOFs are activated either directly from DMF or by first 

performing solvent exchange with a volatile solvent (absolute ethanol, methanol or 

acetone). For samples exchanged first with volatile solvent, samples are washed with 

DMF several times to remove unreacted starting material, then the sample is soaked 

in the desired volatile solvent and solution is refreshed 3 to 4 times per day for 3 to 4 

days.  

Then the exchanged samples or samples in DMF are pipetted into an in-house 

designed glass cell leaving a minimal amount of solvent covering the sample. This 

glass cell is inserted into a metal holder and placed inside the dryer to exchange with 

liquid CO2. First, the chamber is closed and the Cool Valve adjusted until the 

temperature reaches 0 °C. Next, the “Fill Valve” is opened to fill the chamber with 

liquid CO2. Then the “Purge/ Vent Valve” is opened to continuously exchange the 

solvent with liquid CO2. The rate of venting is kept lower than rate of filling to 

prevent exposing sample to gaseous CO2. In case of DMF samples, this method is 

repeated over the course of few days, purging and venting 3 to 4 times per day before 

proceeding to the supercritical state. For samples in volatile solvents, purging for one 

day is typically sufficient. After purging, the “Purge/ Vent Valve” is closed to allow 

the chamber to completely fill with CO2. The heater is turned on and set to 40 °C to 

ensure supercritical state of the fluid. The sample is kept at supercritical for 2 h before 

proceeding to the Bleed mode. The “Bleed Valve” is opened very slowly to bleed the 

supercritical CO2 (usually over the course of 4 to 6 h). The valve is closed when the 
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pressure reaches 400 psi. At this point, the “Purge/ Vent Valve” is opened to relieve 

the pressure until it becomes 0 psig, which allows the chamber to be opened.  

3.2.2  Experimental 

Synthesis of rht-MOF-10 [Cu3L(H2O)3]·xsol. To a 20 ml glass scintillation vial 

containing H6Lb (12.1 mg, 0.012 mmol) dissolved in 1.25 ml DMF, 0.0435 mmol of 

Cu(NO3)2·2.5H2O in DMF (10.12 mg) was added, followed by the addition of 0.2 ml of 

3 M HNO3 (nitric acid) in DMF. The vial was sealed and placed into a preheated oven at 

75 °C for 24 h to 48 h. Sea green polyhedral crystals were obtained. 

3.3   Results and Discussions 

The work presented in this chapter is focused on using simultaneously the MBB and 

SBB design principles to help develop MOF materials targeted for gas storage 

applications. Our main focus is to develop a material with high storage capacity for 

natural gas (CH4), CO2 and O2 in addition to more polarizable C2+ gases. To that end, we 

pursued a MOF belonging to the rht platform having an organic core. 

The advantages of using a trefoil ligand, which eliminated the need for using a 

transition metal which is capable of forming M-oxo-like trimer, is that this system 

becomes more accessible to other transition metals such as Zn and Co, which are not 

known for forming M-oxo trimer moieties. Indeed isostructural analogues of rht-MOF-7 

have been isolated and reported by our group34 and others32-33 using metals which are 

known to form paddlewheel MBB such as Zn2+, Co2+, Ni2+ and Mn2+. 
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A MOF with rht topology, rht-MOF-10, having an organic core with a triazine and 

aliphatic amines groups was synthesized and characterized by X-ray crystallography and 

gas sorption experiments.  

3.3.1  rht-MOF-10 

In our pursuit to target a MOF with rht topology, we chose a hexacarboxylate 

ligand, 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-tris(azanediyl))tris(([1,1':3',1''-terphenyl]-

4,4''-dicarboxylic acid (DETDA), with an organic trigonal central core. This ligand has an 

identical core to that used in synthesizing rht-MOF-7 except that the carboxylic acid 

groups of the terminus isophthalate in H6La are pushed further away from the phenyl ring 

by inserting an extra phenyl ring to separate the carboxylic groups from the central ring. 

In the case of rht-MOF-7, the H6La ligand was deliberately synthesized with a nitrogen 

rich core to enhance the MOF’s affinity to CO2 and improve the CO2 sorption energetics 

at lower loading. The improved selectivity towards CO2 is a key factor for gas separation 

and purification. rht-MOF-10 was investigated for its potential CO2, CH4 and O2 storage 

and compared with other rht-MOFs. Further comparison with other relevant MOFs is 

detailed at the end of this chapter. 

A solvothermal reaction of DETDA and copper nitrate hemipentahydrate 

(Cu(NO3)2·2.5H2O) under solvothermal conditions resulted in the targeted rht-MOF-10, 

which crystallizes in the Tetragonal I4/m space group having edge lengths of 

a = b = 39.3969 (11) Å; c = 61.9750 (2) Å and a formula of [Cu3L(H2O)3]n∙xsolv. In the 

original rht-MOF-1, two types of inorganic MBBs are present, namely the paddlewheel 

and the Cu-oxo trimer; whereas, in rht-MOF-10, only one type of inorganic MBB, the 



160 
 

 

paddlewheel, is isolated as shown in Figure 3-9. The copper trimer is replaced with 

organic core of the trefoil ligand.  

SCXRD studies show that the ligand is stable under the reactions conditions, and 

the triazine core remains covalently bonded through the aliphatic amines at the 

2,4,6-positions of the triazine to the 5-position of each expanded isophthalate terminus. 

The expanded isophthalate, connected through the 12 dinuclear copper paddlewheel 

MBBs [Cu2(O2C–)4] 51 allows for the in situ formation of the truncated cuboctahedra 

SBB (tcz), where the functionalized 5-position of each bridging expanded isophthalate 

groups (with a bent angle of 120° angle between carboxylates) lie on the vertices of a 

rhombicuboctahedron (rco)51. The combination of trigonal vertex figure (being the core 

of the ligand) and the rco vertex figure, namely 24-connected building block, is crucial 

for the formation of rht-MOF.18 

 

Figure 3-9. Schematic representation of rht-MOF-10 and the three isolated cages. 
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The packing of these rhombicuboctahedra SBBs, with a diameter of ~27 Å, yields 

to two additional cages with extra-large cavities, a truncated cube (tetrahedral in 

geometry) tcu formed from four linkers (La
6+) situated in the faces of the tetrahedra, and 

an augmented rhombic dodecahedron (octahedral geometry) rdo-a delimited by eight 

ligands situated on the faces of the octahedron, Figure 3-9. As mentioned earlier, 

replacing the triangular core by triazene and amine moieties, smaller in size than 

triangular core created by the Cu-oxo trimer observed in rht-1, results in reduced 

diameters for the tcu and rdo-a cavities (10 Å and 17 Å, respectively) compared to 

rht-MOF-1 (12 Å and 20 Å, respectively). However, this is not the case in rht-MOF-10, 

where due to expanding the distance between the carboxylate coordinating groups and 

phenyl groups on the isophthalate terminus, the isolated cages are of 19 Å for tcu and 31 

Å rdo-a cavities, which shows that almost all three cages are in the mesoporous range, as 

shown in Table 3-1.  

Table 3-1 Structural data for rht-MOF-1, rht-MOF-7 and rht-MOF-10 

Cavity dimensions (Å) rht-MOF-1 rht-MOF-7 rht-MOF-10 

tcz (Å) 16 16 27 

tcu (Å) 12 10 19 

rdo_a (Å) 20 17 31 
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The phase purity of rht-MOF-10 was confirmed through comparing the 

experimental PXRD patterns with patterns calculated from the crystal structure, 

Figure 3-10. The potential accessible free volume for rht-MOF-10, based on the single 

crystal structure, is estimated to be 83% with a theoretical pore volume of 2.3 cm3/g. This 

makes this material highly desirable for applications centering on high pressure gas 

storage. As striking as the free volume observed in this material is, its applicability hinges 

on our ability to remove the guest solvent molecules from the pores without significantly 

diminishing the expected porosity. As observed in previous reports, MOFs containing 

large pores are particularly predisposed to collapsing.52 

 

Figure 3-10. PXRD pattern of the as synthesized rht-MOF-10 showing phase purity as compared to the calculated 
PXRD from single crystal data. 

As synthesized samples were exchanged using methanol first by decanting the 

mother solution, followed by washing them with DMF to remove any excess materials 
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before soaking them in methanol and changing the solvent over the course of 3 days. 

Following this conventional thermal activation using volatile solvent, Figure 3-11, 

preliminary low pressure N2 adsorption studies were collected at 77 K.  The predicted 

MOF mesoporosity was not observed and the isotherm indicated negligible accessible 

surface area when compared to estimates based on the single crystal structure. 

Confronted with these disappointing results, we decided to use gentler methods for 

activation using the supercritical drying (ScD). 

 

Figure 3-11. N2 isotherm at 77 K following activation using methanol as exchange solvent. 

Conventional activation methods entail exchanging the guest molecules filling the 

pores of porous materials with a low boiling point solvent and then removing the solvent 

under mild conditions.53 This method has proven to be successful for a wide range of 

porous materials; however, in some cases it fails to retain the materials’ full porosity or 
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crystallinity. It is understood that as the sample passes through the liquid-to-gas phase 

boundary, significant surface tension and capillary forces are built, which often exerts a 

stress resulting in channel collapse.52 As the activation step is considered the most critical 

step to accessing the permanent porosity of the material, intensive work has been invested 

in this domain to overcome this obstacle.  

To that end, supercritical CO2 (scCO2) is a relatively new strategy that has been 

introduced to MOF synthesis by Hupp and co-workers52-54 and was adopted from aerogel 

fabrication.55-56 CO2 was specifically chosen for its abundance in nature and green nature 

as a “non-toxic gas”. Activation using scCO2 has been shown to be highly efficient, when 

both liquid and supercritical carbon dioxide is used, as it eliminates the surface tension 

observed in solvent exchanged activation procedures. 

In earlier reports, scCO2 was used as an attractive alternative medium for instance 

in the preparation of porous polymers as conventional processes often require large 

volumes of organic solvents which tends to be trapped within the polymeric matrix.55 

CO2 has been used in its supercritical state, at temperatures and pressures about 1050 psi 

and 31 °C, for having gas-like viscosity and liquid-like solvating strengths.56 These 

properties make it a highly desirable method for solvent exchange methods.  

The use of scCO2 entails exchanging the initially-solvent filled pores with mother 

solvent used in MOF synthesis or other volatile solvents, miscible in liquid CO2, with 

liquid CO2 under high pressures over the course of few hours. Therefore, scCO2 replaces 

the guest molecules filling the pores creating negligible surface tension, reducing 

capillary forces, preventing pore/channel collapse. 
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Hupp and co-workers implemented this technique to properly activate four MOFs 

based on Zn4O nodes and dicarboxylate linker, which have shown to be rather nonporous 

in previous reports.52 This method has become widely adopted by researchers around the 

world to effectively activate a wide variety of MOFs. It has been mainly used to activate 

MOFs exhibiting very large (1) surface areas and (2) pore sizes and aperture sizes.47, 52, 57 

Encouraged by the enhancement observed upon using scCO2 over conventional solvent 

exchanged methods, we opted to implement this method in activating rht-MOF-10. 

Generally, the high boiling solvent occupying the pores and used in MOF 

synthesis is exchanged with low boiling solvent, miscible in liquid CO2 and preferably 

compatible with the instrument, followed by exposure to high pressure of liquid CO2 

(>1300 psi), where the liquid CO2 is vented and the chamber is refreshed over the course 

of several hours. Then all valves are closed and the sample is brought above the 

supercritical temperature (>31 °C); hence the pores are filled with scCO2. Finally, the 

chamber is slowly vented, while maintaining the supercritical conditions. The controlling 

aspect of this method is the transition to the gas phase from the supercritical phase; thus 

avoiding the liquid-to-gas phase transition which allows for the build-up of capillary 

forces. 

Following this method, we started with a methanol exchanged sample to undergo 

activation using scCO2; however, this method was not successful either. Although these 

were not the results we expected, we went back to the literature looking for other 

methods implementing the scCO2 activation method. We came across the concept of 

“flowing” scCO2, which was introduced by Matzger et al.58  Under these conditions, the 
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sample is placed in a column where scCO2 is flowed through the sample effectively 

exchanging guest solvent molecules for CO2 molecules. The most interesting aspect in 

this method is the ability to activate the MOFs containing high boiling solvents such as 

DMF/ DEF without first exchanging with low boiling solvents; hence we devised a 

method that imitates this behavior. At that point, we did not have the proper set up to 

prepare “flow” scCO2, and so since in the static case, we can still exchange DMF directly 

with scCO2 as DMF is miscible in liquid CO2.57 The main drawback to this method 

pertains to some instrumental components which might be damaged in the presence of 

DMF, so we used more resistant O-rings which are used to lock the chamber (described 

in experimental section) and prevent any leaking as liquid CO2 is flowed.  

To imitate the “dynamic exchange” represented by flowing liquid CO2, we opted 

to flow liquid CO2 at pressures higher than 1300 psi for few min, then close the chamber 

to let the material soak for few hours and then vent and repeat. This method was repeated 

over the course of 24h, note that the temperature of the whole set up was kept below 0 °C 

using cooling chiller. In a typical procedure, liquid CO2 is used to maintain the 

temperature; hence the use of significant quantities of CO2 to carry on one experiment. 

We soak the sample in liquid CO2 overnight at 3 °C to ensure the liquid state of CO2, 

after which the liquid CO2 is refreshed in the chamber and the temperature is increased to 

40 °C (above critical temperature, 31 °C). We hold it at this state for 1h to 2 h, then start 

the venting while maintaining the supercritical conditions. Then the sample was moved 

directly onto the gas adsorption cell for either high or low pressure sorption studies. Low 

pressure N2 sorption studies at 77 K were conducted to verify the permanent porosity of 

the material, Figure 3-12. Low pressure N2 studies show a fully reversible type IV 
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sorption isotherm with a distinctive step at P/P0=0.09, which confirms the mesoporosity 

of rht-MOF-10. Based on the N2 isotherm, the BET specific surface area was estimated 

to be 2800 m2 g-1 in the pressure range (0.015-0.0269 p/p0) and an estimated pore volume 

at P/P0 of 1.95 cc/g representing 83% of the calculated pore volume determined from the 

single crystal data. The exceptional properties of this material, high pore volume and 

large surface area, motivated us to explore gas storage properties of rht-MOF-10, 

including hydrocarbons (n-C4H10, C3H8 and C3H6) and CO2/CH4/O2 at high pressures 

to highlight its exceptional porosity which makes it a suitable candidate for gas storage 

for on-board or stationary gas storage applications. 

 

Figure 3-12. N2 isotherms collected at 77 K following ()solvent exchange activation (methanol) and () scCO2 
activation. Opened and closed symbols resemble adsorption and desorption respectively. 

3.3.2  rht-MOF-10 for Gas Storage 

As shown in the previous section, 83% of the total volume of rht-MOF-10 

represents free volume, which makes this material an interesting candidate for gas 
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storage studies with its extremely open structure and cages with pore sizes concerted 

exclusively in the mesoporous range. In order to gain more insight into rht-MOF-10 

as an adsorbent and to leverage the high surface area and high pore volume of this 

material, high pressure sorption studies of CO2, CH4 and O2 at 298 K were 

investigated. 

 Accordingly, high pressure CH4 adsorption studies were conducted at room 

temperature (RT) up to 85 bar. The material does not reach saturation at the stated 

condition; albeit showing remarkable CH4 uptakes. As depicted in Figure 3-13, this 

MOF shows exceptionally high gravimetric uptakes of 0.22 g/g (ca. 312 

cm3(STP)/g) at the disclosed DOE operational storage conditions (298K and 35 bar) 

and up to ca. 0.4 g/g at 80 bar and 298K.  

 

Figure 3-13. High pressure CH4 uptake of rht-MOF-10 at RT. 

In the context of methane storage, there has been a growing interest in 

investigating MOFs with high storage capacities in the past decade.59-63 Although 
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rht-MOF-10 has shown high methane uptake, which is an essential prerequisite for 

storage, the working capacity of the material is an equally important factor. The 

working capacity, with regard to methane, is defined as the deliverable amount of 

methane between 50 bar (upper storage pressure) and 5 bar (lower pressure limit 

required for an engine methane injection pressure). With that goal in mind, we 

compared the CH4 working capacity of 10 MOFs to rht-MOF-10, eight of which 

belong to the rht-MOF platform and the others to Al-soc-MOF-164 and MOF-17765 

which to date have shown the highest methane working capacity.  The selected 

MOFs cover a wide range of pore volume and densities as shown in Table 3-2. 

