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ABSTRACT
Metal-Organic Frameworks: Building Block Design Strategies for the Synthesis of MOFs.
Ryan Luebke
A significant and ongoing challenge in materials chemistry and furthermore solid
state chemistry is to design materials with the desired properties and characteristics.
The field of Metal-Organic Frameworks (MOFs) offers several strategies to address this
challenge and has proven fruitful at allowing some degree of control over the resultant
materials synthesized.
Several methodologies for synthesis of MOFs have been developed which rely on
use of predetermined building blocks. The work presented herein is focused on the
utilization of two of these design principles, namely the use of molecular building blocks
(MBBs) and supermolecular building blocks (SBBs) to target MOF materials having
desired connectivities (topologies). These design strategies also permit the introduction
of specific chemical moieties, allowing for modification of the MOFs properties.
This research is predominantly focused on two platforms (rht-MOFs and ftwMOFs) which topologically speaking are edge transitive binodal nets; ftw being a (4,12)connected net and rht being a (3,24)-connected net. These highly connected nets (at
least one node having connectivity greater than eight) have been purposefully targeted
to increase the predictability of structural outcome. A general trend in topology is that
there is an inverse relationship between the connectivity of the node(s) and the number
of topological outcomes. Therefore the key to this research (and to effective use of the
SBB and MBB approaches) is identification of conditions which allow for reliable
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formation of the targeted MBBs and SBBs. In the case of the research presented herein:
a 12-connected Group IV or Rare Earth based hexanuclear MBB and a 24-connected
transition metal based SBB were successfully targeted and synthesized. These two
synthetic platforms will be presented and used as examples of how these design
methods have been (and can be further) utilized to modify existing materials or develop
new materials for gas storage and separation applications for environmental and energy
related applications including hydrogen, methane, carbon dioxide and hydrocarbon
storage or separations.
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Chapter 1: Introduction to Metal Organic Frameworks. Introduction, Classification and
Gas Sorption Analysis of MOF materials.
1.1

Modern Materials Science: Control of Matter at the Nanoscale.
Throughout human history there has been a desire to control our macroscopic

environment. This need for control has driven mankind to develop methods to
efficiently exploit available materials and resources. By the end of the industrial
revolution (Approx. late 1800s), and into the early-to-mid-1900s humans developed a
high degree of control over the macroscopic world.1 Scientifically, a new paradigm shift
began early in the 1900s as new methods were developed which allowed deeper insight
into exactly how atoms were arranged. This was the beginning of the scientific
exploration into what has become known as nanotechnology or nanomaterials.2 A major
breakthrough was the discovery of X-rays (1895 Rontgen) and their subsequent use in
elucidating the chemical structure of sodium chloride, diamond3 and other crystalline
inorganic minerals (KCl, KBr, ZnS, NaCl).4
In the 1950s amidst the development of breakthroughs in crystallography and
electron microscopy, new questions were brought forth that piqued the interest of
scientists. These questions were best summarized by the now famous quote from
Richard Feynman: “What would happen if we could arrange the atoms one by one the
way we want them?”5 This dream of arranging atoms “the way we want them” has
become partial reality due to the advances in electron microscopy, atomic force
microscopy and modern lithography techniques, individual atoms can be both imaged
and positioned where scientists dictate. The modern challenge has become how to have
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this precise control on a scale that allows synthesis of large/usable amounts of material
as opposed to nanoscale quantities and one-off experiments, which at present result in
at most hundreds to thousands of atoms or molecules positioned “the way we want
them”. To achieve this atomic level of control while synthesizing usable amounts of
material, researchers need to look toward nature.
1.2

Self-Assembly of Molecules
In nature, control of molecules at the atomic level is achievable via means of

self-assembly. Extremely complex molecules including DNA and peptides are readily
assembled from the basic building blocks of life, nucleotides and amino acids. 6 This
natural process of self-assembly, has evolved over billions of years and is facilitated in
microenvironments within cells and at active sites of proteins or enzymes. Scientists can
and do use clues from nature to design their experiments to leverage the process of
self-assembly as a tool to develop new methods for synthesis of polymers,7, 8 micelles9
and porous materials.7
Directing this self-assembly process is one of the key aspects that must be
addressed in coordination chemistry —the broad area of chemistry which the field of
metal-organic frameworks (MOFs) falls under— to allow true control of structure and
properties at the molecular level and further allow for synthesis of bulk quantities of
complex coordination compounds.
1.3

MOF Introduction and Terminology.
Coordination compounds are a class of materials composed of organic ligands

which coordinated to metal ions or clusters.10 These materials are formed through a
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self-assembly process involving the formation of coordinate covalent bonds. Discrete
molecular coordination compounds have been reported in literature as far back as the
late nineteenth century where Alfred Werner explored the possible coordination
configurations of octahedral Co(III) based complexes.11
Coordination compounds can be classified into several categories based on the
periodicity of the compound. Due to the rapid growth of the field in recent decades, a
unified classification system (or a formal IUPAC convention) for coordination
compounds is still under debate.12 For the sake of clarity, a commonly accepted
hierarchical model will be used herein.12

Figure 1. 1: Diagram of the hierarchy of coordination compounds.

13, 14

For this model the highest level categorization are coordination compounds,
which is adequately defined by the IUPAC:
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A coordination compound is any compound that contains a coordination entity. A
coordination entity is an ion or neutral molecule that is composed of a central atom,
usually that of a metal, to which is attached a surrounding array of atoms or groups of
atoms, each of which is called a ligand.15

Coordination compounds can be broken down into categories based on the periodicity
of the resultant network: 0-periodic, 1-periodic, 2-periodic and 3-periodic compounds.
In the following examples, which will expand on these categories, the node and
spacer model is used to further illustrate the connectivity of these materials. This model
is one of the standard representations implemented to facilitate describing and
illustrating coordination polymers and metal-organic framework (MOF) materials. It has
been widely adopted and was brought into prominent use to describe coordination
polymers reported by Robeson16-18 and other researchers in the 1980’s and early 1990’s.
In this representation, nodes represent ligands or metal clusters having greater
than two coordination points (also known as points of extension). These nodes are
linked through a spacer or a linear link. The spacer serves to link adjacent nodes to one
another. Depending on the structure, this spacer can represent either a linear (2connected) ligand, a 2-connected metal, or in the case of highly connected ligands, the
spacer represents a portion of the ligand which is linking to the adjacent metal Figure 1.
2.
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Figure 1. 2: Node and spacer examples: (Top) 4-c inorganic paddlewheel MBB and node and spacer
representation. (Bottom) 3-c organic ligand and node and spacer representation.

Zero-periodic (0-P) compounds (which are also commonly referred to zero
dimensional (0-D) compounds) are the first category of coordination compounds. An
equally appropriate naming is discrete coordination compounds. This category includes:
1) Mononuclear clusters which are coordination compounds resulting from monotopic
or chelating ligands coordinating to a single metal ion. 2) Polynuclear clusters which are
slightly more complex and typically result from monofunctional ligands coordinating to
and bridging multiple metal centers. 3) Discrete metal-organic polygons or metalorganic polyhedra (MOPs) which are composed of multiple metal clusters to which are
coordinated polytopic ligands in such a fashion that higher complexity supermolecular
assemblies result. Molecular representations of these examples are illustrated in Figure
1.3.
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Figure 1.3: Zero Periodic coordination compounds: (Top Left) single metal ion based cluster, (Top Right)
polynuclear paddlewheel type cluster, (Bottom Left) molecular square metal organic polygon (MOP),
(Bottom Right) octahedra geometry metal-organic polyhedra (MOP)

The second category of coordination compounds are one-periodic (1-P or 1-D),
meaning they extend indefinitely in one dimension/direction. These types of materials
are often referred to as coordination polymers due to their resemblance to traditional
(non-crosslinked) organic polymers. Unlike traditional polymers, in which monomers are
covalently bonded to one another, coordination polymers are typically composed of
metal ions or clusters linked through polytopic ligands via coordinate covalent bonds.
Examples of coordination polymers include straight chain, zig-zag or laddaranes,
examples of these motifs are illustrated as nodes and spacers in Figure 1. 4.
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Figure 1. 4: Node and spacer representation of coordination polymers. (Left) Straight Chain (Right) ZigZag (Right) Ladders.

The third category of coordination compounds are what can be considered as
MOFs, these are two and three periodic (2-P/2-D, 3-P/3-D) networks, meaning that they
extend indefinitely in two dimensions (layered materials) or three dimensions (extended
networks) (Figure 1. 5).
MOFs are a diverse group of compounds, and there is a very wide variety in
composition of MOFs. Generally speaking, the organic ligands are typically polytopic
(ranging from two to eight sites of coordination) and can be polyfunctional (having
nitrogen donors and/or carboxylate moieties). Furthermore, the metal centers or
clusters can have varying connectivity (typically from two to twelve connected).
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Figure 1. 5: Show Diagram of coordination compounds, 1-P coordination polymers, 2-P layered MOFs, and
3-P MOFs.

MOFs, the focus of the research herein began emerging as a prominent field of
research toward the beginning of the 1990s and has experienced continual growth since
that time.19 The early examples of 3-P coordination polymers (MOFs) were typically
cationic frameworks composed of polytopic ligands (spacers) that have pyridyl
functionality which coordinated to single metal ions based clusters (nodes).20-24 Many of
these compounds showed potential in applications including size/shape selective
catalysis,23 and solution phase guest exchange20 or anion exchange. Unfortunately due
to the flexible geometry of the monodentate mode of coordination to the metal, these
early coordination polymers (MOFs) typically did not show permanent porosity and
were unstable upon removal of solvent guest molecules.
Second generation MOFs were typically based on carboxylate functionalized
ligands or ligands which facilitated the bridging of metal ions.25,

26

This allowed for

synthesis of higher complexity clusters, or what became known as molecular building
blocks (MBBs). Incorporation of MBBs into MOF materials often resulted in a much
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higher degree of rigidity, greater predictability of structure and increased stability
compared to the first generation pyridyl based MOFs.27-29 The varying degrees of
stability can be attributed to the electrostatic interactions between the cationic metal
and the anionic (carboxylate based) ligand as well as the pKa of the ligand.30
Additionally, the bidentate or bis-monodentate coordination mode of the carboxylate
increases the rigidity and reduces the lability of the coordinate covalent bond. Thus,
with this approach synthesis of the first MOFs having permanent porosity were
synthesized and reported.27, 28
With the introduction of the second generation MOFs, new methods to better
describe, illustrate and represent the connectivity of the MBBs were introduced to the
field. These representations, called vertex figures, are adaptations of the node and
spacer model shown in the previous examples. The vertex figure representation is most
appropriately used to denote so called augmented nodes,31 which are composed of
more than a single atom, and therefore are the representation typically preferred for
representing the second generation MOFs (Figure 1. 6). The vertex figure is suitable for
showing the increased complexity and provides additional structural/geometric
information, by using geometric representations such as triangles, squares, or
tetrahedra. In this fashion, the vertex symbol and augmented nodes can represent a
ligand, or a polynuclear metal cluster.
Other relevant terminologies, often used to describe the organic or inorganic
nodes, include describing them as the secondary building units (SBUs) or molecular
building blocks (MBBs) that make up the MOF. These terms are derived from viewing
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the individual metal center as a primary structural feature or a primary building block; a
hierarchically more complex motif would appropriately be considered secondary
structural features or secondary building blocks. (This concept and examples of the use
of SBBs/MBBs for targeted synthesis of MOFs will be elaborated upon in Chapter 2.)

Figure 1. 6: (Left) Two examples of molecular building blocks (Top) binuclear paddlewheel (Bottom) 1,3,5benzene tricarboxylic acid. (Center) Node and spacer representation of the MBBs. (Right) Vertex symbol
(or SBU) representing the MBBs as augmented nodes through use of polygons.

Two important carboxylate based MBBs which helped drive the field of MOFs
forward were based upon the geometrically square binuclear paddlewheel cluster
(commonly composed of Zn(II) or Cu(II) metal centers to which are coordinated four bismonodentate carboxylate moeities) and the geometrically octahedral tetranuclear basic
zinc acetate cluster (composed of a central tetrahedral µ-4 oxo that is coordinated to
four Zn(II) ions, to which are coordinated six bis-monodentate carboxylate moieties).
A key to the successful use of these MBBs in MOF synthesis results from the
determination of a suitable range of conditions to consistently form these structural
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motifs, in these cases by using various carboxylate based ligands. Thus, the importance
of these two clusters cannot be overstated, as to date, there continues to be new MOFs
being reported in literature based on both of these MBBs.
1.3.1 Basic Zinc Acetate Cluster
The basic zinc acetate cluster played an important role in the growth of the field
of MOFs and the introduction of reticular chemistry. Reticular chemistry allows for the
synthesis of a series of MOFs composed of a specific metal cluster or MBB where the
resulting MOFs have the same structural topology (or network topology) but different
organic building blocks. This allows for predictability in structural outcome and can
allow for rational modification of the properties of MOFs through use of ligands having
various lengths and/or functional groups. The first example of reticular chemistry in the
field of MOFs is the IRMOF (Isoreticular MOFs) series developed by (Eddaoudi, Yaghi,
and Co-workers). This series is one of the most widely studied and cited MOF platforms.
32, 33

The first compound in this series is assembled from terephthalic acid (1,4benzene dicarboxylic acid) which when reacted with a zinc metal salt under the proper
conditions coordinates with an in-situ formed basic zinc acetate cluster. This cluster acts
as a 6-conncted (octahedral) node; when linked through linear links, the most likely
outcome is a highly symmetric structure with pcu topology (primitive cubic). This initial
experiment resulted in the highly porous material now widely known as MOF-5.34 The
MOF-5 product was further expanded upon through use of various ditopic (two
connected) carboxylate based linear ligands, in place of terephthalic acid, which were
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also reacted with zinc salts under similar conditions.32 This resulted in a series of 12
IRMOFs, all having the same geometry of building blocks (linear and octahedral). As with
the original MOF-5 compound, the MBBs combined to form networks (MOFs) with pcu
topology (Figure 1. 7). The great variety of linear dicarboxylate based ligands
incorporated into IRMOFs has allowed researchers to drastically tune the porosity and
functionality of the resulting MOF. Thus, this has become a widely used platform for
identification of the impact on material properties based on structural or functional
modifications.35-38

Figure 1. 7: Example of reticular chemistry. IRMOF series of metal-organic frameworks, having pcu
network topology.

41

1.3.2 Paddlewheel Clusters
The binuclear paddlewheel cluster (or MBB) is composed of two transition
metals, early examples include Cu(II)39, 40 or Zn(II)41 ions to which are coordinated four
carboxylates in a bis-monodentate fashion (Figure 1. 6). This results in a rigid cluster
having a square or slightly rectangular geometry. Compared to the tetrahedral nodes of
the aforementioned first generation pyridyl based MOFs, there is a dramatic reduction
in the rotational and translational degrees of freedom therefore an increase in MBB
rigidity. This increase in rigidity combined with the electrostatic interaction of the
cationic metal and anionic ligand often results in greater robustness of the resulting
MOF frameworks.30
A milestone in MOF research occurred when reproducible and reversible
sorption in MOFs, also referred to as permanent porosity, was reported in 1999 with
MOF-2.27 MOF-2 is a layered MOF based on a zinc paddlewheel MBB which was
synthesized from terephthalic acid and Zn(NO3)2. These reactants were combined,
reacted and the product crystallized from a solution of DMF to which triethylamine was
slowly diffused. The resulting layered 2-P MOF forms a square lattice (sql) as shown in
Figure 1. 8. As can be seen in the diagram, there is a significant amount of void space in
the windows of the lattice. Solvent guest molecules could successfully be removed while
maintaining the crystallinity of this MOF, the void space could then be utilized for
adsorbing gases. CO2, and N2 sorption isotherms were collected which revealed a
modest apparent surface area of 270 m2/g. 27
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Figure 1. 8: MOF-2: Chemical and node and spacer representation.

A second important compound, synthesized from the copper based paddlewheel
is the compound commonly referred to as HKUST-1 (Hong Kong University of Science
and Technology Compound 1) or Cu-BTC (Copper 1,3,5-Benzene Tricarboxylic Acid).42
As opposed to being a layered structure, as is the case for MOF-2, HKUST-1 is a 3-P MOF
synthesized from trimesic acid and Cu(II). Much like the MOF-5, the HKUST-1 compound
is a highly porous compound having large spherical cavities and is often used as a
benchmark material for comparison of properties of MOFs,43,
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for synthetic45-47 or

activation procedures,47, 48 and for investigating new applications for MOFs.44, 49
1.3.3 Supermolecular Building Blocks
One of the more recent conceptual introductions to the field of MOFs is targeted
MOF synthesis via targeting higher complexity structures, or supermolecular entities, as
the building blocks of the MOF network. Much like the targeting of secondary building
units (MBBs) was accomplished through choosing a suitable combination of
hierarchically less complex primary building units (functionalized ligand and metal salt);
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targeting supermolecular structures (which can be considered tertiary building units)
begins with targeting a hierarchically less complex secondary building unit ( or MBBs).
The MBBs can be assembled into the desired supermolecular structure by carefully
designing (or selecting) a ligand with the appropriate geometry to form polyhedra
(Supermolecular Building Blocks(SBBs)) or layers (Supermolecular Building Layers(SBLs)).
Furthermore, additional functionality must be present to allow the linking of the SBBs or
SBLs, and in turn, resulting in the formation of an extended network. The SBB approach
resulted in an important series of paddlewheel based compounds, rht-MOFs, which will
be further discussed in Chapter 3.
1.4

Self-Assembly of MOFs
Analogous to biological self-assembly, as mentioned in Section 1.1.2, synthetic

methods to reliably self-assemble molecules —or in the context of this dissertation, to
self-assemble MOFs— require control over the reaction conditions to maintain a
suitable environment for formation of the desired product. Experimentally, this often
involves exploratory or combinatorial reactions in which various parameters can be
adjusted. Some of these parameters include: molar ratios of reactants, solvent systems
(single solvent or multi-component solvent systems), solution pH, reaction time,
reaction temperature, solution concentration, use of different metal salts, and use of
structure directing agents. This combinatorial method of material synthesis has resulted
in countless MOF materials. Most of the early results were serendipitous discoveries of
new materials with no specific target in mind, but these results have laid the foundation
for targeted, rational, or directed synthesis of MOFs. Targeted synthesis is often based
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on analysis of existing structural information (i.e. common or reoccurring motifs) which
is available to researchers in structural databases such as the CCDC50 and ICSD.51 Thus it
is often possible to determine reaction conditions amenable for formation of specific
metal clusters.
Using this existing chemical and structural knowledge, and following the analogy
of biological systems, self-assembled materials can be directed or designed if
researchers follow a blueprint. In biological systems this blueprint is DNA or RNA that
directs how amino acids are combined to form proteins. In MOF chemistry, this
blueprint is a conceptual blueprint (as opposed to a physical blueprint) and to be utilized
effectively, it should be based on geometrical and chemical principles.
1) The blueprint should start with a specific targeted network topology.
2) This topology can be broken down into its geometric building blocks (vertex
figures or SBUs).
3) Suitable molecular building blocks can then be identified with a geometry
that matches the vertex figures (or SBUs) in targeted topology.
4) The functionality needed to generate the inorganic MBB can be identified
through literature searches.
5) The conditions suitable for formation of the inorganic MBB (and MOF) can be
determined through literature searches and/or or through experimental
methods.
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In this fashion, this conceptual blueprint can be used by scientists to facilitate
the selection of ligands (having the proper geometries and functionality to promote insitu formation of desired metal clusters) and metal precursors (which can form clusters
with the desired connectivity or geometry). Use of the MBB or SBB design principles
facilitates devising and successful implementation of synthetic blueprints. In this regard,
it must be clearly stated that a synthetic blueprint does not guarantee the formation of
the desired product, but in essence it limits the “combinatorial” search area to a more
manageable number of variables or combinations when targeting a desired material.
1.5

Benefits of MOF materials

1.5.1 Modularity and Tunability
In addition to the ability for synthesis by self-assembly, MOFs offer many
advantages over traditional porous or solid state materials. These benefits are a result
of the high degree of tunability due to the hybrid organic and inorganic nature of MOF
materials. As will be shown in the following chapters, this tunability is a product of
modification of the:
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a) Organic ligand via use of functionalized, extended, and/or contracted
geometrically equivalent ligands.32, 34, 52-54
b) Metal ion, by use of metals, which can form clusters of the same geometry.
Introduction of different metal sites can also provide opportunity for catalysis or
tuning of interactions with guest (gas, chromophore, substrate) molecules.55
c) Counter ion, through the use of different metal salts/counter ions or ion
exchange.56
It has been shown that through the above modifications, MOFs can be tuned
with regard to their porosity,32 (examples range from being non-porous to having
specific surface areas in excess of 7,000m2/g)57 affinity toward gases,56 and pore or
aperture sizes.32 Improvements in experimentalists’ knowledge of appropriate synthetic
conditions and implementation of design principles have allowed researchers to truly
tune the pore size, the properties and functionality of the resulting material. This
amount of control is unprecedented in other areas of porous materials. The main focus
of the following chapters is on the use of the MBB and SBB design principles to impact
the porosity and functionality of MOF materials.
1.5.2 Mild Synthetic Conditions
One of the touted benefits of MOFs is the relatively mild conditions under which
MOF synthesis is possible.58 This is particularly apparent when comparing MOF synthesis
to conventional porous materials such as activated carbons (ACs) and zeolites. For
example ACs are synthesized from carbon rich materials by pyrolysis or oxidation at high
temperatures (600°C+) or via combined chemical and thermal treatment at
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temperatures of 450°C and greater.59 MOFs in contrast are synthesized under
solvothermal conditions typically not exceeding 200°C and are typically one-pot
reactions.
1.5.3 Crystalline Product
Much like zeolites, MOFs are a highly crystalline class of material, which typically
leads to regularity in the bulk properties. This is apparent in the relatively narrow
distribution of pore sizes seen in both zeolitic materials and MOFs.60, 61 Unlike zeolites
and activated carbons which are typically synthesized as micro/poly-crystalline and
amorphous products respectively, researchers are often able to synthesize single
crystals of MOF materials.62 This allows for highly accurate and relatively fast structure
determination of MOFs by single crystal X-ray diffraction (SXRD) as opposed to powder
X-ray diffraction (PXRD).
This ability of researchers to obtain a single crystalline product stems from the
fact that the likely mechanism for MOF growth is an equilibrium reaction where the
ligand-metal coordinate covalent bond is labile.63-65 When synthetic conditions are
suitable, this allows for self-correction of crystal defects and results in the bulk materials
being polycrystalline with large crystal domains or being composed of single crystalline
particles.
This equilibrium although generally beneficial for crystal growth, does often pose
a problem when the ligand/metal combination does not result in strong bonds. In these
cases, the MOF can suffer from a lack of water stability due to the competition between
the ligand and water molecules for the metal site.30 Use of more oxophillic (trivalent and
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tetravalent) metals (i.e. Chromium, Zirconium, Titanium, etc.) has resulted in more
robust water and chemically-stable frameworks.64, 66-69 The downfall to this approach is
that, due to the shifted equilibrium, often these MOFs require harsher conditions for
formation, and/or that synthesis results only in microcrystalline powders.66-68
A fairly recent approach to allow for the formation of single crystalline materials
from these systems is through the use of “reaction modulators”.70 These reaction
modulators, typically monofunctional carboxylates, act to slow the reaction (through
competing with the polyfunctional ligand), modify the pH, and as will be discussed
further in Chapter 2, allow for the formation of unprecedented metal clusters. 71, 72
1.6 Topological Classification of MOFs
Due to their periodic nature, one of the methods of classifying MOFs is based on
their network topology, or the connectivity of the metals and ligands. Topological
classification can be determined in several ways, two complementary methods will be
described herein.

Topology determination, in the field of MOFs, is most often

accomplished through calculation of the Coordination Sequence73 and Vertex Symbol74,
75

of a network. There are several software packages which have been developed to

assist in these calculations,76-78 as doing so by hand is tedious and prone to error.
In the field of MOFs, determination of the topology (also often referred to as
“underlying net” or network topology) was originally used as a tool for classification and
determination of structural relationships between different MOFs. More recently, the
use of network topology has become a way to assist in designing MOFs, as will be shown
in Chapter 2 and 3, and is evident from the IRMOF series of MOFs.
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1.6.1 Coordination Sequence
The coordination sequence is one of the two descriptive number series
commonly calculated to determine if two nets are the same and/or determine the
topology of a net, which is a series of numbers representing the number of vertices in
each coordination shell up through the 10th coordination shells. To illustrate this
concept, a simple uninodal (a network having a single type of unique node) 2-P net will
allow the most straightforward example. In this case, the 4-connected net Kagomé
(kgm) will be used (Figure 1. 9).

Figure 1. 9: Node and spacer representation of Kagomé, yellow X represents a 4-connected node and the
gray lines denote linear links.
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Figure 1. 10: Calculation of coordination sequence for Kagomé. Red circle denotes the origin, green is the
first coordination shell, orange is the second coordination shell and the blue nodes represent the third
coordination shell.

The origin is arbitrarily designated (Figure 1. 10), illustrated in this example as a
red central circle, and it is apparent that this node is connected to four neighbors, which
are depicted in green. This is defined as the first coordination sphere. Thus, the first
value in the coordination sequence (CS1=4) is four for the atoms in this sphere. When
extending the coordination sphere further, the four nodes in the first coordination
sphere are connected to eight new nodes, shown in orange (CS2=8). If the coordination
sphere is expanded yet again, 14 new nodes, shown in blue, are generated (CS3=14).
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Note that in several cases, two vectors have merged to produce a single node
rather than two. This is what results in different CS for different topologies. This process
is repeated out to the 10th coordination sphere. For the present example, the following
coordination sequence (Table 1. 1) is determined. The sum of these ten values (Sum)
gives the TD10 value; where by TD10 stands for Topological Density out to the 10th
coordination sphere.
Table 1. 1: The coordination sequence for the Kagomé (kgm) and the (Sum)TD10.
Vertex
V1

CS1
4

CS2
8

CS3
14

CS4
18

CS5
22

CS6
28

CS7
30

CS8
38

CS9
38

CS10
48

Sum
249

In the case of the Kagomé, which is uninodal, the TD10 is the sum of the CS for
the single vertex (V1). In the cases of more complex structures where the topology is
composed of more than one vertex, the coordination sequence and sum for each vertex
is calculated. The TD10 value for the topology can then be computed, which is the
average of the coordination sequence sum for each type of vertex. Analysis of two
topologies is done by comparing the coordination sequences, two topologies differ if
the coordination sequence of the vertices are not identical.
To illustrate a binodal network, a related layered network, called Kagomé dual
(kgd) will be used as a second example. Note that, in this case, there are two unique
nodes (Figure 1. 11), a 3-connected node (blue) and a 6-connected node (red). First the
coordination sequence of the 3-connected node will be calculated just as before. The 3connected node used as the origin is marked in red and labeled (o) (Figure 1. 12). The
first coordination sphere consists of three nodes (CS1=3), the second coordination
sphere consists of twelve nodes (CS2=12), the third coordination sphere consists of nine
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nodes, etc. The same procedure is carried out for the second node, the red 6-connected
node and results in the coordination sequence shown in Table 1.2.

Figure 1. 11: Node and Spacer representation of the binodal Kagomé dual network. The network is
composed of 3-connected nodes (shown in blue) connected through linear links to 6-connected nodes
(shown in red).