Table 3-2. A summary of the density and pore volume for the selected MOFs belonging 
to rht-MOF platform and Al-soc-MOF and PCN-14 

MOFs Density (g/cc) Pore volume (cc/g) 

Al-soc-MOF-1 0.38 2.3 

PCN-14 0.829 0.83 

HKUST-1 0.889 0.77 

rht-MOF-10 0.355 2.34 

NU-125 0.578 1.29 

rht-amide 0.627 1.27 

PCN-68 0.38 2.13 

PCN-66 0.45 1.63 

PCN-61 0.56 1.36 

rht-MOF-9 0.74 0.94 

rht-MOF-7 0.788 0.894 
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rht-MOF-1 0.702 1.1 

 

The chosen MOFs for comparison are rht-MOF-1,18 PCN-68, 36 PCN-61, 36 PCN-

66, 36 rht-MOF-7, 34 rht-amide,50 NU-125 38 and rht-MOF-9, 35 Figure 3-14(Top). In 

addition, Al-soc-MOF-1 composed of trinuclear aluminum (III) MBB 

[Al3(µ3-O)(O2C –)6] and 3,3", 5, 5"-tetrakis(4-carboxyphenyl)-p-terphenyl 

(H4TCPT) tetratopic ligand and PCN-14 ref. 66 composed of Cu paddlewheel 

Cu2(O2C–)4 and 5,5’-(9,10-anthracene-diyl)di-isophthalate (adip) tetratopic ligand, 

Figure 3-14 (Bottom, Left and Right) .  

High-pressure studies were performed to investigate CH4 sorption of rht-MOF-

10. These results show high uptakes of 408 cm3(STP)/g (144 cm3(STP)/cm3) at 50 

bar and 298 K, 312.4 cm3(STP)/g (111 cm3(STP)/cm3) at 35 bar and 298 K, and 55 

cm3(STP)/g (19.5 cm3(STP)/cm3) at 5 bar and 298 K. This material was compared to 

other MOFs with rht-platform and with current benchmark MOFs as methane 

sorbents, listed earlier. rht-MOF-10 shows impressive gravimetric uptake as shown 

in Figure 3-15, in comparison to some of the high performing MOFs PCN-68 (372 

cm3(STP)/g, bar, 428 cm3(STP)/g 50 bar) and Al-soc-MOF-1 (361 cm3(STP)/g 35 

bar, 471 cm3(STP)/g 50 bar).  
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Figure 3-14. (Top) A scheme showing hexatopic ligands used to form MOFs with rht topology. Bottom (Left) Al-soc-
MOF-1 composed of H4TCPT ligand and Al3(µ3-O)(O2C–)6; Bottom (Center) MOF-177 composed of BTB and 
Zn4O(COO–)6 and Bottom (Right) PCN-14 composed of Cu2(O2C–)4 and (adip).  

In the pursuit of clean energy and the growing need for fossil fuel replacements, 

particularly in transportation, natural gas (NG), primarily methane, has become at the 

forefront as a potential low carbon fuel for stationary and mobile applications. However, 

the main challenge lies in the low volumetric energy density of methane gas under 

ambient conditions compared to liquid fossil fuels.59, 62-64, 67 In the current natural gas 

vehicles (NGVs) deployed with compressed natural gas systems (CNGs), NG is being 

compressed to high pressures of 250 bars, raising safety concerns regarding carrying a 

highly pressurized tank in an automobile in case of ignition.62, 68 Intensive research has 

been conducted to overcome one of the key challenges pertaining to mass/volume- 

efficient storage and delivery, which requires high pressures as in the case of CNG.  To 

that end, the adsorbed natural gas (ANG) technology for gas storage has been introduced 

primarily in natural gas vehicles (NGVs). This method allows for a substantially high 

concentration of gas to be stored in porous materials at low pressures. As the vehicle 

driving range is directly linked to the deliverable amount of methane, the current 
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challenge involves finding materials that can store and deliver a sufficient amount of 

methane, at low pressures and close to room temperature, to drive a reasonable distance.  

As porous materials were introduced for storing methane to be used in passenger 

cars, the U.S. Department of Energy (DOE)69 started off with a 180 cc(STP)/cc at 35 bar, 

as the required volumetric uptake for implementing sorbents in practical as practical 

adsorbents for methane storage in passenger car. However, with the expedite 

development of ANG and high-pressure ANG techniques, the DOE in 2012 updated the 

target for methane storage materials for ANG applications to a gravimetric capacity of 

0.5 g (CH4)/ g (sorbent) and a volumetric capacity of ρ = 0.188 g/cm3 (11.74 mmol/cm3), 

which translates to 263 cc (STP)/cc, in order to achieve the corresponding density of 

CNG at 250 bar and 298 K.  

Highly porous materials, such as activated carbons and MOFs, represent an 

attractive category of adsorbents for having high surface area and considerable pore 

volume. As the size of the fuel tank in an automobile is limited, the volumetric working 

capacity plays an important role in assessing the material’s performance toward CH4 

storage.64 Here in, the working capacity represents the deliverable amount derived from 

the maximum uptake at high pressure (35 bar and higher) and the remaining amount at 

the delivered pressure (5 bar). On the other hand, the gravimetric working capacity 

becomes essential for stationary applications, where natural gas is employed as a fuel for 

electric power plants, in industry and in homes.63 

Metal-organic frameworks (MOFs) with their high surface areas, pore volume and 

ease of tunability and modularity, puts them at a great advantage over other materials for 
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high density methane storage via physisorption. During the past decade, there has been a 

growing interest in investigating MOFs for high methane uptake capacities. Among the 

plethora of MOFs studied for methane storage, HKUST-1, Ni-MOF-74, PCN-14, NU-

125, UTSA-20 and Al-soc-MOF-1 are ranked among the best performing methane 

storage materials at a pressure range of 5-35, 5-65 bar and 5-85 bar. 

The resultant CH4 working storage capacity for the obtained rht-MOF-10, 

assuming 35 bar or 50 bar as highest adsorption pressure and 5 bar as the lowest 

desorption pressure (stated as the requirement for the engine-methane injection 

pressure38), is ca. 91 cm3(STP).cm-3 (0.21 g/g) and 125.4 cm3(STP).cm-3 (0.25 g/g), 

respectively. The volumetric working storage capacity was calculated considering the 

density of rht-MOF-10 (0.355 g cm-3) and the other MOFs used for comparison, to be 

constant and equivalent to the theoretical density derived from the fully evacuated crystal 

structure. As shown in Figure 3-15 (Left), rht-MOF-10, rht-MOF-10 displays a very 

moderate volumetric uptake compared to other materials.  

 

Figure 3-15. Total CH4 volumetric (Left) and gravimetric (Right) working capacities, assuming 50 bar as highest 
adsorption pressure and 5 bar as lowest desorption pressure and 298 K for rht-MOF-10 as compared with other rht-
MOF analogues and the best performing MOFs available in the literature. 



174 
 

 

However, it shows significantly high gravimetric uptake when compared to some 

of the promising existing MOFs. The gravimetric working capacity of 0.25 g/g in a 

pressure range of 5 to 50 bar displays a higher uptake than its contenders PCN-14 of 0.12 

g/g and NU-125 of 0.20 g/g, with that displaying a closer working range with the best 

materials for methane storage, PCN-68 of 0.26 g/g and Al-soc-MOF-1 of 0.27 g/g. 

Therefore, rht-MOF-10 is ranked among the best performing methane storage materials 

with a gravimetric working capacity of 0.37 g/g at a pressure range of 5-85 bar and 0.25 

g/g at a pressure range of 5-50 bar. 

 High-pressure studies were also performed to study CO2 sorption of rht-MOF-10. 

CO2 adsorption isotherm at high pressures, Figure 3-16 (Left), indicates near full 

saturation of the activated pore volume (1.95 cm3 g-1) as the pressure reaches 25 bar at 

298K (30.5 mmol/g). This corresponds to a pore volume of 1.89 cm3.g-1 which accounts 

for 97 % of the experimental activated pore volume calculated from N2 isotherm at 77 K. 

The CO2 adsorption studies revealed that rht-MOF-10 exhibits exceptional gravimetric 

CO2 uptake at 25 bar of 1.35g/g (683 cm3. g-1). The gravimetric CO2 uptake at 25 bar and 

298K 683 cm3 (STP)/cm3 was slightly lower than MOF-177 (694 cm3 (STP)/cm3. 
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Figure 3-16. (Left) Adsorption isotherms of CO2 at 298 K and up to 40 bar for rht-MOF-10. (Right) CO2 gravimetric 
uptake (cm3 (STP)/g) at 25 bar and 298 K for rht-MOF-10 as compared with other rht-MOF analogues and the best 
performing MOF (Al-soc-MOF-1 and MOF-177). 

The depletion of fossil fuel deposits and the growing threat of global warming 

resulted in an extensive work in the clean energy research. The emergence of MOFs has 

provided promising solutions for storage and separation of gases primarily CH4 and CO2 

as the main targeted gases for clean energy research which includes the search for clean 

energy carriers (methane) as well the reduction of CO2 emissions which is directly 

related to global warming. On the other hand, studies pertaining to high pressure oxygen 

(O2) storage are scarce. The availability of high amounts of O2 is of prime importance in 

the health care domain, particularly by first aid responder in the treatment of respiratory 

insufficiencies and in hyperbaric oxygen changes for the treatment of carbon monoxide 

poisoning, as well as in welding industries where flame torches are used for cutting and 

shaping metals and aviation industries. Hence, there is a need to develop efficient 

pathways to store O2 for various industrial needs. Here-in we conducted high pressure O2 

adsorption isotherms up to 115 bar and 298 K showing an uptake of 405 cc (STP)/g (18 

mmol/g), Figure 3-17 (Left).  Due to the scarcity of experiments evaluating oxygen 
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storage in MOFs, we compared O2 uptake in rht-MOF-10 with only 3 other MOFs NU-

12570 (17.4 mmol/g at 140 bar), HKUST70 (13.2 mmol/g, at 140 bar) and Al-soc-MOF-

164 (25 mmol/g, at 114 bar) and with 18 mmol/g (at 114 bar) rht-MOF-10 is ranked 

among the highest coming right after Al-soc-MOF-1 which has the highest capacity for 

O2 storage. 

 

Figure 3-17. (Left) Absolute adsorption isotherms of O2 at 298 K and up to 115 bar for rht-MOF-10. (Right) absolute 
O2 gravimetric uptake (mmol /g) up to 150 bar at 298 K for rht-MOF-10 compared to NU-125, HKUST-1 the best 
performing MOF Al-soc-MOF-1. 

Encouraged by the highly accessible pore volume illustrated with the high 

CH4/O2/CO2 uptake observed for rht-MOF-10, adsorption of larger and relatively highly 

polarizable C2+ probe molecules such as C2H6, C3H8 and n-C4H10 were also 

investigated, Figure 3-18. Interestingly, due to large pores (rdo-a 31Å, tcu-a 19 Å and 

rco-a 27 Å) of rht-MOF-10, we observe the C3H8 adsorption isotherm reach full 

saturation of the pore system at 8 bar (P/P0=0.801, saturation pressure (Psat)=9.53 bar at 

298K) and 298K (23.1 mmol/g; 1g/g). This corresponds to a pore volume of 2 cm3/g 

(density of liquid propane at 298 K being 0.5 g/cc), which is a little higher than the 

activated pore volume (1.95 cm3/g) and accounts to 85% of the theoretical pore volume 
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(2.34 cm3/g). As for n-C4H10, the total uptake at 1.44 bar (P/P0=0.56, Psat=2.0871 at 

298K) and 298K (13.12 mmol/g; 0.76 g/g) corresponds to a pore volume of 1.3 cm3/g.  

 

Figure 3-18. Summary of high pressure adsorption isotherms for rht-MOF-10 for hydrocarbons (Left) absolute 
pressure (bar) and (Right) relative pressure (P/P0). 

3.1.2 Conclusions 

Metal-Organic Frameworks are a growing class of porous materials, which have 

gained tremendous attention due to high porosity, exceptional surface area and 

tunable-embedded functionality. These unusual properties, which are often 

surpassing traditional porous materials such as activated carbons and zeolites, have 

been extensively researched in several applications such as gas storage and 

separation. To that end, several design strategies have been reported and 

implemented to facilitate directed synthesis of MOFs with desired properties.  

In the previous chapter, we highlighted the design principles of the molecular 

building block approach (MBB) and reticular chemistry. Here-in we demonstrated 

the use of the SBB strategy to obtain high connectivity building blocks in effort to 

target high surface areas and pore volume materials for gas storage applications. On 
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the other hand, targeting MOFs with high surface areas often leads to 

interpenetration. To that end, we demonstrated the successful utilization of 

functionalized MOPs as SBBs to predictably target high connectivity networks, 

specifically MOFs having rht topology, without concern for interpenetration.  

We successfully isolated rht-MOF-10 under isothermal reaction conditions by 

reaction DETDA with Cu(II) metal source. As expected with materials with high 

pore volume, conventional solvent exchange methods to remove guest molecules 

resulted in structural collapse. Even implementing Hupp’s52, 54 and Matzger’s57 

drying method using supercritical CO2 did not allow for proper activation of rht-

MOF-10. The modified activation procedure we presented here starting with DMF 

exchanged sample and flushing it with liquid CO2 over the course of 2 days 

followed by bringing the sample to supercritical state for a short time that did not 

exceed 2h including the bleeding resulted in an activated rht-MOF-10. The N2 

isotherm measured at 77 K showed a maximum uptake of 1260 cm3(STP)/g 

corresponding to a pore volume of 1.95 cm3/g equivalent to 83% of the calculated 

pore volume of 2.34 cm3/g. 

The successful activation of rht-MOF-10 was followed by high pressure 

adsorption studies conducted on CH4/CO2/O2 and more polarizable C2+ 

hydrocarbons C2H6/C3H8/n-C4H10. rht-MOF-10 showed exceptional gravimetric 

CH4 uptake of 0.41 g/g corresponding to 82% of DOE target (0.5g/g), and working 

capacity (50-5 bar) of 0.25g/g. In addition to high gravimetric CO2 uptake at 298 K 

and 25 bar of 683 cm3 (STP)/g and high gravimetric O2 uptake at 298 K and 114 bar 
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of 0.58 g /g (405 cm3 (STP)/g), which places it among the best performing materials 

for gas storage for implanting it for clean energy research. These results illustrate the 

successful implementation of SBB approach in targeting rht-MOF platform in the 

synthesis of highly connected MOF with exceptional accessible pore volume for gas 

storage applications.  

APPENDICES 

 Crystal Structure Tables Y-shp-MOF-5 and Activated Crystals 
 
Table 3-3 Crystal data and structure refinement for rht-MOF-10 

Identification code rht-MOF-10 
Empirical formula C69H43N4O17Cu4 
Formula weight 1454.3 
Crystal system, space group Tetragonal, I4/m 
Unit cell dimensions a = 38.505 Å, c = 60.846 Å 
Volume 96192 Å3 
Z, calculated density 2, 0.35 g cm-3 
F(000) - 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 3.66 mm-1 
Absorption correction Multi-scan 
Max and min transmission - 
Crystal size - mm 
Shape, color octahedral, green 

θ range for data collection 2.9–67.5° 

Limiting indices - 
Reflection collected / unique / 
observed with I > 2σ(I) 

- 

Completeness to θmax = 67.5° 98.5 % 
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Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters - 

Final R indices [I > 2σ(I)] - 

Final R indices (all data) - 
Weighting scheme - 
Goodness-of-fit - 
Largest diff. peak and hole - 

*P = (Fo
2 + 2Fc

2)/3 

  



181 
 

 

3.4   REFERENCES 

1. Luebke, R.; Belmabkhout, Y.; Weseliński, Ł. J.; Cairns, A. J.; Alkordi, M.; Norton, G.; Wojtas, L.; 
Adil, K.; Eddaoudi, M., Versatile Rare Earth Hexanuclear Clusters for the Design and Synthesis of 
Highly-connected ftw-MOFs. Chem Sci 2013, 6, 4095-4102. 

2. Guillerm, V.; Weselinski, L.; Belmabkhout, Y.; Cairns, A. J.; D'Elia, V.; Wojtas, L.; Adil, K.; 
Eddaoudi, M., Discovery and introduction of a (3,18)-connected net as an ideal blueprint for the 
design of metal-organic frameworks. Nat Chem 2014, 6 (8), 673-80. 

3. 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. J. Am. Chem. 
Soc. 2015, 137 (16), 5421-5430. 

4. 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. J Am Chem Soc 2013, 135 (20), 7660-7. 

5. Xue, D. X.; Belmabkhout, Y.; Shekhah, O.; Jiang, H.; Adil, K.; Cairns, A. J.; Eddaoudi, M., Tunable 
Rare Earth fcu-MOF Platform: Access to Adsorption Kinetics Driven Gas/Vapor Separations via 
Pore Size Contraction. J Am Chem Soc 2015, 137 (15), 5034-40. 

6. Assen, A. H.; Belmabkhout, Y.; Adil, K.; Bhatt, P. M.; Xue, D. X.; Jiang, H.; Eddaoudi, M., Ultra-
Tuning of the Rare-Earth fcu-MOF Aperture Size for Selective Molecular Exclusion of Branched 
Paraffins. Angew. Chem. Int. Ed. 2015. 

7. Zou, Y.; Park, M.; Hong, S.; Lah, M. S., A designed metal-organic framework based on a metal-
organic polyhedron. Chem. Commun. 2008,  (20), 2340-2342. 

8. Zhao, D.; Yuan, D.; Sun, D.; Zhou, H.-C., Stabilization of Metal−Organic Frameworks with High 
Surface Areas by the Incorporation of Mesocavities with Microwindows. J. Am. Chem. Soc. 2009, 
131 (26), 9186-9188. 

9. 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 (6941), 705-714. 

10. Furukawa, H.; Kim, J.; Ockwig, N. W.; O’Keeffe, M.; Yaghi, O. M., Control of Vertex Geometry, 
Structure Dimensionality, Functionality, and Pore Metrics in the Reticular Synthesis of 
Crystalline Metal−Organic Frameworks and Polyhedra. J. Am. Chem. Soc. 2008, 130 (35), 
11650-11661. 

11. 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 pillar building blocks. J. Am. 
Chem. Soc. 2011, 133 (36), 14204-14207. 

12. Lin, Z. J.; Liu, T. F.; Huang, Y. B.; Lü, J.; Cao, R., A Guest‐Dependent Approach to Retain 
Permanent Pores in Flexible Metal–Organic Frameworks by Cation Exchange. Chemistry - A 
European Journal 2012, 18 (25), 7896-7902. 

13. O'Keeffe, M.; Yaghi, O. M., Deconstructing the crystal structures of metal-organic frameworks 
and related materials into their underlying nets. Chem. Rev. 2012, 112 (2), 675-702. 

14. 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. Chem. Commun. 2012, 48 (88), 10841-10843. 

15. 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. J. Am. Chem. Soc. 2008, 130 (42), 13850-13851. 



182 
 

 

16. Birkmann, B.; Fröhlich, R.; Hahn, F. E., Assembly of a Tetranuclear Host with a Tris(benzene‐o‐
dithiolato) Ligand. Chemistry - A European Journal 2009, 15 (37), 9325-9329. 

17. Brückner, C.; Powers, R. E.; Raymond, K. N., Symmetry‐Driven Rational Design of a Tetrahedral 
Supramolecular Ti4L4 Cluster. Angew. Chem. Int. Ed. 1998, 37 (13‐14), 1837-1839. 

18. Nouar, F.; Eubank, J. F.; Bousquet, T.; Wojtas, L.; Zaworotko, M. J.; Eddaoudi, M., 
Supermolecular Building Blocks (SBBs) for the Design and Synthesis of Highly Porous Metal-
Organic Frameworks. J. Am. Chem. Soc. 2008, 130 (6), 1833-1835. 

19. Li, J.-R.; Zhou, H.-C., Bridging-ligand-substitution strategy for the preparation of metal–organic 
polyhedra. Nat Chem 2010, 2 (10), 893-898. 

20. Tranchemontagne, D. J.; Ni, Z.; O'Keeffe, M.; Yaghi, O. M., Reticular Chemistry of Metal–Organic 
Polyhedra. Angew. Chem. Int. Ed. 2008, 47 (28), 5136-5147. 

21. 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. Chem Sci 2011, 2 (9), 1695-1705. 

22. Alkordi, M. H.; Brant, J. A.; Wojtas, L.; Kravtsov, V. C.; Cairns, A. J.; Eddaoudi, M., Zeolite-like 
Metal−Organic Frameworks (ZMOFs) Based on the Directed Assembly of Finite Metal−Organic 
Cubes (MOCs). J. Am. Chem. Soc. 2009, 131 (49), 17753-17755. 

23. Cairns, A. J.; Perman, J. A.; Wojtas, L.; 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. J. Am. Chem. Soc. 2008, 130 (5), 1560-
1561. 

24. Li, J.-R.; Yakovenko, A. A.; Lu, W.; Timmons, D. J.; Zhuang, W.; Yuan, D.; Zhou, H.-C., Ligand 
Bridging-Angle-Driven Assembly of Molecular Architectures Based on Quadruply Bonded 
Mo−Mo Dimers. J. Am. Chem. Soc. 2010, 132 (49), 17599-17610. 

25. Zheng, S. T.; Zuo, F.; Wu, T.; Irfanoglu, B.; Chou, C.; Nieto, R. A.; Feng, P.; Bu, X., Cooperative 
Assembly of Three-Ring-Based Zeolite-Type Metal–Organic Frameworks and Johnson-Type 
Dodecahedra. Angew. Chem. Int. Ed. 2011, 50 (8), 1849-1852. 

26. Li, J.-R.; Timmons, D. J.; Zhou, H.-C., Interconversion between Molecular Polyhedra and 
Metal−Organic Frameworks. J. Am. Chem. Soc. 2009, 131 (18), 6368-6369. 

27. Abourahma, H.; Coleman, A. W.; Moulton, B.; Rather, B.; Shahgaldian, P.; Zaworotko, M. J., 
Hydroxylated nanoballs: synthesis, crystal structure, solubility and crystallization on surfaces. 
Chem. Commun. 2001,  (22), 2380-2381. 

28. Eddaoudi, M.; Kim, J.; Wachter, J. B.; Chae, H. K.; O'Keeffe, M.; Yaghi, O. M., Porous 
Metal−Organic Polyhedra:  25 Å Cuboctahedron Constructed from 12 Cu2(CO2)4 Paddle-Wheel 
Building Blocks. J. Am. Chem. Soc. 2001, 123 (18), 4368-4369. 

29. Eubank, J. F.; Nouar, F.; Luebke, R.; Cairns, A. J.; Wojtas, L.; Alkordi, M.; Bousquet, T.; Hight, M. 
R.; Eckert, J.; Embs, J. P.; Georgiev, P. A.; Eddaoudi, M., On demand: the singular rht net, an ideal 
blueprint for the construction of a metal-organic framework (MOF) platform. Angew. Chem. Int. 
Ed. 2012, 51 (40), 10099-10103. 

30. 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. 
Chem Soc Rev 2014, 43 (16), 6141-72. 

31. Lu, W.; Wei, Z.; Gu, Z.-Y.; Liu, T.-F.; Park, J.; Park, J.; Tian, J.; Zhang, M.; Zhang, Q.; Gentle Iii, T.; 
Bosch, M.; Zhou, H.-C., Tuning the structure and function of metal-organic frameworks via linker 
design. Chem. Soc. Rev. 2014, 43 (16), 5561-5593. 

32. Zhu, Z.; Bai, Y. L.; Zhang, L.; Sun, D.; Fang, J.; Zhu, S., Two nanocage anionic metal-organic 
frameworks with rht topology and {[M(H2O)6]6}(12+) charge aggregation for rapid and selective 
adsorption of cationic dyes. Chem Commun (Camb) 2014, 50 (93), 14674-7. 



183 
 

 

33. 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. Angew. Chem. Int. Ed. 2012, 51 (6), 1412-5. 

34. 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. 
Chem. Commun. 2012, 48 (10), 1455-1457. 

35. Luebke, R.; Weseliński, Ł. J.; Belmabkhout, Y.; Chen, Z.; Wojtas, Ł.; Eddaoudi, M., Microporous 
Heptazine Functionalized (3,24)-Connected rht-Metal–Organic Framework: Synthesis, Structure, 
and Gas Sorption Analysis. Cryst. Growth Des. 2014, 14 (2), 414-418. 

36. Yuan, D.; Zhao, D.; Sun, D.; Zhou, H. C., An isoreticular series of metal-organic frameworks with 
dendritic hexacarboxylate ligands and exceptionally high gas-uptake capacity. Angew. Chem. Int. 
Ed. 2010, 49 (31), 5357-61. 

37. Yan, Y.; Blake, A. J.; Lewis, W.; Barnett, S. A.; Dailly, A.; Champness, N. R.; Schröder, M., 
Modifying Cage Structures in Metal–Organic Polyhedral Frameworks for H2 Storage. Chemistry - 
A European Journal 2011, 17 (40), 11162-11170. 

38. Wilmer, C. E.; Farha, O. K.; Yildirim, T.; Eryazici, I.; Krungleviciute, V.; Sarjeant, A. A.; Snurr, R. Q.; 
Hupp, J. T., Gram-scale, high-yield synthesis of a robust metal-organic framework for storing 
methane and other gases. Energy & Environmental Science 2013, 6 (4), 1158-1163. 

39. Hong, S.; Oh, M.; Park, M.; Yoon, J. W.; Chang, J.-S.; Lah, M. S., Large H2 storage capacity of a 
new polyhedron-based metal-organic framework with high thermal and hygroscopic stability. 
Chem. Commun. 2009,  (36), 5397-5399. 

40. Zhao, X.; Wang, X.; Wang, S.; Dou, J.; Cui, P.; Chen, Z.; Sun, D.; Wang, X.; Sun, D., Novel Metal–
Organic Framework Based on Cubic and Trisoctahedral Supermolecular Building Blocks: 
Topological Analysis and Photoluminescent Property. Cryst. Growth Des. 2012, 12 (6), 2736-
2739. 

41. Zhao, X.; Sun, D.; Yuan, S.; Feng, S.; Cao, R.; Yuan, D.; Wang, S.; Dou, J.; Sun, D., Comparison of 
the Effect of Functional Groups on Gas-Uptake Capacities by Fixing the Volumes of Cages A and 
B and Modifying the Inner Wall of Cage C in rht-Type MOFs. Inorg. Chem. 2012, 51 (19), 10350-
10355. 

42. Gao, W.-Y.; Cai, R.; Pham, T.; Forrest, K. A.; Hogan, A.; Nugent, P.; Williams, K.; Wojtas, L.; 
Luebke, R.; Weseliński, Ł. J.; Zaworotko, M. J.; Space, B.; Chen, Y.-S.; Eddaoudi, M.; Shi, X.; Ma, 
S., Remote Stabilization of Copper Paddlewheel Based Molecular Building Blocks in Metal–
Organic Frameworks. Chemistry of Materials 2015, 27 (6), 2144-2151. 

43. Eryazici, I.; Farha, O. K.; Hauser, B. G.; Yazaydın, A. Ö.; Sarjeant, A. A.; Nguyen, S. T.; Hupp, J. T., 
Two Large-Pore Metal–Organic Frameworks Derived from a Single Polytopic Strut. Cryst. Growth 
Des. 2012, 12 (3), 1075-1080. 

44. Franz, D.; Forrest, K. A.; Pham, T.; Space, B., Accurate H2 Sorption Modeling in the rht-MOF 
NOTT-112 Using Explicit Polarization. Cryst. Growth Des. 2016, 16 (10), 6024-6032. 

45. Yuan, D.; Zhao, D.; Zhou, H.-C., Pressure-Responsive Curvature Change of a “Rigid” Geodesic 
Ligand in a (3,24)-Connected Mesoporous Metal–Organic Framework. Inorg. Chem. 2011, 50 
(21), 10528-10530. 

46. Peng, Y.; Srinivas, G.; Wilmer, C. E.; Eryazici, I.; Snurr, R. Q.; Hupp, J. T.; Yildirim, T.; Farha, O. K., 
Simultaneously high gravimetric and volumetric methane uptake characteristics of the metal-
organic framework NU-111. Chem. Commun. 2013, 49 (29), 2992-2994. 



184 
 

 

47. Farha, O. K.; Eryazici, I.; Jeong, N. C.; Hauser, B. G.; Wilmer, C. E.; Sarjeant, A. A.; Snurr, R. Q.; 
Nguyen, S. T.; Yazaydın, A. Ö.; Hupp, J. T., Metal–Organic Framework Materials with Ultrahigh 
Surface Areas: Is the Sky the Limit? J. Am. Chem. Soc. 2012, 134 (36), 15016-15021. 

48. Farha, O. K.; Özgür Yazaydın, A.; 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. Nat Chem 2010, 2 (11), 944-948. 

49. Furukawa, H.; Go, Y. B.; Ko, N.; Park, Y. K.; Uribe-Romo, F. J.; Kim, J.; O’Keeffe, M.; Yaghi, O. M., 
Isoreticular Expansion of Metal–Organic Frameworks with Triangular and Square Building Units 
and the Lowest Calculated Density for Porous Crystals. Inorg. Chem. 2011, 50 (18), 9147-9152. 

50. Zheng, B.; Bai, J.; Duan, J.; Wojtas, L.; Zaworotko, M. J., Enhanced CO2Binding Affinity of a High-
Uptakerht-Type Metal−Organic Framework Decorated with Acylamide Groups. J. Am. Chem. Soc. 
2011, 133 (4), 748-751. 

51. 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. Acc. Chem. Res. 2008, 41 (12), 
1782-1789. 

52. Mondloch, J. E.; Karagiaridi, O.; Farha, O. K.; Hupp, J. T., Activation of metal-organic framework 
materials. CrystEngComm 2013, 15 (45), 9258-9264. 

53. Farha, O. K.; Hupp, J. T., Rational Design, Synthesis, Purification, and Activation of Metal−Organic 
Framework Materials. Acc. Chem. Res. 2010, 43 (8), 1166-1175. 

54. Nelson, A. P.; Farha, O. K.; Mulfort, K. L.; Hupp, J. T., Supercritical Processing as a Route to High 
Internal Surface Areas and Permanent Microporosity in Metal−Organic Framework Materials. J. 
Am. Chem. Soc. 2009, 131 (2), 458-460. 

55. Cooper, A. I., Polymer synthesis and processing using supercritical carbon dioxide. J Mater Chem 
2000, 10 (2), 207-234. 

56. Lubguban, J. A.; Gangopadhyay, S.; Lahlouh, B.; Rajagopalan, T.; Biswas, N.; Sun, J.; Huang, D. H.; 
Simon, S. L.; Mallikarjunan, A.; Kim, H. C.; Hedstrom, J.; Volksen, W.; Miller, R. D.; Toney, M. F., 
Supercritical CO2 extraction of porogen phase: An alternative route to nanoporous dielectrics. 
Journal of Materials Research 2004, 19 (11), 3224-3233. 

57. Liu, B. J.; Wong-Foy, A. G.; Matzger, A. J., Rapid and enhanced activation of microporous 
coordination polymers by flowing supercritical CO2. Chem. Commun. 2013, 49 (14), 1419-1421. 

58. Koh, K.; Van Oosterhout, J. D.; Roy, S.; Wong-Foy, A. G.; Matzger, A. J., Exceptional surface area 
from coordination copolymers derived from two linear linkers of differing lengths. Chem Sci 
2012, 3 (8), 2429-2432. 

59. Mason, J. A.; Veenstra, M.; Long, J. R., Evaluating metal–organic frameworks for natural gas 
storage. Chem Sci 2014. 

60. Wu, H.; Zhou, W.; Yildirim, T., High-Capacity Methane Storage in Metal−Organic Frameworks  
M2(dhtp): The Important Role of Open Metal Sites. J. Am. Chem. Soc. 2009, - 131 (- 13), - 5000. 
61. Guo, Z.; Wu, H.; Srinivas, G.; Zhou, Y.; Xiang, S.; Chen, Z.; Yang, Y.; Zhou, W.; O'Keeffe, M.; Chen, 

B., A Metal–Organic Framework with Optimized Open Metal Sites and Pore Spaces for High 
Methane Storage at Room Temperature. Angew Chem Int Ed 2011, - 50 (- 14), - 3181. 

62. Peng, Y.; Krungleviciute, V.; Eryazici, I.; Hupp, J. T.; Farha, O. K.; Yildirim, T., Methane storage in 
metal-organic frameworks: current records, surprise findings, and challenges. J. Am. Chem. Soc. 
2013, 135 (32), 11887-94. 

63. Jiang, J.; Furukawa, H.; Zhang, Y.-B.; Yaghi, O. M., High Methane Storage Working Capacity in 
Metal–Organic Frameworks with Acrylate Links. J. Am. Chem. Soc. 2016, 138 (32), 10244-10251. 

64. Alezi, D.; Belmabkhout, Y.; Suyetin, M.; Bhatt, P. M.; Weselinski, L. J.; Solovyeva, V.; Adil, K.; 
Spanopoulos, I.; Trikalitis, P. N.; Emwas, A. H.; Eddaoudi, M., MOF Crystal Chemistry Paving the 



185 
 

 

Way to Gas Storage Needs: Aluminum-Based soc-MOF for CH4, O2, and CO2 Storage. J Am Chem 
Soc 2015, 137 (41), 13308-18. 

65. 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. 

66. Ma, S.; Sun, D.; Simmons, J. M.; Collier, C. D.; Yuan, D.; Zhou, H.-C., Metal-Organic Framework 
from an Anthracene Derivative 

Containing Nanoscopic Cages Exhibiting High Methane Uptake. J. Am. Chem. Soc. 2007, - 130 (- 3), 
1016. 

67. Mason, J. A.; Oktawiec, J.; Taylor, M. K.; Hudson, M. R.; Rodriguez, J.; Bachman, J. E.; Gonzalez, 
M. I.; Cervellino, A.; Guagliardi, A.; Brown, C. M.; Llewellyn, P. L.; Masciocchi, N.; Long, J. R., 
Methane storage in flexible metal–organic frameworks with intrinsic thermal management. 
Nature 2015, 527 (7578), 357-361. 

68. Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe, M.; Yaghi, O. M., Systematic 
design of pore size and functionality in isoreticular MOFs and their application in methane 
storage. Science 2002, 295 (5554), 469-72. 