Figure 1. 12: Calculation of the coordination sequence for Kagomé dual (kgd) network. The figure on the
left shows the coordination spheres starting with the 3-connected trigonal node. The figure on the right
shows the first three coordination spheres starting with the 6-connected hexagonal node. Red denotes
the origin, green is the first coordination shell, orange is the second coordination shell and the blue nodes
represent the third coordination shell.
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Table 1. 2: Coordination sequence for the Kagomé dual network.
Vertex
V1
V2

CS1
3
6

CS2
12
6

CS3
9
18

CS4
24
12

CS5
15
30

CS6
36
18

CS7
21
42

CS8
48
24

CS9
27
54

CS10
60
30

Sum
256
241

1.6.2 Vertex Symbol
Although classification based on coordination sequence is often adequate for
differentiating between nets or classifying the net, there are a few examples where
classification based on coordination sequence is not adequate (e.g. rho and lta).
Therefore, a second complementary method of characterization of nets, the vertex
symbol, can be used along with the coordination sequence. Rather than explicitly stating
the number of interconnected nodes in a network as the coordination sequence does,
the vertex symbol gives insight into the shortest circuits around each node in a
network.74, 75
Determination of the vertex symbol is accomplished by analyzing one vertex at a
time, similar to the coordination sequence. Instead of analyzing the coordination
spheres, vertex symbol represents the shortest circuit that can be formed by following
one path and returning through another to the same node. A simple example, the
uninodal zeolite topology rho, will be used to illustrate determination of the vertex
symbol. In rho, there is a single type of 4-connected node; therefore this node has 4
possible paths that can be taken when leaving the node, which will be arbitrarily labeled
as P1, P2, P3 and P4, as shown in Figure 1. 13. There are six possible combinations for
forming a circuit which exits the central node through one path and enters through a
different one. These possibilities are P1P2, P3P4, P1P4, P2P3, P1P3, and
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P2P4. Analysis of the smallest number of steps in each of these path combinations is
performed either manually or computationally using computer software such as
TOPOS.79 For nets based on 4-connected nodes, the VS order is designated such that
opposite angles are grouped together in pairs, (e.g. [P1P3 and P2P4], [P1P4 and
P2P3] and [P1P2 and P3P4]). These pairs are then listed in order of lower to
greater value. For the rho network topology, this results in a final vertex symbol of
4.4.4.6.8.8. To explain this concept more simply, these circuits have been identified and
color coded in Figure 1. 14.

Figure 1. 13: Fragment of rho network topology. Shown are the four paths that can be taken when
analyzing the topology by calculating the vertex symbol of a topology.
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Figure 1. 14: All the possible combinations for finding rings for a four connected nodein the zeolitic
topology rho are shown. In calculating the shortest path, leaving the central node is via one path, and
returning is via a different path. (Top Left) Shortest circuit for connecting P1P2 (Bottom Left) shortest
circuit for connecting P3P4 (Top Center) shortest circuit for connecting P1P4 (Bottom Center)
shortest circuit for connecting P2P3 (Top Right) shortest circuit for connecting P1P3 (Bottom Right)
shortest circuit connecting P2P4.

Often there will be redundancy with regard to the shortest path. In this case, the
extended point symbol will represent the degree of redundancy in brackets (e.g.
4.4.6(2).6(2).6.6). Further constraints are placed on the types of circuits that are
allowed, but this goes beyond the scope of this work and is not needed to understand
the research presented herein. Additional definitions and details were outlined by
Proserpio, Blatov and O’Keeffe, and illustrate the finer details of calculating the vertex
symbol.74
In MOF and zeolite chemistry, the vertex symbol and coordination sequence are
typically used together to differentiate or classify the network topology of new or
existing materials. In general, most network topologies can be differentiated or
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classified through use of the coordination sequence alone. There are several exceptions
to this rule, where differentiation and classification must be done using both the
coordination sequence and the vertex symbol. As an example, two topologies that have
the same coordination sequence are the zeolitic topologies rho and lta. The
coordination sequences for these two topologies are identical (Table 1.3). In this case
determination of the vertex symbol easily differentiates these two topologies (lta
4.6.4.6.4.8 vs. rho 4.4.4.6.8.8).
Table 1. 3: Coordination sequences for the uninodal zeolitic topologies rho and lta.
Vertex
V1

CS1
4

CS2
9

CS3
17

CS4
28

CS5
42

CS6
60

CS7
81

CS8
105

CS9
132

CS10
162

Sum
641

Likewise, there are cases where the vertex symbol is the same for two different
nets, but the coordination sequences differ. Again, this emphasizes the importance of
using both of these classification methods when identifying (or differentiating) a
network. The zeolitic topologies cha, gme and kfi have the same vertex symbol
(4.4.4.8.6.8), but the coordination sequence for these three topologies clearly differ and
allow for classification and differentiation of these topologies.
Table 1. 4: Coordination sequences for the uninodal topologies cha, gme and kfi.
Vertex
V1 (CHA)
V1 (GME)
V1 (KFI)

CS1
4
4
4

CS2
9
9
9

CS3
17
17
17

CS4
29
29
29

CS5
45
45
45

CS6
64
65
64

CS7
85
89
86

CS8
110
116
112

CS9
140
144
141

CS10
173
175
173

Sum
677
694
681

1.6.3 Network Transitivity: Further application of topology to MOF chemistry
The value in the determination and understanding of topologies is not purely
limited to classification of new materials. As mentioned previously, known topologies
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can be used as blueprints to design new materials or modify easily obtainable reported
compounds as will be illustrated in the subsequent chapters. One consideration that
should be apparent in the above examples of network topology is that a network can be
uninodal (having one type of vertex) or polynodal (having more than one type of
vertex). This is one of four parameters, which represent the ‘transitivity’ of a network
and can be used to classify or group nets.58,

80

The four parameters relating to

transitivity are denoted as p,q,r,s which represent the following:
p) The number of unique verticies
q) the number of different types of edges (which link the verticies)
r) the number of types of faces
s) the number of types of tiles
This network transitivity is particularly useful during the design process when
targeting MOF materials having specific topologies. In order to efficiently and effectively
design a MOF, the two most important parameters with regard to transitivity are the
verticies and the edges. These two parameters give clues regarding the number and
types of building blocks that may be required to obtain the desired MOF. (i.e. linkers,
metal clusters or SBBs).
Based on known structures and topologies, a trend can be seen that the lower
the complexity of the structure (with regard to the number of verticies and edges) the
more common the topology or the more likely that topology will occur when combining
building blocks of the correct geometry.79-81 These topologies having high degrees of
symmetry and low transitivity are referred to as the “default nets”.58, 80 These default
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nets and other high symmetry (low transitivity) nets are classified into several
classifications based on their transitivity numbers,79-81

58, 80

from the most symmetric

(lowest transitivity) to those of higher transitivity, they are as follows.
a) Regular Nets (1111)
b) Quasi Regular Nets (1112)
c) Semi Regular Nets (11rs)
d) Edge Transitive Binodal Nets (21rs)
The first classification of nets, with a transitivity of 1111, are the “regular nets”
having one type of vertex, one type of link between the verticies, and a single type of
face that encloses space to form a single type of tile (See Table 1. 4). It is worth
mentioning here that there is a tremendous number of literature reports of MOFs based
upon the pcu, dia, srs (and ths, which is the dual of diamond), which is expected due to
the low transitivity of these nets.79
Table 1. 4: The regular nets, quasiregular nets and semiregular nets abbreviation, components, and tiling
representation.
Abbreviation
srs
nbo
dia
pcu
bcu
fcu
lvt
rhr
sod
lcs
qtz
hxg

Type of Net
Regular
Regular
Regular
Regular
Regular
Quasi-Regular
Semi-Regular
Semi-Regular
Semi-Regular
Semi-Regular
Semi-Regular
Semi-Regular

crs

Semi-Regular

bcs

Semi-Regular

lcy

Semi-Regular

Components
3-connected triangular node
4-connected square node
4-connected tetrahedral node
6-connected octahedral node
8-connected cubic node
12-connected cuboctahedral node
4-connected square node
4-connected square node
4-connected tetrahedral node
4-connected tetrahedral node
4-connected tetrahedral node
6-connected hexagonal node
6-connected trigonal anti prismatic
node
6-connected trigonal anti prismatic
node
6-connected node

Transitivity
1111
1111
1111
1111
1111
1112
1121
1132
1121
1121
1121
1121
1122
1122
1121
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reo
thp

Semi-Regular
Semi-Regular
Semi-Regular

6-connected trigonal prismatic node
8-connected cubic node
8-connected node

1122
1122
1132

There is a single “quasiregular net”, fcu, in which there is one type of vertex, one
type of edge, one type of face, but two types of tiles (See Table 1. 4). The third low
transitivity type of nets are the “semiregular nets”, of which there are 14 known. These
are only constrained to having one type of vertex and one type of edge; there is not a
constraint on the number of faces or tiles, thus their transitivity is denoted as 11rs (See
Table 1. 4).
In the case of the previous low transitivity types of nets, it can be envisioned that
the node (having a coordination number of more than two) would be representative of
the metal cluster (inorganic MBB). Therefore to maintain the requirement that the
network is uninodal, the ligand should only be ditopic, acting as a linear link, otherwise a
binodal network would result.
Finally, the most relevant to the work presented herein are the edge transitive
binodal nets.82 As the name implies, these nets have two different types of vertices but
only a single type of link connecting them. At present there are only 39 known edge
transitive binodal nets. Synthetically, targeting these binodal nets allows for the metal
cluster to act as one type of node, and the polyfunctional ligand (in this case having a
coordination number of greater than two) to act as the second node. Alternately, there
could be two types of metal clusters having different connectivities or geometries linked
through a linear ligand. Ideally, the ligand should have appropriate symmetry, matching
or approximating the symmetry of the corresponding node, allowing the links to the
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metal cluster (arms of the ligand) to be crystallographically equivalent. For example, if
targeting a geometrically square 4-connected node, a ligand or metal cluster having a 4fold rotational axis would be ideal(e.g. meso-tetrapyridylporphyrin or the binuclear
paddlewheel MBB). Chapter 2 reveals that reducing the symmetry of the ligand can
result in distortions to the targeted topology83,

84

or in fact promote or force the

formation of topologies that are more suited to ligands with lesser symmetry.85
1.7

Physical Characterization of MOFs: Porosity Measurement and Gas Sorption
Porous materials can be classified into four categories based on pore size: 1)

macroporous (pore size > 500Å), 2) mesoporous (pore size 20-500Å), 3) microporous
(pore size 5-20Å), and 4) ultramicroporous (pore size < 5Å).86 Depending on the
materials porosity, different types of experiments can be used to determine the surface
areas and pore size distribution of the material being analyzed. The pore sizes in MOFs
currently range from ultramicroporous to mesoporous. Therefore, the main technique
used to assess the porosity of MOFs is gas sorption analysis through collection of
sorption isotherms.
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Figure 1. 15: Plot of the six types of isotherms as defined by IUPAC.

87

A sorption isotherm is a plot of the equilibrium amount of the adsorbate sorbed
versus pressure. (Throughout the experiment a constant temperature is maintained.)
For pore characterization in MOFs two common adsorbates are N2 and Ar, the isotherms
are collected at the normal boiling point for the gases (77 K and 87 K respectively).

88

There are six characteristic types/shapes of sorption isotherms which can be used to
classify the pore size in porous materials (Figure 1. 15).87, 89 They are:


Type I Isotherms have a steep initial uptake and plateau at relatively low
pressures and are characteristic of microporous materials. Total uptake is
limited by the pore volume.87
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Type II Isotherms are characteristic of non-porous or macroporous solids
where multilayer sorption is not restricted by pore size. First monolayer
adsorption occurs at low pressures, then there is a continued uptake as
successive layers of adsorbate are sorbed.87



Type III Isotherms are indicative of materials where the adsorbate-adsorbate
interactions are much stronger than adsorbate-adsorbent interactions,
resulting in an increasing slope of the isotherm. This type of isotherm can be
seen in water adsorbing on a non-porous solids.87



Type IV Isotherms are characteristic of mesoporous materials and exhibit
monolayer formation, much like Type II isotherms, but there is a
characteristic hysteresis loop at higher pressures resulting from capillary
condensation of the adsorbate. Much like Type I isotherms, the uptake is
limited by the pore volume.87



Type V Isotherms are similar in appearance to Type III isotherms at low
pressures

indicating

weak

adsorbent-adsorbate

interactions

comparatively strong adsorbate-adsorbate interactions.

and

There is an

additional characteristic hysteresis loop, indicating the presence of
mesopores within the adsorbent.87


Type VI isotherm are characteristic of a nonporous adsorbent on which
“stepwise multilayer adsorbtion” occurs.87

1.7.1 Surface Area, Pore Volume and Pore Size Distribution Calculation
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Specific surface area, pore volume and pore size distribution are three important
material characteristics which can be experimentally determined by collecting gas
sorption isotherms. Commonly used gases for this analysis include N 2 for BET surface
area88 and pore volume determination, and Ar for BET surface area, pore size
distribution and pore volume determination.90
The BET surface area is typically determined by utilizing a theory developed by
Brunauer, Emmett and Teller, which makes the assumption that adsorption occurs in
layers, with a monolayer forming first, followed by subsequent layers of adsorbate. 88
This was applied to N2 sorption experiments at 77 K.88 This analysis requires at least
three data points in the relative pressure (P/Po) ((Experimental Pressure)/(Saturation
Pressure)) range of approximately 0.05-0.35, granted this range does vary depending on
the pore size. Although this gives a reasonably accurate estimate in many instances,
materials with polarized groups such as –OH groups often are overestimated due to
non-ideal sorbent-surface interactions due to the quadrapole moment of the diatomic
N2 molecule.90
Therefore it is often preferable to use the slightly smaller monatomic gas Ar (at
87 K) as a sorbates, which reduces the discrepancies in surface areas induced by
polarized functional groups, as well as allowing probing of smaller sized pores. This
reduced interaction of Ar, with the surface of the sorbent, further allows for the filling of
the small micropores (5-10 Å) at comparatively higher relative pressures than N2.90, 91
This permits pore size distribution analysis of micropores with greater accuracy (due to
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less error in the transducers at the low pressures needed for N2 pore size analysis) than
is typically achievable with N2 sorption.
Furthermore, pore volume (void volume in units of ccfree volume/gadsorbent) is easily
obtainable using either N2 or Ar sorption and examining the amount sorbed at or near
the saturation pressure (P/Po= 0.95-1.0). An assumption is made that at this pressure,
the density of the gas is consistent with the gas’s bulk (liquid) density at such
conditions.91
1.8

Sorption Based Applications of MOFS
Recent advances in the development of mesoporous (pore size of 2-50nm) and

microporous (pore size of <2 nm) materials including MOFs, covalent organic
frameworks (COFs), and porous carbonaceous materials have great potential in
addressing current energy and environmental needs of the industrialized world.92 The
controlled porosity and high degree of tunability (of ligand and metal) in MOFs allows
for synthesis of materials targeted for specific gas storage and/or separations
applications. Both gas storage and separations are critical applications in both the
energy and environmental fields.
The research presented herein focuses on MOFs storage potential with regard to
Hydrogen (H2), Methane (CH4) and Carbon Dioxide (CO2). Furthermore, the potential for
these materials to be used as sorbents for gas separations will also be addressed briefly.
1.8.1 Hydrogen Storage
The desire for an economically and environmentally friendly energy storage
medium is a continuing challenge in the modern world. A large number of researchers
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turned toward investigating methods of using H2 as a storage medium in 2003 after the
Hydrogen Fuel Initiative was introduced by President George Bush.93
The United States Department of Energy (US-DOE) set forth a roadmap and
timeline to develop new technologies to allow for the eventual use and introduction of
mass produced H2 powered motor vehicles by 2025.94 This roadmap addressed many
facets of the complexities involved in achieving a H2 economy including generation,
transportation and storage of H2. The aspect most closely related to porous materials
and potentially one of the most challenging technological hurdles, is the challenge of
onboard H2 storage.
Ideally, H2 storage tanks should be approximately the same size and weight as a
conventional gasoline tank, the driving range should also be around 300
miles(comparable to liquid fuels), the H2 should be stored at moderate pressures
(<100bar) and temperatures (233 K-358 K), and the system should be cyclable between
1000-1500 refills.94 Based on current and projected fuel cell technologies the storage
tank should have a capacity between 5 kg-13 kg of H2. The initial DOE guidelines
targeted an ambitious gravimetric capacity of 6 wt%. As no adsorbent-based materials
approached this target at near ambient temperatures, revised guidelines were proposed
in 2009. These were slightly less ambitions and called for development of a rechargeable
storage and delivery system capable of gravimetric capacities of: 0.045 g/g by 2010,
0.055 g/g by 2015, and a final target of 0.075 g/g. Volumetric targets are set as or 0.028
g/cc by 2010 0.040 g/cc by 2015 and 0.070 g/cc as a final target. In 2012 these
guidelines were further amended to 3.0 wt% and 0.040 g/cc by 2017.95
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To reach the desired densities/capacities in an empty gas cylinder at ambient
temperatures, H2 would have to be compressed to well over 1000 bar, which is not
practical or safe for mobile applications such as motor vehicles. Achieving these
capacities even using sorbents is a great challenge due to the very weak H 2-H2
interactions as well as the typically weak H2-sorbent physical interactions.95
Thus far, the current DOE targets for H2 storage have not been fully achieved.
Some materials such as metal hydrides, which rely on chemisorption, or chemical
storage of H2 can store adequate amounts of hydrogen, but suffer from slow kinetics of
release or inability of onboard recharging.96 Sorbents can store adequate amounts of H2,
the kinetics are acceptable, but cryogenic temperatures are required. To date the best
performing MOF at high pressure and cryogenic temperatures is NU-100 which has a
capacity of ~9.9 wt% at 77 K and 56 bar.97 For ambient temperature storage, MOFs
typically have capacities which do not exceed 1 wt%.98
Methods for increasing the H2 uptake in materials, specifically MOFs, include
targeting high surface area compounds. Models based on carbonaceous compounds
(graphene sheets, carbon nanotubes, etc.) show a direct correlation between H2 uptake
and specific surface areas (BET surface areas)99,

100

suggesting (at 77 K and high

pressures) an approximate 1 wt% for every 500 m2/g of specific surface area.101
Additional methods to improve the H2 uptake of MOFs involves designing and
synthesizing materials with unsaturated metal sites (or open metal sites) or including
various functional groups on the organic ligand as well as increasing the density of such
sites.102
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Unfortunately, at this point in time, the initial excitement regarding finding the
perfect material for H2 storage has diminished significantly. There are still small
incremental improvements, but literature seems to point to the fact that these goals will
likely only be realized if there is a paradigm shift or a dramatic technological
breakthrough. As so, the use of MOF materials is of greater promise for storing more
condensable gases such as CO2, CH4, or H2.
1.8.2 Methane Storage
The demand for natural gas as an energy source has steadily increased in recent
decades, partly as a result of the variable price of oil often due to political instability, as
well as the environmental concerns relating to the use of coal and petroleum. Natural
gas is a high energy fuel, that is mainly composed of methane, which burns much
cleaner than coal or oil,103 resulting in less CO2 emissions per unit of energy. When
compared to gasoline in automotive use, this greater degree of environmental
friendliness combined with the lower cost per mile has driven auto manufacturers
toward increasing the utilization of this source of energy as a stopgap in the push for
renewable clean energy.
Presently for automotive use, natural gas is typically stored as a compressed
natural gas (CNG) in gas cylinders at high pressures (200-250 bar) and ambient
temperatures, or alternatively, as liquid natural gas (LNG) at cryogenic temperatures (45 to -160 ⁰C) and moderate pressures (24 to 0 bar respectively). CNG at 250 bar has an
energy density (9 MJ/L) that is approximately 1/3 that of liquid gasoline (32 MJ/L).
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Comparatively LNG has about twice the energy density of CNG (21 MJ/L) and is around
2/3 the energy density of gasoline. 104
In addition to the comparatively low energy density of CNG, the high pressures
required necessitates expensive containers that must be designed for these high
pressures (200+ bar). The containers must be engineered to withstand a collision
without catastrophic failure, or to safely vent the contents without an explosion. It is
therefore desirable to find alternate methods that enables the storage of equivalent or
greater amounts of natural gas at lower pressures.104
To address this, the alternative LNG capacitates storage at pressures of less than
24 bar while increasing the energy density of the natural gas in the storage container.
This allows for smaller thinner walled containers, which can hold the same amount of
natural gas. These containers therefore can be lighter and cheaper to fabricate. The
downfall of this method is that lower than ambient temperatures requires either
onboard cooling systems to maintain the liquid state, or the use of dewar-like
containers to prevent the fuel from warming. Onboard cooling systems will reduce the
energy efficiency of the system. Dewar type fuel tanks only have limited efficiency in
sustaining low temperatures and the fuel will slowly evaporate over a period of days or
weeks requiring consistent (daily) use to maintain fuel efficiency.
Use of adsorbed natural gas based storage, which is an alternative to both of the
above methods, has potential to facilitate storing high densities of natural gas at
comparatively low pressures and ambient temperatures.104 This allows for use of
relatively inexpensive gas cylinders, which can be filled from residential natural gas
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pipelines available throughout the United States with little to no need for additional
compression.
In 2000, the US-DOE set targets for adsorbed natural gas (ANG) based storage
with automotive applications in mind.104 The target was to store 180 v/v (equivalent to
~1/4 the energy density of gasoline) at a moderate pressure of 35 bar, which again
would allow for home refilling without the need for expensive dual stage
compressors.104 In 2006 the MOF material PCN-14 exceeded this goal and showed a
capacity of ~240 cc/cc.105 In 2012, after the initial success in reaching the targets from
2000, the DOE target was revised and the current target is an energy density of (12.5
MJ/L) which is volumetrically equivalent to 350 cc/cc, furthermore a gravimetric target
of 0.5 g/gadsorbent was also specified.106 This target is equivalent to the energy density of
CNG at 250 bar, with an added 25% increase in targeted capacity to account for losses
due to inefficient adsorbent packing within the cylinder. 106 To date, these targets have
not been met. The table below details some of the highest performing MOFs and their
comparative capacities in cc/cc and cc/g.
Table 1. 5 Capacities of select MOFs for methane.
Formula

Name

Ni2(DOBDC)
Cu3BTC2

Ni-MOF-74
HKUST-1

Cu2adip

PCN-14

Mg2DOBDC

Mg-MOF-74

Cu3(tdpat)
Cu3(C6H3)(C2N3H)3

NU-125

Cu3(btei)

PCN-61

Zn4O(BDC)

MOF-5

Surface Area
2
(m /g)
1593 (L)
2203 (L)
1984(B)
2360(L)
1542(B)
1957(L)
1938(B)
2608(L)
3120(L)
3000(B)
3500(L)
3995(L)

CH4 Adsorption
cc/cc
cc/g
214
179
220
250

Pressure
(bar)
35
35

Temp
(°C)
25
25

Ref
107
108

202

244

35

25

105, 109

188

207

35

25

107

182

232

35

25

110

179

310

35

25

111

171

306

35

25

112

150

241

35

25

109

70
Zr6O4(OH)4(bdc)6
Cu3(tcepbb)

UiO-66
NU-111

Zn4O(btb)2

MOF-177

Zn4O(bbc)2

MOF-200

Cu3(C66H36O12)

NOTT-119
AX-21 (Act.
Carbon)
COF-102
Zeolite 5A
Zeolite NaX

970(B)
4390(B)
4500(B)
5340(L)
4530(B)
10400(L)
4118(B)

146
136

110
333

35
35

30
25

113

126

293

35

25

115

67

304

35

25

115

106

294

35

25

116

4880(L)

154

315

35

25

109

3620(B)
4650(L)

135

313

35

25

117

104
106

70
74

35
35

5
5

118

114

118

Another parameter (in contrast to examining the total uptake) which can be
used in evaluating material for natural gas storage in automotive applications is by
determining a materials working capacity. The working capacity is defined as the usable
or deliverable amount of gas based on a maximum and minimum pressure.119 In the
case of automotive use, the preferred maximum pressure is 35 bar (due to cylinder
engineering and commercial pipelines operating at this pressure which minimizes the
cost to refill/operate) and the minimum pressure is 5 bar, due to the current design of
fuel injectors requiring a minimum of 5 bar to function.119 Therefore to determine the
working capacity of a material, the uptake at 5 bar is subtracted from the uptake at 35
bar.
MOFs are extremely competitive materials for use as sorbents for safe and
efficient methane storage in mobile/vehicular applications. Although these results are
impressive, additional research can allow for development of materials having higher
capacities, composed of cheaper starting materials, and/or having improved robustness
compared to existing MOFs. Further research is underway in many research groups and
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likely industrial R&D labs to improve these capacities and/or scale up existing materials
in order to make a commercially viable sorbent.
1.8.3 CO2 Storage/Separations
Natural gas is most often found accompanying oil and gas reserves but
frequently contains high levels of impurities (specifically H2O and CO2).120

The

concentration of these impurities must be reduced before being sold or transported in
commercial pipelines. If the levels of CO2 and water are not reduced sufficiently, they
can combine to form carbonic acid which corrodes the pipeline and eventually leads to
pipeline failure. Current limits imposed by the natural gas companies for safety reasons
are for the CO2 content to be less than 2-3%.120 Unfortunately, natural gas reserves
often contain upward of 10% CO2 and can exceed 70% in some cases. 121, 122 As the CO2
content increases, the market value of the gas reserves decrease due to high
purification costs. Improvements in removal methods for these impurities continues to
lower the purification cost and increase the value of natural gas reserves making it
economically viable to process and sell natural gas with high CO2 content.
There are several methods for the removal of these unwanted gases that are
currently in use including cryogenic distillation,123 pressure swing adsorption (PSA),124 or
membrane separations.125 Cryogenic distillation requires large amounts of energy to
heat and cool the distillation column, membrane separations plants are increasingly
being used, and finally PSA and fluidized beds are highly economical on large scales, but
require large amounts of space, which is not always available in remote locations where
oil and gas exploration occurs.
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In the petroleum industry, natural gas is processed at relatively high pressures,
and therefore for sorbent selection for PSA processes, materials that selectively adsorb
large amounts of CO2 (over methane) are desirable. Sorbents for this separation need a
high degree of material stability, a moderate degree of CO2 affinity (while maintaining a
high degree of selectivity over other gases), relatively high CO2 capacity and sorption
cyclability.
Thermal and chemical stability is important due to trace to substantial amounts
of water vapor, H2S and other impurities present in natural gas. These impurities can
compromise the integrity of the porous material and/or dramatically decrease process
efficiency.126 The affinity of the material must also not bind too strongly to CO 2,
otherwise a high amount of energy will need to be inputted to regenerate the sorbent,
reducing the overall process efficiency.126 If the affinity is too low, the selectivity of CO2
over methane will be diminished, and the sorbent will not be optimum for the process.
A high capacity for CO2 is also a requirement to allow for a minimum amount of sorbent,
thus reducing the bed size and/or to improve the time between cycling (i.e. the higher
the capacity, the longer before regeneration is required). Finally, as this material is to be
used in an industrial setting, the capacity of the material must not diminish dramatically
when it is regenerated and recycled, thus ideally the material should be able to be used
for thousands of cycles.
MOFs have shown particularly high capacities for CO2 and are currently highly
competitive materials (compared to traditional sorbents such as zeolites and porous
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carbons). For reference and to compare the results described in the following chapters,
some of the high-pressure capacities for MOFs have been summarized in Table 1. 6.
Table 1. 6 High pressure CO2 capacities for select MOF materials.
Formula

Name

Zn4O(bbc)2

MOF200

Zn4O(bdc)3

MOF-5

Mg2(dobdc)
Zn4O(btb)2
Cr3O(bdc)3
Cu3(btc)2
Cu3btei

MgMOF74
MOF177
MIL101(Cr)
HKUST1
PCN-61

Surface
Area
2
(m /g)
4530(B)
10400(L)
2296(B)
3840(L)
1542(B)
4500(B)
5340(L)
4230(B)
5900(L)

CO2 Adsorption
wt%

mmol/g

73.9
21.7
68.9

Pressure
(bar)

Temperature
(K)

50

298

127

35

298

128

36

278

129

Ref

60.8

33.5

50

298

127

56.9

40

50

304

130

1571(B)

35.9

12.7

15

298

43

3000(B)
3500(L)

50.8

35

298

112

Increasing environmental awareness and the potential effects of global climate
change has led to a drive towards minimizing the carbon footprint of energy production
and industrial processes.