69. A.R.P.A., Energy, ed. U.S.D.O. Energy. Energy, Ed. 2012; Vol. Funding Opportunity No. DE-FOA-
00000672. 

70. DeCoste, J. B.; Weston, M. H.; Fuller, P. E.; Tovar, T. M.; Peterson, G. W.; LeVan, M. D.; Farha, O. 
K., Metal–Organic Frameworks for Oxygen Storage. Angew. Chem. Int. Ed. 2014, 53 (51), 14092-
14095. 

71. Lange, N. A.; Dean, J. A., Lange's handbook of chemistry. McGraw-Hill: [New York], 1967. 
 

 

  



186 
 

 

 

Chapter 4:  3-Periodic Metal Organic Frameworks Isolated Upon the Assembly of 

Polyfunctional Ligand with Mixed Valence Metals 

4.1   Introduction 

Metal-organic frameworks (MOFs) are a thriving class of functional solid-state 

materials that have attracted considerable attention due to their modular nature1 and 

accessible pores for potential use in a diverse number of applications, such as catalysis2, 

luminescence3, gas storage and separation4.  

In this particular class of periodic solids, there has been enormous attempts and 

progress toward designing periodic structures with desired chemical properties for 

targeted applications5. This route has become quite feasible with the ability to target 

molecular building blocks (MBBs), which utilizes pre-selected organic and inorganic 

MBBs with a given geometry and directionality (e.g., triangles, squares, etc.) prior to the 

assembly process6. The self- assembly of MBBs allows the formation of discrete 

supramolecules of variable topologies, as demonstrated by the myriad of metallo-

supramolecular grids, polygons, cages and polyhedra7. The growing interest in targeting 

metallamacrocycles is associated with their ability to mimic biological systems8. Among 

the known polygons, the self-assembly of supramolecular hexagons is especially 

attractive because it’s one of the most common patterns in nature9. 

Nitrogen containing heterocycles have been utilized in supramolecular chemistry to 

generate a wide diversity of structural motifs ranging from molecular rings, 2-D layered 

structures to 3-D metal organic frameworks. In particular, pyrimidine based ligands have 

been successfully applied for generating both discrete polygons and extended 
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frameworks10. It is worth mentioning that the deliberate synthesis of MOFs with specific 

topology starting from simple MBBs is often challenging as it typically leads to the most 

symmetrical assembly. This could be attributed to the lack of control over the 

coordination modes of the metal ions and the flexibility of the ligand. 

Our primary objective was to isolate an extended MOF with hexagonal polygons. The 

combination of a bent ligand (120° angle) with a linear bridging component are the two 

types of building blocks required for the formation of a hexagon, as reported earlier by 

Stang11. Discrete hexagons starting with pyrimidines (e.g. pyrimidine, 2-

hydroxypyrimidine, 2,4-dihydroxypyrimidine, 2-aminopyrimdines) and first row divalent 

transition metal ions and Pd(II), Cd(II), Ag(I) and Cu(I) have been isolated by Navarro et 

al12. 

 

Figure 4-1. (a-f) Possible coordination modes of 4,5-pmbc. Coordination modes observed for 1 are (a) and (c), and 
those observed in 2 and 3 are (a) and (b). 

 Based on the afore mentioned background, we opted to use an in-house 

synthesized pyrimidine-based ligand (4,5-H2-pmbc: 4-(pyrimidyl-5-yl)benzoic acid) to 
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explore the possibility of isolating an extended framework with hexagonal polygons. 4,5-

H2-pmbc is a multifunctional ligand featuring one carboxylate group and two aromatic 

nitrogen atoms, with various coordination modes as depicted by Figure 4-1. 

These binding modes include bis-monodentate and bidentate coordination modes for 

the carboxylate moiety; whereas, the pyrimidyl nitrogen groups shows monodentate 

coordination mode. Figure 4-1 (a-c) shows the likely modes of coordination when 

reacting this ligand with a Cu(II) metal source resulting in the formation of a Cu(II) 

paddlewheel (bis-monodentate coordination) at the carboxylate functionality. Figure 4-1 

(d-f) depicts a less likely bidentate coordination which is potentially possible to form. 

Figure 4-1 (b and e) depict the case when the nitrogen donor groups on the pyrimidine 

remains uncoordinated leading preferentially to the formation of 0-periodic (P) molecular 

coordination compound. 

In Figure 4-1 (c and f), a 120° angle enclosed by the carboxylate group and the 

coordinated nitrogen atom in the pyrimidine ring is similar to that observed in isophthalic 

acid. In this regard, the isophthalic acid acts as a two connected bent linker between the 

vertices of [Cu(RCOO2)] paddlewheel MBBs to either sustain squares or triangles to 

form square grids and Kagomé lattices13 respectively. Finally, in Figure 4-1 (a and d) the 

second nitrogen on the pyrimidine ring can bridge the clusters potentially allowing the 

formation of a 3-D framework with hexagonal polygons.  

The combination of MBBs with multidentate ligands has proved to be an efficient way 

to targeting two- and three-dimensional (2D and 3D) MOFs, including supramolecular 

isomers. One of the most targeted inorganic molecular building blocks (MBBs) is the 

well-known binuclear paddle-wheel type cluster M2(COO)4. This MBB is targeted 
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through the use of carboxylate based ligands and divalent transition metals (Cu, Zn, etc) 

under mild solvothermal conditions14{Zhang, 2011 #9} Examples include edge-transitive 

layers (square grid or Kagomé) synthesized from dicarboxylate based ligands.  Inclusion 

of bifunctional N-donor based ligands (e.g. 4,4’-bipyridine) in the synthesis allows 

linking these layers via a “pillaring strategy” by connecting the axial (apical) position of 

the paddlewheel clusters15. 

 The use of Cu(I) complexes is particularly attractive because of their promising optical 

properties and the abundance of various MBBs derived from copper halides (CuX)16. 

CuX reacts readily with unsaturated nitrogen-donor ligands as a result of the soft-soft 

bonding preference generating various dimensionalities with various [CunIn] structural 

motifs17. These motifs range from Cu2I2 rhomboid square dimers, triangular Cu3I3 

clusters, cubane-like or chair like [Cu4I4] tetramers, hexagonal Cu6I6 clusters, ladder-like 

or ribbon like [Cu2I2]n chains, zigzag [CuI]n or [Cu3I4]n chains and 2D [CuI]n layers. 

Among the various clusters acting as connecting nodes, dimeric and tetrameric units are 

the most observed clusters18. 

Our main drive in this chapter was to isolate a 3-periodic MOF starting with N-donor 

ligand pyrimidine-based with the requisite 120º angle and the incorporation of  countless 

attempts to isolate an extended metal organic framework with hexagonal channels under 

solvothermal reaction conditions of a heterofunctional ligand 4,5-H2-pmbc with Cu(I) 

and Cu(II), led to the formation of a layered structure 1 and two supramolecular isomers 

2 and 3 with lvt and nbo topologies, respectively. 
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4.2    Experimental 

4.2.1  Materials and Methods 

All materials and methods are described in Chapter II, section 2.2.1 and changes 

will be reported accordingly. 

4.2.2  Experimental 

Synthesis of [Cu(II)(C11H7N2O2)].(solv)x, (1). Cu(NO3)2.2.5H2O (5.8mg, 

0.025mmol) and H2-4,5-pmbc (10mg, 0.05mmol, 4,5-pmbc) were added to a 3mL 

solution of N,N’-dimethylformamide (DMF) and 1ml acetonitrile (CH3CN) in a 20mL 

scintillation vial, heated at 85°C for 48h, and cooled to room temperature. The as-

synthesized blue rod-like crystals are insoluble in water and common organic solvents.  

Synthesis of [Cu(II)Cu2I2(C11H7N2O2).(solv)x (2). CuI (4.76mg, 0.025mmol) and 

H2-4,5-pmbc (10mg, 0.05mmol) were added to a 3mL solution of DMF and 1mL of 

CH3CN in a 20mL scintillation vial, heated to 85°C for 48h, and cooled to room 

temperature. The as-synthesized green hexagon-like crystals are insoluble in water and 

common organic solvents. 

Synthesis of [Cu(II)Cu2I2(C11H7N2O2)].(solv)x (3). CuI (3mg, 0.016mmol), 

Cu(NO3)3H2O (4mg, 0.016mmol) and H2-4,5-pmbc (6.4mg, 0.032mmol) were added to 

a 2mL solution of NMP, 2mL CH3CN and 1mL EtOH in a 20ml scintillation vial, heated 

to 85°C for 24h and cooled to room temperature. The as-synthesized green crystals are 

insoluble in water and common organic solvents. 
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4.3    Results and Discussions 

4.3.1  Cu2(4,5-pmbc)4 (1) 

In our pursuit to isolate an extended metal organic framework with hexagonal 

channels, we started with a solvothermal reaction of 4,5-pbmc in the presence of Cu(II) 

metal source to form a carboxylate-based paddlewheel and the N-donor groups. 

Single crystal X-ray diffraction showed that the obtained compound, 1 crystallizes 

in a monoclinic P21/c space group having cell parameters of a = 7.668 (1) Å, b = 

13.624(2), c = 21.309 (3) Å; α = γ = 90°, β = 93.599° (7). The isolated structure 1 is a 

layered structure constructed from binuclear copper paddlewheel [Cu2(O2C–)4] MBBs, 

where the equatorial plane contains four carboxylate groups from four independent 4,5-

pmbc ligands, and the two apical positions are occupied by nitrogen atoms from the 

pyrimidyl moieties of two separate ligands (Figure 4-2). Two free ligands with trans-

carboxylate groups located in the equatorial plane intercalate into the voids of the square 

grids of adjacent layers filling the empty space (Figure 4-2a and Figure 4-2b). Head-to-

tail π-π interactions are observed between pyrimidine and phenyl groups with a mean 

centroid-centroid distance of 3.789(3) Å between adjacent layers.  
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Figure 4-2. Crystal Structure of 1: a) octahedral coordination environment around the paddlewheel. b) Polyhedral 
representation of 1 revealing the intercalation of terminal ligands into the channels. c) The 2-D layers locked through π-
π interactions (illustrated by the dotted lines). d) Highlights one layer. e) Schematic representation of sql topology 

The phase purity of the obtained bulk material for 1 (Figure 4-3, Right) was 

verified using powder diffraction experiments. The peak positions in the calculated and 

experimental PXRD patterns are consistent.  Thermal stability of the as synthesized 

sample was determined using TGA, as shown in Figure 4-3-Left, where we observe that 

the framework starts decomposing as soon as DMF leaves the cavities after heating to 

150 °C (boiling point of DMF). 
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Figure 4-3. (Left) TGA for the as-synthesized 1 showing framework degradation as DMF guest molecules leave the 
framework. (Right) Experimental PXRD patterns of 1 compared with the calculated PXRD pattern based on crystal 
structure data. 

 Topological analysis19 corroborates the exclusion of the terminal ligands, regarded as no 

points of extension, as they are not contributing to the overall resultant network 

connectivity and net underlying topology. Hence the structure can be reduced to a 4-

connected net where the 4-c nodes [Cu2(O2C–)2(N–)2] are linked via a bifunctional bent 

linker to form a 2-periodic MOF structure with a 4,4-connected sql topology, 

Figure 4-2e. 

4.3.2  Cu(II)Cu2I2(4,5-pmbc)2 (2) and (3) 

As stated earlier, the ability of the two N-donor groups in the pyrimidine ring to 

concurrently participate in a metal coordination bonding offers potential to augment the 

connectivity of the 4,5-pmbc ligand and subsequently promote the prospective formation 

of a 3-periodic MOF structure. The 4,5-pmbc can be regarded as a partially flexible 

ligand, where the carboxylate group and the pyrimidine ring can twist and bend, as shown 

in Figure 4-4, which could lead to the formation of supramolecular isomers through 
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conformational diversities. In order to target and isolate these isomers, we slightly 

changed the reaction conditions; either by replacing Cu(II) with Cu(I), knowing that 

Cu(I) can be oxidized into Cu(II), as a mean to control the reaction rate which resulted in 

2, or by mixing both Cu(I) and Cu(II) resulting in 3. 

 

Figure 4-4. A schematic representation illustrating the twist angle around the pyrimidine ring and the bending angle of 
the carboxylate group. 

 A solvothermal reaction between H2-4,5-pmbc and CuI in DMF yielded 2 in pure 

phase, featuring the formation of two distinct clusters based on Cu(I) and Cu(II). The 

SCXRD analysis of 2 reveals the formation of a 3-periodic MOF that crystallizes in 

a tetragonal space group I41/a having cell parameters of a = 34.018 (3) Å, c = 15.308 (1) 

Å. 

The phase purity of the obtained bulk material for 2 (Figure 4-5, Right) was 

verified using powder diffraction experiments. The peak positions in the calculated and 

experimental PXRD patterns are consistent.  Thermal stability of the as synthesized 

sample was determined using TGA, as shown in Figure 4-5-Left, where we observe an 

initial weight loss of 37% up to 150 °C, followed by framework decomposing at 250 °C. 
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Figure 4-5. (Left) TGA for the as-synthesized 2 showing framework degradation as DMF guest molecules leave the 
framework. (Right) Experimental PXRD patterns of 2 compared with the calculated PXRD pattern based on crystal 
structure data. 

The resultant structure encloses two distinct types of copper ions (Cu(I) and Cu(II)), 

one type of iodide anion and two crystallographically independent ligands. The overall 

structure reveals the formation of two distinct inorganic MBBs, which will be referred to 

as MBB-1 and MBB-2, with the ligand acting as a bifunctional-multidentate linker.  

MBB-1 is based on a dinuclear cluster represented by copper iodide rhomboid 

dimeric units [Cu2I2]. Each Cu(I) has a tetrahedral coordination geometry with two 

coordination sites occupied by two nitrogen atoms from two separate ligands and the 

remaining sites coordinated to two iodide anions. The two Cu(I) centers are bridged via 

two iodide anions, balancing the charge, and affording a dinuclear cluster with 

Cu(I)∙∙∙Cu(I) distance of 2.537(2) Å. MBB-2 is the conventional dinuclear cluster with 

two Cu(II) ions, Cu(II)∙∙∙Cu(II) distance of 2.608(2) Å. It is to note that there is a 

significant twist angle between the phenyl ring and the pyrimidyl ring with dihedral 

angles of 37.5º (3) and 44.0º (3) for La and Lb respectively. Each Cu(II) displays a square 

pyramidal coordination geometry with four oxygen atoms from four distinct carboxylates 
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and one N-donor from the pyrimidine moiety. The two crystallographic independent 

ligands show different coordination modes represented by La and Lb (Figure 4-6). 

 
Figure 4-6. Coordination environments of MBB-1 and MBB-2 observed for 2 and 3: (Bottom Right) 4-connected 
MBB-1 [Cu2I2(N–)4]. (Bottom Left) 6-conneted paddlewheel MBB-2 [Cu2(O2C–)4(N–)2]. Top Right and Top Left 
displaying coordination modes of Lb and La respectively.  

 As shown in Figure 4-6, La acts as a tritopic linker, where the two N-donor 

coordinating groups from the pyrimidine moiety connect two distinct MBBs with the 

carboxylate group occluded into the paddlewheel. On the other hand, we observe that for 

Lb which bridges two MBBs have only one of the nitrogen coordinating groups 

coordinating where the second N-atom remains free. Two of the trans-Lb ligands 

coordinate through carboxylate groups in a bis-monodentate fashion and contribute to the 

formation of the dinuclear copper paddlewheel [Cu2(O2C–)4] MBB, while the associated 

pyrimidine moieties coordinate via only one nitrogen and promote the formation of the 

second inorganic MBB, [Cu2I2(N–)4].  
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 As for the tritopic ligand, La, in addition to the coordination modes observed in 

Lb, it links both MBBs to a second MBB-1 through the coordination of the second N-

atom on the pyrimidine ring to the apical position of the paddlewheel. Therefore, La 

spans through two 4-connected MBB-1, [Cu2I2(N–)4], and one 6-connected MBB-2, 

[Cu2(O2C–)4(N–)2]; whereas, Lb spans through one MBB-1 and one MBB-2. The 

resulting paddlewheel is surrounded by 4 La
 ligands and 2 Lb ligands to yield a 6-

connected MBB, [Cu2(O2C–)4(N–)2]; whereas, two La and two Lb furnish the 4-

connected MBB, [Cu2I2(N–)4] (Figure 4-6). The 3-periodic structure in 2 is sustained by 

two dinuclear clusters MBB-1 and MBB-2 that are linked via La and Lb
 to form square-

like channels that run along c-axis with a pore diameter of 9 Å (Figure 4-7). 

 
Figure 4-7. Schematic representation showing the crystal structure of 2 with MBB-1 and MBB-2 connecting into a 3-
periodic MOF with square channels along c-axis of 9 Å in diameter. 

As observed in 2, the obtained structure still does not satisfy our initial objective 

of forming the hexagonal polygons. In further attempts at isolating the intended building 

block, we proceeded with adjusting the reaction conditions by altering the metal to ligand 

ratio, reaction temperature, solvent (DMF, NMP, DMSO, DBF), the co-solvents (MeOH, 

EtOH, CH3CN) and concentration of Cu(II) and Cu(I) metal source. The obtained 
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product for most of the reactions was similar to 2, and in one of the reactions, upon 

addition of extra Cu(II) metal source, a new compound 3 was obtained. The isolated 

compound 3 crystalizes in the trigonal space group R-3 having cell parameters of a = 

40.463 (5) Å, c = 15.710 (2) Å; α = β = 90°, γ = 120°. 

The phase purity of the obtained bulk material for 3 (Figure 4-8, Right) was 

verified using powder diffraction experiments. The peak positions in the calculated and 

experimental PXRD patterns are consistent.  Thermal stability of the as synthesized 

sample was determined using TGA, as shown in Figure 4-8-Left, where we observe an 

initial weight loss of 37% up to 150 °C, followed by framework decomposing at 230 °C. 

 

Figure 4-8. (Left) TGA for the as-synthesized 3 showing framework degradation as DMF guest molecules leave the 
framework. (Right) Experimental PXRD patterns of 3 compared with the calculated PXRD pattern based on crystal 
structure data. 

Similar MBBs to 2 are observed for 3 with MBB-1 containing a paddlewheel 

forming a 6-c node with an octahedral building unit as all the coordination sites of the 

dimeric clusters are occupied, Figure 4-9. In addition, a 4-c rhomboid dimer Cu2I2 cluster 

is also isolated, along with both modes of coordination of the 4,5-pmbc, La and Lb. It is 

worth noting that there is a pronounced twist out of plane in the dihedral angle of 
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aromatic rings (phenyl and pyrimidine) of 47.5º (1) and 46.1º (1) for La and Lb 

respectively. The 3-periodic structure 3 is sustained by two dinuclear clusters MBB-1 and 

MBB-2 that are linked via La and Lb
 to form two shapes of channels triangular and 

hexagonal with a pore diameter of 4 Å and 16 Å respectively, Figure 4-9. 

 

Figure 4-9. Schematic representation showing the crystal structure of 3 with MBB-1 and MBB-2 connecting into a 3-
periodic MOF with triangular and hexagonal shaped channels along c-axis of 4 and 16 Å in diameter respectively. 
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In order to describe the underlying topology of 2 and 3, it is noteworthy to briefly 

restate the secondary building units (SBUs) as the geometrical entity representing the 

points of extension of the molecular building blocks (MBBs). From the viewpoint of an 

underlying topology,20 2 and 3 can be simplified as follows. In 2 and 3, when all 

coordination sites are considered as points of extension, the connecting nodes becomes as 

such: MBB-1 coordinating to 6 ligands, forming a 6-c node representing an octahedral 

building unit, as shown in Figure 4-10 (a) and (b). The rhomboid dimeric unit [Cu2I2(N–

)4] can be viewed as a 4-c node (Figure 4-10 (c) and (d)). La represents a 3-c node, 

Figure 4-10(e) and (f). Hence the overall topology of 2 and 3 is a new (3,4,6)-connected 

net with a transitivity of [3443] and [3432], Figure 4-11. 

 

Figure 4-10. Schematic representation of the MBBs and SBUs observed in 2: (a) and (b) representing 6-connected 
paddlewheel; (d) and (d) representing 4-connected [Cu2I2(N–)4]; (e) and (f) representing coordination environment of 
La. Color code (Cu(I)= bright green, Cu(II) = sea green, I = brown). 

 To further understand structures 2 and 3, we opted to assess the intrinsic roles of 

each MBB in the associated structures. Close examination of the connectivity of these 

MBBs shows that the rhomboid dimer [Cu2I2(N–)4] ca be deliberately omitted during the 
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topological analysis while still retaining the overall 3-periodicity of structures 2 and 3. 

Therefore, the connectivity of this structure can be simplified as follows: La is reduced to 

a 2-c node bridging two paddlewheels (Figure 4-12a) and Lb becomes a terminal ligand 

upon excluding the [Cu2I2(N–)4] (Figure 4-12b). 

 

Figure 4-11. Topological analysis of 2 and 3 showing a square building block and octahedral building block leading to 
the formation of novel (3,4,6)-connected nets with a transitivity of [3443] and [3432] respectively. 

As a result, the connectivity of the paddlewheel is reduced to 4-connected net and 

shows a different connectivity from the common square SBUs, [Cu2(O2C–)4], as it can 

be viewed as a lozenge SBU, [Cu2(O2C–)4(N–)2], when the points of extension are 

joined together, namely two carboxylate C-atoms of La and two pyrimidyl N-atoms (at 

the apical position), Figure 4-12 (c) and (d). The resulting simplified structure can be 

viewed as a 3-periodic network based on a 4-connected node with lvt and nbo underlying 

topologies for 2 and 3 respectively, Figure 4-12 (e) and (f).  
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Figure 4-12. Topological analysis of 2 and 3; (a) La bridging 4-c paddlewheel as (b) Lb becomes a terminal ligand 
(highlighted in turquoise); (c) and (d) molecular and schematic illustration of 2 and 3 as lvt and nbo, respectively; (e) 
and (f) View along the c-axis showing square and hexagonal channels of 2 and 3 respectively. 

4.4    Conclusion 

In summary, we here-in report the isolation of a layered structure 1 and 

supramolecular isomers 2 and 3 with network structural differences. We have shown that 

the concentration of Cu(II) in solution plays a role in the isolation of 3, which could be 

driven by the kinetics of the reaction. In addition, the flexibility of 4,5-pmbc, which 

allows both the pyrimidyl group and the carboxylate group to twist and turn, provides 

additional degree of freedom in which the SBUs can connect leading to the construction 

of supramolecular isomers. 
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APPENDICES 

 Crystal Structure Tables 

Table 4-1 Crystal data and structure refinement for 1 ([Cu(II)(C11H7N2O2)].(solv)x) 

Identification code 1 
Empirical formula C48H34Cu2N10O8 
Formula weight 1005.93 
Crystal system, space group Monoclinic, P21/c 
Unit cell dimensions a = 7.668(1) Å, b = 13.624(2) Å, c = 

21.309(3) Å 
Volume 2221.9(6) Å3 
Z, calculated density 2, 1.504 g cm-3 
F(000) 1028 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 1.75 mm-1 
Absorption correction Multi-scan 
Max and min transmission 1.000 and 0.862 
Crystal size 0.03 × 0.06 × 0.09 mm 
Shape, color Block, clear light blue 

θ range for data collection 3.9–63.7° 

Limiting indices -8 ≤ h ≤ 8, -15 ≤ k ≤ 14, -24 ≤ l ≤ 18 
Reflection collected / unique / 
observed with I > 2σ(I) 

11167 / 3509 (Rint = 0.025) / 3280 

Completeness to θmax = 67.5° 98.5 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3509 / 0 / 308 

Final R indices [I > 2σ(I)] R1 = 0.031, wR2 = 0.085 

Final R indices (all data) R1 = 0.033, wR2 = 0.086 
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Weighting scheme [σ2(Fo
2) + (0.0491P)2 + 1.8134P]-1* 

Goodness-of-fit 1.05 
Largest diff. peak and hole 0.46 and -0.39 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 

 

Table 4-2 Crystal data and structure refinement for 2 ([Cu(II)Cu2I2(C11H7N2O2).(solv)x) 

 
Identification code 2 
Empirical formula C66.13H88.89Cu4I2N15.38O20 
Formula weight 1927.23 
Crystal system, space group Tetragonal, I41/a 
Unit cell dimensions a = 34.018(3) Å, c = 15.308(1) Å  
Volume 17715(3) Å3 
Z, calculated density 8, 1.445 g cm-3 
F(000) 7803 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 7.14 mm-1 
Absorption correction Multi-scan 
Max and min transmission 1.000 and 0.816 
Crystal size 0.09 × 0.09 × 0.18 mm 
Shape, color Tetragonal bipyramid, light green 

θ range for data collection 4.1–66.9° 

Limiting indices -40 ≤ h ≤ 40, -29 ≤ k ≤ 39, -17 ≤ l ≤ 18 
Reflection collected / unique / 
observed with I > 2σ(I) 

90211 / 7746 (Rint = 0.068) / 7326 

Completeness to θmax = 67.5° 98.8 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 88061 / 106 / 511 

Final R indices [I > 2σ(I)] R1 = 0.063, wR2 = 0.152 

Final R indices (all data) R1 = 0.072, wR2 = 0.155 
Weighting scheme [σ2(Fo

2) + (0.0535P)2 + 332.3661P]-1* 
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Goodness-of-fit 1.05 
Largest diff. peak and hole 1.18 and -1.13 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 

 

Table 4-3 Crystal data and structure refinement for 3 
([Cu(II)Cu2I2(C11H7N2O2)].(solv)x) 

 
Identification code 3  
Empirical formula C76.19H90.74Cu4I2N14.44O16.83 
Formula weight 1986.09 
Crystal system, space group Trigonal, R-3 
Unit cell dimensions a = 40.463(5) Å, c = 15.710(2) Å  
Volume 22275(6) Å3 
Z, calculated density 9, 1.333 g cm-3 
F(000) 9051 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 6.38 mm-1 
Absorption correction Multi-scan 
Max and min transmission 1.000 and 0.726 
Crystal size 0.09 × 0.09 × 0.24 mm 
Shape, color Trigonal antiprism, clear light green 

θ range for data collection 6.2–67.5° 

Limiting indices -45 ≤ h ≤ 41, -44 ≤ k ≤ 41, -17 ≤ l ≤ 17 
Reflection collected / unique / 
observed with I > 2σ(I) 

25823 / 7515 (Rint = 0.031) / 7278 

Completeness to θmax = 21.3° 99.4 % 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7515 / 132 / 587 

Final R indices [I > 2σ(I)] R1 = 0.042, wR2 = 0.108 
Final R indices (all data) R1 = 0.043, wR2 = 0.109 
Weighting scheme [σ2(Fo

2) + (0.0522P)2 + 192.9264P]-1* 
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Goodness-of-fit 1.02 
Largest diff. peak and hole 1.28 and -1.26 e Å-3 

*P = (Fo
2 + 2Fc

2)/3 
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 Organic Chemistry 

A.1  Synthesis of 4-(pyrimidin-5-yl)benzoic acid (H2-4,5-pmbc) 

This compound was prepared according to our reported procedure6. In a Schlenk tube 

under argon atmosphere, a mixture of 5-bromopyrimidine (8 mmol, 1.272g), 4-

ethoxycarbonylphenylboronic acid (9 mmol, 1.746g), [1,1’-bis(diphenylphosphino) 

ferrocene] dichloropalladium(II) (0.2 mmol, 0.146 g), 2-dicyclohexylphosphino-2’,6’-

dimethoxybiphenyl (0.4 mmol, 0.168 g), finely grinded K3(PO4) (14 mmol, 3 g), and 18-

crown-6 ether (3.7 mmol, 1g) in a mixture of degassed THF (20 ml) and EtOH (5 ml) 

was prepared and reacted at 85°C for 24h. The reaction mixture was then filtered through 

celite. The residue was subjected to column chromatography (10% to 40% EtOAc in 

hexane) to yield colorless needles (1.7 g, 7.45 mmol, 93% yield). Hydrolysis of the ester 

was accomplished by stirring the solid with 10 equivalents of NaOH in a mixture of 

THF/EtOH/water 1:1:1 kept at 60ᵒC for 24h, followed by acidification using 1N HCl, 

extraction in EtOAc, drying over Na2SO4 and stand for crystallization (white solid, 80% 

yield). NMR data match those reported earlier21. 13C NMR (DMSO-d6, 150MHz): 

δ=155.0, 154.9, 132.4, 132.1, 130.0, 129.8, 127.2, 127.0. 1H NMR (DMSO-d6, 

600MHz): δ= 9.20 (s, 1H), 9.19 (s, 1H), 8.06 (d, J=8.4, 2H), 7.91 (d, J=7.8, 2H) ppm. 
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Chapter 5:  In-based Molecular Building Block Approach Toward Accessing 

Functional Materials 

5.1   Introduction 

Metal-organic frameworks (MOFs) are a fast-growing class of hybrid solid-state 

crystalline materials. In the past decade, MOFs have attracted considerable attention due 

to their diverse compositions and architectures providing high degree of control over their 

properties. 1-4 There is continuous work dedicated to exploring diverse synthetic 

pathways for developing new types of porous materials with tailored properties for 

specific applications. The molecular building block (MBB) approach introduced in MOF 

synthesis with the availability of a wide plethora of chemical building blocks and has 

contributed to the expansion of the field of MOFs. In addition, as mentioned in chapter 2, 

introducing the secondary building unit (SBU) as the geometric representation of the 

MBBs allows for a better understanding of the underlying nets. This paved the way for 

synthesizing MOFs with targeted network connectivities known as topologies.5 In this 

chapter, we will address the versatility of trivalent metal ions, more specifically indium-

carboxylate based clusters in the presence of flexible and rigid tetratopic and hexatopic 

linkers.  

We have observed that while an immense number of the isolated MOFs are based on 

divalent transition metal ions, examples of MOFs containing trivalent metal ions, 

especially p-elements (Al3+/Ga3+/In3+) of column 13 are scarcely documented.6 Our 

interest in pursuing trivalent metal ions with an increased valence charge, indium (III) in 

particular, arises from our keen interest in exploring the role metal centers play in the 

coordination architecture and consequently obtaining diverse structures.  
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Among the trivalent metal ions, In3+ has a large ionic radius of 0.940 Å compared to 

Al3+ (0.675 Å) and Ga3+ (0.760 Å).7 The characteristically large ionic radius provides a 

high degree of lability resulting in an increase in the ligand exchange rate. As a result of 

the high ligand lability, highly crystalline indium(III)-based MOFs are obtained at 

reasonably low temperatures (<100 °C) and are suitable for single-crystal X-ray 

diffraction analysis. This is highly appealing, as a crystal structure provides precise 

analysis of the obtained compounds providing great prospect to correlate structure to 

property. In addition, the larger ionic radius of In3+ allows for high coordination numbers 

(CNs), often CNs > 6 is observed for In3+. Some of the observed inorganic building units 

(IBUs) isolated for In3+ complexes are MO6 and MO8, trinuclear [In3(µ3-O)(COO–)6]+; 

in addition to chains of trans- and cis-corner-sharing octahedra [M(OH)(COO–)2]n and 

[In(COO–)4]-, where the latter are the most prevalent IBUs.8 

The isolated chains consisting of corner-sharing octahedra are of particularly 

interesting because they have been encountered as IBUs for the formation of highly 

robust 3-periodic MOFs and are often associated with highly charged cations. The 

occurrence of this type of chain is a common structural feature isolated in indium-based 

MOFs in the presence of linear dicarboxylate linkers such as terephthalic acid, defining 

1-D diamond-shaped channels as in the case of In-MIL-539-10 or triangular and hexagonal 

shaped channels in the case of In-MIL-68.11 These two platforms have shown to be 

highly tunable, through ligand functionalization, resulting in enhanced structural features. 

For instance, In-MIL-68 (NH2), has shown enhanced performance in its photocatalytic 

activity.12 Alternatively, the combination of chain like IBUs with bent tetratopic ligands 

gives rise 3-periodic MOFs with unique properties, albeit only a handful of structures 
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have been reported for trivalent metal ions. The first attempts included 1,2,4,5-

benzenetetracarboxylate (BTEC) in the presence of Al3+, which resulted in a series of low 

surface area MOFs.13-17 In an attempt to increase the surface area, larger linkers such as 

meso-tetra(4-carboxyl-phenyl) porphyrin (H2TCPP),18 1,3,6,8-tetrakis(p-benzoic 

acid)pyrene (TBAPy),19-20biphenyl-3,3′,5,5′tetracarboxylic acid (BTCA, NOTT-300),21 

biphenyl-3, 3′,5, 5′-tetra-(phenyl-4-carboxylic acid)22(NOTT-202) and benzene-1,2,4,5-

tetrabenzoic acid (BTEB)23 (M3+=Al3+, In3+, Al3+, In3+ and Al3+ respectively). The 

reported MOFs showed mixed properties of permanent microporosity and guest 

responsive behavior, which makes them highly desirable synthetic targets. 

The main drive in the first part of the chapter is to isolate extended MOFs built from 

In(III) metal sources in the presence of multidentate, tetratopic linkers with various 

degrees of flexibility embedded in the linker and different angles connecting the 

carboxylate coordinating groups. 

In the second part, we are opting to isolate 3-periodic frameworks, where hexatopic 

linkers are to be utilized as an access for hexagonal building units, which we were 

targeting in chapter 4. Potentially, the self-assembly of MBBs should allow the formation 

of discrete supramolecules; however, our strategy failed in chapter 4, due to the 

flexibility of the formed MBBs (low coordination number) which does not necessarily 

lead to one specific outcome. Hence, using a highly connecting MBB should provide 

more directionality and allow for targeting specific topologies. 
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5.2   Experimental 

5.2.1  Materials and Methods 

All materials and methods are described in Chapter II, section 2.2.1 and changes 

are reported accordingly. 