This often involves optimizing processes to reduce energy

usage, use of renewable energy sources, or through implementation of the temporary
solution of carbon capture and sequestration.131 Currently, there is an international
push toward implementation of carbon capture until alternative energy sources can be
found or implemented globally. Their most likely targeted source for capturing emitted
CO2 is from major single point sources such as power plants (post-combustion CO2
capture). The US-DOE has set ambitious targets of 90% capture efficiency and only a
35% increase in electricity generation costs for carbon capture technologies when used
for post-combustion capture.132
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Similar to natural gas purification, sorbents used for CO2 capture from flue gas,
must likewise have a high degree of stability, a moderate degree of CO2 affinity, high
CO2 capacity and sorption cyclability. The thermal and chemical stability is particularly
important due to the exhaust gases being at elevated temperatures and the presence of
water vapor and other combustion side products (NOx and SOx) that can promote
degradation of sorbents.126 As opposed to natural gas treatment where high pressure
capacity is a key factor, lab based analysis of porous materials for flue gas capture is
performed by collecting gas sorption isotherms at relevant temperatures (298 K) and
low pressures. Flue gas, which is at atmospheric pressure and slightly elevated
temperatures, has ~15% CO2 composition and is ~75% N2.126 Therefore analysis of the
practical capacity of the material is done by examining the uptake at ~0.15 bar.
Furthermore, selectivities are reported as CO2/N2 selectivities based on the uptake of N2
at 0.75 bar and CO2 at 0.15 bar, which approximates the composition of flue gas.
Table 1. 7 CO2 uptake and selectivities for select MOF compounds.
Formula
Mg2(dobdc)
Ni2(dobdc)
Cu3(btc)2
Cu3(tatb)2
Zn4O(bdc)3
Cu(dpa)2(SiF6)
Zeolite 4A
Zeolite 5A
Zeolite 13X
Activated
Carbon

Name
Mg-MOF74
Ni-MOF-74
HKUST-1
CuTATB-60
MOF-5
SIFSIX-Cu-i
Zeolite 4A
Zeolite 5A
Zeolite 13X
Activated
Carbon

CO2 and N2 Uptake
(wt%)

Selectivity
(CO2/N2)

Temperature

Ref

20.6

1.83

44

303

133

16.9
11.6
5.8
0.5
7.6

2.14
0.41
0.82
0.42

30
101
24
18
140
19
36
18

298
293
298
298
298
298
298
298

129

15

298

138, 140

134
135
136
137
138
139
138
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Adsorbents currently under investigation for this process include zeolites,
activated carbons and MOFs. A variety of MOFs CO2 capacities at 0.15 bar and their
reported CO2/N2 selectivities as well as selectivities for competitive sorbents are shown
in Table 1. 7. The reported selectivities of many MOFs far surpass many of the reported
selectivities of activated carbons and zeolite based molecular sieves.
1.9

Research Presented
The following chapters will highlight the projects that I focused on during the

past several years. These projects serve as examples of the MBB (Chapter 2) and SBB
(Chapter 3) approaches to synthesis of MOFs. The main focus of this research was show
that MOFs having specific topologies can be specifically targeted. This knowledge of the
topological outcome can was used to facilitate the development of MOFs targeted for
gas storage or separations applications. This was accomplished through ligand
expansion and/or ligand functionalization. Therefore gas sorption analysis is reported
for the majority of the structures. Furthermore, SXRD and PXRD analysis were used to
determine or confirm the structure of the materials presented.
In addition to the structures in Chapter 2 and 3, which were predicted prior to
synthesis, Chapter 4 highlights an unexpected, yet interesting result: a copper-based
mesoporous MOF composed of two distinct MBBs, a copper hexamer and a copper
paddlewheel cluster. As with the previous structures topological analysis, SXRD, PXRD
and gas sorption analysis are presented.
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Chapter 2: Molecular Building Block Approach to MOF Synthesis
2.1 Introduction
As the interest in the field of MOFs has grown, knowledge regarding synthetic
conditions has been gained, furthering the development of various synthetic methods118

allowing targeted synthesis of MOFs with specified topologies and functionality. Many

conceptual views and synthetic approaches have been adopted from zeolites
chemistry.19-26 (e.g. the use of structure directing agents, the concept of secondary and
tertiary building units, characterization by topology, etc.) One of the early concepts
adopted from zeolites chemists is the process of deconstructing extended networks into
secondary building units (SBUs).12, 15, 16, 27-29 SBUs are the geometric representation of
the components which makeup the MOF (or zeolites), this is complementary to the
node and spacer representation and vertex symbol representations discussed in the
previous chapter.
To expand upon this, a network topology can be viewed as being composed of a
unique set of SBUs. For example, the hexagonal diamond network is composed of one
type of tetrahedral nodes which are connected to one another through linear links.
(Figure 2. 1) In principle, these SBUs (the tetrahedral nodes and linear links) can
represent any number of chemical entities having the same geometry (when taking into
account the ‘point of extension’) as the SBU. In practical terms, this means that any of
the vast number of metal clusters (or ligands) which have tetrahedral geometry can be
linked through a linear link to allow formaton of a MOF with hexagonal diamond
topology.
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This is not to say that these will only allow for formation of hexagonal diamond,
but that hexagonal diamond is one of the possible outcomes. This strategy gives a
starting point for targeted synthesis of a material with the desired network topology.
Synthetic design platforms, or blueprints, can be developed through interpreting a
topology as being composed of SBUs each having a specified geometry. For each
geometric component, a molecular building block which matches the SBU geometry can
then be chosen from the vast library of available ligands or metal clusters.

Figure 2. 1:Diagram showing building units and their use in synthesizing or analyzing a MOF structure.
(Top) Schematic showing that a combination of tetrahedral SBUs and linear SBUs allow for formation of a
material having diamond (dia) topology. (Bottom) Possible MBBs which can allow for formation of a MOF
having dia topology. (Left) Tetrahedrally coordinated metal and (Center) bipyridine based ligand
combined to form (Right) MOF having dia topology.

An additional parameter which must be considered is the organic and inorganic
MBBs must be compatible with regard to functionality. An appropriate example which
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can be considered is the binuclear paddlewheel cluster. In one instance this cluster can
act as a geometrically square MBB, which is formed from four coordinated ligands
having carboxylate functionality, thus the organic MBB should have carboxylate
functionality to allow/promote formation of the paddlewheel cluster. Likewise, in a
second conformation, this cluster can be a geometrically octahedral MBB composed of
four carboxylate moieties and two nitrogen donors. Thus to target this cluster, polytopic
ligands having carboxylates and nitrogen donors would be appropriate, either as two
separate ligands or one ligand combining both functionalities. 14, 30-38
In the previous example of targeting a MOF having cubic diamond topology, one
possible combination of MBBs is shown in Figure 2. 1, the geometrically tetrahedral SBU
could be obtained through use of a metal, such as Cu(I), which prefers to adopt a
tetrahedral geometry in the presence of nitrogen donor based ligands. 39-43 An
appropriate organic MBB in this case could be 4,4’-bipyridine(BiPy) as shown.
Furthermore, an extended or functionalized version of BiPy could likewise be used to
target an isoreticular MOF having modified functionality or properties.39
Many early examples of MOF compounds (first generation MOFs) were based on
pyridyl or nitrogen donor groups coordinated to single metal ions. In many of the
examples, the flexible nature of the single metal based cluster lacks structural rigidity,
resulting in poorly defined MBB geometries and structures which typically collapsed
upon removal of guest molecules. Furthermore, structure prediction poses a significant
challenge when utilizing these non-rigid building blocks. This is exemplified by the sheer
number of zeolitic topologies (several hundred to thousands) possible exclusively from
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linking 4-connected nodes.

44-46, 92

To address this lack of rigidity and to improve

structure prediction, a large portion of MOF research is focused on the synthesis of
MOFs based on polynuclear clusters which impart both increased rigidity and
directionality into the inorganic SBU.
When compatible inorganic and organic MBBs are identified, the conditions to
reliably synthesize the specified metal cluster (MBB) should be identified based on
literature examples or elucidated through experimentation. Identifying the proper
conditions to consistently form the desired inorganic MBB using various ligands is vital
to implementing reticular chemistry and effectively using the MBB approach toward
MOF design.9, 12, 13, 35, 44-48 Over the past decade, a suitable range of conditions which
promote the formation of several clusters/MBBs have been found. These conditions
have been identified through trial and error experimentation as well as by looking
toward synthetic conditions for discrete inorganic clusters. The most relevant examples
to the research presented herein are the IRMOF series mentioned in Chapter 1 and the
two series of isoreticular fcu-MOFs which will be highlighted in the following section.13,
14, 44, 45, 48

2.2 MBB Based Synthesis: Highly Connected Group IV Hexanuclear Clusters
2.2.1 Introduction
The MBB approach has allowed MOF design to be taken to the next incremental
step by allowing the design of MOFs having a greater level of complexity through
targeting the individual building blocks. It is worth mentioning once again that the
critical step in using this approach is to identify the conditions required for the synthesis
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of the inorganic MBB. Once these conditions (or a range of suitable conditions) are
identified, chemists can select ligands of the proper geometry to target MOFs with the
desired connectivity or topology.
The focus of this chapter is on clusters (MBBs) with high connectivity (i.e. 8 and
12-connected clusters). As illustrated previously (Figure 1.7), a majority of research in
the field of MOFs has been based on MOFs composed of comparatively low connectivity
building blocks (3 to 6-connected such as the paddlewheel, zinc acetate cluster, trimers,
etc.).12, 14, 40-44, 49-61 Although many of these clusters are now relatively straightforward
to target (this was not the case in the past), predicting topologies of MOFs synthesized
from these low connectivity MBBs is still a challenge. (The number of potential
topological outcomes is expanded upon and further in Chapter 3)
Upon embarking on this chapter of research, which focuses on group IV and Rare
Earth polynuclear clusters, the UiO-66 class of materials, synthesized from Zr based
hexanuclear 12-connected clusters, were newly reported. At that time, these
compounds were only structurally characterized by X-ray diffraction via refinement by
powder pattern.45
The most important and first of these materials is UiO-66, a MOF having fcu
topology.45 UiO-66 (and fcu-MOFs) is composed of 12-connected hexanuclear clusters
connected to one another via linear linkers. The resulting network has a 12-connected
cluster (MBB) at the positions of a face centered cubic packing which are linked via
terephthalic acid ligands to the adjacent MBBs (Figure 2. 2).45
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Figure 2. 2: Schematic showing the synthetic pathway to obtain Zr fcu-MOFs and the use of reticular
chemistry to obtain analogs having the same fcu network topology as the parent UiO-66 compound.

Similar to the highly tunable IRMOF series, it was shown that the Zr fcu-MOF
series is also amenable to reticular chemistry (Figure 2. 2). As with the parent
compound, UiO-66, all of the group IV fcu-MOFs reported in literature up to and
including the year 2010 were characterized structurally by powder diffraction.45,

46

A

significant breakthrough in the synthesis of these materials occurred when Schaate and
co-workers reported a method which allowed for synthesis of single crystalline product
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for this class of MOFs.62 This work showed that use of excess amounts of monofunctional acids (benzoic acid and acetic acid) allows for the tuning of the size of the
crystalline product. Without addition of the mono-functional acid (standard UiO-66
synthesis protocol) micro or nano-crystalline powders formed, addition of small
amounts of benzoic acid resulted in intergrown microcrystals and by increasing the
amount of benzoic acid of formic acid, single crystalline product was accessible for the
terephthalic acid based UiO-66, biphenyl-4,4′-dicarboxylic acid based UiO-67,
functionalized amino terephthalic acid based UiO-66-NH2 and amino functionalized
terphenyl-4,4′′-dicarboxylic acid based Zr–tpdc–NH2.
This monofunctional acid was referred to as a reaction modulator, following the
terminology used by the Kitagawa group earlier in 2010 when they reported using a
similar approach (utilizing various amounts of dodecanoic acid) to control the nucleation
and particle size for the MOF known as HKUST-1.63 The Kitagawa group reported using
different modulators and various concentrations to control the growth and morphology
of the HKUST-1 crystals.64
Modulated synthesis was used in the subsequently reported Zr fcu-MOFs,
allowing for Zr MOFs having various length ligands and/or ligands having functionalities
incorporated in the ligand.47, 65-67 The modulator approach to synthesis, following the
success in synthesizing fcu-MOFs, was successfully applied toward the synthesis of
Group IV MOFs composed of non-linear ligands including 2-connected bent ligands68, 69
and tetracarboxylates.70-72
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By varying the concentration and/or the type of modulating acid, access to
analogous hexanuclear clusters having 6, 8, and 10 points of extension69, 73 have also
been reported. In these lower connectivity hexanuclear clusters, the remaining
coordination sites are occupied by coordinated molecules of the modulator or in some
cases by solvent. The inclusion of modulator has also recently allowed for synthesis of a
MOF based on a previously unreported 12-connected octanuclear Zr cluster.74
The primary role of the modulator in these systems is to slow down the reaction
via competition between the monofunctional modulator and the polyfunctional ligand
(MOF precursor). In the presence of modulator molecules, the MOF is more slowly
formed this allows for self-correction of the structure and potentially limits the number
of nucleation sites.62,

63, 75

Due to the acidity of the mono-functional carboxylic acid

based modulator, the pH of the solution is decreased, further slowing the reaction of
the ligand with the metal. The reaction equalibrium of the polytopic ligand shifts toward
the protonated version, which is unavailable for coordination with the metal centers
and consequentially results in a slowing of the crystal growth. Experiments have shown
that this pH effect is a secondary role of the modulator and alone does not account for
the structure and cluster directing impact on the reaction.75
An alternate explanation has been proposed in the case of the use of formic acid
as a modulator. Once again, the explanation is related to shifting the reaction
equilibrium: under solvothermal conditions decomposition of DMF occurs when DMF
reacts with water, resulting in formation of formate and dimethyl ammonium ions.75
During MOF formation, water molecules found in solution are critical in the formation of
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the µ3-O or µ3-OH groups in the inorganic cluster.75 Thus, the amount of water in
solution can impact the rate of formation of the MOF.62 A shift in the equilibrium of the
breakdown of DMF into formate anions could affect the amount of water remaining for
formation of the MOF. Based on this equilibrium, the consumption of water and
decomposition of DMF is slowed through addition of excess formic acid, this then results
in more water molecules remaining in solution.75 The effect of various amounts of water
was also confirmed by Schaate and co-workers which supports this assertion.62
Regardless of the exact mechanism of action, which is likely a combination of the above,
the modulator when used in appropriate molar ratios (ranging from ~3 equivalents up
to 300 equivalents depending on the system) can allow for synthesis of single crystalline
(or polycrystalline) material, facilitating structure determination and often resulting in
high purity material.
The original goal of this research was to utilize literature reported conditions as a
starting point to promote the formation of the Zr hexanuclear (12-connected) cluster
with other systems. As opposed to linking these clusters with linear linkers, as in the
case of the fcu-MOFs (at the time that this research began fcu-MOFs were the only
reported MOFs based on this cluster), the 12-connected clusters were to be linked by
planar 4-connected carboxylate based linkers having square or rectangular geometries.
When taking into account the connectivity (not the geometry) of the MBBs, (based on
the RCSR database76) there are only three known (4,12)-connected topological
outcomes (shp, ftw and ith)(Figure 2. 3). Although, each of these three topologies
appear to be potential candidates further analysis of the geometry of the 12-connected
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node shows that icosahedral and hexagonal prismatic geometries are necessary for
formation of ith and shp topologies respectively. The 12-connected hexanuclear cluster
having cuboctahedral geometry is therefore not a match for these two topologies. Thus
the third topology ftw, which is composed of cuboctahedral geometry MBBs, is
therefore the most reasonable target when combining the 12-connected hexanuclear
cluster with square or rectangular carboxylate based ligands (Figure 2. 3).

94

Figure 2. 3: The three possible outcomes when connecting 4-connected and 12-connected building blocks.
The most likely outcome when combining a 4-connected building block (square or rectangular tetracarboxylate based ligand) and the hexanuclear Zr,Hf 12-connected building block (having cuboctahedral
geometry) is ftw.

2.2.2 Experimental
2.2.2.1 Materials and Methods
All chemicals unless otherwise noted were used as received from Acros, Fisher
Scientific, City Chemicals, Sigma-Aldrich or TCI chemicals.
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Powder X-ray Diffraction (PXRD) measurements were carried out at room
temperature on a PANalytical X’Pert PRO diffractometer 45kV, 40mA for CuK α (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 AntonParr CHC+ variable temperature stage. Measurements were collected at 45 kV, 40 mA
for Cu Kα(λ = 1.5418 Å) with a scan speed of 1.0° min-1 and a step size of 0.02° in 2θ.
Samples were placed under vacuum during analysis and the sample was held at the
designated temperatures for at least 15 minutes between each scan.
Thermogravimetric analysis (TGA) was performed on a TA Instruments hi-res
TGA Q5000IR with High Resolution TGA (Hi-Res TGA) capability. Experiments were
performed under an N2 atmosphere with balance and sample purge flow rates of 10ml
min-1 and 25ml min-1, respectively. Samples were placed in 100μl high temperature
platinum crucibles and heated in Hi-Res TGA mode with a heating rate of 5°C min-1 and a
resolution index of 3 and a sensitivity index of 5.
X-ray Single Crystal Diffraction Data was collected using Bruker X8 PROSPECTOR
APEX2 CCD diffractometer system equipped with a Cu Kα INCOATEC Imus micro-focus
source (λ = 1.54178 Å). Indexing was performed using APEX2 (Difference Vectors
method). 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
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solved using SHELXS-97 (direct methods) and refined using SHELXL-97 (full-matrix leastsquareson F2) contained in APEX2 and WinGX v1.70.014-7 programs packages.
Pore Volume Calculation was calculated from the solvent free crystal structure
by creating a Connolly surface using the “Atom Volume and Surfaces” module in
Accelrys Materials Studio v6.1, using a fine grid resolution and a Connolly radius of (1.82
Å (N2), 1.75 Å(Ar)).
Unless otherwise noted, low-pressure gas sorption measurements were
performed on a fully automated Autosorb-iQ gas adsorption analyzer, (Quantachrome
Instruments) at relative pressures up to 1 atm. The cryogenic temperatures were
controlled using liquid nitrogen and argon baths at 77 K and 87 K, respectively. The bath
temperature for the CO2 sorption measurements was controlled using an ethylene
glycol/H2O re-circulating bath.
1

H NMR and

13

C 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 as an internal standard, and for 13C NMR spectra
solvent peaks at 39.52ppm.
Topos77 software packages were used to determine the coordination sequence,
point symbol and topology of all reported compounds based on their crystal structures.
2.2.2.2 Experimental
Synthesis of Zr ftw-MOF-1, KME_125 (Zr6O4(OH)4(C38O12H26)3). 0.136ml of a
0.25M solution of ZrCl4 in DMF (7.9mg 0.034 mmol) was added to a 20ml glass
scintillation

vial

containing

1,2,4,5-tetrakis[(4-carboxy)phenoxymethyl]benzene
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(TetPOMB) (11.5mg, 0.016 mmol). To this was added 2.0 ml of a 1M solution benzoic
acid (BzA) in DMF. This reaction was placed into a preheated oven at 115°C for 24 hours
and cooled to r.t. yielding colorless block shaped crystals. Yield 3.5mg (22.8%)
Synthesis of Hf ftw-MOF-1, KME_204 (Hf6O4(OH)4(C38O12H26)3). 0.5ml of a
0.068M solution of HfCl4 in DMF (10.9mg 0.034 mmol) was added to a 20ml glass
scintillation vial containing TetPOMB (11.5mg, 0.016 mmol). To this was added 2.0 ml of
a 1M solution 2-fluoro benzoic acid (F-BzA) in DMF. This reaction was placed into a
preheated oven at 115°C for 24 hours and cooled to r.t. yielding colorless block shaped
crystals. Yield 6.0mg (32.8%)
Synthesis of Zr scu-MOF-2, KME_314 (Zr6O4(OH)4(C46O8H26)2(OH)4(F-BzA)2. 0.5ml
of a 0.068M solution of ZrCl4 in DMF (7.9mg 0.034 mmol) was added to a 20ml glass
scintillation vial containing TCPT (8.0mg, 0.0113 mmol). To this was added 3.0 ml of a
2M solution of F-BzA in DMF. This reaction was placed into a preheated oven at 115°C
for 24 hours and cooled to r.t. yielding colorless needle shaped crystals. Yield 9.1mg
Synthesis of Hf scu-MOF-2, KME_375 (Hf6O4(OH)4(C46O8H26)2(OH)4(F-BzA)2.
0.5ml of a 0.068M solution of HfCl4 in DMF (10.9mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TCPT (8.0mg, 0.0113 mmol). To this was added 3.0 ml
of a 2M solution of F-BzA in DMF. This reaction was placed into a preheated oven at
115°C for 24 hours and cooled to r.t. yielding colorless needle shaped crystals. Yield
9.6mg
Synthesis of Zr ftw-MOF-6, KME_213. (Bis Triazine) 0.5ml of a 0.068M solution
of ZrCl4 in DMF (7.9 mg 0.034 mmol) were added to a 20ml glass scintillation vial
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containing

4,4',4'',4'''-(6,6'-(1,4-phenylenebis(azanediyl))bis(1,3,5-triazine-6,4,2-

triyl))tetrakis(azanediyl)tetrabenzoic acid (PBBTTTB) (13.7mg, 0.017 mmol). To this was
added 0.5 ml of 2M solution of 2M BzA. This reaction was placed into a preheated oven
at 115°C for 6 days and subsequently heated to 125C for an additional 2 days and then
cooled to r.t. yielding colorless block shaped crystals.
2.2.3 Results and Discussion
2.2.3.1 Zr/Hf ftw-MOFs with a Flexible Ligand (TetPOMB)
In targeting a group IV MOF having ftw topology, a flexible tetracarboxylate
ligand 1,2,4,5-tetrakis[(4-carboxy)phenoxymethyl]benzene (TetPOMB) having a methoxy
based linkage was synthesized based on a modified procedure previously used in our
group.13 The flexibility in the methoxy linkage allows the ligand have a square geometry,
needed to form the ideal ftw topology. As anticipated, a solvothermal reaction of
zirconium chloride or hafnium chloride and TetPOMB with excess BzA, as a reaction
modulator, yields a 3-periodic MOF composed of 12 and 4-connected building blocks;
this MOF has ftw network topology.
Single crystal X-ray diffraction reveals that this compound, ftw-MOF-1,
crystallized in the primative cubic Pm-3m space group having cell parameters of
a=b=c=19.95 Å; α=β=γ=90. The tetratopic TetPOMB ligand coordinates through all four
carboxylates to separate, but crystallographically related, 12-connected (M6O4(OH)4L12)
(M=Zr or Hf) metal clusters. Topologically there are two types of nodes, the metal
cluster (12-connected) and the ligand (4-connected). Topological analysis (TOPOS)77
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confirms that this MOF has the edge transitive binodal ftw or ftw-a network topology.
(Table 2. 1 and Table 2. 2)

Figure 2. 4: Synthetic scheme for synthesis of Zr,Hf ftw-MOF-1.
Table 2. 1: Topos Output for Zr,Hf ftw-MOF-1 as augmented (4,12)-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 5 12 18 30 48 75 118 143 160 208
Cum 6 18 36 66 114 189 307 450 610 818
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 3 7 19 35 47 63 90 131 189 233
Cum 4 11 30 65 112 175 265 396 585 818
---------------------TD10=818
Point (Schlafli) symbol for net: {3^2.4^2.5^2.8^4}{4.8^2}
3,5-c net with stoichiometry (3-c)(5-c); 2-nodal net
Topological type: ftw-a
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Table 2. 2: Topos output for Zr, Hf ftw-MOF-1 as (4,12)-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 4 32 36 178 108 442 220 826 372 1330
Cum 5 37 73 251 359 801 1021 1847 2219 3549
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 12 18 108 74 324 170 660 306 1116 482
Cum 13 31 139 213 537 707 1367 1673 2789 3271
---------------------TD10=3479
Point symbol for net: {4^36.6^30}{4^4.6^2}3
4,12-connected net with stoichiometry (4-c)3(12-c); 2-nodal net
Topological type: ftw

In the Zr,Hf ftw-MOF-1 structure, the TetPOMB ligand is disordered over two
positions, which can allow the structure to be interpreted, based on structural
information from related structures (see RE ftw-MOF-2 and RE ftw-MOF-3), as having
two types of cages, one central highly symmetric cage (which has a minimum diameter
of 12 Å shown as a yellow sphere) which will have all faces bowed inward, and a second
type of cage will have two faces bowed inward and four bowed outward resulting in a
cage with minimum dimensions of 12 Å x 20 Å x 20 Å. To model this conformation, a unit
cell twice the size of the original and having Cubic I symmetry must be artificially
imposed. The structure based on this interpretation is shown in Figure 2. 4 and the two
cages are shown in Figure 2. 5.
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Figure 2. 5: The two types of cages found in Zr,Hf ftw-MOF-1. (Left) Highly symmetric cubic geometry
cage, yellow sphere represents the free space within the cage. (Right) Lower symmetry distorted cubic
cage, green ellipsoid represents the void space within the cage.

All attempts at activating this sample for gas sorption experiments resulted in
amorphous and non-porous material. (Solvent exchanges78 and supercritical CO2
activation78, 79 were attempted.)
Powder diffraction experiments were performed to confirm the bulk phase
purity of both the Zr and Hf analogs (Figure 2.6). The calculated and experimental PXRD
patterns are consistent. Further VT-PXRD experiments were performed on solvent
exchanged Zr ftw-MOF-1 samples to investigate the stability of this material under
vacuum and heat. The exchanged sample loses crystallinity immediately under vacuum,
the experimental data for the EtOH exchanged sample, which is representative of the
various exchanges, is shown in Figure 2. 7. This loss of crystallinity correlates with the
lack of porosity noted during sorption experiments.
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Figure 2. 6: PXRD of Hf, Zr ftw-MOF-1 and the calculated PXRD pattern.

Figure 2. 7: VT-PXRD of the EtOH Exchanged Zr ftw-MOF-1 compound.

TGA analysis was performed on samples washed with DMF. The TGA shows
similar temperatures for solvent loss (100°C) and framework decomposition (350°C) for
both the Zr and Hf ftw-MOF-1 analogs (Figure 2. 8).

Figure 2. 8: TGA analysis of the DMF washed Zr,Hf ftw-MOF-1.
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2.2.3.2 Zr/Hf scu-MOFs with a Rigid Ligand (TCTP)
In an attempt to deviate from the ftw topology, as obtained in Zr/Hf ftw-MOF-1,
a rigid rectangular tetracarboxylate ligand 3,3'',5,5''-tetrakis(4-carboxyphenyl)-pterphenyl (TCPT) was synthesized. The rationale behind this attempt was that the ideal
ftw topology can only be formed from a ligand that is either square in geometry or a
ligand with adequate flexibility to allow adjustment to the needed square geometry
required for formation of the ideal ftw-MOF. In this case a rigid rectangular ligand was
reacted under similar reaction conditions as Zr ftw-MOF-1, to obtain the desired
hexanuclear MBB. It was proposed that a MOF having 1-D channels would form, as
illustrated below in Figure 2. 9.

Figure 2. 9: Geometric representation of a likely outcome for combining a hexanuclear cluster (red blocks)
and a rectangular tetracarboxylate based ligand (Blue Blocks). The rectangular ligand could promote the
formation of an scu-MOF in preference to ftw-MOF when using geometrically rectangular ligand as
opposed to a square ligand.