5.2.2  Experimental 

Synthesis of [In2(OH)2(BTEB)].(solv)x, (1). In(NO3)3.xH2O (0.1ml of 0.1M, 

0.01mmol) and 1,2,4,5-tetrakis-(4-carboxylatophenyl)-benzene (5.58mg, 0.01mmol H4-

BTEB) were added to a 2mL solution of N,N’-dimethylformamide (DMF) and 0.6ml 

nitric acid (3 M HNO3) in a 20mL scintillation vial, heated at 85°C for 24h, and cooled to 

room temperature. The as-synthesized transparent rod-like crystals are insoluble in water 

and common organic solvents.  

Synthesis of |DMA|[In(C34H18NO8).(solv)x (2). In(NO3)3.xH2O (0.1ml of 0.1M, 0.01 

mmol) and 9-(4,4''-dicarboxy-[1,1':3',1''-terphenyl]-5'-yl)-8aH-9λ4-carbazole-3,6-

dicarboxylic acid (5.71 mg, 0.01mmol DCDA) were added to a 2mL solution of DMF, 

0.6 ml HNO3 (3.5M) and 1mL of CH3CN in a 20mL scintillation vial, heated to 85°C for 

48h, and cooled to room temperature. The as-synthesized transparent rod-like crystals are 

insoluble in water and common organic solvents. 

Synthesis of |DMA|[In(DCTTDCA).(solv)x  (3). In(NO3)3.xH2O (4.51 mg, 

0.015mmol), and 5'-(1-(3,5-dicarboxyphenyl)-1H-1,2,3-triazol-4-yl)-[1,1':3',1''-

terphenyl]-4,4''-dicarboxylic acid (DCTTDCA) (8.24 mg, 0.015mmol) were added to a 

2mL solution of DMF, 1mL H2O and 0.5mL HNO3 (3.5M) in a 20ml scintillation vial, 

heated to 75°C for 72h and cooled to room temperature. The as-synthesized transparent 

rhombic like crystals are insoluble in water and common organic solvents. 
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Synthesis of |DMA|[In(TTIP).(solv)x  (4). In(NO3)3.xH2O (0.1 ml of 0.1 M, 0.01 

mmol)), and 5,5',5''-(s-Triazine-2,4,6-triyltriimino)triisophthalic acid hexasodium salt 

(TTIP) (3 mg, 0.005 mmol) were added to a 2mL solution of DMF and 0.6 mL HNO3 

(3.5M) in a 20 ml scintillation vial, heated to 85°C for 5 d and cooled to room 

temperature. The as-synthesized transparent block-like crystals are insoluble in water and 

common organic solvents. 

Synthesis of |NO3|[In(L).(solv)x  (5). In(NO3)3.xH2O (0.1 ml of 0.1 M, 0.01 mmol), 

and 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-

dicarboxylic acid)) “H6L” (5.37 mg, 0.05mmol) were added to a 2mL solution of DMF 

and 0.2 mL HNO3 (3M) in a 20ml scintillation vial, heated to 85°C for 24 h and cooled to 

room temperature. The as-synthesized transparent rhombic like crystals are insoluble in 

water and common organic solvents. 

Synthesis of |DMA|[In(HMHBA).(solv)x  (6). In(NO3)3.xH2O (0.05 ml of 0.1 M, 

0.005 mmol), and 4,4',4'',4''',4'''',4'''''-((benzene-1,2,3,4,5,6-

hexaylhexakis(methylene))hexakis(oxy))hexabenzoic acid (HMHBA) (2.44 mg, 0.0025 

mmol) were added to a 2mL solution of DMF, 0.2 mL HNO3 (3 M) in a 20ml 

scintillation vial, heated to 85°C for 72h and cooled to room temperature. The as-

synthesized transparent rod-like crystals are insoluble in water and common organic 

solvents. 

Synthesis of |DMA|[In(CPB).(solv)x  (7). In(NO3)3.xH2O (0.05ml of 0.1M, 0.005 

mmol), and 1,2,3,4,5,6-hexakis(4-carboxyphenyl)-benzene (H6CPB), (4 mg, 0.005 

mmol) were added to a 1 mL solution of DMF and 0.6 mL HNO3 (3.5M) in a 20ml 

scintillation vial, heated to 85°C for 48h and cooled to room temperature. The as-
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synthesized transparent rhombic like crystals are insoluble in water and common organic 

solvents. 

5.3    Results and Discussions 

5.3.1  Indium(III) with Tetratopic Linkers 

5.3.1.1  In2(OH)2(BTEB)(solv)x (1) 

In our pursuit to isolate permanently microporous 3-periodic metal organic 

frameworks with embedded intriguing properties, we employed the trivalent metal, 

In(III), to explore its versatility in the presence of a rigid tetratopic linker, with an 

angle of 120° between the carboxylate coordinating groups, benzene-1,2,4,5-

tetrabenzoic acid (BTEB) to generate guest-responsive materials.  

In previous reports, studies showed that trivalent metal ions in the presence of 

rigid tetratopic linkers often lead to the isolation of helical chains of corner-sharing 

octahedral resulting in 3-dimensional frameworks with large internal surface area and 

high degree of flexibility. For our current study, we chose previously employed 

BTEB, which when combined with Rare Earth(RE) metals led to the generation of 

highly robust and hydrothermally stable Y-shp-MOF-5 as discussed in chapter 2. 

BTEB, a tetratopic linker, exhibits high symmetry and endows rigidity and 

hydrophobicity to the structure, resulting in potentially robust structures with high 

degree of resistance toward solvent removal or exchange.  

Accordingly, we carried out a solvothermal reaction in the presence of BTEB and 

In(III) metal source in an acidic solution of DMF in an attempt to form a carboxylate-

based In(III) clusters. 
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Figure 5-1. (a) Coordination of BTEB in a bismonodentate mode to eight adjacent indium atoms forming 1-D InO4(OH)2 chains 
(viewed along the y-axis) in which the carboxylate carbon atoms connect to form zigzag ladders. (b) 1-D channels MBB are linked 
through four independent BTEB linkers resulting in a 3-periodic MOF with square channels along y-axis. (c) Schematic representation 
of topological representation of zigzag ladders SBUs joined via square 4-connected BTEB ligand resulting in fry topology as viewed 
in the (a,c) plane (Top) and (b,c) plane (Bottom). 

Single crystal X-ray diffraction showed that the obtained compound, 1 

crystallizes in an orthorhombic Cmca space group having cell parameters of a = 

32.566 Å, b = 14.456 Å, c = 21.580 Å. The isolated structure In_BTEB 1 reveals a 3-

perdioc framework built up from one-dimensional chains of indium (III) inorganic 

MBBs [In(μ2-OH)(COO–)2]. Each indium (III) cation displays an octahedral 

coordination environment, as shown in Figure 5-1a, and coordinates to six oxygen 

atoms: namely four monodentate deprotonated carboxylate oxygen atoms from four 

independent BTEB ligands and two μ2 trans hydroxide anions. The [In(μ2-

OH)(COO–)2] chains are corner shared and aligned along the y‐axis, as the bridging 

μ2‐OH and the BTEB carboxylate groups alternate on either side of the backbone 

chain. Each BTEB linker coordinates to eight indium centers through the four 

carboxylate groups which each bridge two indium centers. This overall connectivity 

affords a porous 3-periodic framework 1 with one-dimensional (Figure 5-1b) square-

shaped channels delimited by two BTEB linkers with a size of 1.5×4.0 Å along y-



217 
 

 

axis. This type of connectivity is previously observed in flexible M(III)-MOFs21 such 

as MIL-60,14 where the trans arrangement of the μ2‐OH is observed. Topological 

analysis of 1 shows that the structure is built from 1-D rods forming zigzag ladders 

SBUs connected through a rectangular-shaped tetratopic ligand resulting in (3,4)-c 

fry topology, as shown in Figure 5-1c.  

The phase purity and thermal stability of the obtained bulk 1 was verified by 

powder X-ray diffraction (PXRD) and thermogravimetric analysis (TGA), 

respectively, as shown in Figure 5-2. The peak positions in the experimental PXRD 

shows slight shift towards lower angle as compared to the calculated PXRD pattern, 

Figure 5-2(Left). TG analysis, Figure 5-2 (Right) of the as-synthesized and CH3CN 

exchanged samples shows a mass loss of solvent 30 wt% and 5 wt% as 1 is heated to 

150 °C (boiling point of DMF) and 80 °C (boiling point of CH3CN), indicative of 

complete removal of DMF and CH3CN removal from channels, respectively. In 

addition, this verifies to the absence of DMF solvent molecules in the CH3CN 

exchanged samples. Framework decomposition does not begin until approximately 

400 °C, indicating a comparatively high degree of retained stability upon the removal 

of guest solvent molecules for an indium based structure. In the next section, we 

proceed to determine the porosity of this material. 
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Figure 5-2. (Left) Experimental PXRD pattern of 1 compared with the calculated PXRD pattern from crystal structure 
data. (Right) TGA for the as-synthesized 1 and CH3CN exchanged showing structural stability up to 400 °C. 

5.3.1.1.1  Determining Structural Porosity 
 

5.3.1.1.1.1 Solvent Exchange 
 

Compound 1 displays a solvent‐accessible volume of 50%, with a density of 1.08 

g/cm3, accounting for a pore volume of 0.52 cm3 g‐1. In order to determine the porosity of 

1, different exchange solvents were assessed using TGA. As shown in Figure 5-2 (Right), 

CH3CN showed to be a good exchange solvent for sorption studies as it allows complete 

removal of DMF molecules from the pores, evidenced by the absence of the expected 

weight drop at DMFs boiling point of 150 °C. 

A fully exchanged sample was obtained by washing 30 mg sample with parent 

solution (DMF) to remove any unreacted reagents. This is followed by washing the 

sample with 10-15ml of CH3CN over the course of 3 to 4 days. Then PXRD studies were 

performed to examine the as synthesized samples as compared to samples washed with 

various solvents as shown in Figure 5-3.  
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The powder patterns of as synthesized and Hexane/H2O/MeOH of 1 show slight 

deviations from calculated PXRD from single crystal data. On the other hand, a much 

more pronounced deviation is observed when the sample is exchanged with CH3CN 

solvent. We observe the disappearance of peaks at 2-Theta of 8.18° and 9.63° and a 

pronounced increase in intensity at 2-Theta of 11.3°,13.4° and 14.1° for the CH3CN 

exchanged samples. We attempted to collect single crystal data on crystals exchanged 

with CH3CN to determine the obtained phase. However, the crystals diffract very weakly 

and we were not able to collect sufficient data to identify the newly observed phase. It is 

noteworthy to mention that we prepared different batches and exposed them to similar 

treatment and we consistently isolated the observed phase when CH3CN is used. 

In addition, we also observed that this phase is reversible, as in the CH3CN phase 

could be reversed to the as synthesized phase as it is exposed to DMF or hexane vapor, 

similar PXRD are collected to those shown in Figure 5-3. Therefore, the structure 

displays high degree of flexibility and this conformational change is reversible. 
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Figure 5-3. PXRD profiles of the calculated 1 compared to as synthesized 1 and exchanged with CH3CN, H2O and 
Hexane solvents. 

Further VT-PXRD experiments were performed on each of MeOH and CH3CN 

exchanged samples of In_BTEB (1) to investigate the reversibility of the phases when 

exposed to heat. As shown in Figure 5-4, both MeOH and CH3CN exchanged samples 

show high degree of stability when exposed to heating up to 400 °C. One exceptional 

observation is while MeOH exchanged samples retain their phase with heating, we 

observe that CH3CN-induced phase reverses back to as-synthesized phased at 

temperatures higher than 75 °C, which is close to boiling point of CH3CN. This indicates 

that as the guest CH3CN molecules are released from the pores of In_BTEB, the original 

phase for which SXRD was collected is retrieved. 
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Figure 5-4. VT-PXRD of MeOH (Right) and CH3CN (Left) exchanged samples of In_BTEB 

We further conducted variable relative humidity PXRD measurements for 

CH3CN exchanged samples. As shown in Figure 5-5 (Left), CH3CN phase is retained as 

% RH increases from 0 to about 80 %RH. On the other hand, we showed earlier that 

samples soaked in water reverse to as synthesized phase. For a better understanding of 

what is happening inside the pores, we collected water sorption isotherms, at room 

temperature, for CH3CN exchanged samples activated at different temperatures, 

Figure 5-5-Right. 

We intentionally activated the sample at temperatures higher than boiling point of 

CH3CN to eliminate any effect induced by the presence of CH3CN. As shown earlier, 

once CH3CN exchanged samples are heated to temperatures above boiling point of 

CH3CN, the as synthesized phase is retrieved. However, the fact that although the sample 

was heated up to 105 °C and the same behavior of a total uptake of 6 wt% indicates that 

the sample is hydrophobic and does not adsorb any water, Figure 5-5-Right. This further 



222 
 

 

explains why water vapor, in V-RH PXRD, could not displace CH3CN and phase 

CH3CN was retained. 

 

Figure 5-5. (Left) Variable relative humidity (RH) PXRD collected on CH3CN exchanged In_BTEB sample exposed to 
elevated RH of 80 %RH at room temperature. (Right) water sorption collected for CH3CN exchanged samples from 0 
to 85 %RH at room temperature for different activation temperatures. 

5.3.1.1.2  Preliminary Gas Sorption Studies: Utilizing gas 
sorption studies for better understanding the intrinsic properties 
of In_BTEB (1) 

 

Prior to conducting gas sorption studies, CH3CN exchanged samples were 

evacuated at room temperature using a turbo molecular vacuum pump and 

gradually heated to the optimal temperature (with a heating rate of 1 °C/min), 

which will allow full access to the pores, and kept for 12 h before conducting low 

pressure gas sorption measurements. Preliminary N2 sorption screening 

conducted at 77 K showed that the material can be fully activated at room 

temperature, Figure 5-6 (Left). 
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Figure 5-6. N2 isotherm collected at 77 K for In_BTEB activated at room temperature (Left). Open and closed symbols 
reflecting adsorption and desorption, respectively. (Right) calculated pore volume at different P/P0. 

 Remarkably, at 77 K, two distinct adsorption steps are apparent in the P/P0 < 0.05 

and P/P0 = 0.425. As the first step reaches a plateau at P/P0 = 0.1 and the second 

achieved with the saturation of the material at P/P0 = 0.8, this reflects a pore volume of 

0.11cm3/g and 0.42 cm3/g, Figure 5-6 (Right). In contrast, the desorption isotherm does 

not retrace the adsorption isotherms and shows an abrupt drop at P/P0 = 0.25 (much later 

compared to the second adsorption step) and another step at P/P0 < 0.05 (similar to the 

first adsorption step). Additionally, the material adsorbs a total of 276 cm3/g, yet releases 

on 67 cm3/g. However, sample evacuation at room temperature and under vacuum is 

sufficient to reactivate the material. 

Intrigued by the observed phenomenon, where the N2 adsorption isotherm could 

not be classified by the standard IUPAC isotherm types. The adsorption performance is 

directly dependent on the pressure stimulus, a phenomenon which is called by the “gate 

pressure” by Kaneko et al.24 We continued to measure the adsorption properties of 

In_BTEB with other probe molecules (Ar, CH4 and CO2) at low pressures. 
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Figure 5-7. Low pressure Adsorption isotherms collected for different probe molecules. A. (Left) Ar at 87 K and pore 
volumes estimated from different saturation states (Right). B. (Left) CH4 at 112 K and pore volumes of respective 
saturation states (Right). C. (Left) CO2 at 195.3 K and pore volumes for respective saturation pressures (Right). 

As shown in Figure 5-7, similar sorption phenomenon was observed in all three 

probe molecules of Ar/CH4 and CO2, where a sudden uptake is obtained at P/P0 < 0.05 

which corresponds to the same pore volume of 0.1 cm3/g. This is followed by a second 
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jump at P/P0 = 0.2, 0.1 and 0.15 for Ar/CH4/CO2 respectively, which corresponds to a 

pore volume of 0.49/0.42/0.25 cm3/g, respectively. Whereas, the N2 and Ar adsorption 

branches are characterized by a double step and a wide hysteresis, a total of three steps 

observed for CH4 and CO2 with the third step spotted at P/P0 = 0.62 and 0.7, 

respectively, corresponding to a pore volume of 0.53 and 0.54 cm3/g. The calculated pore 

volume at saturation point from CH4 and CO2 reflects the estimated pore volume of the 

as synthesized In_BTEB calculated from single crystal data. It is also worth pointing that 

while only a small percentage of the adsorbed N2 and CH4 are released upon desorption, 

we observe almost total desorption in the case of Ar and CO2. 

Further sorption studies of CO2, CH4 and a more polarizable C3H8 probe 

molecule were conducted, on activated samples of In_BTEB, at 298 K and high pressures 

of 25 bar, 85 bar and 8 bar respectively. Similarly, we observe in Figure 5-8, for all three 

molecules step adsorption isotherms are collected. However, in the high-pressure range, 

we only observe double step for CH4 and CO2 at P <0.1 followed by a second step at P = 

40 bar and 15 bar respectively. The steps observed for C3H8 corresponds to pore volume 

of 0.12 cm3/g and 0.38 cm3/g at P < 0.1 and P=8 (P/P0=0.8) respectively. However, the 

first opening for CO2 is missed and steps at pore volume of 0.24 cm3/g (P=15 bar) and 

0.5 cm3/g (P = 25 bar) are observed. We also observe full desorption of CO2 and CH4, 

which shows that the adsorbed gases can be readily released, while propane only partially 

desorbs. 
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Figure 5-8. High pressure adsorption isotherms collected at 298 K for different probe molecules. A. CH4 up 85 bar. B. 
(Left) CO2 up 25 bar and pore volumes of respective saturation states (Right). C. (Left) C3H8 up to 8 bar and pore 
volumes of respective saturation states (Right). 