Reaction of zirconium chloride or hafnium chloride and TCPT with excess BzA, as
a reaction modulator, indeed yields a 3-periodic MOF having the binodal edge transitive
scu network topology. The single crystal X-ray diffraction studies reveal that Zr scu-

104

MOF-2 crystallized in the Orthorhombic Cmmm space group with a formula unit of
(TCPT2Zr6 O4(OH)4L8)(Solvent)8 and cell parameters of a=20.28 ; b=34.75 ; c=20.17
α=β=γ=90. This MOF is composed of 8 and 4-connected building blocks and has the
expected scu topology.

Figure 2. 10: Synthetic scheme for synthesis of Zr,Hf scu-MOF-2.

The tetratopic TCPT ligand coordinates through all four carboxylates to separate
8-connected (M6O4(OH)4L8(Solvent)8) (M=Zr or Hf) metal clusters. Topologically there
are two types of nodes, the metal cluster (8-connected) and the ligand (4-connected).
Topological analysis (TOPOS)77 confirms that this MOF has scu-a topology when
considering the MBBs as augmented nodes (Table 2. 4), or scu topology if considering
the MBBs as 4 and 8-connected nodes (Table 2. 3).
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Table 2. 3: Topos Output for Zr,Hf scu-MOF-2 viewed as 4 and 8-connected nodes
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 4 20 28 94 76 214 148 382 244 598
Cum 5 25 53 147 223 437 585 967 1211 1809
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 8 14 56 50 152 110 296 194 488 302
Cum 9 23 79 129 281 391 687 881 1369 1671
---------------------TD10=1763
Point (Schlafli) symbol for net: {4^16.6^12}{4^4.6^2}2
4,8-c net with stoichiometry (4-c)2(8-c); 2-nodal net
Topological type: scu; sqc170
Table 2. 4: Topos output for Zr,Hf scu-MOF-2 viewed as augmented 4 and 8-connected nodes.
Coordination sequences
V1: 1 2 3 4 5 6 7 8 9 10
Num 3 6 13 22 29 39 57 80 105 128
Cum 4 10 23 45 74 113 170 250 355 483
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 4 8 13 20 30 46 66 83 99 121
Cum 5 13 26 46 76 122 188 271 370 491
---------------------TD10=487
Point (Schlafli) symbol for net: {4.8^2}{4^3.8^3}
3,4-c net with stoichiometry (3-c)(4-c); 2-nodal net
Topological type: scu-a; sqc6928

An alternate way80,

81

of interpreting this MOF is by viewing the elongated 4-

connected ligand as a combination of two 3-connected nodes (Figure 2. 11). In this
interpretation topological analysis with TOPOS77 shows that this topology has been
enumerated by epinet as the sqc494 network topology (Table 2. 5) or as a ‘new
topology’ if the nodes are viewed as augmented 3-connected nodes (Table 2. 6).
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Figure 2. 11: Possible topological representations of the ligand in Zr,Hf scu-MOF-2 viewed as a 4connected node, an augmented 4-connected node, two 3-connected nodes and two augmented 3connected nodes.
Table 2. 5: Topos Output for Zr,Hf scu-MOF-2, viewed as the alternate interpretation as (3,8)-connected
network: sqc494 topology.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 3 15 26 53 89 130 161 229 292 337
Cum 4 19 45 98 187 317 478 707 999 1336
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 8 12 34 64 88 118 192 224 266 380
Cum 9 21 55 119 207 325 517 741 1007 1387
---------------------TD10=1346
Point (Schlafli) symbol for net: {4.6^2}4{4^4.6^12.8^12}
3,8-c net with stoichiometry (3-c)4(8-c); 2-nodal net
Topological type: sqc494 (epinet.ttd)
Table 2. 6: Topos output for Zr,Hf scu-MOF viewed as augmented (3,8)-connected network
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Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 3 5 11 17 26 39 46 68 92 118
Cum 4 9 20 37 63 102 148 216 308 426
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 3 4 8 18 29 36 43 62 88 114
Cum 4 8 16 34 63 99 142 204 292 406
---------------------V3: 1 2 3 4 5 6 7 8 9 10
Num 4 8 12 17 25 38 59 82 94 103
Cum 5 13 25 42 67 105 164 246 340 443
---------------------TD10=428
Point (Schlafli) symbol for net: {3.12^2}{3.8.9}2{4^3.8.10^2}2
3,3,4-connected net with stoichiometry (3-c)2(3-c)(4-c)2; 3-nodal net
New topology

Neither of the above ways of interpreting the MOF from a topological standpoint
can be considered the ‘correct’ interpretation, as they are simply different ways of
looking at this structure. That being stated, with regard to designing of a MOF, a strong
argument can be made to look at the ligand as a rectangular 4-connected MBB,
particularly in this instance, due to the fact this rationale allowed the targeted synthesis
of this MOF. Thus for the purposes of this dissertation, this MOF will be considered
having scu or scu-a topology and these MOFs will be referred to as scu-MOF-2.
The resulting material has 1-D channels, but as opposed to the expected square
channels, the channels in the crystal structure are diamond shaped (Figure 2. 10). It can
be seen from the crystal structure that the hexanuclear cluster is an 8-connected cluster
(Figure 2. 12), which is closely related to the 12-connected cluster obtained in the ftwMOF-1. The remaining four coordination sites are occupied by the benzoate modulator,
which although disordered, can be resolved crystallographically by applying
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considerable restraints to maintain the geometry of the modulator molecule. The
dimensions of the channels of the as-synthesized MOF show an opening of (13 Å X 25 Å)
when measuring the diagonals of the opening. This can be regarded as the “open
conformation” of this MOF. When the as-synthesized material is washed in a fresh
solution of DMF, the channel or aperture adopts a “closed conformation” due to the
removal of the coordinated benzoic acid (confirmed by single crystal X-ray structure)
and relaxation of the structure. SXRD studies reveal that this relaxation results in
apertures of (7 Å X 27 Å), a dramatic decrease in the minimal diameter. This is a similar
effect to the “breathing effects” seen in the terephthalic acid and Cr based MOF named
MIL-53,82 which also has quadrangular 1-D channels.
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Figure 2. 12: scu-MOF-2 open (as-synthesized) and closed (DMF washed) conformation.

PXRD studies were performed to examine the as synthesized sample as
compared to samples washed in various solvents (Figure 2. 13) as well as to evaluate the
bulk samples (Figure 2. 13 and Figure 2. 14). The powder patterns of Zr scu-MOF-2 differ
significantly depending on the solvent exchange, but determination of the
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(extent/specifics) of the phase changes (other than the DMF washed sample which has
been characterized by SXRD and revealed the closed conformation) have not at the
present time been confirmed/identified using SXRD analysis.
The PXRD of the bulk material is also inconclusive, there are additional peaks
visible at approximately 6° 2-theta and between 8-10° 2-theta. This can potentially be
attributed to multiple phases being present in each reaction. Unit cells of multiple as
synthesized crystals (10+) were obtained by SXRD analysis and revealed that the unit
cells of all the crystals selected had cell parameters which were all consistent with the
SXRD structure.

Figure 2. 13: PXRD of solvent exchanged Zr scu-MOF-2 samples compared to the calculated PXRD based
on the single crystal structure of the as-synthesized compound.
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Figure 2. 14: PXRD comparison of the as-synthesized Hf scu-MOF-2 compound with the calculated powder
pattern. (The intensity for 15+ 2-theta was scaled up by 100X to show the peaks in the calculated pattern).

N2 sorption experiments at 77 K show Zr scu-MOF-2 has a small degree of
porosity (Figure 2.15). The experimental pore volume does not match the expected
crystallographic pore volume (1.2 to 1.7 cc/g). Sample activation was performed by
washing the as-synthesized sample in DMF, then using traditional solvent exchange
methods (MeOH exchange for 5 days). This protocol resulted in a pore volume of 0.32
cc/g and a surface area of approximately 450 m2/g.

Figure 2. 15: Nitrogen sorption isotherms comparison of Zr scu-MOF-2 utilizing several activation
methods.
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Further activation attempts were made based upon literature reported methods
for hexanuclear based Zr-MOFs as described by the Hupp and Zhou groups70,

72

This

modified activation process involved placing ~20-40mg of sample in a vial containing
12ml of DMF, to which was added 0.5ml 8M aqueous HCl. The sample was then heated
for 24h at 100°C. Finally the sample was cooled and the solvent was exchanged with
acetone over a period of 24-48 h. Nitrogen sorption experiments at 77 K show a slight
increase in the experimental pore volume (0.40 cc/g) and a specific surface area of 776
m2/g. Although an improvement over the traditional activation procedure, this is
dramatically lower than the crystallographic pore volume of 1.2 and 1.7 cc/g (as
determined from the crystal structure of the closed and opened conformations
respectively). This is likely attributed to either residual modulator in the pores, the
presence of unreacted starting material or amorphous ZrO2. Interestingly, this
compound retains its crystallinity even after activation and sorption studies as seen in
the post sorption PXRD pattern (Figure 2.16).

Figure 2. 16: PXRD of the as synthesized and post sorption (using traditional activation) sample of Zr scuMOF-2 compound, with comparison to the calculated PXRD based on the single crystal structure of the assynthesized compound.
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Table 2. 7: Crystallographic and experimental pore volume and surface area for Zr scu-MOF-2.
MOF
Name

Crystallographic
Pore Volume
cc/g

Crystallographic
Free Volume (%)

Crystallographic
Density g/cc

Experimental
Pore Volume
cc/g

Experimental
Surface Area
2
m /g

1.7

81%

0.476

n/a

n/a

1.2

74%

0.622

0.40

776

Zr scuMOF-2
(open)
Zr scuMOF-2
(closed)

Figure 2. 17: TGA analysis of the DMF washed Zr, Hf scu-MOF-2.

2.2.3.3 Zr ftw-MOF from a Flexible Ligand (PBBTTTB)
Use

of

an

phenylenebis(azanediyl))bis

extended

flexible

ligand

4,4',4'',4'''-(6,6'-(1,4-

(1,3,5-triazine-6,4,2-triyl))tetrakis(azanediyl)tetrabenzoic

acid (PBBTTTB) allowed for the synthesis of a third Zr based MOF having the
hexanuclear group IV MBB. A solvothermal reaction of RE(NO3)2 (RE= Y) and PBBTTTB
with excess benzoic acid as a reaction modulator, yields a 3-periodic MOF having ftw
network topology. Unfortunately, the reaction yielded only a few crystals and attempts
to repeat this reaction did not yield more material. The single crystal X-ray diffraction
studies reveal that Zr ftw-MOF-6 crystallized in the Rhombohedral R-3 space group with
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a formula unit of (PBBTTTB3Zr6(OH)8 and cell parameters of a=b=31.09 Å; c=31.84 Å;
α=β=90 γ=120.
The ftw-MOF-6 structure is composed of ligands having a phenyl core covalently
linked in the 1 and 4-positions through a secondary amine to the 1-position of two
triazine cores. The two triazine cores are further covalently linked through secondary
amines in the 3 and 5-positions to the 4-position of benzoic acid moieties, thus forming
a flexible rectangular 4-connected MBB. A rhombohedral cage ~17 Å in diameter (Figure
2.19), is delimited by six ligands, the carboxylates coordinate to the four 12-connected
MBBs positioned at the vertices of the face of the rhombohedron on which the ligand is
situated. The ligands on the faces of the central cage are all nearly planar; the ligands on
the 1 0 1 plane are oriented lengthwise in the 011-direction, the ligands on the 0 -1 1
plane are oriented lengthwise in the 110-direction and the ligands on the 1 -1 -1 plane
are oriented lengthwise in the 101-direction.

Figure 2. 18: Synthetic scheme for synthesis of Zr ftw-MOF-6.
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Figure 2. 19: A single cage from the structure of Zr ftw-MOF-6.

Topologically there are two types of nodes, the metal cluster (12-connected) and
the ligand (4-connected). Topological analysis (TOPOS)77 confirms that this MOF has the
binodal edge transitive ftw or ftw-a network topology (Table 2. 8 and Table 2. 9). An
alternate way of interpreting this MOF80,

81

is by viewing the elongated 4-connected

ligand as a combination of two 3-connected nodes, either as a trigonal node or in
augmented form as a triangular vertex figure (Figure 2. 11). In the interpretation as
trigonal nodes, this MOF has ttv network topology. This topological analysis reveals an
interesting surprise, it was anticipated that the augmented topology, when considering
the 4-connected ligand as a combination of 3-connected nodes, would be ttv-a (the
augmented ttv). The vertex figure for ttv-a is an icosahedral 12-connected node as
opposed to the cuboctahedral vertex figure of the 12-connected hexanuclear cluster in
this MOF. The flexibility of the PBBTTTB ligand allows for a conformation amenable for
formation of the cuboctahedral cluster resulting in a new topology related to the ttv
topology.
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Figure 2. 20: Possible topological representations of the ligand in Zr ftw-MOF-6 viewed as a 4-connected
node, an augmented 4-connected node, two 3-connected nodes and two augmented 3-connected nodes.
Table 2. 8: Topos output for Zr ftw-MOF-6 as ftw, a (4,12)-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 4 32 36 178 108 442 220 826 372 1330
Cum 5 37 73 251 359 801 1021 1847 2219 3549
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 12 18 108 74 324 170 660 306 1116 482
Cum 13 31 139 213 537 707 1367 1673 2789 3271
---------------------TD10=3479
Point symbol for net: {4^36.6^30}{4^4.6^2}3
4,12-connected net with stoichiometry (4-c)3(12-c); 2-nodal net
Topological type: ftw
Table 2. 9: Topos Output for Zr ftw-MOF-6 as ftw-a, an augmented (4,12)-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 5 12 18 30 48 75 118 143 160 208
Cum 6 18 36 66 114 189 307 450 610 818
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 3 7 19 35 47 63 90 131 189 233
Cum 4 11 30 65 112 175 265 396 585 818
---------------------TD10=818
Point (Schlafli) symbol for net: {3^2.4^2.5^2.8^4}{4.8^2}
3,5-connected net with stoichiometry (3-c)(5-c); 2-nodal net
Topological type: ftw-a
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Table 2. 10: Topos Output for Zr ftw-MOF-6 as ttv, a (3,12)-connected net.
Coordination sequences
V1: 1 2 3 4 5 6 7 8 9 10
Num 3 23 40 88 160 210 292 420 502 612
Cum 4 27 67 155 315 525 817 1237 1739 2351
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 12 18 60 114 140 234 348 378 524 714
Cum 13 31 91 205 345 579 927 1305 1829 2543
---------------------TD10=2378
Point symbol for net: {4.5^2}6{4^6.5^24.6^6.7^24.8^6}
3,12-connected net with stoichiometry (3-c)6(12-c); 2-nodal net
Topological type: ttv
Table 2. 11: Topos Output for Zr ftw-MOF-6 as a new topology based on an augmented (3,12)-connected
net.

Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 5 12 17 26 39 58 90 133 162 171
Cum 6 18 35 61 100 158 248 381 543 714
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 5 12 17 26 40 63 90 135 156 174
Cum 6 18 35 61 101 164 254 389 545 719
---------------------V3: 1 2 3 4 5 6 7 8 9 10
Num 3 6 16 26 39 54 75 106 142 202
Cum 4 10 26 52 91 145 220 326 468 670
---------------------V4: 1 2 3 4 5 6 7 8 9 10
Num 3 6 16 26 39 55 78 103 144 199
Cum 4 10 26 52 91 146 224 327 471 670
---------------------V5: 1 2 3 4 5 6 7 8 9 10
Num 3 4 10 28 45 52 69 100 137 186
Cum 4 8 18 46 91 143 212 312 449 635
TD10=681
Point (Schlafli) symbol for net: {3.10^2} {3.8.9}2 {3^2.4^2.5^2.8.9.10.11} {3^2.4^2.5^2.8.9.10^2}
3,3,3,5,5-connected net with stoichiometry (3-c)(3-c)(3-c)(5-c)(5-c); 5-nodal net
New topology
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2.2.4 Conclusion
These result presented herein, while not achieving the initial goals of
synthesizing a robust porous group IV MOF, do provide insight with regard to design of
new MOFs. The three results discussed show that systems involving the hexanuclear
group IV cluster are forgiving with regard to the geometry of the ligand. This platform is
robust and suitable for targeting ftw-MOFs and potentially MOFs having other
topologies when using ligands having various geometries and symmetries. Furthermore,
the inorganic MBB, due to the presence of excess modulator, can adjust connectivity to
allow for formation of clusters having connectivity of less than 12. As shown with scuMOF-2 there is an enhancement in the ability to target these lower connected clusters if
the ligand is rigid and cannot conform to a suitable geometry to form topologies based
on the 12-connected cuboctahedral node. Finally, if the ligand is flexible, as in the case
of ftw-MOF-6, it can adopt a geometric conformation suitable for formation of the
preferred (12-connected) MBB, resulting in a MOF having the default low transitivity
network topology (ftw). Further topological analysis shows that when viewing the ligand
used in the synthesis of ftw-MOF-6 as a combination of 3-connected nodes, this MOF
has ttv topology and if these 12 and 3-connected nodes are assessed as augmented
nodes a new topology is found.
2.3 MBB Based Synthesis: Highly Connected Rare Earth Hexanuclear Clusters
2.3.1 Introduction
A second closely related system targeted during the course of this research was
the synthesis of ftw-MOFs composed of a rare earth based hexanuclear cluster
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structurally related to the Group IV hexanuclear cluster (Figure 2. 21). The first report of
RE based 12-connected hexanuclear clusters by our group (Xue and Co-workers),
showed that fluorinated ligands promoted the formation of the 12-connected MBB
which is a requisite for the synthesis of RE fcu-MOFs.48 These RE fcu-MOFs have the
same connectivity and basic structure as the Zr fcu-MOFs discussed in the previous
section (Figure 2. 22). The difference being that in the RE fcu-MOFs, the tetravalent Zr
(or Hf) is substituted with trivalent RE metals. This changes the cluster from being
neutral cluster with a formula of M6(O)4(OH)4L12 (M=Zr4+/Hf4+) to being anionic (2- per
cluster) having a formula of [M6(OH)8L12]2-(M= RE3+). The charge of this cluster is
balanced by two dimethyl ammonium (DMA+) cations per cluster. DMA+ is a product of
the decomposition of DMF when it is heated in the presence of water and is commonly
found balancing the charge of anionic MOFs.

2-

3+

Figure 2. 21: RE 12-connected MBB M6(OH)8L12] (M= RE ) in comparison to Group IV 12-connected MBB
4+
4+
M6(O)4(OH)4L12 (M=Zr /Hf ).

Similar to the group IV MOFs discussed in the previous section, monotopic
modulators also play an important role in the synthesis of hexanuclear RE based MOFs.
In addition to the modulator playing a role in the crystal nucleation, reaction
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equilibrium, and pH of the reaction solution,62, 75 in the case of the rare earth based
MOFs, the modulator also plays an additional role of promoting the formation of the
hexanuclear cluster.48
Incidentally, the first reported hexanuclear RE cluster was formed from reacting
Y or Tb salts with the heterofunctional 2-fluoro-4-(1H-tetrazol-5-yl)benzoic acid (F-TZB)
without the presence of a modulator.48 Unlike the Zr fcu-MOFs, this first RE fcu-MOF
was synthesized as single crystalline material and characterized by SXRD. During the
attempts to synthesize other geometrically related analogs, it was discovered that the
only way to obtain isoreticular RE fcu-MOFs was to use a fluorinated ditopic carboxylate
(or carboxylate and tetrazole) based ligand or if the ditopic ligand was not fluorinated,
formation of the hexanuclear cluster could be promoted by utilizing excess amounts of
F-BzA. The mechanism of the effect of the modulator has not been elucidated at present
and other non-fluorinated modulators (functionalized and non-functionalized) do not
result in RE hexanuclear clusters. Similar to group IV fcu-MOFs, addition of F-BzA has
also been shown to result in greater crystallinity even in the case where fluorinated
ligands are used, but the requirement for a modulator is critical specifically when the
organic MOF precursors are non-fluorinated ligand.
This technique when applied to the RE fcu-MOF platform allowed for the
synthesis and characterization of RE MOFs based on five different ligands including a
non-fluorinated fcu-analog, synthesized from 4-(1H-tetrazol-5-yl)benzoic acid (TZB). It
was shown that the parent compound synthesized from F-TZB and Tb3+ had an
extremely high affinity for CO2 at low loading, as indicated by a Qst of nearly 60 kJ/mol.
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At the time of publication, this Qst was one of the highest for MOFs “in the absence of
any post-synthetic modification and/or surface area reduction.”48 To further investigate
what contributes most (–F, -CN4- , –COO- or the metal cluster) to the highly energetic
nature of these sites, this series of isoreticular MOFs were synthesized, having various
functional groups (fluorinated vs. nonfluorinated, carboxylate vs. tetrazole) and various
lengths of the ligand (Figure 2. 22). Gas sorption experiments (Ar, H2 and CO2) were
performed on this series of fcu-MOFs to investigate the effect of these various
functional groups on the CO2 energetics. It was found that there was a synergistic effect
of the fluorine, tetrazole and metal cluster which all act together to enhance the
energetics at low loading.
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Figure 2. 22: Schematic showing the synthetic pathway to obtain RE fcu-MOFs. Note the necessity of
fluorinated ligands to allow formation of the RE hexanuclear cluster. All of the shown ligands result in
MOFs having fcu network topology.

To date, with exception to other unreported results from our group, this is the
only example of RE fcu-MOFs. Furthermore, there are no literature reports at present of
formation of this RE hexanuclear MBB with ligands of other geometries (trigonal, square
or rectangular).
The work presented herein focuses on synthesis of MOFs from square or
rectangular organic MBBs combined with this newly discovered 12-connected RE MBB.
As mentioned in the previous section regarding group IV MOFs, using this highly

123

connected (12-connected) cluster, the possible topological outcomes are highly limited
and the most likely outcome is a MOF having ftw network topology.

Figure 2. 23: The three possible outcomes when connecting 4-connected and 12-connected building
blocks. The most likely outcome when combining a 4-connected building block (square or rectangular
tetra-carboxylate based ligand) and the hexanuclear RE 12-connected building block (having
cuboctahedral geometry) is ftw.
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2.3.2 EXPERIMENTAL
2.3.2.1 Materials and Methods
All materials and methods are described in in Section 2.2.2.1, unless otherwise
noted.
2.3.2.2 Experimental
Synthesis of Y ftw-MOF-1, KME_193 (Y6(OH)8(C38O12H26)3)(C2NH8)2. 0.5ml of a
0.068M solution of Y(NO3)3.6H2O in DMF (13.0mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TetPOMB (11.5mg, 0.016 mmol). To this was added 1.0
ml DMF and 0.5 ml of a 2M solution of F-BzA in DMF. This reaction was placed into a
preheated oven at 115°C for 48 hours and cooled to r.t. yielding colorless block shaped
crystals. Yield 4.2mg (26.8%)
Activation of Y ftw-MOF-1: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
day over the course of 48 hours. Subsequently, the sample was exchanged over a period
of 2-5 days in a similar manner with various solvents (Absolute ethanol, acetonitrile,
chloroform, methanol, and acetone). None of these activation techniques resulted in a
porous material during screening attempts with N2 at 77 K.
Synthesis of Yb-ftw-MOF-1, KME_202 (Yb6(OH)8(C38O12H26)3)(C2NH8)2. 0.5ml of a
0.068M solution of Yb(NO3)3.5H2O in DMF (15.3mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TetPOMB (11.5mg, 0.016 mmol). To this was added 1.0
ml DMF and 0.5 ml of a 2M solution of F-BzA in DMF. This reaction was placed into a
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preheated oven at 115°C for 48 hours and cooled to r.t. yielding colorless block shaped
crystals. Yield 5.6mg (30.3%)
Activation of Yb-ftw-MOF-1: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
day over the course of 48 hours. Subsequently, the sample was exchanged over a period
of 2-5 days in a similar manner with various solvents (Absolute ethanol, acetonitrile,
chloroform, methanol, and acetone). None of these activation techniques resulted in a
porous material during screening attempts with N2 at 77 K.
Synthesis of Tb-ftw-MOF-1, KME_192 (Tb6(OH)8(C38O12H26)3)(C2NH8)2. 0.136ml
of a 0.25M solution of Tb(NO3)3.5H2O in DMF (14.8mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TetPOMB (11.5mg, 0.016 mmol). To this was added
2.25 ml DMF, 0.125ml H2O, and 0.5 ml of a 2M solution of 2M F-BzA in DMF. This
reaction was placed into a preheated oven at 115°C for 48 hours and cooled to r.t.
yielding colorless block shaped crystals. Yield 6.4mg (31.1%)
Activation of Tb-ftw-MOF-1: This material was not screened for gas sorption
properties due to the lack of porosity in the other related compounds.
Synthesis of Nd-ftw-MOF-1, KME_195 (Nd6(OH)8(C38O12H26)3)(C2NH8)2. 0.5ml of
a 0.068M solution of Nd(NO3)3.6H2O in DMF (14.9mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TetPOMB (11.5mg, 0.016 mmol). To this was added 2.1
ml DMF and 0.5 ml of a 2M solution of 2M F-BzA in DMF. This reaction was placed into a
preheated oven at 115°C for 48 hours and cooled to r.t. yielding colorless block shaped
crystals. Yield 5.2g (29.7%)
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Activation of Nd-ftw-MOF-1: This material was not screened for gas sorption
properties due to the lack of porosity in the other related compounds.
Synthesis of Y shp-MOF-1, KME_577/602. 0.5ml of a 0.068M solution of
Y(NO3)3.6H2O in DMF (13.0mg 0.034 mmol) was added to a 20ml glass scintillation vial
containing TetPOMB (11.5mg, 0.016 mmol). To this was added 1.0 ml DMF and 0.5 ml of
a 2M solution of 2M F-BzA in DMF. This reaction was placed into a preheated oven at
115°C for 48 hours and cooled to r.t. yielding colorless block shaped crystals of Y ftwMOF-1. The product was washed three times with 10ml DMF and the residual solvent
decanted leaving the crystals in the vial. To the vial was added 10ml DMF and 0.5ml 8M
HCl in H2O, upon which the crystals dissolved. The vial was placed into a preheated oven
at 105°C for 48 hours and cooled to r.t. yielding a mixture of block shaped crystals (Y
ftw-MOF-1) and rod shaped crystals (Y shp-MOF-1).
Activation of Y shp-MOF-1: This material was not screened for gas sorption
properties due to difficulty in preparing sufficient sample.
Synthesis of Y ftw-MOF-2, KME_358 (Y6(OH)8(C46O8H26)3)(C2NH8)2. 0.5ml of a
0.068M solution of Y(NO3)3.6H2O in DMF (13.0mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TCPT (8.0mg, 0.0113 mmol). To this was added 1.0 ml
of a 2M solution of 2M F-BzA in DMF. This reaction was placed into a preheated oven at
115°C for 12 hours and cooled to r.t. yielding colorless block shaped crystals. Yield
8.3mg (50.8%).
Activation of Y ftw-MOF-2: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
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day over the course of 48 hours. Subsequently, the sample was exchanged over a period
of 2-5 days in a similar manner with absolute ethanol. The sample was placed under
dynamic vacuum and heaed to 160°C (increasing at a rate of 1C/min), held for 16 h and
cooled to room temperature.
Synthesis of Yb-ftw-MOF-2, KME_463 (Yb6(OH)8(C46O8H26)3)(C2NH8)2. 0.5ml of a
0.068M solution of Yb(NO3)3.5H2O in DMF (15.3mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing TCPT (8.0mg, 0.0113 mmol). To this was added 1.0 ml
of a 2M solution of 2M F-BzA in DMF. This reaction was placed into a preheated oven at
115°C for 12 hours and cooled to r.t. yielding colorless block shaped crystals. Yield
5.6mg (29.2%)
Activation of Yb-ftw-MOF-2: This material was not screened for gas sorption
properties.
Synthesis of Tb-ftw-MOF-2, KME_378/389 (Yb6(OH)8(C46O8H26)3)(C2NH8)2. 0.5ml
of a 0.068M solution of Tb(NO3)3.5H2O in DMF (14.8mg 0.034 mmol) was added to a
20ml glass scintillation vial containing TCPT (8.0mg, 0.0113 mmol). To this was added 1.0
ml of a 2M solution of 2M F-BzA in DMF. This reaction was placed into a preheated oven
at 115°C for 12 hours and cooled to r.t. yielding colorless block shaped crystals. Yield
5.8mg (30.1%)
Activation of Tb-ftw-MOF-2: This material was not screened for gas sorption
properties.
Synthesis

of

Naphthalene

Y

ftw-MOF-2,

KME_579/579_g

(Y6(OH)8(C50O8H28)3)(C2NH8)2. 0.5ml of a 0.068M solution of Y(NO3)3.6H2O in DMF
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(13.0mg 0.034 mmol) was added to a 20ml glass scintillation vial containing 3',3'',5',5''tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene (TCDPN) (8.5mg, 0.0111 mmol)
dissolved in 0.5ml DMF. To this was added 1.0 ml of a 2M solution F-BzA. This reaction
was placed into a preheated oven at 115°C for 20 hours and cooled to r.t. yielding
colorless block shaped crystals. Yield 4.1 mg
Activation of Naphthalene Y ftw-MOF-2: A 20-40mg sample of the assynthesized MOF was washed thoroughly with aliquots of ~10ml DMF. The DMF was
refreshed 3-4 times per day over the course of 48 hours. Subsequently, the sample was
exchanged over a period of 2-5 days in a similar manner with absolute ethanol. The
sample is evacuated at room temperature using a turbo molecular vacuum pump and
then gradually heated to 140°C (increasing at a rate of 1C/min), held for 16 h and
cooled to room temperature.
Synthesis

of

Porphyrin

Naphthalene

Y

ftw-MOF-2,

KME_579_h

(Y6(OH)8(C50O8H28)3)(C2NH8)Y(Porphyrin)x. 0.5ml of a 0.068M solution of Y(NO3)3.6H2O in
DMF (13.0mg 0.034 mmol) was added to a 20ml glass scintillation vial containing TCDPN
(8.5mg, 0.0111 mmol) dissolved in 0.5ml DMF. To this was added 1.0 ml of a 2M
solution F-BzA and 0.5ml 0.023M 5,10,15,20-tetrakis(1-methyl-4-pyridinio)porphyrin
tetra(p-toluenesulfonate) in DMF. This reaction was placed into a preheated oven at
115°C for 20 hours and cooled to r.t. yielding dark red block shaped crystals. Yield 3 mg
Synthesis

of

Anthracene

Y

ftw-MOF-2,

KME_579/579_g

(Y6(OH)8(C50O8H28)3)(C2NH8)2. 0.5ml of a 0.068M solution of Y(NO3)3.6H2O in DMF
(13.0mg 0.034 mmol) was added to a 20ml glass scintillation vial containing 3',3'',5',5''-
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tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene (TCDPA) (8.5mg, 0.0111 mmol)
dissolved in 0.5ml DMF. To this was added 1.0 ml of a 2M solution F-BzA. This reaction
was placed into a preheated oven at 115°C for 20 hours and cooled to r.t. yielding
colorless block shaped crystals. Yield 4.1 mg
Activation of Anthracene Y ftw-MOF-2: A 20-40mg sample of the as-synthesized
MOF was washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4
times per day over the course of 48 hours. Subsequently, the sample was exchanged
over a period of 2-5 days in a similar manner with acetone. The sample is evacuated at
room temperature using a turbo molecular vacuum pump and then gradually heated to
105°C (increasing at a rate of 1C/min), held for 16 h and cooled to room temperature.
Synthesis of Y ftw-MOF-3, KME_595/609(Y6(OH)8(C54O8H26)3)(C2NH8)2. 0.5ml of
a 0.068M solution of Y(NO3)3.6H2O in DMF (13.0mg 0.034 mmol) was added to a 20ml
glass scintillation vial containing ,3'',5,5''-tetra-2-(4-carboxyphenyl)ethynyl -p-terphenyl
(TCEPT) (9mg, 0.0111 mmol). To this was added 1.5 ml of a 2M solution F-BzA and 0.5ml
DMF. This reaction was placed into a preheated oven at 115°C for 48 hours and cooled
to r.t. yielding a few pale yellow colorless block shaped crystals and amorphous powder.
Several crystals were harvested for XRD Analysis.
Synthesis of Y csq-MOF-4, KME_443(Y4(OH)2(C34O8H16Br2)3)(C2NH8)2. 0.83ml of a
0.068M solution of Y(NO3)3.6H2O in DMF (19.7mg 0.053 mmol) was added to a 20ml
glass scintillation vial containing benzene 2,5-dibromo-1,2,4,5-tetrabenzoic acid
(Br2BTeB) (8mg, 0.0111 mmol). To this was added 4.0 ml of a 2M solution of F-BzA in
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DMF. This reaction was placed into a preheated oven at 115°C for 18 hours and cooled
to r.t. yielding pale yellow hexagonal prismatic crystals. Yield 10.7 mg
Activation of Y csq-MOF-4: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
day over the course of 48 hours. Subsequently, the sample was exchanged over a period
of 2-5 days in a similar manner with various solvents (Absolute ethanol, acetonitrile,
chloroform, methanol, and acetone). None of these activation techniques resulted in a
porous material during screening attempts with N2 at 77 K.
Synthesis of Y scu-MOF-7, KME_437/541(Y6(OH)8(C34O8N2H16)2)(C2NH8)2(OH)4(FBzA)2. 0.5ml of a 0.068M solution of Y(NO3)3.6H2O in DMF (13.0mg 0.034 mmol) was
added to a 20ml glass scintillation vial containing 9,9′-(1,4-phenylene)bis(9H-carbazole3,6-dicarboxylic acid) (PBCDC) (6.5mg, 0.0111 mmol). To this was added 2.0 ml of a 2M
solution F-BzA in DMF. This reaction was placed into a preheated oven at 115°C for 48
hours and cooled to r.t. yielding a colorless clusters of elliptical shaped crystals. Yield:
12.4 mg
Activation of Y ftw-MOF-1: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
day over the course of 48 hours. Subsequently, the sample was exchanged over a period
of 2-5 days in a similar manner with various solvents (Absolute ethanol, acetonitrile,
chloroform, methanol, and acetone). None of these activation techniques resulted in a
porous material during screening attempts with N2 at 77 K.
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2.3.3 Results and Discussion Rare Earth MOFs
2.3.3.1 RE ftw-MOFs from a Flexible Ligand (TetPOMB)
The work herein was undertaken in parallel and after the previously mentioned
results relating to group IV ftw and scu-MOFs.
A solvothermal reaction of RE(NO3)2 (RE= Y, Yb, Tb, and Nd) and TetPOMB with
excess F-BzA as a reaction modulator, yields a 3-periodic MOF having ftw network
topology. The single crystal X-ray diffraction studies reveal that ftw-MOF-1 crystallized
in the cubic Pm-3m space group with a formula unit of (TetPOMB3Y6(OH)8) and cell
parameters of a=b=c=19.95 α=β=γ=90. This MOF is composed of 12 and 4-connected
building blocks and has the expected binodal edge transitive ftw or ftw-a network
topology (Figure 2. 24).

Figure 2. 24: Synthetic scheme for synthesis of RE ftw-MOF-1.

The tetratopic TetPOMB ligand coordinates through all four carboxylates to
crystallographically related 12-connected (M6(OH)8L12) (M= Y, Yb, Tb, and Nd) metal
clusters. Topologically there are two types of nodes, the metal cluster (12-connected)

132

and the ligand (4-connected). The RE ftw-MOF-1 structure is analogous to the Zr, Hf ftwMOF-1 structures previously described.
The TetPOMB ligand is disordered over two positions, which can be interpreted,
based on structural information from related structures (see RE ftw-MOF-2 and RE ftwMOF-3), as two types of cages, one central highly symmetric cage (minimal diameter of
12 Å) in which all faces are bowed inward, and a second type of cage (minimal
diameters of 12 Å x 20 Å x 20 Å) in which two faces bowed inward and four bowed
outward (Figure 2. 25). To model this conformation, a unit cell twice the size and of
Cubic I symmetry must be artificially imposed. Topological analysis (TOPOS)77 confirms
that this MOF has ftw or ftw-a network topology. (Table 2. 1 and Table 2. 2)

Figure 2. 25: The two types of cages found in RE ftw-MOF-1. (Left) Highly symmetric cubic geometry cage,
yellow sphere represents the free space within the cage. (Right) Lower symmetry distorted cubic cage,
green ellipsoid represents the void space within the cage.

In addition to the Y, Yb and Tb ftw-MOF-1 analogs which were characterized by
SXRD (crystal structures are reported herein), an Nd analog was also synthesized and
characterized by PXRD, thus confirming successful synthesis. PXRD patterns confirm the
bulk purity all the RE ftw-MOF-1 samples (Figure 2. 26). These compounds are
isostructural and the cell parameters are nearly identical (+/-0.2 Å), thus the
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experimental diffractograms are shown herein in a comparison to the PXRD as
calculated from the crystal structure of Y ftw-MOF-1.

Figure 2. 26: PXRD of RE ftw-MOF-1 analogs and the calculated PXRD pattern based on Y ftw-MOF-1.

Similar to the results with the Group IV ftw-MOF-1 materials, the RE based ftwMOFs did not show porosity under a variety of activation processes. This lack of stability
of the ftw-MOF-1 compounds is again likely attributable to the high degree of flexibility
in the ligand, resulting in collapse of the pores and loss of crystallinity upon loss of guest
molecules.

Figure 2. 27: TGA analysis of the DMF washed RE ftw-MOF-1 analogs.
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2.3.3.2 RE ftw-MOFs from a Rigid Ligand (TCPT)
To follow up on the promising results relating to ftw-MOF-1, similar to the group
IV experiments, the rigid rectangular TCPT ligand was utilized in synthesizing other RE
based compounds which incorporate the hexanuclear cluster. It was expected that an 8connected MBB, similar to the group IV scu-MOF, would form when reacting TCPT under
suitable conditions for formation of the RE hexanuclear cluster. Interestingly, a 12connected MBB formed resulting in the synthesis of Y ftw-MOF-2.
A solvothermal reaction of RE(NO3)2 (RE= Y, Yb, and Tb) and TCPT with excess Fbenzoic acid as a reaction modulator, yields a 3-periodic MOF having ftw network
topology (Figure 2. 28). The single crystal X-ray diffraction studies reveal that Y ftwMOF-2 crystallized in the cubic Im-3m space group with a formula unit of
(TCPT3Y6(OH)8)(DMA)2 and cell parameters of a=b=c=40.05 Å; α=β=γ=90. Synthesis of
the isostructural Tb and Yb analogs was confirmed by PXRD (Figure 2. 32).

Figure 2. 28: Synthetic scheme for synthesis of RE ftw-MOF-2.
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The ftw-MOF-2 structure is composed of ligands having a para-terphenyl core
covalently linked in the 3,3”,5,5”-positions to the para position of benzoate moieties,
thus forming a rectangular 4-connected MBB. A central cubic cage ~12 Å in diameter,
having Th symmetry, is delimited by six ligands, the carboxylates coordinate to the four
12-connected rare earth MBBs positioned at the vertices of the cube face on which the
ligand is situated. The ligands on the faces of the central cage are all puckered inward;
the ligand on the YZ plane is oriented lengthwise in the Z-direction, the ligand on the XY
plane is oriented lengthwise in the Y-direction and the ligand on the XZ plane is oriented
lengthwise in the X-direction (Figure 2. 29). Adjacent to and sharing one face of the
cubic cage, are six larger cages having D2h symmetry. This larger cage (21 Å x 21 Å x 12 Å)
is a distorted cube, delimited by six ligands. The ligands on two parallel faces are
oriented in the same direction with respect to one another and are puckered inward;
the remaining four faces are puckered outward and the ligands are oriented end to end
lengthwise (Figure 2. 29).

Figure 2. 29 The two types of cages found in RE ftw-MOF-2. (Left) Highly symmetric cubic geometry cage,
yellow sphere represents the free space within the cage. (Right) Lower symmetry distorted cubic cage,
green ellipsoid represents the void space within the cage.
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This varied orientation of the rectangular ligand allows for several topological
interpretations of this MOF. Topological analysis (TOPOS)77 confirms that this MOF has
ftw or ftw-a network topology(Table 2. 1 and Table 2. 2) when viewing the ligand as a 4connected node or an augmented 4-connected node (Figure 2. 30) respectively.
Alternately, when the rectangular ligand is interpreted as a combination of two 3connected nodes (Figure 2. 30) a new unreported topology is revealed in both the
augmented and non-augmented interpretation (Table 2. 12 and Table 2. 13).

Figure 2. 30: Possible topological representations of the ligand in RE ftw-MOF-2 viewed as a 4-connected
node, an augmented 4-connected node, two 3-connected nodes and two augmented 3-connected nodes.
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Table 2. 12: Augmented (3,3,12)-connected topological representation for RE ftw-MOF-2.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 3 6 16 26 39 57 73 108 147 198
Cum 4 10 26 52 91 148 221 329 476 674
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 5 12 17 26 39 61 90 134 162 171
Cum 6 18 35 61 100 161 251 385 547 718
---------------------V3: 1 2 3 4 5 6 7 8 9 10
Num 5 12 17 26 40 64 92 133 158 173
Cum 6 18 35 61 101 165 257 390 548 721
---------------------V4: 1 2 3 4 5 6 7 8 9 10
Num 3 6 16 26 39 58 76 111 147 196
Cum 4 10 26 52 91 149 225 336 483 679
---------------------V5: 1 2 3 4 5 6 7 8 9 10
Num 3 4 10 28 45 54 67 102 139 185
Cum 4 8 18 46 91 145 212 314 453 638
---------------------V6: 1 2 3 4 5 6 7 8 9 10
Num 3 4 10 28 45 54 69 108 144 184
Cum 4 8 18 46 91 145 214 322 466 650
---------------------TD10=687
Point symbol for net: {3.10^2}{3.8.9}2{3^2.4^2.5^2.8.9.10.11}{3^2.4^2.5^2.8.9.10^2}
3,3,3,3,5,5-c net with stoichiometry (3-c)2(3-c)2(3-c)(3-c)(5-c)2(5-c)2; 6-nodal net
New topology
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Table 2. 13: (3,12)-connected topological representation for RE ftw-MOF-2.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 3 23 40 88 159 211 293 420 500 612
Cum 4 27 67 155 314 525 818 1238 1738 2350
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 3 23 40 88 159 211 293 420 500 612
Cum 4 27 67 155 314 525 818 1238 1738 2350
---------------------V3: 1 2 3 4 5 6 7 8 9 10
Num 12 18 60 114 140 234 348 378 524 714
Cum 13 31 91 205 345 579 927 1305 1829 2543
S48Cl12 S108Cl6 S108Cl32 S192Cl42 S324Cl24 S300Cl78 S432Cl92 S660Cl54
---------------------TD10=2377
Point symbol for net: {4.5^2}6{4^6.5^24.6^6.7^18.8^12}
3,12-connected net with stoichiometry (3-c)6(12-c); 2-nodal net
New topology

The new topology of Y ftw-MOF-2 when viewing the ligand as a combination of
3-connected nodes is interesting in comparison to the Zr ftw-MOF-6 compound. In ftwMOF-6, the rectangular ligands (in plane) are all oriented in the same direction, resulting
in the ttv topology. In contrast, in ftw-MOF-2, the ligands in plane are oriented
perpendicular to their adjacent neighboring ligands. Due to this alternation of the ligand
orientation a new, but in hindsight not unexpected, network topology is revealed.
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Figure 2. 31 Comparison of the orientation in new topology and ttv topology (ftw-MOF-2 and ftw-MOF-6).

Variable temperature PXRD experiments were performed on EtOH exchanged
samples of Y ftw-MOF-2. These experiments reveal a high degree of thermal stability of
this compound under vacuum in excess of 400°C (Figure 2. 33).

Figure 2. 32: PXRD of RE ftw-MOF-2 analogs and the calculated PXRD pattern based on Y ftw-MOF-2.
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Figure 2. 33: VT-PXRD of EtOH exchanged Y ftw-MOF-2 and comparison to the PXRD calculated from the
single crystal structure.

Various solvent exchanges were evaluated based on TGA analysis (Figure 2. 34,
Figure 2. 35 and Figure 2. 36) and EtOH exchange was determined to be the optimum
solvent for sorption studies.

Figure 2. 34: TGA analysis of the DMF washed RE ftw-MOF-2 analogs.
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Figure 2. 35: TGA analysis of the solvent exchanged Y ftw-MOF-2 analogs.

Figure 2. 36: TGA comparison of the DMF washed and EtOH exchanged Y ftw-MOF-2 analogs.

High and low pressure gas sorption studies were performed on samples of Y ftwMOF-2. Prior to the experiment, 20-100 mg of sample was washed thoroughly with DMF
to remove any unreacted reagents. Solvent exchange was subsequently performed by
washing the sample in ~10ml of absolute ethanol over the course of 4 days. The solution
was refreshed 3-4 times per day to ensure complete exchange of non-volatile solvents.
The sample is evacuated at room temperature using a turbo molecular vacuum pump
and then gradually heated to 160°C (increasing at a rate of 1C/min), held for 16 h and
cooled to room temperature.
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Preliminary sorption screening of nitrogen adsorption at 77 K revealed that the
increased rigidity of the TCPT ligand has led to a highly porous and thermally stable MOF
(Figure 2. 37).

Figure 2. 37: Activation screening, N2 Isotherms for Y ftw-MOF-2.

Investigation of Ar adsorption at 87 K showed that Y ftw-MOF-2 exhibits fully
reversible Type-I isotherm (Figure 2. 38), which is representative of microporous
materials. The apparent BET and Langmuir surface areas for Y ftw-MOF-2 were
estimated to be 3790 m2/g, 3730 m2/g respectively and a pore volume of 1.26 cm3/g,
which is in good agreement with the theoretical value (1.28 cm3/g) based on
crystallographic data. Pore size analyses were performed using a cylindrical/spherical
NLDFT pore model system by assuming an oxidic (zeolitic) surface. The pore size
distribution (PSD) of Y ftw-MOF-2 (Figure 2. 38) was determined to have a bimodal
distribution of pore sizes of 12 and 18 Å, which is in good agreement with the
corresponding structural description from crystallographic data (Figure 2. 29).
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Figure 2. 38: Argon Isotherm (87 K) and Pore Size Distribution plot for Y ftw-MOF-2.

In order to gain more insight on Y ftw-MOF-2 as an adsorbent, low pressure gas
adsorption measurements of CO2 and H2 were investigated. The determination of the
isosteric heats of adsorption (Qst) for H2 and CO2 was estimated 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 and 298 K. Low pressure H2 and CO2
studies showed relatively low uptake and weak interactions with Y ftw-MOF-2, as can be
confirmed from the isosteric heat of adsorption (Qst) (5.7 and 27 kJ/mol for H2 and CO2,
respectively) at low loading, determined from variable temperature isotherms (at 258,
268 and 278 K (Figure 2. 39) for CO2 and at 77 K and 87 K (Figure 2. 40) for H2).

Figure 2. 39: CO2 Isotherms (258 K, 268 K, 278 K) for Y ftw-MOF-2 and CO2 Qst for Y ftw-MOF-2.
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Figure 2. 40: H2 Isotherms (77 K and 87 K) for Y ftw-MOF-2 and H2 Qst for Y ftw-MOF-2.

To leverage the high surface area and high pore volume of this material, further
sorption studies of CO2, N2, CH4 and H2 at 298 K at high pressures were investigated.
Excess CO2 adsorption isotherm at high pressure (Figure 2. 42 and Figure 2. 43) showed
nearly full saturation at 25 bar and 273 K (24.62 mmol/g). This corresponds to a pore
volume of 1.17 cm3/g, which is close to the theoretical pore volume calculated from the
Ar isotherms at 87 K (1.26 cm3/g). The volumetric uptake at 25 bar and 298 K (278 cm3
(STP)/cm3) was only 7% lower than UTSA-2083 (300 cm3 (STP)/cm3) under the same
conditions.

Figure 2. 41: High pressure N2 adsorption and desorption isotherms for Y ftw-MOF-2 (298 K).
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Figure 2. 42: High pressure CO2 adsorption and desorption isotherms for Y ftw-MOF-2 (298 K).

Figure 2. 43: High pressure CO2 adsorption and desorption isotherms for Y ftw-MOF-2 (273 K and 298 K).

Examination

of

absolute

CH4

gravimetric

(mmol/g)

and

volumetric

(cm3(STP)/cm3) uptakes at intermediates and high pressures showed that Y ftw-MOF-2
adsorbs 32 and 174 cm3 (STP)/cm3 of CH4 at 5 and 50 bar, respectively (Figure 2. 44).
The resulting CH4 working storage capacity, assuming 50 as the highest adsorption
pressures and 5 bar as the lowest desorption pressure (following the requirement of the
engine methane injection pressure)84 is ca. 142 cm3 (STP)/cm3. This volumetric working
capacity, calculated assuming the density of Y ftw-MOF-2 is constant and equivalent to
the theoretical density, is significantly higher than UTSA-2083 (80cm3(STP)/cm3) and
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PCN-1485 but still lower than the working CH4 storage capacity calculated for NU-12584
(165 cm3(STP)/cm3) and tbo-MOF-2 ref 15 (152 cm3(STP)/cm3).

Figure 2. 44: High pressure methane adsorption and desorption isotherms for Y ftw-MOF-2 (298 K).

The CO2/N2 and CO2/CH4 selectivity, as determined using ideal adsorption
solution theory (IAST) was very modest (Figure 2. 46) in comparison to some MOF and
other classes of CO2 separation agents.

Figure 2. 45: Summary of high pressure adsorption isotherms for Y ftw-MOF-2 (298 K) for CO2, N2 and CH4.
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Figure 2. 46: IAST selectivity calculations for CO2/N2 and CO2/CH4 in a (50/50) mix at 298 K for Y ftw-MOF2.

High pressure adsorption studies of larger and relatively highly polarizable probe
molecules such as C2H6, C3H8 and n-C4H10 and iso-C4H10 (C2+) was also investigated on Y
ftw-MOF-2 (Figure 2. 47).

Figure 2. 47: Summary of high pressure adsorption isotherms for Y ftw-MOF-2 (298 K) for hydrocarbons.

The results were compared with the corresponding CO2 and CH4 adsorption to
estimate the potential for use in C2+/CH4 and n-butane/iso-butane separation (Figure 2.
48 and Figure 2. 49). Interestingly, the C2+ adsorption isotherms were much steeper at
low pressure than CH4, and also CO2, indicative of the high affinity of Y ftw-MOF-2 to
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C2+. Examination of single adsorption data using IAST confirmed the high selectivity of
C2+/CH4, particularly for gas pair systems such as C3H8/CH4 (ca. 50 at 1 bar ) and nC4H10/CH4 (ca. 450 at 1 bar) (Figure 2. 48). Y ftw-MOF-2 also showed a selectivity of 6
and 2.5 in favor of n-C4H10 vs. C3H8 and iso-butane, respectively at 1 bar and 298 K
(Figure 2. 49). Therefore, Y ftw-MOF-2 shows a promise as a separation agents
particularly for n-C4H10 from CH4 containing gas streams.

Figure 2. 48: IAST selectivity calculations for propane/methane and n-butane/methane in a (10/90) mix
(for Y ftw-MOF-2).

Figure 2. 49: IAST selectivity calculations for n-butane/propane and n-butane/iso-butane in a (50/50) mix
(for Y ftw-MOF-2).
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Figure 2. 50: PXRD of Y ftw-MOF-2 as synthesized, EtOH exchanged and samples after sorption
experiments and comparison to the PXRD calculated from the single crystal structure.

2.3.3.3 Further studies into RE ftw-MOFs
The successful synthesis of the highly porous Y ftw-MOF-2 prompted
investigation into pathways for modification of this promising MOF platform (Figure 2.
51). Subsequently, a series of RE ftw-MOFs were targeted and synthesized to illustrate
the tunability of this synthetic platform. The first in this series was the original ftw-MOF1 (already discussed) in which the ligand adopts a square conformation. The second in
the series ftw-MOF-2 (already discussed) was synthesized from a rectangular ligand,
which was expanded in one direction. Following this successful synthesis of ftw-MOFs
from a rectangular ligand, functional groups were added to the central core of TCPT
(ftw-MOF-2) resulting in Naphth and Anth ftw-MOF-2, which shows the potential to
tune the ligand with regard to functionality. Finally, ftw-MOF-3 was synthesized showing
that the ligand geometry can be expanded in two directions via lengthening the arms of
the ligand, resulting in the ligand having a geometry closer to square.
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Figure 2. 51: Pathways to obtain isoreticular ftw-MOFs. (Top) Original geometrically square ligand and
ligand expansion in one direction and ligand expansion in two directions. (Bottom) Functionalization of
central core.

2.3.3.3.1 RE ftw-MOFs with TCDPN
As a follow-up to ftw-MOF-1 and ftw-MOF-2, two analogs to ftw-MOF-2 were
designed and synthesized. In order to avoid altering the geometry of the ligand, the
central phenyl core was replaced by a napthahlene and an anthracene group. Thus
resulting in Naphth Y ftw-MOF-2 and Anth Y ftw-MOF-2.
A solvothermal reaction of RE(NO3)3 (RE= Y) and TCDPN with excess F-BzA, as a
reaction modulator, yields a 3-periodic MOF having the binodal edge transitive ftw
network topology. The single crystal X-ray diffraction studies reveal that Y Naphth ftw-
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MOF-2 crystallized in the cubic Im-3m space group with a formula unit of
(TCDPN3Y6(OH)8)(DMA)2 and cell parameters of a=b=c=39.8591 Å; α=β=γ=90.

Figure 2. 52: Synthetic scheme for synthesis of RE Naphth ftw-MOF-2

The Y Naphth ftw-MOF-2 structure is composed of ligands having a 1,4diphenylnaphthalene naphthalene core covalently linked in the 3,3”,5,5” positions to
the para position of benzoate moieties, thus forming a rectangular 4-connected MBB. A
cubic cage having Th symmetry is delimited by six ligands, the naphthyl ring of the
ligands are rotated to point into the center of the cage reducing the diameter from ~12
Å in the phenyl version to ~10 Å in Y Naphth ftw-MOF-2. The carboxylates coordinate to
the four 12-connected rare earth MBBs positioned at the vertices of the cube face on
which the ligand is situated. The ligands on the faces of the central cage are all puckered
inward; the ligand on the YZ plane is oriented lengthwise in the Z-direction, the ligand
on the XY plane is oriented lengthwise in the Y-direction and the ligand on the XZ plane
is oriented lengthwise in the X-direction. (Figure 2. 52) Adjacent to and each sharing one
face of the cubic cage are six larger cages having D2h symmetry. These larger cages are
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all related by symmetry and are distorted cubes, delimited by six ligands. The ligands on
two parallel faces of the distorted cube are oriented in the same direction with respect
to one another and are puckered inward, the bulk of the naphthyl group is pointing into
the adjacent cage; the remaining four faces are puckered outward and the ligands are
oriented end to end lengthwise. The bulk of the naphthyl group points into the cage,
reducing the cage diameter from (21 Å x 21 Å x 12 Å) in ftw-MOF-2, having a phenyl
core, to (10 Å x 13 Å x 14 Å) in Y Naphth ftw-MOF-2, having a bulkier naphthalene core.
(Figure 2. 52, Figure 2. 53)

Figure 2. 53: The two types of cages found in RE Naphth ftw-MOF-2. (Left) Highly symmetric cubic
geometry cage, yellow sphere represents the free space within the cage. (Right) Lower symmetry
distorted cubic cage, green ellipsoid represents the void space within the cage.