Therefore, we conclude that for all adsorption isotherms collected for various 

probe molecules at different pressure and temperature range, stepped adsorption and 

desorption isotherms were observed. In our attempt to gain more insight into the 
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“pressure gate” we calculated the pore volumes obtained with each pressure gate and in 

total we can roughly summarize them into four points PV = 0.1, 0.25, 0.4 and 0.5 cm3/g. 

this implies that the flexibility induced in the structure can result in 4 phases, one of 

which is the as synthesized In_BTEB of theoretical pore volume of 0.52 cm3/g calculated 

from crystal structure data. 

To have a better understanding of the formed phases, in situ PXRD under 

different pressure and temperature ranges need to be collected. First attempts were 

conducted as CH3CN exchanged sample was applied to vacuum, then exposed to 8 bar 

propane and 40 bar CO2. We chose these two pressure points, as inferred from high 

pressure sorption studies, it points to two different pore volumes, potentially reflecting 

two different intermediates. As shown in Figure 5-9, as the sample was exposed to 

vacuum (blue line), we observe that the peak at 10 of 2-Theta (that observed in as 

synthesized In_BTEB) reappears, reflecting a phase different than the CH3CN 

exchanged. On the other hand, as the pressure is increased to 8 bar using propane, we 

observe a similar phase to the as synthesized. This changes even further when 40 bar CO2 

is used where split peaks are observed indicating new phase. Hence, in situ PXRD shows 

that we at least have 4 phases which needs to be further investigated using in situ 

activation of single crystals. 
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Figure 5-9. PXRD of calculated In_BTEB as compared to CH3CN exchanged samples and exposed to vacuum, 8 bar 
propane and 40 bar CO2. 

5.3.1.2  In_DCDA 2 
 

  Alternatively, we implemented an, in house prepared ligand, 9-(4,4''-dicarboxy-

[1,1':3',1''-terphenyl]-5'-yl)-8aH-9λ4-carbazole-3,6-dicarboxylic acid (DCDA) ligand 

having two types of angles separating the carboxylate coordinating groups that of 120° 

and 90° (carbazole moiety), where we observe the formation of an anionic framework 

with a single metal ion building unit of formula [In(COO–)4]-.  

 A solvothermal reaction of DCDA and In(NO3)3·6H2O in an acidic (HNO3) 

mixture of DMF/CH3CN at 85 °C resulted in a 3-periodic structure 2, which will be 

referred to as In_DCDA as well. Compound 2 crystallizes in the primitive monoclinic 

P21/c space group having cell parameters of a = 15.618 Å b = 20.911 Å c = 16.704 Å δ = 

113.7°, and a formula of |DMA|[In(III)(DCDA).(solv)x. The countercation DMA+ (N, N'-
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dimethylammonium cation) is generated in situ upon the decomposition of DMF solvent 

during the reaction. 

The crystal structure displays a 3-dimensional (4,4)-connected framework 

constructed from single metal ion nodes of formula [In(RCOO–)4], where each of these 

nodes is linked to four other nodes through tetracaboxylic DCDA linker (Figure 5-10). 

The obtained structure 2 displays an interpenetration of two nets. Compound 2 displays a 

solvent‐accessible volume of 54%, with a density of 0.91 g/cm3, accounting for a pore 

volume of 0.6 cm3 g‐1.  

 

Figure 5-10. a) View of the coordination environment observed in 2 at the [In(COO–)4] nodes and DCDA linker. (b) 
and (c) schematic representation of single net and the two intertwined independent networks, respectively. (d) and (e) 
Topological analysis showing tetrahedral SBUs of the[In(COO–)4] ) linking four other tetrahedral nodes of (indigo)  
DCDA linker (Dark yellow resulting in a lonsdaleite topology (e) showing one net for clarity.  

The topological study performed on In-DCDA indicates that each In(III) cation is 

8-connected coordinating to four independent ligands forming a tetrahedral 4-connected 
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node, Figure 5-10d. Each ligand binds to four different In(III) centers acting as another 4-

connected tetrahedral node giving an overall lonsdaleite lon topology, Figure 5-10e. 

Prior to studying the porosity of this material, a bulk sample of 2 was prepared 

and both a DMF washed sample and a sample exchanged with the volatile solvent, 

CH3CN, were tested for phase purity and thermal stability using PXRD and 

thermogravimetric analysis (TGA). The peak positions in the experimental PXRD of the 

as synthesized and exchanged samples were compared with the calculated PXRD and 

showed a slight shift, as shown in Figure 5-11 (Right). This could be due to the flexibility 

imposed by the intertwined nets. TG analysis of the as-synthesized and CH3CN 

exchanged samples shows a mass loss of solvent 30 wt. % and <1 wt. % as 2 is heated up 

to 150 °C (boiling point of DMF) and 80 °C (boiling point of CH3CN), indicative of 

DMF and CH3CN removal from channels, respectively. We also observe that that 

framework is stable up to 300 °C, as no mass loss is observed as sample is heated from 

150 to 300 °C, after which structural decomposition occurs as shown in Figure 5-11 

(Left).
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Figure 5-11. (Left) TGA for the as-synthesized and CH3CN exchanged samples 2 showing framework stability up to 
300 °C long after guest molecules (DMF, CH3CN) leave the framework. (Right) Experimental PXRD of as synthesized 
and CH3CN exchanged 2 compared with the calculated PXRD from crystal structure data. 

 Further variable temperature (VT)-PXRD experiments, as shown in Figure 5-12, 

were performed on CH3CN exchanged samples of 2 to access the stability of this material 

under elevated temperatures as exposed to soft vacuum (a remote imitation of activation 

required for samples prior porosity determination). 

 

Figure 5-12. VT-PXRD for CH3CN exchanged samples as 2 retains crystallinity at elevated temperatures and as 
exposed to soft vacuum. 

 Prior evaluation studies showed that 2 is stable as exposed to solvent exchange 

where crystallinity was preserved as well as its stability as exposed to heat and soft 

vacuum as verified using TGA and VT-PXRD. In order to access the accessible volume 

experimentally, a bulk of 2 is prepared and exchanged over the course of few days first 

with DMF to remove all unreacted reagents and excess acid. Then with CH3CN, and 

complete exchange is verified using TGA, as shown in Figure 5-11 (Left), where we do 

not observe any mass loss at 150 °C (boiling point of DMF). Then the sample is 
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evacuated at room temperature using a turbo molecular vacuum pump for 12 h and 

gradually heated to the optimal temperature (at a heating rate of 1 °C/min) to allow full 

access to pores. However, compound 2 showed to be fully activated after room 

temperature activation.  

 

Figure 5-13. N2 isotherm for 2 collected at 77 K. Adsorption and desorption profiles illustrated in closed and open 
symbols. 

Low pressure N2 adsorption experiments recorded at 77 K for CH3CN exchanged 

samples showed fully reversible Type-I isotherm as shown in Figure 5-13, characteristic 

of microporous material with permanent microporosity. The BET surface area for 2 was 

estimated to be 1200 m2 g-1 and a pore volume of 0.54 cm3 g-1, where the obtained pore 

volume is equivalent to 90% of the theoretical value (0.6 cm3 g-1) determined from 

crystallographic data. 

5.3.1.3  In_DCDDTCA (3) 
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In our ventures, we continue our search for new SBUs, which can entail certain 

degrees of purposefulness regarding improved pore properties (through unsaturated 

coordination sites) and robustness of the resulting framework endowed by the increased 

coordination number.8 To that end, we utilized a linker with reduced symmetry and 

higher degree of flexibility compared to BTEB and DCDA. 

We prepared a tetracarboxylate linker 5'-(1-(3,5-dicarboxyphenyl)-1H-1,2,3-

triazol-4-yl)-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (DCTTDCA) with the same 

angle of 120° separating carboxylate coordinating groups. A solvothermal reaction of 

In(NO3)3·6H2O with DCTTDCA in an acidic (HNO3) mixture of DMF/H2O at 85 °C for 

24 h affords the In-DCTTDCA MOF structure 3, which crystallizes in the triclinic P-1 

space group having cell parameters of a = 16.959 Å b = 13.969 Å c = 9.818 Å α = 

105.87° β = 104.42° δ = 99.38°, and a formula of |DMA|[In(DCTTDCA).(solv)x. The 

countercation DMA+ (N, N'-dimethylammonium cation) is generated in situ upon the 

decomposition of DMF solvent during the reaction.  



234 
 

 

  

Figure 5-14. (a) View of the coordination environment in 3 at the [In(COO–)4] nodes and DCTTDCA linker. (b) and 
(c) schematic representation of two intertwined independent networks forming channels along the a-axis and b-axis of 
dimensions 5.6 × 3.2 Å and 8.3 × 4.2 Å, respectively. (d) and (e) Topological analysis showing tetrahedral SBUs of the 
DCTTDCA linker (Dark yellow) linking four other tetrahedral nodes of [In(COO–)4] (indigo) resulting in a diamond 
topology (e) showing one net for clarity.  

The crystal structure displays a 3-dimensional (4,4)-connected coordination 

framework constructed from single metal ion nodes of formula [In(RCOO–)4] each 

linked to four others via four independent tetratopic ligands L4- (Figure 5-14a). The 

obtained structure 3 is an interpenetrated structure consisting of two crystallographically 

independent nets. The interweaving of the two independent networks results in the 

formation of two main interlinked channels delimited by DCTTDCA linker, square -

shaped channels of dimensions 5.6 × 3.2 Å running along y-axis (Figure 5-14c) and 

diamond shaped channels along x-axis of dimensions 8.3 × 4.2 Å (Figure 5-14b). 

The phase purity of the obtained bulk material 3 (Figure 5-15) was verified using 

powder diffraction experiments. The peak positions in the calculated and experimental 

PXRD patterns are consistent. However, this material proved to be unstable when heated 

as it becomes desolvated with evaporation of DMF guest molecules.  
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Figure 5-15. Experimental PXRD of 3 compared with calculated PXRD from crystal structure data. 

The topological study performed on In-DCTTDCA indicates that each In(III) 

cation is 8-connected, coordinating to four independent ligands forming a tetrahedral 4-

connected node, Figure 5-14d. Each ligand binds to four different In(III) centers acting as 

another 4-connected tetrahedral node giving an overall diamondoid topology, 

Figure 5-14e. 

This material has not been fully characterized due to its instability under a variety 

of activation processes. This lack of stability is most likely attributable to the high degree 

of flexibility imparted through the ligand, resulting in the collapse of the pores and loss of 

crystallinity upon loss of guest molecules.  

5.3.2  Indium(III) with Hexatopic Linkers 

As mentioned earlier, the introduction of reticular chemistry has allowed for the vast 

growth observed in the discovery and synthesis of MOFs. The judicial choice of 

predesigned inorganic and organic molecular building blocks (MBBs) can lead to 
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purposefully targeted nets. The availability of the MBBs as well as geometrical 

constraints plays a significant role in targeting specific nets. This is where the positioning 

of these building units with respect to each other becomes critical. It is often observed 

that implementing highly connected symmetrical MBBs are often potentially more 

appropriate when targeting specific nets as with higher connectivity, this often lead to 

limited nets. 

In this section, we opted to use In(III) as we target a tetrahedral node in the presence of 

hexatopic linker, by which the 6-connected hexagonal cluster will be accessed, in our 

pursuit to isolating an unenumerated 3-dimensional (4,6)-c net based on tetrahedral and 

hexagon nodes with potentially high surface area and pore volume. To that end we 

implemented three hexatopic ligands featuring variable lengths and distinct chemistry and 

flexibility.  

 We prepared each of 4,4',4'',4''',4'''',4'''''-((benzene-1,2,3,4,5,6-

hexaylhexakis(methylene))hexakis(oxy))hexabenzoic acid (HMHBA), 1′,2′,3′,4′,5′,6′-

hexakis(4-carboxyphenyl)-benzene (H6CPB) and 5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)-

tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid)) (H6L). Reaction of 

In(NO3)3·6H2O with HMHBA/H6CPB/H6L in acidic DMF at 85 °C allowed for the 

isolation of In_HMHB (1), In_CPB (2) and In_L (3), Figure 5-16. 
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Figure 5-16. Chemical structures of each of the HMHBA, H6CPB and H6L showing possible angle of rotations for 
HMHBA and H6L. 

5.3.2.1  Indium(III) with HMHBA (1) 
 

Single crystal x-ray diffraction studies of In_HMHB showed that 1 crystallizes in 

triclinic P1 space group having cell parameters of a = 9.607 Å, b = 14.367 Å, c = 15.847 

Å; α = 91.1°, β = 90.2° and γ = 108.3°. The isolated structure 1 is a layered anionic 

structure constructed from single metal In(III) ions [In(RO2C–)4] MBBs coordinating to 

four carboxylate groups in a bidentate fashion from two different ligands, Figure 5-17a. 

Three of which coming from HMHBA and the fourth from a terminating formate ligand 

with the charge of the network balanced by the presence of DMA+ cations produced in 

situ upon decomposition of DMF. As the hexatopic linkers are linked via In(III) metal 

clusters to form layered structure, Figure 5-17b. 
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Figure 5-17. Crystal structure of In_HMHB (1). a) hexatopic HMHBA linker coordinating to six independent single 
In(III) metal ions extending (b) through three carboxylates to form (3,6)-c layered structure of (c) kgd topology. 

The phase purity of the obtained bulk material for 1, Figure 5-18, was verified 

using PXRD. The peak positions of the experimental data matches with the calculated 

PXRD from crystal structure data. 

 

Figure 5-18. Experimental PXRD of 1 compared with the calculated PXRD from crystal structure data. 

 Topological analysis corroborates the exclusion of the terminal ligand, as it is not 

regarded as a point of extension and does not contribute to the overall network 

connectivity and underlying network topology. Hence the structure is reduced to 3,6-
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connected net where the 3-connected nodes [In(RCOO–)3] forming triangular SBUs are 

linked via hexatopic linkers, reduced to hexagonal cluster SBUs, to form a 3,6-connected 

kgd topology, Figure 5-17c. 

5.3.2.2  Indium(III) with H6CPB (2) 
 

In our continuous pursuits to isolate a 3-dimensional network with underlying 

connectivity of tetrahedral nodes elucidated from In(III) and hexagonal clusters accessed 

through hexatopic linkers, we utilized a more rigid linker H6CPB. 

 

Figure 5-19. Crystal structure of In_CPB (2). a) hexatopic CPB linker mixed with indium metal ion source. b) CPB6- 
coordinating through four carboxylates to four [In(RCOO–)4] MBBs, with two free carboxylate groups, extending (c) 
to form (4,4)-c 3-dimensional structure of (d) PtS topology. 

A solvothermal reaction between H6CPB and In(NO3)3·6H2O in acidic DMF allowed 

for synthesis and isolation of In-CPB. Single crystal x-ray diffraction studies of In_CPB 

showed that 2 crystallizes in monoclinic-c C2/m space group having cell parameters of a 

= 13.776 Å, b = 19.466 Å, c = 30.476 Å; γ = 110.1° and a formula of 

|DMA|[In(CPB).(solv)x. The countercation DMA+ (N, N'-dimethylammonium cation) is 
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generated in situ upon the decomposition of DMF solvent during the reaction to balance 

the overall charge. The isolated structure 2 is a 3-dimensional (4,4)-connected, as shown 

Figure 5-19c, constructed from single metal In(III) ions [In(RCOO–)4] MBBs that are 

bridged by the hexacarboxylate linker CPB-6, with only four of the carboxylates 

coordinating to indium centers in a bidentate fashion, Figure 5-19 a-b.  

In this structure, we observe that the remaining two carboxylate groups remains un-

coordinating and sits in plane with the other coordinating carboxylate groups. Each 

ligand coordinates through four carboxylate coordinating groups forming a square shaped 

SBU linking tetrahedral nodes constructed from points of extension of the [In(RCOO–)4] 

MBB, resulting in a (4,4)-connected PtS topology, Figure 5-19d.  

The phase purity of the as synthesized 2 was confirmed by similarities between the 

experimental and calculated PXRD patterns as shown in Figure 5-20. The 

microcrystalline material was found to be insoluble in water and other common organic 

solvents. 

 
Figure 5-20. Experimental PXRD patterns of 2 compared with the calculated PXRD pattern based on crystal structure 
data. 
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5.3.2.3  Indium(III) with H6L (3) 

In our third attempt to isolating a 3-dimensional (4,6)-connected framework with a 

tetrahedral node and a hexagonal node, we utilized H6L which was previously used for 

the construction of a framework based on rht-platform. The rationale behind this was that 

the ligand as observed in single crystal structure of rht is planar, which is what we are 

looking for accessing hexagonal cluster. In addition, the amine groups could provide 

enough flexibility to alleviate the strain that could be imposed on the ligand when 

coordinating to the tetrahedral node. 

 

Figure 5-21. Crystal structure of 3 showing the assembly of a) hexatopic L6- linker mixed with indium metal ion source. 
b) trinuclear indium (III) MBB [(In3O)(RCOO–).(H2O)3 linked via L6- and (c) topological analysis of 3 where the 6-
connected trinuclear In(III) MBB can be viewed as a trigonal-prismatic SBU, while the organic ligand can be 
rationalized as an octahedral SBU to give (6,6)-c nia net.   

To that end, a solvothermal reaction of H6L and In(NO3)3·6H2O in an acidic 

DMF solution was heated to 85 °C and structure 3 was isolated. The crystal structure of 3 

reveals a 3-periodic framework which crystallizes in trigonal P31c space group with 



242 
 

 

having cell parameters of a = 18.915 Å, c = 28.866 Å. Compound 3 has a formula of 

|NO3| [(In3O)(L).(H2O)3 constructed from µ3-oxo-centered trinuclear In(III) inorganic 

MBBs [(In3(µ3-O)(COO–)6.(H2O)3. Each indium cation (In3+) displays an octahedral 

coordination environment and coordinated to six oxygen atoms: four of which are bis-

monodentate deprotonated carboxylate oxygen atoms from four independent L6- ligands 

and one µ3-oxo anion and a terminal aqua ligand to complete the coordination sphere. 

The trinuclear In(III) MBBs are bridged by six independent L6- ligands, resulting in the 

formation of a 3-periodic cationic framework 3,Figure 5-21. The charge balance is most 

likely provided by the presence of nitrate ions provided by the metal source. 

Topological analysis reveals that 3 has the anticipated edge transitive (6,6)-

connected net with the nia underlying topology. The trinuclear In(III) MBB [(In3(µ3-

O)(O2C–)6] can be regarded as a trigonal-prismatic secondary building unit (SBU), 

Figure 5-21b, with six points of extension corresponding to the carbon of the carboxylate 

coordinating groups. The 6-connected trigonal prismatic SBU are further linked through 

hexatopic organic linker with forming an octahedral node resulting in a (6,6)-connected 

net with an underlying topology of nia net, as shown in Figure 5-21c.  

The phase purity of the as synthesized 3 was confirmed by similarities between the 

experimental and calculated PXRD patterns, as shown in Figure 5-22. The 

microcrystalline material was found to be insoluble in water and other common organic 

solvents. 
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Figure 5-22. PXRD pattern for calculated and experimental 3 showing pure phase of isolated bulk material  

5.4    Conclusion 

Ideally in MOF chemistry we are interested in implementing specific MBBs to 

facilitate targeting desired materials and topologies. The ability to obtain a desired 

MBB on demand increases the predictability of the resulting structures and thus helps 

in fine-tuning its properties for various applications such as gas storage, separations, 

catalysis and photoluminescence. Although default topologies have shown to be quite 

beneficial for targeted applications, structures with non-default topologies may also 

provide unique and desirable characteristics. 

Our interest in this chapter was to deviate from the default structures and has 

focused on indium (III) cations and (1) tetratopic linkers with different degrees of 

flexibility and various angles between adjacent carboxylate coordinating groups. We 

demonstrated through the isolation of In_BTEB that the flexibility embedded in the 

chains, as shown in other reports, still stands as a very intriguing platform that still 
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leaves a lot to be explored. Other tetratopic linkers with differing degrees of 

flexibility showed a great effect on the stability of the material. 

In part (2) of this chapter, we targeted specific edge transitive nets based on 

planar hexagons and tetrahedral nodes. However, our numerous attempts failed to 

reveal the targeted structure. This could be due in part to the steric hindrance that the 

used ligands could be imposing on the overall structure. As we saw with H6CPB, a 

tetrahedral node was isolated, yet only four of the carboxylates coordinate and act as 

points of extension. On the other hand, with the expanded more flexible version of 

HMHBA, all six arms coordinate and the tetrahedral node is formed, albeit only three 

of the bidentate carboxylate groups correspond to the linker. In our third trial, a ligand 

capable of forming hexagonal geometry, as observed with isolated rht-MOF-10 in 

chapter 3, was used. However, this lead to the formation of indium(III) trimer with 

trigonal prismatic SBU. These examples illustrate that differences in topologies arise 

not only from changes in linker geometry, but also result from the flexibility of 

cluster connectivity. 
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APPENDICES 

 Crystal Structure Tables 

Table 5-1 Crystal data and structure refinement for 1 (In_BTEB) 

Identification code 1 (In_BTEB) 
Empirical formula C18H9In2O5 
Formula weight 534.9 
Crystal system, space group Orthorhombic, Cmca 
Unit cell dimensions a = 32.694 Å, b = 14.474 Å c = 21.593 Å 
Volume 10218.2 Å3 
Z, calculated density -, 1.28 g cm-3 
F(000) - 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 0.76 mm-1 
Absorption correction Multi-scan 
Max and min transmission - 
Crystal size - mm 
Shape, color rod, transparent 

θ range for data collection 3.1–51.8° 

Limiting indices - 
Reflection collected / unique / 
observed with I > 2σ(I) 

- 

Completeness to θmax = 67.5° - 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8009 / 0 / full 

Final R indices [I > 2σ(I)] - 

Final R indices (all data) - 
Weighting scheme * 
Goodness-of-fit 1.6 
Largest diff. peak and hole - 
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*P = (Fo
2 + 2Fc

2)/3 

 

Table 5-2 Crystal data and structure refinement for 2 (In_DCDA) 

Identification code 2 (In_DCDA) 
Empirical formula C34H31InO8 
Formula weight 696.4 
Crystal system, space group monoclinic, P21/c 
Unit cell dimensions a = 15.618 Å, b = 20.911 Å c = 16.704 Å 
Volume 4993.1 Å3 
Z, calculated density -, 0.88 g cm-3 
F(000) - 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 0.76 mm-1 
Absorption correction Multi-scan 
Max and min transmission - 
Crystal size - mm 
Shape, color lozenge, transparent 

θ range for data collection - 

Limiting indices - 
Reflection collected / unique / 
observed with I > 2σ(I) 

- 

Completeness to θmax = 67.5° - 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters - 

Final R indices [I > 2σ(I)] - 

Final R indices (all data) - 
Weighting scheme * 
Goodness-of-fit 1.6 
Largest diff. peak and hole - 
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Table 5-3 Crystal data and structure refinement for 3 (Indium(III) with H6L) 

 
Identification code 3 (In_H6L) 
Empirical formula C60H20In3NO12 
Formula weight - 
Crystal system, space group Trigonal, P31/c 
Unit cell dimensions a = 18.915(2) Å, c = 28.8663 (2) Å 
Volume 25061 (4) Å3 
Z, calculated density 2, 0.55 g cm-3 
F(000) - 
Temperature (K) 100.0(1) 
Radiation type Cu Kα 
Absorption coefficient 0.76 mm-1 
Absorption correction Multi-scan 
Max and min transmission - 
Crystal size 0.03 × 0.06 × 0.09 mm 
Shape, color Block, transparent 

θ range for data collection 3.1–51.8° 

Limiting indices -28 ≤ h ≤2 8, -32 ≤ k ≤ 22, -29 ≤ l ≤ 10 
Reflection collected / unique / 
observed with I > 2σ(I) 

11298 / 7344 (Rint = 0.03) / - 

Completeness to θmax = 67.5° - 

Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7344 / 1 / 711 

Final R indices [I > 2σ(I)] - 

Final R indices (all data) - 
Weighting scheme * 
Goodness-of-fit 0.91 
Largest diff. peak and hole - 

 

*P = (Fo
2 + 2Fc

2)/3 
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Chapter 6:  Conclusion and Future Outlooks 

From a research perspective, the MOF field is thriving and growing at an accelerated 

rate. The main interest in the MOF field is driven by their exceptional surface areas 

exceeding any of the traditional adsorbents. This growth has allowed for more insight and 

deeper understanding of structure-function relationship, hence opening the door for more 

proposed solutions for early observed hurdles.  

However, it is often observed that the amount of research is flooding the databases for 

synthesizing MOFs is based less on strategy and more on whims. This is mainly due to 

the fact that most of the isolated MOFs are based on low connectivity ligand and metal 

inorganic clusters, which would often result in default structures and deviating from the 

norm is often challenging as the outcome becomes less predictable. Therefore, a key 

aspect in the continuous growth of MOFs require establishing thoughtful techniques 

which would pave the way to developing and designing new materials with embedded 

properties for targeted applications. 

Thus our goal of the research reported in this thesis touches upon less explored routs 

for synthesizing new MOFs through rational approaches as well as less conventional 

paths. The two platforms presented herein are illustrations of how design strategies can 

successfully lead to tailored targeted MOF materials. The first approach “Molecular 

Building Block (MBB)” approach was first presented in Chapter 2. The MBB approach 

was strategically implemented to expand on the currently isolated platforms based on 

polynuclear carboxylate-based Rare Earth metal clusters.  

This work was first introduced by our group with the isolation of highly connected 

edge-transitive net (12-connected cuboctahedron SBU) fcu platform1-3 using linear 
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linkers. Other platforms, based on same cuboctahedron SBU in presence of tetratopic 

ligands lead to the formation of a series of (4,12)-connected nets with underlying 

topology of ftw nets.4 We used a series of tetratopic ligands under similar reaction 

conditions as we targeted shp nets. The main requisite to effectively apply this approach 

was to identify the appropriate reaction conditions or range of conditions which would 

promote the formation of the targeted MBBs. Once these conditions are established to 

consistently isolate the needed MBBs, the possible topological outcomes become more 

accessible aided by the ligand having the proper functionality (e.g carboxylate based or 

N-donor) and its respective geometry. The availability of the RCSR database provides a 

plethora of geometric requirements of both inorganic and organic MBB in targeting 

specific topologies.  

In the case where combining a nonanuclear RE carboxylate-based clusters which form 

a 12-connected MBB with hexagonal prism geometry and a tetratopic linker with square 

geometry, the most likely topological outcome, shp, was identified and successfully 

synthesized (Y-shp-MOF-5). Experimental work targeting this nonanuclear cluster 

resulted in highly porous Y-shp-MOF-5, Y-shp-MOF-5 (NH2) and Y-shp-MOF-5 (F). 

These MOFs validated the potential of applying isoreticular chemistry to this platform 

allowing to functionalize the resultant MOFs through ligand functionalization. 

The obtained Y-shp-MOF-5 was thoroughly studied and showed a very interesting 

behavior when exposed to elevated degrees of relative humidity. Y-shp-MOF-5 by far is 

the only material, up to our knowledge, compared to other porous adsorbents including 

MOFs, zeolites, activated carbons and clays with this unique behavior. A unique s-shaped 

isotherm was collected for microporous Y-shp-MOF-5. At first, we thought structural 
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changes occur when exposed to water vapor; however thorough in situ activated single 

crystal under different activation conditions starting from completely evacuated structure 

to 100 %RH exposure, showed that the structural integrity was obtained.  

Further investigation to explain this unprecedented phenomenon for microporous rigid 

structures revealed that the open metal sites act as primary sites of adsorption initiating 

water adsorption into the framework. However, the hydrophobicity of the channels 

imparted by the hydrophobic linker prevents instant pore filling and creates an energy 

barrier where water molecules starts accumulating from initial site until big enough water 

clusters are formed which can migrate into the pores. Then we observe a sudden jump at 

55 %RH with a total uptake of 0.45 g/g. Additionally, the desorption curve doesn’t trace 

the adsorption curve which further confirms the presence energy barrier that needs to be 

overcome created by the formed water clusters, hence the need to lowering the pressure 

to 35 %RH, before complete desorption is achieved. This pressure range of adsorption 

and desorption falls perfectly within the ideal requisite range for humidity control set by 

ASHREA, as shown in Figure 6-1 

The isoreticular MOFs Y-shp-MOF-5 (NH2) and Y-shp-MOF-5 (F) were deliberately 

synthesized with hydrophilic and hydrophobic functionality, respectively, to study its 

effect on water adsorption. As expected, comparing Y-shp-MOF-5 (NH2) shows and Y-

shp-MOF-5 (F) shows that water uptake starts at a much earlier stage for amino-tagged 

linker compared to fluorine-tagged linkers.  
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Figure 6-1. Working water vapor capacity in the 30-75 %RH range of water stable MOFs and other representative 
materials plotted with respect to their dehumidification trigger point*. Based on dehumidification trigger point, 
materials could be classified as Desiccants (%RH < 40%), Highly hydrophobic (%RH > 60) and ideal for moisture 
control as set by ASHRAE (40 < %RH < 60). Blue and orange bars represent working ranges of MCM-41 
corresponding to Cycles 1 and 2, respectively. Red bar represents the overlapping of working range after Cycle 1and 2 
of Y-shp-MOF-5. *point at which dehumidification starts. 

 Experiments using linkers with various degree of flexibility and symmetry, under 

similar reaction conditions, resulted in 8-connected hexanuclear clusters with new 

topologies. This illustrates that when using tetracarboxylate based ligands, deviation 

embarked by flexibility and symmetry from square geometry results in new materials 

with unpredicted topologies. 

We also tried to implement MBB approach, this time targeting MBBs with low 

connectivity, in each of chapters 4 and 5. In Chapter 4, we were trying to isolate 

hexagonal polygons and extend them through a square geometry in our attempts at 

targeting new rarely observed she topology based on isolated hexagons. This criterion did 

not result in the successful isolation the targeted nets due primarily to having less control 
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on targeting nets starting from low connectivity MBBs. We tried to address this problem, 

in Chapter 5, by starting with hexatopic linkers for easily accessible hexagon clusters, 

and three ligands with different chemistry and degree of flexibility were used in the 

presence of a tetrahedral node. However, our targeted was not fulfilled either due to the 

coordination flexibility of the ligand or the inorganic cluster.  

This point in particular highlights one of the main hurdles in targeting large and 

chemically stable structures with three-dimensional pores requires exploiting combined 

synergy between the linkers’ versatile coordination modes and the coordination flexibility 

of the inorganic cluster.   

The second design approach strategy implemented in our work, namely Chapter 3, is 

the Supermolecular Building Block (SBB) strategy, which makes use of incorporating the 

in situ formation of hierarchically more complex chemical motifs. These building units 

are often based on discrete metal organic polyhedral, which is formed from low 

coordination organic and inorganic MBBs, which can be externally functionalized to acts 

as points of extension in a framework. 

The work here targets a copper paddlewheel-based polyhedral in which the ligand is 

functionalized at position 5 resulting in a 24-connected node. As shown in Chapter 3, 

linking these polyhedral through trigonal linker, a covalent linkage, a MOF with rht 

topology is obtained. This rht-platform is highly desirable as the in situ generated MOPs 

provide inherent porosity and 3-periodic structures with high surface area and pore 

volume could be isolated without facing interpenetration. As such, it has been exploited 

by several groups since its introduction in 2008. 
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Our rationale in targeting rht-MOF-10 is to obtain a 3-periodic MOF with very high 

pore volume for gas storage applications. rht platform contains three different cages, 

tetrahedral, octahedral and rhombicuboctahedral. Both the tetrahedral and octahedral 

cages are delimited by the hexatopic linker, whereas the rhombicuboctahedral is only 

delimited by the isophthalate moieties. In our quest to expanding all three cages, we 

replaced the carboxylate connecting groups with benzoic acid. However, up to date, only 

three MOFs with rht-platform has been isolated and all three with theoretical high pore 

volume, albeit featured low to no access to these big pores. In order to infuse stability 

into the overall structure, we reasoned to adapt a core for the hexatopic linker which 

showed high stability. rht-MOF-7 synthesized from a hexatopic linker, with a triazine 

core and amino groups, displayed very high stability when exposed to solvent exchange 

and vacuum. Encouraged by these results, we synthesized a larger ligand based on same 

amine rich core by expanding the distance between the carboxylates on the isophthalic 

acid and replacing them with benzoic acid groups while keeping the separating angle as 

120°. 

The activation of this material, namely rht-MOF-10, using conventional solvent 

exchange and supercritical CO2 drying techniques was not successful. However, 

activating starting from the parent solvent DMF with controlled flow of liquid CO2 and 

afterwards increasing the temperature to reach supercritical conditions for less than 2 h, 

resulted in accessing 90 % of the total available pore volume. High pressure adsorption 

studies were conducted for gas storage applications. The rht-MOF-10 showed 

remarkably high gravimetric uptake for CH4, O2 and CO2 which makes it an adequate 

adsorbent for gas storage. 
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As a conclusion, these examples enumerated here show that the structural predictability 

can be enhanced upon using highly connected building blocks (MBB and SBB). It also 

allows for the deliberate implementation of isoreticular chemistry (ligand 

functionalization and expansion) to fine tune the properties of the resulting MOF for 

clean energy applications regarding controlling humidity and gas storage. Although 

MOFs have been explored for a wide array of potential applications, the limitations are 

solely delimited by our perspectives and imagination.  
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