The Naphth ftw-MOF-2 is an isoreticular analog of the non-functionalized Y ftwMOF-2 compound, thus the topology is also analogous. As a (4,12)-connected network,
it can be interpreted as ftw topology (Table 2. 1) or ftw-a (Table 2. 2). When interpreting
the rectangular ligand as two 3-connected nodes (Table 2. 12) or two 3-connected
augmented nodes (Table 2. 13) the MOF is considered having a new topology.
As with the Y ftw-MOF-2, the Naphth ftw-MOF-2 was originally solvent
exchanged with EtOH for sorption experiments. Unfortunately the porosity was much
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less than anticipated (0.35 cc/g vs. 1.15 cc/g) (Figure 2. 54) Therefore this material was
screened for various solvent exchanges to identify the proper activation protocol
through use of VT-PXRD (Figure 2. 55, Figure 2. 56, Figure 2. 57, Figure 2. 58 and Figure
2. 59) and TGA analysis. (Figure 2. 60, Figure 2. 61 and Figure 2. 62) This analysis
revealed that acetone or acetonitrile were acceptable solvents for exchange.
Preliminary N2 screening studies showed that acetone was a suitable solvent for
exchange (Figure 2. 54).

Figure 2. 54: Activation screening, N2 Isotherms for Y Naphth ftw-MOF-2.

Figure 2. 55: PXRD of Y Naphth ftw-MOF-2 as synthesized, solvent exchanged and comparison to the
PXRD calculated from the single crystal structure.
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Figure 2. 56: VT-PXRD of Acetone exchanged Y Naphth ftw-MOF-2 and comparison to the PXRD calculated
from the single crystal structure.

Figure 2. 57: VT-PXRD of EtOH exchanged Y Naphth ftw-MOF-2 and comparison to the PXRD calculated
from the single crystal structure.

Figure 2. 58: VT-PXRD of CH3CN exchanged Y Naphth ftw-MOF-2 and comparison to the PXRD calculated
from the single crystal structure.
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Figure 2. 59: VT-PXRD of MeOH exchanged Y Naphth ftw-MOF-2 and comparison to the PXRD calculated
from the single crystal structure.

Figure 2. 60: TGA analysis of the DMF washed Y Naphth ftw-MOF-2 analog.

Figure 2. 61: TGA analysis of the solvent exchanged Y Naphth ftw-MOF-2 analogs.
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Figure 2. 62: TGA comparison of the DMF washed and Acetone exchanged Y Naphth ftw-MOF-2 analogs.

High and low pressure gas sorption studies were performed on acetone
exchanged samples of Y Naphth ftw-MOF-2. Prior to the experiment, 20-100mg of
sample was washed thoroughly with DMF to remove any unreacted reagents. Solvent
exchange was subsequently performed by washing the sample in ~10ml of acetone
refreshing the solution 3-4 times per day over the course of 4 days. Subsequently, the
sample was evacuated at room temperature using a turbo molecular vacuum pump and
then gradually heated to 140°C (increasing at a rate of 1C/min), held for 16 h and
cooled to room temperature.
Investigation of Ar adsorption at 87 K showed that Y Naphth ftw-MOF-2 exhibits
fully reversible Type-I isotherm (Figure 2. 64), which is representative of microporous
materials. The apparent BET and Langmuir surface areas for Y Naphth ftw-MOF-2 were
estimated to be 3040 m2/g and 3100 m2/g respectively and a pore volume of 1.05
cm3/g. This pore volume is in good agreement with the theoretical value (1.15 cm3/g)
based on the crystallographic structure. Pore size analyses were performed using a
cylindrical/spherical NLDFT pore model system by assuming an oxidic (zeolitic) surface.
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The pore size distribution (PSD) of Y Naphth ftw-MOF-2 (Figure 2. 64) was determined
to have a trimodal distribution of pore sizes (~8, 10 and 12 Å), which is in good
agreement with the corresponding structural description from crystallographic data
(Figure 2. 53).

Figure 2. 63: PXRD of Y Naphth ftw-MOF-2 as synthesized, EtOH exchanged and samples after sorption
experiments and comparison to the PXRD calculated from the single crystal structure.

Figure 2. 64: (Left) Ar Isotherm (87 K) and (Right) Pore Size Distribution plot for Y Naphth ftw-MOF-2.

In order to gain more insight on Y Naphth ftw-MOF-2 as a sorbent and to make a
comparison with Y ftw-MOF-2, low pressure gas adsorption measurements of CO2 and
H2 were investigated. The determination of the Qst for H2 and CO2 was estimated by
applying the Clausius-Clapeyron expression using the H2 sorption isotherms measured at
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77 K and 87 K (Figure 2. 66) and the CO2 isotherms measured at 258, 273 and 298 K
(Figure 2. 65). Low pressure H2 and CO2 studies showed relatively low uptake and weak
interactions with Y Naphth ftw-MOF-2, as can be confirmed from the Qst (6.5 and 25 kJ
mol-1 for H2 and CO2, respectively) (Figure 2. 65 and Figure 2. 66).

Figure 2. 65: (Left) CO2 Isotherms (258 K, 268 K, 278 K) for Y Naphth ftw-MOF-2. (Right) CO2 Qst for Y
Naphth ftw-MOF-2.

Figure 2. 66: (Left) H2 Isotherms (77 K and 87 K) for Y Naphth ftw-MOF-2. (Right) H2 Qst for Y Naphth ftwMOF-2.

Further sorption studies of CO2, N2, CH4 and H2 at 298 K at high pressures were
investigated. Excess CO2 adsorption isotherm at high pressure (Figure 2. 67) showed
nearly full saturation at 25 bar and 298 K (19.73 mmol/g). This corresponds to a pore
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volume of 1.2 cm3/g, which is close, but in slight excess of the theoretical pore volume
calculated from the Ar isotherms at 87 K (1.15 cm3/g). The volumetric uptake at 25 bar
and 298 K (271 cm3 (STP)/cm3) which is comparable to Y ftw-MOF-2 under the same
conditions.

Figure 2. 67: High pressure CO2 adsorption isotherm of Y Naphth ftw-MOF-2 at 298 K.

Examination

of

absolute

CH4

gravimetric

(mmol/g)

and

volumetric

(cm3(STP)/cm3) uptakes at intermediates and high pressures showed that Y Naphth ftwMOF-2 adsorbs 36 and 187 cm3 (STP)/cm3 of CH4 at 5 and 50 bar, respectively (Figure 2.
68). The resulting CH4 working storage capacity, assuming 50 as the highest adsorption
pressures and 5 bar as the lowest desorption pressure (following the requirement of the
engine methane injection pressure)84is ca. 151 cm3 (STP)/cm3. This volumetric working
capacity, calculated assuming the density of Y Naptht ftw-MOF-2 is constant and
equivalent to the theoretical density, is slightly higher than Y ftw-MOF-2.
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Figure 2. 68: High pressure CH4 adsorption isotherm of Y Naphth ftw-MOF-2 at 298 K.

High pressure adsorption studies (at 298 K) of larger and relatively highly
polarizable probe molecules C3H8 and n-C4H10 were also investigated on Y Naphth ftwMOF-2 (Figure 2. 70 and Figure 2. 71). The uptake for C3H8 and n-C4H10 reach saturation
at ~5 bar and 1 bar respectively. The total uptakes for these two gases (12 mmol/g and
10mmol/g respectively) are slightly less than was observed in Y ftw-MOF-2 (14 mmol/g
and 12 mmol/g), which is likely due to the reduced pore volume in the naphthylene
functionalized Naphth Y ftw-MOF-2.
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Figure 2. 69: High pressure N2 adsorption isotherm for Y Naphth ftw-MOF-2 at 298 K.

Figure 2. 70: High pressure C3H8 adsorption isotherm of Y Naphth ftw-MOF-at 298 K.
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Figure 2. 71: High pressure n-C4H10 adsorption isotherm of Y Naphth ftw-MOF-2 at 298 K.

2.3.3.3.2 RE ftw-MOFs with TCDPA
A solvothermal reaction of RE(NO3)3 (RE= Y) and TCDPA with excess F-BzA as a
reaction modulator, yields a 3-periodic MOF having the binodal edge transitive ftw
network topology. The structure was modeled using materials studio making the
reasonable assumption that the structure and topology is consistent with the previous
two ftw-MOF-2 analogs. It is assumed that Y Anth ftw-MOF-2 crystallized in the cubic
Im-3m space group with a formula unit of (TCDPA3Y6(OH)8)(DMA)2 and cell parameters
of a=b=c=40.37 Å; α=β=γ=90. (based on molecular modeling in Materials Studio)
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Figure 2. 72: Synthetic scheme for synthesis of RE Anth-ftw-MOF-2

The modeled Y Anth ftw-MOF-2 structure is composed of ligands having an
anthracene core covalently linked in the 9,10-positions to the 5-position of phenyl
groups which are further functionalized at the 1,3-positions with benzoate moieties,
thus forming a rectangular 4-connected MBB. A cubic cage having Th symmetry is
delimited by six ligands, the central anthracene ring system of the ligands are rotated to
point into the center of the cages further reducing the diameter from ~12 Å in the
phenyl version to ~7 Å in Y Anth ftw-MOF-2. The carboxylates coordinate to the four 12connected rare earth MBBs positioned at the vertices of the cube face on which the
ligand is situated. The model shows that the ligands on the faces of the central cage are
all puckered inward; the ligand on the YZ plane is oriented lengthwise in the Z-direction,
the ligand on the XY plane is oriented lengthwise in the Y-direction and the ligand on the
XZ plane is oriented lengthwise in the X-direction. (Figure 2. 72) Adjacent to and each
sharing one face of the cubic cage are six larger cages having D2h symmetry. These larger
cages are distorted cubes, which are delimited by six ligands. The ligands on two parallel
faces are oriented in the same direction with respect to one another and are puckered
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inward, the anthracene ring system of the ligands are rotated to point into the cage; the
remaining four faces are puckered outward and the ligands are oriented end to end
lengthwise, again the anthracene group is rotated to point into the cage, reducing the
cage diameter from (21 Å x 21 Å x 12 Å) in ftw-MOF-2, having a phenyl core, to (5 Å x 14
Å x 12 Å) in Anth FTW-MOF-2, having a bulkier anthracene core. (Figure 2. 72 and Figure
2. 73 )

Figure 2. 73: The two types of cages found in RE Anth-ftw-MOF-2. (Left) Highly symmetric cubic geometry
cage, yellow sphere represents the free space within the cage. (Right) Lower symmetry distorted cubic
cage, green ellipsoid represents the void space within the cage.

The Y Anth ftw-MOF-2 is an isoreticular analog of the non-functionalized ftwMOF-2 and Naphth ftw-MOF-2 compounds, thus the topology is also analogous. It can
be interpreted as ftw or ftw-a topologies (Table 2. 1 and Table 2. 2). Furthermore as
with the previous ftw-MOF-2 analogs, this compound can be considered having a new
unreported topology when dividing the rectangular ligand into two 3-connected nodes
(Table 2. 12) or as two augmented 3-connected nodes (Table 2. 13).
PXRD experiments were performed on the as synthesized sample to allow
comparison with the modeled structure (Figure 2. 74). The diffraction patterns are a
reasonable fit with regard to peak position, but peak intensities drastically differ. This is
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likely due to lack of solvent molecules and the rudimentary method used in structure
modeling/refinement. Further studies should be performed to either isolate conditions
allowing for synthesis of single crystalline product or investigation of possibilities for
structure refinement from high quality powder diffraction data.

Figure 2. 74: PXRD of Y Anth ftw-MOF-2 analogs and the calculated PXRD pattern based on the modeled
crystal structure.

Solvent exchange was performed with acetone following a similar procedure as Y
Naphth ftw-MOF-2. Subsequently, the sample was screened to determine that the
optimal activation temperature is 105°C (Figure 2. 75).

Figure 2. 75: Activation screening, N2 Isotherms for Y Anth ftw-MOF-2.
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Low pressure gas sorption studies were performed on exchanged and activated
samples of Y Anth ftw-MOF-2. Prior to the experiment, 20-100mg of sample was
washed thoroughly with DMF to remove any unreacted reagents. Solvent exchange was
subsequently performed by washing the sample with ~10ml aliquots of acetone over the
course of 4 days. The solution was refreshed 3-4 times per day to ensure complete
exchange of non-volatile solvents. The sample was evacuated at room temperature
using a turbo molecular vacuum pump and then gradually heated to 105°C (increasing at
a rate of 1C/min), held for 16 h and cooled to room temperature.
Investigation of Ar adsorption at 87 K showed that Y Anth ftw-MOF-2 exhibits
fully reversible Type-I isotherm (Figure 2. 76), which is representative of microporous
materials. The apparent BET and Langmuir surface areas for Y Anth ftw-MOF-2 were
estimated to be 2100 m2/g and 2500 m2/g respectively and a pore volume of 0.79
cm3/g, which is considerably lower than the theoretical value (1.09 cm3/g) based on
crystallographic data. This low value can be due to improper activation or impurities in
the sample. Pore size analyses were performed using a cylindrical/spherical NLDFT pore
model system by assuming an oxidic (zeolitic) surface. The pore size distribution (PSD) of
Y Anth ftw-MOF-2 (Figure 2. 76) was determined to have a broad distribution of pore
sizes centered around 6.5 Å, 8-10 Å, 12.5 Å, and 15 Å, which is in reasonable agreement
with the corresponding structural description from crystallographic data which shows
cage diameters of (5 Å, 7 Å, 12 Å,and 14 Å ) (Figure 2. 73).
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Figure 2. 76: Argon Isotherm (87 K) and Pore Size Distribution plot Y Anth ftw-MOF-2.

In order to gain more insight on Y Anth ftw-MOF-2 as a sorbent, low pressure gas
adsorption measurements of CO2 and H2 were investigated. The determination of the
isosteric heats of adsorption (Qst) for H2 and CO2 was estimated 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 and 298 K. Low pressure H2 and CO2
studies showed relatively low uptake and weak interactions with Y Naphth ftw-MOF-2,
as can be confirmed from the isosteric heat of adsorption (Qst) (7 and 22.5 kJ/mol for H2
and CO2, respectively) at low loading, determined from variable temperature isotherms
(at 258, 268 and 278 K (Figure 2. 77) for CO2 and at 77 K and 87 K (Figure 2. 78) for H2).
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Figure 2. 77: CO2 Isotherms (258 K, 268 K, 278 K) for Y Anth ftw-MOF-2. CO2 Qst for Y Anth ftw-MOF-2.

Figure 2. 78: H2 Isotherms (77 K and 87 K) for Y Anth ftw-MOF-2. H2 Qst for Y Anth ftw-MOF-2.

Further preliminary low pressure sorption studies of CH4, C2H4, C3H8, n-C4H10 and
iso-C4H10H2 at 298 K were investigated (Figure 2. 79). To allow for a complete
comparative study with the previous two ftw-MOF-2 analogs, further high pressure
studies should be performed to allow calculation of adsorption selectivity to compare
with the other ftw-MOF-2 analogs.

169

Figure 2. 79: Low pressure isotherms of hydrocarbons (298 K) for Y Anth ftw-MOF-2.

2.3.3.3.3 RE ftw-MOF with TCEPT
To further explore this platform and increase the porosity of the resulting
materials. Expansion of the “arms” of the ligand was accomplished by adding an alkyne
linkage between the terphenyl core (of TCPT) and the benzoic acid moieties. This
resulted in a more geometrically square ligand, TCEPT, thus reducing the torsion and
strain on the ligand and likely promoting the formation of a further expanded ftw-MOF
(Y ftw-MOF-3) as opposed to a MOF having scu topology (See Section 2.2.3.2) or an
unpredicted topology resulting from synthesis of another cluster.
A solvothermal reaction of RE(NO3)3 (RE= Y) and TCEPT with excess F-BzA, as a
reaction modulator, yields a 3-periodic MOF having the binodal edge transitive ftw
network topology. The single crystal X-ray diffraction studies reveal that Y ftw-MOF-3
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crystallized

in

the

cubic

Im-3m

space

group

with

a

formula

unit

of

(TCEPT3Y6(OH)8)(DMA)2 and cell parameters of a=b=c=48.1112 Å; α=β=γ=90.

Figure 2. 80: Synthetic scheme for synthesis of RE ftw-MOF-3.

The ftw-MOF-3 structure is composed of ligands having a para-terphenyl core
covalently linked in the 3,3”,5,5” positions to the para position of benzoate moieties
through an alkyne group, thus forming a slightly rectangular 4-connected MBB. A cubic
cage ~19 Å in diameter, having Th symmetry, is delimited by six ligands, the carboxylates
coordinate to the four 12-connected rare earth MBBs positioned at the vertices of the
cube face on which the ligand is situated. The ligands on the faces of the central cage
are all slightly puckered inward; the ligand on the YZ plane is oriented lengthwise in the
Z-direction, the ligand on the XY plane is oriented lengthwise in the Y-direction and the
ligand on the XZ plane is oriented lengthwise in the X-direction. (Figure 2. 81) Adjacent
to and each sharing one face of the cubic cage are six larger cages having D2h symmetry.
This larger cage (24 Å x 22 Å x 18 Å) is a distorted cube, delimited by six ligands. The
ligands on two parallel faces are oriented in the same direction with respect to one
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another and are puckered inward; the remaining four faces are puckered outward and
the ligands are oriented end to end lengthwise. (Figure 2. 81)

Figure 2. 81: The two types of cages found in RE ftw-MOF-3. (Left) Highly symmetric cubic geometry cage,
yellow sphere represents the free space within the cage. (Right) Lower symmetry distorted cubic cage,
green ellipsoid represents the void space within the cage.

As with the previous ftw-MOF-2 compounds, ftw-MOF-3 is an isoreticular analog
of ftw-MOF-2, thus the topology is also analogous. It can be interpreted as ftw or ftw-a
network topology (Table 2. 1 and Table 2. 2) and furthermore when dividing the
rectangular ligand into two 3-connected nodes (Table 2. 12) or two augmented 3connected nodes (Table 2. 13) this MOF can be analyzed as having a new topology.
PXRD experiments were performed to confirm the bulk phase purity of Y ftwMOF-3. The calculated and experimental PXRD patterns are consistent with regard to
peak position, but peak intensities differ which is commonly seen as a result of solvent
molecules which may not be resolvable in the SXRD structure.
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Figure 2. 82: PXRD of Y ftw-MOF-3 and the calculated PXRD pattern based on the Y ftw-MOF-3 single
crystal structural data.

2.3.3.4 Conclusion

Figure 2. 83: Summary of RE ftw-MOFs synthesized.

These result presented herein give evidence that the RE ftw-MOF platform is
robust and suitable for targeting additional expanded or functionalized ftw-MOFs. Three
pathways for modification have been shown and explored as shown in Figure 2. 83 and
Figure 2. 51:
1) Expansion of the ligand in one direction (ftw-MOF-2).
2) Functionalization of the ligand (Naphth and Anth ftw-MOF-2)
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3) Expansion of the ligand in two directions (ftw-MOF-3).
The Y ftw-MOF-2 and Y Naphth ftw-MOF-2 compounds are highly porous and at
present exhibit the highest and second highest surface areas, respectively, for rare earth
based MOFs (Table 2. 14). Preliminary studies, not included herein, show that Y ftwMOF-3 also is porous, although the pore volume and surface areas are only
approximately 1/3 of the expected values. Optimization of synthetic, exchange and
activation conditions will surely improve the experimental porosity of this higher
porosity MOF (as compared to ftw-MOF-2).
Table 2. 14: Porosity summary for reported ftw-MOFs and select rare earth MOFs.
Compound

BET
2
a
(m /g)

Langmuir
2
a
(m /g)

Calculated
Density
b
(g/cc)

% Free
Volume

Y ftw-MOF-2

3790

3730

0.595

Y Naphth ftw-MOF-2

3040

3100

Y Anth ftw-MOF-2

2100

Y ftw-MOF-3
Tb UTSA-61a
Y-F-BPTZB

86

Experimental
3
a
P. V.(cm /g)

Calculated
P.V.
3
c
(cm /g)

73%

1.26

1.28

0.615

71%

1.05

1.15

2500

0.634

69%

0.79

1.09

n/a

n/a

0.366

82%

n/a

2.26

770

1510,
1900

0.474

79%

0.67

1.66

2410

n/a

0.638

66%

0.94

1.03

Gas separations are an important part of industrial processes. Some of the
processes relevant to the work herein include: natural gas upgrading (involves removal
of CO2 from CH4), purifications of hydrocarbons, and removal of CO2 from flue gas
(predominantly composed of N2). Y ftw-MOF-2 showed promising results for CH4
storage as well as potential for hydrocarbon separations.
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Although it was anticipated that additional functionality (Naphthyl group) would
improve the adsorption selectivity of this compound, unfortunately this modification
didn’t significantly impact the ability of this platform to perform gas separations in the
gases we analyzed, other functional groups could be included which may allow for
greater impact (i.e. –OH, -NH2, Alkanes, etc.) These further studies are proposed herein
to investigate further functionalization of the expanded ftw-MOF-2 series of
compounds.
Unfortunately the reduced pore size of the functionalized ftw-MOF-2
compounds resulted in reduced pore volume and thus lower total uptake (for
hydrocarbons at saturation). It was anticipated that this would be offset by steeper
isotherms at lower pressure resulting from the smaller cavities which should improve
the energetics of sorption. As can be seen from a direct comparison of the N2, CH4, C3H8,
and iso-C4H10 and n-C4H10 isotherms (Figure 2. 84, Figure 2. 85, Figure 2. 86 and Figure 2.
87), there is not a significant increase in low pressure capacities for these sorbates.

Figure 2. 84: N2 adsorption isotherm comparison of Y ftw-MOF-2 (black) and Y Naphth ftw-MOF-2(blue) at
298 K.
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Figure 2. 85: C3H8 adsorption isotherm comparison of Y ftw-MOF-2 (black) and Y Naphth ftw-MOF-2(blue)
at 298 K.

Figure 2. 86: n-C4H10 adsorption isotherm comparison of Y ftw-MOF-2 (black) and Y Naphth ftw-MOF2(blue) at 298 K.

Figure 2. 87: CH4 adsorption isotherm comparison of Y ftw-MOF-2 (black) and Y Naphth ftw-MOF-2(blue)
at 298 K.
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Although the hydrocarbon selectivities were not significantly impacted, the Y
ftw-MOF-2 and Y Naptht ftw-MOF-2 compounds still show impressive CH4 uptakes at
298 K and 35 Bar and 50 Bar, more specifically their working capacities, 113 cc/cc and
110 cc/cc respectively (working capacity here is the deliverable amount of CH4 between
35 and 5 bar) are some of the highest reported. Comparison to the best performing
MOFs for CH4 sorption are shown below in Table 2. 15.
Table 2. 15: Volumetric CH4 working capacity using adsorption and desorption at 5 bar and (35 or 50) bar,
respectively for Y ftw-MOF-2, T Naphth ftw-MOF-2, USTA-20, PCN-14, NU-125, NU-111, HKUST-1 and the
DOE target.

Adsorbent

Y ftw-MOF2
Y Naphth
ftw-MOF-2
UTSA-20
PCN-14
NU-125
NU-111
HKUST-1
DOE Target

Estimated CH4
adsorption
(Total) uptake
3
at 5 bar cm
3
(STP)/cm

Total uptake
3
at 35 bar cm
3
(STP)/cm

Working
Capacity
5-35 bar

Estimated CH4
adsorption
(Total)uptake at
3
50 bar cm
3
(STP)/cm

Working storage
(Total) uptake (5 bar
– 50 bar)
3
3
cm (STP)/cm

32

145

113

174

142

36

145

110

187

151

90
90
50
30
90
n/a

178
220
180
140
225
263 (0.5 g/g)

88
130
130
110
135

178*
220*
215
175
242

80*
130*
165
145
152

*Data only available to 35 Bar.
2.3.4 RE scu-MOF from Carbazole Based Ligand (PBCDC)
It was shown that when the rectangular TCPT ligand is reacted with Zr/Hf salts
the resulting MOF is composed of an 8-connected hexanuclear cluster linked through a
the 4-connected ligand resulting in a MOF with scu topology (Section 2.2.3.2). As
mentioned in the previous section (Section 2.3.3.2), a similar reaction with TCPT and RE
salts surprisingly didn’t result in an scu-MOF having (8-connected inorganic hexanuclear
clusters), but rather a MOF composed of linked 12-connected hexanuclear clusters
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formed resulting in a MOF having ftw topology (Y ftw-MOF-2). In order to validate the
theory that a more rectangular ligand will promote the formation of an 8-connected
MBB, due to geometric constraints, a rigid rectangular ligand was synthesized from
carbazole-3,6-dicarboxylic acid moieties, two of which were linked through a central
phenyl core resulting in a carbazole based tetracarboxylate functionalized ligand
PBCDC.87 The aspect ratio of this ligand is much more rectangular than the previously
mentioned ligands (TetPOMB and the TCPT based ligands see Table 2. 16) (0.59 vs. 1.0
vs. 0.78) furthermore, the angle between carboxylates is 90° in PBCDC vs. 120° in the
previously described MOFs.
Table 2. 16: Crystallographically determined and geometry optimized ligand dimensions and aspect ratios.

Geometry
Optimized
Width (Å)
Geometry
Optimized
Length (Å)
Geometry
Optimized
Aspect Ratio
Crystallograp
hically
Determined
Width (Å)
Crystallograp
hically

PBCDC

TetPOMB

TCPT

TCDPN

TCDPA

TCEPT

8.009

13.026

12.491

12.481

12.486

16.994

13.578

13.523

15.943

15.733

15.791

18.901

0.59:1

0.96:1

0.78:1

0.79:1

0.79:1

0.90:1

8.120

12.738

12.311

12.309

N/A

16.462

13.250

12.738

15.531

15.290

N/A

18.702
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Determined
Length (Å)
Crystallograp
hically
Determined
Aspect Ratio

0.61:1

1:1

0.79:1

0.80:1

N/A

0.88:1

A solvothermal reaction of RE(NO3)3 (RE= Y) and PBCDC with excess F-BzA as a
reaction modulator, yields a 3-periodic MOF having scu network topology. The single
crystal X-ray diffraction studies reveal that Y scu-MOF-7 crystallized in the Orthorhombic
Cmmm space group with a formula unit of (PBCDC4Y12(OH)16)(Solvent)x and cell
parameters of a= 14.903 Å;b= 24.764 Å;c= 19.923 Å; α=β=γ=90.

Figure 2. 88: Synthetic scheme for synthesis of Y scu-MOF-7.

Poor quality twinned crystals allowed for determination of a preliminary
structure in which the Y metal centers were well refined anisotropoically. The PBCDC
ligand, although clearly visible as strong electron densities, could only be refined
isotropically with geometric restraints placed on the atoms. The terminal molecules
coordinated to the open position of the hexanuclear cluster could not be clearly
identified, nor could the counterions or solvents in the pores of the structure.
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This MOF is composed of 8 and 4-connected building blocks. The 4-connected
organic MBB is the tetratopic PBCDC ligand, which coordinates through all four
carboxylates to separate crystallographically related 8-connected (M6(OH)8L8X8) (M= Y)
(X=coordinated solvent or modulator) metal clusters (Figure 2. 88). This results in
diamond shaped 1-dimensional channels running along the Z-axis. These channels are
delimited by PBCDC ligands, which form the walls of the channel. To the coordination
sites on the metal cluster (in the XY-plane), which are not occupied by PBCDC, are
coordinated either 8 solvent molecules, 8 –OH groups or 4 F-BzA molecules. Thus these
sites point into the 1-dimensional channels. As mentioned previously, the structure
refinement was not high enough resolution to resolve the coordinated species.
This material has not been fully characterized due to difficulties in identifying
proper conditions for sample activation. Several solvents were used in solvent
exchanges PXRD and VT-PXRD plots are shown, which confirm structural integrity in the
presence of various solvents and at elevated temperatures. (Figure 2. 89, Figure 2. 90,
Figure 2. 91 and Figure 2. 92)

Figure 2. 89: PXRD pattern of Y scu-MOF-7 after solvent exchange with various solvents.
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Figure 2. 90: VT-PXRD patterns on EtOH exchanged Y scu-MOF-7 sample.

Figure 2. 91: VT-PXRD patterns on acetonitrile exchanged Y scu-MOF-7 sample.

Figure 2. 92: VT-PXRD patterns on EtOH exchanged Y scu-MOF-7 sample.
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Two of the most promising sorption and activation attempts are shown in Figure
2. 93. The crystallographic free volume is estimated to be 64%, the density 0.881 g/cc
and the calculated pore volume based on the crystallographic data is estimated to be
0.73 cc/g. The nitrogen isotherms at 77 K are correspond to pore volumes of (~0.1 and
0.3 cc/g) for the traditional activation process and an acid assisted activation process
respectively (Figure 2. 93).

Figure 2. 93 Nitrogen sorption isotherms comparison of Y scu-MOF-7 utilizing traditional and acid assisted
activation methods.

Further studies should be performed on this compound to identify better
synthetic and/or activation procedures as this compound has potential for a high degree
of porosity and thermal/chemical stability. It is likely that there is a significant excess of
modulator coordinated to the inorganic MBB. This presumption is based on the crystal
structure where weak electron density can be seen which overlaps with the carbazole
ligand. The geometry of the overlapping electron density is consistent with what would
be expected for partial occupancy of the carbazole based ligand and partial occupancy
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of coordinated modulator. Furthermore during the evacuation and heating process for
sorption screening, white solid deposited on the cool portion of the stem of the sample
holder. Although this solid was not analyzed, there is a strong possibility that this is
modulator which sublimed from the sample due to high temperature heating.
2.3.5 Other RE MOFs
During the course of this research several other new compounds were
synthesized and analyzed by SXRD, several examples are shown below. Preliminary
activation and sorption studies on the first two compounds were performed but these
materials were not shown to be porous.
2.3.5.1 Y-BTeB MOF
A commercially available rectangular ligand Benzene-1,2,4,5-tetrabenzoic acid
(BTeB) was utilized in an early attempt at synthesis of a MOF having ftw or scu topology.
Synthetic conditions with or without F-BzA (as a modulator) did not result in formation
of a hexanuclear cluster. Instead, the resulting dense MOF was composed of a 4connected binuclear clusters, resulting in a (4,4)-connected network topology.
2.3.5.2 Br-BTeB (Y csq-MOF-4)
A dibromo functionalized version of the BTeB ligand, benzene 2,5-dibromo1,2,4,5-tetrabenzoic acid (Br-BTEB), was used in attempts at synthesis of a hexanuclear
RE MOF. The rationale behind use of this functionalized ligand was to add bulk to the
central portion of the ligand thus disrupting the packing of the ligand in the Y BTeBMOF. This approach offers a possibility to force the formation of a different topology
than the 4,4-connected network topology and promote the formation of a hexanuclear
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MBB based RE MOF. Surprisingly these reaction conditions resulted in an unexpected
tetranuclear butterfly like 8-connected inorganic MBB and a MOF having the edge
transitive binodal csq topology.
A solvothermal reaction of RE(NO3)3 (RE= Y) and Br2-BTEB with excess F-BzA as a
reaction modulator, yields a 3-periodic MOF having csq network topology. The single
crystal X-ray diffraction studies reveal that Y csq-MOF-4 crystallized in the Hexagonal
P6/m space group with a formula unit of (Br-BTEB2Y4(OH)2)(Solvent)x and cell
parameters of a=b=26.51 Å; c= 16.6567 Å; α=β=90; γ=120. PXRD analysis was performed
to confirm bulk purity of the compound (Figure 2. 94).

Figure 2. 94: PXRD of Y csq-MOF-4 and the calculated PXRD pattern based on the Y csq-MOF-4 single
crystal structural data

This MOF is composed of 8 and 4-connected building blocks. The inorganic MBB
is composed of four co-planar metal centers (M-1, M-2,M-2’,M-1’) in the XY-plane which
can be described as sitting on the vertices of a geometric diamond having angles of 120°
and 60°. M-1 and M-1’ are related by symmetry as are M-2 and M-2’. The metal centers
are linked through two µ-3 oxo groups, which are also in the same plane as the metal
centers. The first oxo group links M-1, M-2, and M-2’, the second links M-2, M-2’ and M-
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1’. Coordinating in a bismonodentate fashion to M-1 and M-2 are two benzoate
moieties from the Br-BTeB ligand, the carboxylates are oriented ~30° above and below
the plane of the MBB. Similarly the metal centers M-1 and M-2’ also have the similar
coordination environments due to the symmetry of this compound, and the
carboxylates although pointing above and below the XY-plane have 60° difference in
directionality from the carboxylates coordinated to M-1 and M-2. Furthermore the
remaining carboxylates and metal center are related by a mirror plane along the Z-axis
and passing through M-2 and M-2’, this orients the newly generated carboxylates
(coordinated to M-2 and M-1’, M-2’ and M-1’) to have a 120° angle between their
crystallographically related counterparts.
The tetratopic Br2-BTEB ligand coordinates through all four carboxylates to
separate 8-connected (M4(OH)4L8) metal clusters, the ligand is oriented lengthwise along
the Z-direction. This results in formation of Y csq-MOF-4 which can topologically be
described as a pillared kagome lattice.88 This topology has been previously reported in
literature by the Yaghi group, the example is composed of 4-connected porphyrin based
ligands and 8-connected hexanuclear Zr clusters.71
Solvent exchange, preliminary sorption, ambient PXRD (Figure 2. 95) and VTPXRD (Figure 2. 96) studies were performed on the Y csq-MOF-4 compound. Although
the sample appears to be stable (i.e. it mains crystallinity) when heated under vacuum,
N2 sorption experiments do not show this material to be porous under the experimental
conditions utilized.
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Figure 2. 95: PXRD of Y csq-MOF-4 as synthesized, Solvent exchanged and comparison to the PXRD
calculated from the single crystal structure.

Figure 2. 96: VT-PXRD of acetone exchanged Y csq-MOF-4 and comparison to the PXRD calculated from
the single crystal structure.

2.3.5.3 Y TCPT (No Modulator)
As a final brief note regarding the role of the modulator, the reaction conditions
which allowed formation of Y ftw-MOF-2 were modified by reducing and further
eliminating the amount of F-Benzoic acid. When the amount was sufficiently reduced
(<5 eq.) or when no modulator was used, a new phase occurred which was composed of
a linked dinuclear inorganic MBBs, confirming the presence of modulator is necessary
for formation of the hexanuclear cluster. This MOF was only quickly screened by SXRD
and no further characterization was performed. (i.e. sorption, TGA, etc.)
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2.3.6 Conclusion
Based on the above examples, it is apparent that the modulator plays an
important role in the formation of single crystalline MOFs based on polynuclear group IV
clusters. Furthermore it has been shown that formation of a related rare earth based
hexanuclear cluster is possible by using fluorinated ligands. The fluorinated ligand can
either be in the form of a fluorinated polytopic organic MBB or as a fluorinated reaction
modulator.
In this work by utilizing the modulator approach, successful synthesis of a series
of MOFs was accomplished. The group IV and RE based hexanuclear MBB has shown a
high degree of structural versatility, allowing for formation either a 12-connected and
an 8-connected MBB. Initially, through use of flexible ligands, the ideal ftw network
topology was targeted and synthesized (ftw-MOF-1). Unfortunately due to the flexibility
of the ligand, the compound didn’t retain porosity and collapsed under vacuum. In an
attempt to isolate a structurally robust and porous MOF, a more rigid rectangular
tetracarboxylate ligand was designed and reacted with metal salts under similar
conditions to ftw-MOF-1. Initially when reacted with ZrCl4, an 8-connected MBB was
formed, having terminal modulator completing the coordination sphere of the cluster,
resulting in a flexible MOF having scu topology. Further studies with RE based metal
salts surprisingly resulted in a highly porous ftw-MOF, ftw-MOF-2. This MOF showed a
high degree of porosity and in fact at present has the highest specific surface area for RE
based MOFs (>3700 m2/g). ftw-MOF-2 also shows promise in CH4 storage and
hydrocarbon separations (C3H8/CH4 (selectivity of ca. 50 at 1 bar ) and n-C4H10/CH4
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(selectivity of ca. 450 at 1 bar)). Subsequently two additional functionalized
(naphthalene and anthracene) versions of ftw-MOF-2 were synthesized and analyzed. It
was anticipated that the condensed pore structure of these functionalized ftw-MOF-2
analogs would enhance the uptake of hydrocarbons and/or CO 2, thus resulting in
sorption based selectivity enhancements. Unfortunately, the reduction of the total pore
volume, due to the functional groups, decreases the maximum total uptake and
overshadows any enhancement due to improved energetics resulting from pore
confinement effects.
Finally, expansion of the TCPT ligand through inclusion of alkyne groups in the
‘arms’ of the ligand resulted in synthesis of the final ftw-MOF, ftw-MOF-3. Although this
compound shows porosity, the conditions to synthesize and activate the sample have
not been optimized and the full extent of porosity and sorption properties has not been
investigated at this time.
Overall this research lays the groundwork for additional studies in which
targeted functionality (e.g. –NH2) can be added to the ftw-MOF-2 series of compounds,
or analogs of ftw-MOF-3 could be synthesized, thus allowing for specific enhancements
to gas sorption properties (e.g. CO2). Furthermore, the ligand can likely be further
expanded, so long as the deviation from being geometrically square is not too great.
This would allow more highly porous compounds which could permit greater diversity of
functionalization of the central core of the ligand.
Finally scu-MOF-2 and scu-MOF-7 elucidate that there are potentially more
structures and network topologies which can be isolated through subtly changing the
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geometry of the ligand. These geometric changes can be the ligands aspect ratio (length
to width ratio) or the angle between carboxylates, both of which were adjusted in this
work to obtain scu-MOFs.
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Chapter 3: Supermolecular Building Block Approach to MOF Synthesis
3.1

Introduction
As discussed in the previous chapter, one method successfully used to exploit

the modularity of MOFs is the molecular building block (MBB) approach to MOF
synthesis; in other words viewing MOFs as being composed of independently selected
organic and inorganic building blocks, each having a specific geometry. For clarity the
definitions of two terms secondary building units (SBUs)1-6 and molecular building blocks
(MBBs)3, 6-9 will be briefly reintroduced. In the context of this research, the MBB is the
molecular or chemical entity whereas the SBU is a geometric representation of the
molecular entity, which can be depicted as a vertex figure (Figure 3.1).

Figure 3.1: (Left) Binuclear Copper paddlewheel MBB (Right) Geometric representation of the
paddlewheel as a 4-connected SBU.

Use of predetermined geometric building blocks in MOF synthesis has allowed
vast improvements in the ability to rationally design MOF materials.6,

7, 10-15

One key

advantage to this synthetic method is that knowledge of the most likely obtained
inorganic building blocks (MBBs) and its corresponding geometries (SBU) can be ideally
used to predesign material with desirable connectivities (i.e. zeolitic or non-
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interpenetrating topologies) and further tune the materials properties through
isoreticular

6, 12

chemistry. This approach doesn’t guarantee successful synthesis of a

MOF with the desired topology, particularly in the case of combining low connectivity or
non-rigid building blocks which can result in many potential topological outcomes.
Nevertheless, the MBB approach at the very least limits the potential outcomes to those
which can be achieved based on the geometries of the targeted building blocks.
Although the MBB/SBU approach is a very powerful design method, and has
allowed for the synthesis and design of many new materials, there are some limitations
outlined below:
1) In comparison to simple MBBs (paddlewheel or basic zinc acetate cluster), it
may be difficult to isolate the proper conditions to reliably form complex
polynuclear MBBs in-situ.
2) MBBs tend to be of relatively low connectivity (4-8)10, 16-23
3) The largest limitation lies in the fact that the combination of one or two
geometric nodes rarely result exclusively in one topology. (See Table 3.1 for
uninodal nets and Table 3.2 for binodal nets.24)
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Table 3.1: Number of enumerated nets for uninodal nets (per RCSR).
Nodality

Connectivity

Number of Topologies

Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal
Uninodal

3
4
5
6
7
8
9
10
11
12
13
14
15
16

61
196
238
227
134
70
30
17
7
10
0
5
0
1

Number of Uninodal Edge
Transitive Topologies
1
10
0
6
0
5
0
0
0
3
0
0
0
0
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Table 3.2: Number of enumerated binodal nets (per RCSR).
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Table 3.3: Number of enumerated edge transitive binodal nets (per RCSR).
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Two approaches can be used to improve structural and topological predictability;
the first is through targeting binodal nets. The most straightforward method to target a
binodal net is by using a ligand having greater connectivity than two, in this instance the
ligand acts as one node and the metal cluster, assuming only one type of metal cluster
forms, acts as the second node. The geometry of the metal cluster as well as the
connectivity and geometry of the ligand can be judiciously selected allowing access to
diverse topologies, targeting of specific topologies, or if desired the ability to deviate
from the default structures.
Secondly, predictability of structure can be achieved through targeting high
connectivity nodes. Analysis of the topologies reported in the RCSR (Table 3.2 and Table
3.3) shows a general trend in which the higher the connectivity (coordination number)
of at least one of the nodes in binodal nets, the more limited the potential topological
outcomes.24 Unfortunately, the connectivity of most ligands are 2-, 3-, or 4-connected
with some examples of 6, refs.25-30 8refs.7, 31, 32 or in rare cases 12ref.points of extension or
coordinating functional groups. Likewise, the majority of inorganic clusters reported in
MOF chemistry have connectivities of 12refs. 15, 33 or less, with most examples having 4-9
refs.5, 9, 34-39

points of extension. There are some recent examples of metal clusters having

higher connectivity,40 although they are rare and at present most of such clusters are
difficult to synthesize, predict and/or determine conditions to consistently form in-situ.
It was shown in the previous chapter on MBBs that conditions have been
elucidated to allow for formation of a hexanuclear group IV or RE based cluster which
allows access to a unique 12-connected inorganic MBB. This MBB when combined with
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a linear ligand or a quadrangular ligand resulted in MOFs having fcu or ftw topology
respectively. The present chapter illustrates a method of targeting higher connectivity
nodes based on the SBB concept. Similar to how conceptually MBBs are based on linking
discrete inorganic clusters through polytopic ligands, the SBB approach instead links
hierarchically more complex building blocks based on metal-organic polyhedra (MOPs).
3.1.1 Supermolecular Building Blocks (SBBs)
To elaborating on the hierarchical design method known as the ‘supermolecular
building block approach’, several examples will be presented. The SBB approach utilizes
the knowledge that certain motifs, which are composed of a combination of MBBs, are
likely to form under specific synthetic conditions. In the case of the research reported
herein, these motifs can be described as ‘metal-organic polyhedra’. Examples of some
discrete

MOPs,

reported

rhombicuboctahedra,44,

45

in

cubes,46,

literature,
47

supertetrahedra,41-43

include

octahedra,44,

45,

48,

49

and various other

geometries.50-52 Many of these have further been used as SBBs and extended into MOFs
through two approaches: ligand functionalization44,

45

or use of N-donor coordinating

ligands to link the MOPs through their open metal sites. 49 In addition to allowing for
access to more highly connected nodes, there are a number of additional benefits of
utilizing SBBs as opposed to more dense metal clusters in the construction of MOFs.
SBBs allow for additional control of porosity due to the MOPs typically having an open
structure and inherent porosity; additionally, SBBs impart a high degree of control in the
connectivity of the node. This can be controlled through the method of incorporation of
the MOP into a 3-P structure (N-donor ligand vs. ligand functionalization).
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The design of SBB based MOFs can be facilitated by looking to the relatively large
number of MOPs reported in literature.53, 54 These existing MOP examples can be used
as a guide to what functionality and geometries are appropriate for MOP synthesis. In
order to synthesize hierarchically more complex materials built up from these MOPs
several points should be taken into consideration.
1) The organic ligand should have the proper geometry to allow formation of
the desired MOP. (i.e. 120° angle between functional groups for targeting the
‘nanoball’ (See Section 3.1.1.1)
2) The organic ligand should have the proper functionality to allow formation of
the appropriate inorganic MBB. (i.e. Carboxylates for formation of
paddlewheel)
3) Additional exterior functionality should be present which permits linking of
the MOPs thus forming 3-P structures. This external functionality can be in
the form of open metal sites or functional groups on the ligand.
Points 1 and 2 are self-explanatory, and can often be determined based on
modifications of literature examples or though geometrical analysis. The third point
relates to the formation of the MOF, and determines whether a single ligand or mixed
ligand approach will be used as well as the appropriate stoichiometric ratios for
synthesis.
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Figure 3.2: Two examples of MOPs which can be utilized in the construction of MOFs and the inorganic
and organic MBB for their construction.

Shown in Figure 3.2 are two examples of the variety of reported MOPs along
with an example of the inorganic and organic MBBs which can be utilized in their
construction. It is important to note that the carbazole based MOP has a 90° angle
between the two carboxylates, which promotes formation of this ‘octahedral’ MOP.
Likewise, the 120° angle of the isophthalic acid based ligand promotes formation of this
‘cuboctahedral’ MOP. When incorporated into a MOF, both of these MOPs can be
viewed in several ways with regard to topology. Figure 3.3 and Figure 3.4 show the
possible points of extension of the MOPs.
The carbazole based MOP can act as 6-connected octahedral node if the
paddlewheels are taken as the point of extension. This would occur in a mixed ligand
system containing carbazole dicarboxylic acid and a bipyridine based ligand. The second
option is to utilize this MOP as a 12-connected node if the nitrogen of the carbazole is
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functionalized by a coordinating group, or by covalently linking two carbazole
dicarboxylic acid groups together an organic core (e.g. 1,4-substituted benzene).

Figure 3.3: Carbazole dicarboxylic acid (L) based L12(Cu2)8 MOP. (Top) Center: Octahedral SBU
representation when point of extension is through a nitrogen donor coordinated through the copper
paddlewheel, shown on right. (Bottom) Center, cuboctahedral SBU representation, when point of
extension is through functionalization of the nitrogen of the carbazole based ligand.

The cuboctahedral MOP (which will be referred to as a ‘Nanoball’ from here on)
can also act as two types of nodes in a MOF (Figure 3.4), a 12-connected node if a
polytopic nitrogen donor based ligand coordinates through the apical position of the
paddlewheels. A second option is through functionalizing the 5-position of the
isophthalic acid with a coordinating group, this results in the nanoball being externally
functionalized with 24 groups which can be viewed as a 24-connected node. This 24connected nanoball based SBB is the basis for synthesizing the MOFs in this chapter.
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Figure 3.4: Isophthalic acid (L) based L24(Cu2)12 MOP. (Top) Center: Cuboctahedral SBU representation
when point of extension is through a nitrogen donor coordinated through the copper paddlewheel,
shown on right. (Bottom) Center, rhombicuboctahedral SBU representation, when point of extension is
through functionalization of the 5-position of the isophthalic acid based ligand.

3.1.1.1 Nanoball
The first example of the nanoball MOP was reported in 2001 by two groups,
Zaworotko and Yaghi.55, 56 Subsequent to this early report, a variety of functionalized
nanoballs were reported through functionalization of the 5-position of the isophthalic
acid moiety.51, 57-61 Some examples of the functional groups include –NH2, -NO2, -OH, OC2H4OH, and -SO3H.

Figure 3.5: Functionalization of 24-connected nanoball, which is variable at the 5-position of the
isophthalic acid ligand, shown in purple.
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Leveraging the ease of functionalizing the 5-position of isophthalic acid and
utilizing the knowledge of the synthetic conditions required to form the copper
paddlewheel has allowed for consistent formation of the Cu-Nanoball. This consistency
has resulted in successful synthesis of MOFs based on this SBB. The first literature
reported example can be seen in the crosslinked nanoballs as reported by Zaworotko.62
In this example, 5-hydroxy isophthalic acid moieties were linked through a covalent
linkage

resulting

in

the

ligand,

1,3-bis(5-methoxy-1,3-benzene

dicarboxylic

acid)benzene. Reacting this ligand with Cu(II) resulted in a doubly interpenetrated
network having primitive cubic topology (pcu). This network was formed via quadruply
crosslinking the nanoballs where the nanoball therefore acts as a 6-connected node.
Further examples of linking the nanoball based MOPs is seen by utilizing the
apical position of the copper paddlewheel. As mentioned previously, this allows the
MOP to act as a 12-connected node, which when linked through a linear ligand, in this
case 4,4’-bipyridine, allows formation of a MOF having fcu topology.63
The work presented herein are MOFs composed of the 24-connected nanoball
MOP having points of extension resulting in rhombicuboctahedral geometry (Figure 3.2).
These nanoballs are cross-linked through the 5-position of the isophthalate through via
a 3-connected MBB. This combination of 3-connectd and 24-connected building blocks
exclusively codes for the formation of a MOF having rht (or rht-a) topology (rht being
defined as rhombicuboctahedral and trigonal, which represents the geometry of the
two nodes). At present there is only one known topology composed exclusively of 3 and
24-connected nodes (Table 3.2 and Table 3.3).
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In the following work, it will be shown that in the case of rht-MOFs, both the SBB
and MBB concepts can be used together to aid in synthesis of the diverse class of rhtMOFs. Of more than 30 currently reported rht-MOFs,25,

26, 28, 29, 64-80

four will be

discussed in detail. The synthesis, crystallographic description as well as characterization
and gas sorption where applicable will be reported.
3.1.2 rht-MOFs
In 2008, Eddaoudi reported the synthesis of the first rht-MOF, rht-MOF-1.64 This
MOF is based upon the nanoball MOP, functionalized through the 5-position of the
isophthalate with a tetrazole moiety. Reacting the ligand tetrazole isophthalic acid (TZI)
with copper nitrate under mild conditions resulted in two different metal clusters
(MBBs) being formed. The first was the binuclear copper paddlewheel, which in
combination with isophthalic acid allowed formation of the nanoball. The nanoball,
formed in-situ. It is an externally functionalized MOP, having 24 tetrazoles on the
exterior (acting as a 24-connected node). Furthermore, coordination of the tetrazoles to
Cu(II) metal centers allowed linking of the nanoballs through copper-oxo trimers which
act as 3-connected nodes. The result was the first MOF reported as having the rht
network topology. This topology was at the time of this report previously unknown and
is currently the only (edge transitive) net known to be composed exclusively of 3 and 24connected nodes.
The knowledge that this (an rht-MOF) is the default structure for connecting 3
and 24-connected nodes allows the possibility for modification of the original rht-MOF-1
synthesis via several pathways (Figure 3.6).
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1. Substitution of the trigonal copper trimer core for virtually any functionality (or
MBB) which can act to link three isophthalic acid moieties. (Organic/Inorganic)
2. Expansion of the nanoball SBB through use of an extended version of isophthalic
acid, which maintains the requisite 120° angle between carboxylates.
3. Expansion of the distance between the trigonal MBB and the isophthalic acid (or
isophthalic acid analog).
The rht-MOF platform, including examples of each of the pathways for
modification of rht-MOFs was patented and later published by Eddaoudi and coworkers.28, 64, 73, 81

Figure 3.6: Pathways to modify the rht-MOF platform. Δ) Substitution of the trigonal MBB (organic or
inorganic). X) Extension of the arms of the trigonal core. Y) Extension of the Isophthalic acid based moiety,
retaining 120° angle between carboxylates.
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Figure 3.7: Ligands used in the synthesis of rht-MOFs.

3.1.2.1 Trigonal Core Tuning
Following the first reported rht-MOF, several other groups reported rht-MOFs in
which the copper trimer was substituted for an organic core which covalently linked
three isophthalate based moieties (Figure 3.8).25-29, 65-71, 73-78, 82-90 Various cores include
triazine,73, 76, 78, 90 heptazine,82, 83 tertiary amine,26, 28, 69 functionalized silicon,74 phenyl
ring,25-29,

65-68, 70, 71, 76, 77, 84-89

and functionalized phenyl rings.69,

75, 77

By far the most

commonly reported rht-MOF variant is composed of ligands where the trigonal core is a
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phenyl ring which is covalently linked (through various linkages) to the isophthalate
moieties.

Figure 3.8: Examples of trigonal cores used in rht-MOFs.

At present time, there are only 4 reported rht-MOFs based on the trigonal
tetrazole copper trimer.64,

73

These are rht-MOF-1ref.64 and three additional rht-MOFs

reported by the Eddaoudi group in 2012, rht-MOF-2, -3, -8.ref.28 Although the parent
compound, rht-MOF-1 was easily activated and highly porous, it showed a high degree
of sensitivity to air/water. Furthermore, rht-MOF-2 and rht-MOF-3 show porosity, but
their reported experimental pore volumes are substantially lower than the theoretical
pore volume. This is likely due to a combination of two effects, the first, it is known that
the copper paddlewheel and likely the copper trimer often exhibit a high degree of
sensitivity to air and/or exposure to water resulting in degradation of the MOF.91
Second, as MOFs porosity is increased, often through ligand expansion/extension, they
become less robust, and suffer from reduction in porosity if not carefully activated. This
activation process often requires supercritical CO2 activation92 or freeze drying93 as
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opposed to traditional solvent exchange based procedures. Finally rht-MOF-8, which is
briefly discussed herein, has at present not shown any porosity and loses crystallinity
upon guest removal or exposure to air.
3.1.2.2 Expansion in the Y Direction
Expansion of the rhombicuboctahedral nanoball SBB (expansion in the ‘Y’
direction) has not been significantly pursued or reported in literature. There are at
present only three reported examples of expansion of rht-MOFs with expanded SBBs.
These examples include rht-MOF-2,28 NU-108,72 and rht-MOF-6.28 All three of these rhtMOFs are synthesized from ligands having a terphenyl based expanded isophthalate
moiety (Figure 3.9). This expansion results in rht-MOFs having enlarged version of the
rhombicuboctahedral nanoball SBB. rht-MOF-2 is the only one of these examples which
has been reported as porous having apparent Langmuir and BET surface areas of 1030
m2/g and 880 m2/g respectively, which is significantly less than the expected surface
area.

Figure 3.9: Regular Nanoball and expanded Nanoball synthesized from isophthalic acid and an expanded
terphenyl dicarboxylate, retaining the requisite 120° angle.
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3.1.2.3 Expansion in the X Direction
Various methods have been utilized to extend rht-MOFs in the ‘X’ direction by
using various linkages or functionality to link the central trigonal core with the
isophthalate moiety (Figure 3.10). The various linkages used include adding
multiple/additional phenyl rings (PCN-69/NOTT-112/rht-MOF-3),28,

70, 84

alkyne bonds

(PCN-61, NU-111),26, 86 combining alkyne and additional phenyl rings (NU-110, NU-109,
NU-100, PCN-68),27, 67, 68, 85, triazole functionality (NU-138,NU-139,NU-140, NU-125)29, 80,
88, 89

, acylamide linkages (rht-MOF-8),25,

71, 76

methoxy group (rht-MOF-4),28 and

secondary amines (rht-MOF-7, rht-MOF-9).73, 78, 82, 90, 94

Figure 3.10: Examples of linkages used in rht-MOFs. (Alkyne, Phenyl, Amine, Amide, Triazole, methoxy)

Tuning of the rht-MOF platform by changing these three parameters has shown
large impacts on the porosity as well as affinities toward gases. For example, the Hupp
group has a series of rht-MOFs where it is apparent that modification of the linkage
between the central phenyl core and the isophthalate moiety greatly affect the CO2
uptake. A comparison between NU-125, NU-140, and NU-111 (Figure 3.7) gives a clear
illustration of the effect of functionalizing and expanding the arms. The first to discuss is
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(NU-125) which has a central phenyl core linked to the isophthalate moiety through a
triazole linkage; this MOF has a gravimetric CO2 uptake of 1.1 g/g. By incorporating an
additional phenyl ring in the arms of the ligand (NU-140), enhancement of the CO2
uptake resulted (~1.59g/g). Examination of a previously reported MOF NU-111, which
has two alkyne linkages connecting the central core and the isophthalate moiety, a
greater CO2 uptake of 1.68 g/g is reported. This increased capacity is likely due to the
difference in pore volume of these three MOFs (1.29, 1.97 and 2.09 respectively).
Although NU-111 has a higher total uptake, it is apparent from the Qst plots that the
triazole functionality does have an impact on the Qst, which at low loading is ~30 kJ/mol
for NU-125 and NU-140, but is significantly lower at ~25 kJ/mol for NU-111.
In this chapter it will be shown in a comparison of rht-MOF-1, rht-MOF-7 and
rht-MOF-9 that varying the central trigonal cores and inclusion of a secondary amine, in
the case of rht-MOF-7 and -9, can have dramatic impact on the CO2 and H2 sorption
properties.
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Table 3.4: Literature reported rht-MOFs and the corresponding gas surface areas, H2 and CO2 uptakes.
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3.2

Experimental

3.2.1 Materials and Methods
All materials and methods are described in in Section 2.2.2.1, unless otherwise
noted.
3.2.2 Experimental
Synthesis of rht-MOF-1 (NO3), [Cu6O(C9H3N4O4)3(H2O)9(NO3)](Solvent)x. 1.0ml of
a 0.8M solution of Cu(NO3)2•2.5H2O in DMF (18.6mg 0.08mmol) was added to a 20ml
glass scintillation vial containing TZI (13.1mg 0.056mmol) to this was added 0.5ml DMF
and 0.5ml EtOH. This reaction was placed into a preheated oven at 85°C for 12 hours
and cooled to r.t. yielding blue polyhedra shaped crystals. Yield 12.5mg (71% Based on
Metal)
Activation of rht-MOF-1: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
day over the course of 48 hours. Subsequently, the sample was exchanged over a period
of 2-5 days in a similar manner with absolute ethanol. The sample was pipetted into a
6mm large bulb sorption cell, and the surface solvent was removed with a syringe. The
sample was carefully dried with flowing nitrogen. The sample was then degassed under
dynamic vacuum at room temperature for 12h and then slowly heated to 85°C over a
period of 4h and held at 85°C for an additional 8-12 hours. Prior to sorption experiments
the sample was backfilled with nitrogen.
Synthesis of rht-MOF-1 (BF4), [Cu6O(C9H3N4O4)3(H2O)9(BF4)](Solvent)x. 1.0ml of a
0.08M solution of Cu(BF4)2•2.5 H2O in DMF (26.2mg 0.08 mmol) was added to a 20ml
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glass scintillation vial containing TZI (13.1mg, 0.056 mmol). To this was added 1.0ml
DMF and 0.5ml EtOH. This reaction was placed into a preheated oven at 65°C for 72
hours and cooled to r.t. yielding blue polyhedra shaped micro crystals. Yield 7.92mg
(44% Based on Metal)
Synthesis of rht-MOF-1 (hfac), [Cu6O(C9H3N4O4)3(H2O)9(C5HF6O2)](Solvent)x.
1.0ml of a 0.075M solution of Cu(C5HF6O2)2•1 H2O in DMF (37.1mg 0.075 mmol) was
added to a 20ml glass scintillation vial containing TZI (13.1mg, 0.056 mmol). To this was
added 1.0ml DMF and 0.5ml EtOH. This reaction was placed into a preheated oven at
65°C for 72 hours yielding a fine pale blue powder. The vial was then placed into a
preheated oven at 85°C for 24 hours and cooled to r.t. yielding blue polyhedra shaped
micro crystals. Yield 14.87 mg (76% Based on Metal)
Synthesis of rht-MOF-1 (SO4), [Cu6O(C9H3N4O4)3(H2O)9(SO4)0.5](Solvent)x. 1.0ml
of a 0.08M solution of CuSO4•5 H2O in DMF (20.0mg 0.08mmol) was added to a 20ml
glass scintillation vial containing TZI (13.1mg, 0.056 mmol). To this was added 1.0ml
DMF and 0.16ml 0.5M H2SO4 in DMF. This reaction was placed into a preheated oven at
65°C for 48 hours and cooled to r.t. yielding blue polyhedra shaped micro crystals. Yield
14.69 mg (84% Based on Metal)
Synthesis of rht-MOF-1 (ClO4), [Cu6O(C9H3N4O4)3(H2O)9(ClO4)](Solvent)x. 1.0ml
of a 0.08M solution of Cu(ClO4)2•6 H2O in DMF (29.6mg 0.08mmol) was added to a 20ml
glass scintillation vial containing TZI (13.1mg, 0.056 mmol). To this was added 1.0ml
DMF and 0.5ml EtOH. This reaction was placed into a preheated oven at 50°C for 48
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hours and cooled to r.t. yielding blue polyhedra shaped micro crystals. Yield 8.5mg
(47.2%)
Synthesis of rht-MOF-1 (triflate), [Cu6O(C9H3N4O4)3(H2O)9(CF3SO3)](Solvent)x.
1.0ml of a 0.08M solution of Cu(CF3SO3)2 in DMF (28.8mg 0.08mmol) was added to a
20ml glass scintillation vial containing TZI (13.1mg, 0.056 mmol). To this was added
1.0ml DMF and 0.5ml EtOH. This reaction was placed into a preheated oven at 65°C for
72 hours and cooled to r.t. yielding blue polyhedra shaped micro crystals. Yield 6.13 mg
(33% Based on Metal)
Synthesis of rht-MOF-1 (Triazole)(NO3) , [Cu6O (C10H3N3O4)3 (H2O)9 (NO3)]
(Solvent)x. 1.0ml of a 0.074M solution of Cu(NO3)2 • 6 H2O in DMF (17.4mg 0.074 mmol)
was added to a 20ml glass scintillation vial containing Triazole Isophthalic Acid (TriZI)
(11.6mg, 0.05 mmol). To this was added 0.5ml DMF and 0.5ml EtOH. This solution was
placed into an oven preheated to 75˚C and heated for 16 hours and cooled to r.t.
yielding microcrystalline green polyhedra shaped crystals. Yield 10.45 mg (65% Based on
Metal)
Synthesis of rht-MOF-1 (Triazole)(SO4) , [Cu6O (C10H3N3O4)3 (H2O)9 (SO4)0.5]
(Solvent)x. 1.0ml of a 0.08M solution of CuSO4 • 5 H2O in DMF (19.9mg 0.080 mmol) was
added to a 20ml glass scintillation vial containing TriZI (13.0mg, 0.056 mmol). To this
was added 1.0ml DMF and 0.16ml 0.5MH2SO4 in DMF. This solution was placed into an
oven preheated to 75˚C and heated for 24 hours and cooled to r.t. yielding
microcrystalline green polyhedra shaped crystals. Yield 8.13 mg (47% Based on Metal)
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Synthesis of Cu-rht-MOF-4 , [Cu3(C33H18O15)(H2O)3](Solvent)x. 1.0ml of a 0.071M
solution of Cu(BF4)2 • 5 H2O in DMF (23.22mg 0.071 mmol) was added to a 20ml glass
scintillation vial containing 1,3,5-tris(5-methoxy-1,3-benzene dicarboxylic acid)benzene
(PTMOI) (15.8mg, 0.024 mmol). To this was added 1.0 ml of DMF and 0.6ml of a freshly
prepared 3M solution of HNO3 in DMF. This reaction was placed into a preheated oven
at 85°C for 18 hours and cooled to r.t. yielding blue polyhedra shaped crystals. Yield
14.25mg (67% Based on Metal)
Synthesis of Cu-rht-MOF-7, [Cu3(C27H12N6O12)(H2O)3](Solvent)x.
Small Scale: 1.0ml of a 0.087M solution of Cu(BF4)2 • 5 H2O in DMF (28.5mg
0.087 mmol) was added to a 20ml glass scintillation vial containing 5,5',5''-(s-Triazine2,4,6-triyltriimino)triisophthalic acid hexasodium salt (TTIP) (18mg, 0.024 mmol). To this
were added 2.0ml DMF, and 0.6ml of freshly prepared 3M HNO3 in DMF. This solution
was placed into an oven preheated to 65˚C and heated for 72 hours and cooled to r.t.
yielding blue polyhedra shaped crystals. Yield 20.0mg (80.6%)
Large Scale: 10.0ml of a 0.087M solution of Cu(BF4)2 • 5 H2O in DMF (285mg 0.87
mmol) was added to a 60ml glass scintillation vial containing TTIP (180mg, 0.24 mmol).
To this was added 20.0ml DMF, and 6.0ml of freshly prepared 3M HNO3 in DMF. This
solution was placed into an oven preheated to 65˚C and heated for 72 hours and cooled
to r.t. yielding blue polyhedra shaped crystals. Yield 195mg (78.6%)
Activation of rht-MOF-7: A 20-40mg sample of the as-synthesized MOF was
washed thoroughly with aliquots of ~10ml DMF. The DMF was refreshed 3-4 times per
day over the course of 48 hours. Subsequently, the sample was exchanged over a period
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of 2-5 days in a similar manner with absolute ethanol. The sample was pipetted into a
6mm large bulb sorption cell, and the surface solvent was removed with a syringe. The
sample was carefully dried with flowing nitrogen. The sample was then degassed under
dynamic vacuum at room temperature for 12h and then slowly heated to 85°C over a
period of 4h and held at 85°C for an additional 8-12 hours. Prior to sorption experiments
the sample was backfilled with nitrogen.
Synthesis of Mg-rht-MOF-7, [Mg3(C27H12N6O12)(H2O)6](Solvent)x
Small Scale: 1.0ml of a 0.087M solution of Mg(NO3)2 • 6 H2O in DMF (22.3mg
0.087 mmol) was added to a 20ml glass scintillation vial containing TTIP (18mg, 0.024
mmol). To this was added 1.5ml DMF, .75ml EtOH, .25ml H2O and, .3ml of freshly
prepared 3M HNO3 in DMF. This solution was placed into an oven preheated to 105˚C
and heated for 12 hours and cooled to r.t. yielding colorless polyhedra shaped crystals.
Yield 19.5mg (84.9%)
Large Scale: 10.0ml of a 0.087M solution of Mg(NO3)2 • 6 H2O in DMF (223mg
0.87 mmol) was added to a 60ml glass scintillation vial containing TTIP (180mg, 0.24
mmol). To this was added 15.0ml DMF, 7.5ml EtOH, 2.5ml H2O and, 3.0ml 3M of freshly
prepared HNO3 in DMF. This solution was placed into an oven preheated to 105˚C and
heated for 12 hours and cooled to r.t. yielding colorless polyhedra shaped crystals. Yield
197mg (86%)
Synthesis of Mn-rht-MOF-7, [Mn3(C27H12N6O12)(H2O)6](Solvent)x.
Small Scale: 1.0ml of a 0.087M solution of MnCl2 • 4 H2O in DMF (17.2mg 0.087
mmol) was added to a 20ml glass scintillation vial containing TTIP (18mg, 0.024 mmol).
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To this was added 1.0ml DMF, 0.75ml EtOH, 0.25ml H2O and, .45ml of freshly prepared
3M HNO3 in DMF. This solution was placed into an oven preheated to 65˚C and heated
for 48 hours and cooled to r.t. yielding several pale yellow polyhedra and cubic shaped
crystals.
Synthesis of Co-rht-MOF-7, [Co3(C27H12N6O12)(H2O)6](Solvent)x.
Small Scale: 1.0ml of a 0.087M solution of Co(NO3)2 • 6 H2O in DMF (25.3mg
0.087 mmol) was added to a 20ml glass scintillation vial containing TTIP (18mg, 0.024
mmol). To this was added 1.0ml DMF, 0.5ml EtOH, 0.5ml H2O and, .4ml of freshly
prepared 3M HNO3 in DMF. This solution was placed into an oven preheated to 85˚C
and heated for 24 hours and cooled to r.t. yielding purple polyhedra shaped crystals.
Yield 17.2mg (80% Based on Ligand)
Large Scale: 10.0ml of a 0.087M solution of Co(NO3)2 • 6 H2O in DMF (253mg
0.87 mmol) was added to a 60ml glass scintillation vial containing TTIP (180mg, 0.24
mmol). To this was added 10.0ml DMF, 5.0ml EtOH, 5.0ml H2O and, 4.0ml 3M of freshly
prepared HNO3 in DMF. This solution was placed into an oven preheated to 85˚C and
heated for 24 hours and cooled to r.t. yielding purple polyhedra shaped crystals. Yield
122mg (57% Based on Ligand)
Synthesis of Ni-rht-MOF-7, [Ni3(C27H12N6O12)(H2O)6](Solvent)x.
Small Scale: 1.0ml of a 0.087M solution of Ni(NO3)2 • 6 H2O in DMF (25.2mg
0.087 mmol) was added to a 20ml glass scintillation vial containing TTIP (18mg, 0.024
mmol). To this was added 1.0ml DMF, 0.5ml EtOH, 0.5ml H2O and, .3ml of freshly
prepared 3M HNO3 in DMF. This solution was placed into an oven preheated to 65˚C
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and heated for 72 hours and cooled to r.t. yielding light green polyhedra shaped
crystals. Yield 18.7mg (71.9%)
Large Scale: 10.0ml of a 0.087M solution of Ni(NO3)2 • 6 H2O in DMF (252mg
0.87 mmol) was added to a 20ml glass scintillation vial containing TTIP (180mg, 0.24
mmol). To this was added 10.0ml DMF, 5.0ml EtOH, 5.0ml H2O and, 2.0ml of freshly
prepared 3M HNO3 in DMF. This solution was placed into an oven preheated to 65˚C
and heated for 72 hours and cooled to r.t. yielding light green polyhedra shaped
crystals. Yield 196mg (75.4%)
Synthesis of Zn-rht-MOF-7, [Zn3(C27H12N6O12)(H2O)6](Solvent)x.
Small Scale: 0.5ml of a 0.087M solution of Zn(NO3)2 • 6 H2O in DMF (12.9mg
0.0435 mmol) was added to a 20ml glass scintillation vial containing TTIP (9mg, 0.012
mmol). To this was added 1.5ml DMF, .75ml EtOH, .125ml H2O and, .3ml 3M HNO3 in
DMF. This solution was placed into an oven preheated to 65˚C and heated for 36 hours
and cooled to r.t. yielding colorless block shaped crystals. Yield 8.7mg (40% Based on
Ligand)
Synthesis of rht-MOF-8(NO3) , [Cu6O(C16H8N5O5)3(H2O)9(NO3)](Solvent)x. 1.0ml
of a 0.112M solution of Cu(NO3)2•2.5H2O in DMF (26.1mg 0.112 mmol) was added to a
20ml glass scintillation vial containing 5’-(4-(1H-tetrazol-5-yl)benzamido)isophthalic acid
(59.3mg, 0.168 mmol). This reaction was placed into a preheated oven at 65°C for 48
hours and cooled to r.t. yielding blue polyhedra and hexagonal plate shaped micro
crystals. Yield 11.06 mg (35% Based on Metal)
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Synthesis of rht-MOF-8(SO4) , [Cu6O(C16H8N5O5)3(H2O)9(SO4)0.5](Solvent)x.
0.35ml of a 0.16M solution of Cu(NO3)2•2.5H2O in DMF (13.0mg 0.056 mmol) and
0.15ml of a 0.16M solution of CuSO4 in DMF (6.0mg , 0.024 mmol) was added to a 20ml
glass scintillation vial containing 5’-(4-(1H-tetrazol-5-yl)benzamido)isophthalic acid
(19.4mg, 0.055 mmol). To this was added 1.5ml DMF and 0.5ml EtOH. This reaction was
placed into a preheated oven at 65°C for 24 hours and cooled to r.t. yielding blue
polyhedra and hexagonal plate shaped crystals. Yield 5.67 mg (26% Based on Metal)
Synthesis of rht-MOF-9, [Cu3(C30H12N10O12)(H2O)3](Solvent)x. To a 20ml glass
scintillation vial was added 0.02mmol (14.2mg) 2,5,8-tris(3,5-dicarboxyphenylamino)1,3,4,6,7,9,9b-heptaazaphenalene (TDCPAH), 0.11mmol (25mg) Cu(NO3)2 • 2.5H2O, 1ml
DMF, 1ml DMSO and 0.2ml 8M HBF4. The mixture was sonicated for 3 minutes and
placed into a preheated oven at 75°C. The temperature was maintained for 7 days upon
which blue polyhedral crystals were formed. Yield: 10mg (53% based on ligand)
Activation of rht-MOF-9: Approximately 50mg of the as-synthesized rht-MOF-9
was washed over the course of 5 days with ~20ml DMF refreshing the solution 3-5 times
per day. This was followed with solvent (MeOH) exchange over 5 days. Approximately
20ml MeOH was added to the sample and refreshed 3-5 times per day. Prior to gas
sorption experiments, the sample was placed into a glass sample cell and dried under
flowing nitrogen and placed under dynamic vacuum at room temperature for 8 hours.
While maintaining vacuum, the sample was heated in a stepwise manner to 55°C for 8h
and then 85°C for an additional 8h.
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3.3

Results and Discussion

Figure 3.11: Deconstruction of the rht topology to identify potential MBBs and SBBs to target this net.
Blue triangles represent the geometrically trigonal MBB, purple squares represent a square MBB, and the
purple faceted polyhedron represents a rhombicuboctahedral SBB.

The research presented is focused on using the building block design principles
(MBB and SBB) towards the development of MOF materials targeted for gas storage
applications. A specific focus of this work is to develop MOFs for CO2 separations and
storage. Toward this goal, rht-MOFs having nitrogen based functional groups were
targeted. It has been shown in the field of porous materials that amines and nitrogen
donors can enhance a materials affinity towards CO2.
rht-MOFs having an organic core (rht-MOF-7 and rht-MOF-9) and a tetrazole
based core (rht-MOF-8) were synthesized and characterized by X-ray crystallography
and gas sorption experiments
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3.3.1

rht-MOF-1

Figure 3.12: Synthetic scheme for targeting rht-MOF-1

The prototypical rht-MOF, rht-MOF-1, was first reported in 2008.64 This MOF is
used herein to provide a baseline or benchmark for gas sorption comparisons of
subsequent rht-MOFs presented.
A solvothermal reaction of TZI and Cu(NO3)2 in DMF and ethanol results in rhtMOF-1 which crystalizes in the cubic Fm-3m space group having an edge length of
44.358Å and a formula of Cu6(OH)(TZI)3(NO3-). The rht-MOF-1 compound is composed of
two distinct inorganic MBBs, the bi-nuclear copper paddlewheel and the tri-nuclear
copper trimer and a single organic ligand (MBB), TZI. (Figure 3.12) As discussed
previously, isophthalic acid based ligands allow for the formation of the nanoball MOP,
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which can be considered the SBB which when linked through a trigonal MBB exclusively
results in rht-MOFs. The nanoball SBB is composed of 24 isophthalate moieties linked
through 12 copper paddlewheel MBBs, shown in Figure 3.12 as purple squares linked via
their corners. In rht-MOF-1, the isophthalic acid ligand is functionalized in the 5-position
with tetrazole functionality, thus each nanoball is externally functionalized with 24
tetrazole moieties (acting as a 24-connected node). Each of these tetrazoles are
coordinated to additional Cu(II) metal centers which are incorporated into the trimeric
trigonal MBB, thus linking the nanoballs together allowing formation of a MOF having
the (3,24)-connected rht topology.
This results in the formation of three distinct cages (Figure 3.13). The first cage is
tetrahedral in geometry and can be considered a tcu (truncated cube) cage, which is
delimited by four copper trimers which are situated on the faces of the tetrahedra. The
largest sphere which can occupy this cage (this will be referred to as the cage diameter),
when taking into account the van der Waals radii of the framework, is approximately 12
Å (denoted as a yellow sphere in Figure 3.13). The second cage is the nanoball, which
has void space that is spherical in geometry, the cage geometry can be considered an
rco (rhombicuboctahedra) cage, this cage has a diameter of approximately 13 Å. The
third cage is octahedral in geometry, and can be considered an rdo-a (augmented
rhombicdodecahedra) cage. This octahedral cage is delimited by eight copper trimers
situated on the faces of the octahedral. The cage diameter is approximately 19 Å
(denoted as a yellow sphere in Figure 3.13), having two types of windows of
approximately 7-7.5 Å in diameter.
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Figure 3.13: Diagram and measurements of the cages in rht-MOF-1 and a tiling representation. (Top) tcu
cage (Middle) rco cage (Bottom) rdo-a cage.

Gas sorption analysis was performed on the solvent exchanged and activated
sample. Argon isotherms were collected at 87 K to confirm proper activation and
surface areas which are consistent with the published values. (~2,700 m2/g).
This was followed by collection of CO2 isotherms at multiple temperatures (258
K, 273 K and 298 K). The CO2 uptake (at atmospheric pressures) was moderate and
determined to be 5.8mmol/g, 4.2mmol/g, and 2.1mmol/g respectively. (Figure 3.14) The
Clausius-Clapeyron equation was used to calculate the Qst based on the isotherms at
258 K, 273 K and 298 K. The first preferential binding sites have a Qst of ~32.5 kJ/mol,
which drops rapidly to a plateau of around 25 kJ/mol (Figure 3.14). The accuracy of this
calculation was confirmed by isosters which have a high degree of linearity (Figure 3.15).
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Figure 3.14: CO2 isotherms for rht-MOF-1 at 258K, 273K, and 298K. Corresponding Qst based on the three
CO2 isotherms.

Figure 3.15: Isoster plot for rht-MOF-1 CO2 sorption experiments at 258K, 273K, and 298K. The linearity of
these isosters indicates accuracy of the measurements.

Further gas sorption analysis was performed with the sorbate H2 at 77 K and 87 K
(Figure 3.16). The uptake at 77 K was modest (2.5 wt%) and the Qst at low loading was
high at 9.5 kJ/mol, but rapidly dropped to ~4.5 kJ/mol at increased loading (Figure 3.16).
These capacities and Qst were further used as a baseline for comparison of the rht-MOFs
subsequently synthesized.
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Figure 3.16: H2 isotherms for rht-MOF-1 at 77K. Corresponding Qst based on the H2 isotherm at 77K and
87K.

3.3.2 rht-MOF-8

Figure 3.17: Synthetic scheme for targeting rht-MOF-8.

A solvothermal reaction of 5’-(4-(1H-tetrazol-5-yl)benzamido)isophthalic acid
(TBAI) and Cu(NO3)2 in DMF and ethanol results in rht-MOF-8 which crystalizes in the
Tetragonal I4/m space group having an edge lengths a=b=41.557Å c= 59.003Å and a
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formula of Cu6(OH)(TBAI)3(NO3-). The rht-MOF-8 compound is composed of two distinct
inorganic MBBs, the bi-nuclear copper paddlewheel, and the tri-nuclear copper trimer
and a single organic ligand (MBB), TBAI.
By adding an extra phenyl ring and the imine functionality, rht-MOF-8 has a
much larger potential void volume than rht-MOF-1. Unfortunately, even after numerous
attempts at determining proper activation procedures, including supercritical CO2
activation,92 single crystal x-ray analysis, PXRD and VT-PXRD shows loss of crystallinity
when this compound is exposed to air, under vacuum or when heated. Unfortunately
due to this loss of crystallinity, this material is non-porous during sorption experiments.
3.3.3 rht-MOFs as Sorbents for CO2 and H2 (and Energy related Applications)73, 94, i,ii,iii
CO2 is reported to be the major man made contributor to the greenhouse effect,
and it is purportedly responsible for 60% of the increase in atmospheric temperature
due to “global warming”.95 In order to reduce the environmental impact of
industrialization and implement sustainable practices, it has become vital to develop
effective means for capturing and using CO2 emitted from stationary sources such as
power plants (flue gas) and from vehicular emissions.96 Currently the dominant process
used in industrial carbon capture is based on CO2 absorption using solutions of

i

Much of the text in this section was taken verbatim from published manuscripts.
R. Luebke, Ł. J. Weseliński, Y. Belmabkhout, Z. Chen, Ł. Wojtas and M. Eddaoudi, Crystal Growth &
Design, 2014, 14, 414-418.Reproduced by permission of The Royal Society of Chemistry
iii
Reproduced in part with permission from R. Luebke, J. F. Eubank, A. J. Cairns, Y. Belmabkhout, L. Wojtas
and M. Eddaoudi, Chemical Communications, 2012, 48, 1455-1457. Copyright 2012 American Chemical
Society.
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alkanolamine. This is an energy intensive process which is costly for general
deployment.97 As an alternative to current processes, inspired by existing amine
scrubbing technologies, it is anticipated that selective sorption of CO2 at relatively low
pressures can be realized through use of high surface area porous materials which
incorporate amine functionalities. This can be an appropriate approach and a practical
alternative solution in addressing the carbon capture challenge.97-100
Another related area where removal of CO2 is of critical importance is in natural
gas upgrading. Natural gas is primarily composed of methane, but is found as a mixture
of other gases which include nitrogen, CO2 and higher order hydrocarbons. These
impurities must be reduced to specific levels before transport in pipelines, use or sale.
Interest in natural gas as an energy source has increased in recent years due to natural
gas being a more environmentally friendly and more economical alternative to oil and
coal for power generation. When used in the production of electricity, natural gas, in
comparison to coal, results in reduced emissions equating to 50% less CO 2, 60% less NOx,
and a dramatic 99% reduction of SO2.101 In the United States in 2009, NG accounted for
~25% of energy consumption amounting to an increase in usage and demand by over
400% in the preceding 50 years.101, 102 This demand is expected to continue increasing
due to a lower price per BTU when utilizing NG in place of oil or coal.102
In general, this process of separations is a relatively costly process in the oil and
gas industry as well as many other industries, and accounts for 15% of global energy
expenditure. New sorbents can address inefficiencies in existing processes thus
improving production economics. As mentioned, of particular importance and relevance
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herein is natural gas upgrading, which involves removal of impurities (particularly CO2)
from raw natural gas prior to transportation, sale, and use.
MOFs are suitable materials for a variety of applications including CO2 storage
and carbon capture which require storage of large amounts or selective adsorption of
CO2.103,

104 82

MOFs permanent porosity, extraordinarily high surface areas, moderate

heats of adsorption (20-50 kJ/mol),104 as well as the modular and tunable
characteristics105 have allowed the development of MOFs which at low pressure (1 bar
at 298 K) can reversibly adsorb CO2 in amounts up to ~8 mmol/g 106 and in excess of 50
mmol/ g at higher pressure (50 bar at 298 K).107 These characteristics position MOFs to
be a strong competitor with zeolites, liquid amine, or activated carbon based sorbents
used in existing processes.103
A strategy which has been successfully used to enhance the energetics and
uptake of CO2 in MOFs is through the introduction of Lewis base or nitrogen donor
groups to the organic ligand. This strategy results in a MOF containing functionalized
cavities and/or windows which are decorated with Lewis basic sites (in this work these
functional groups include secondary amines as well as nitrogen containing triazine and
heptazine moieties), which offers the potential to enhance CO2 capacity and sorption
energetics.108
It has been shown that this approach results in dramatic increases in Qst,
particularly at low loading. The MOFs MIL-53/Amino-MIL-53 exemplify this; the amine
functionalized analog, Amino MIL-53 exhibits low loading Qst of 50 kJ/mol compared to
the parent compound with a Qst of 50 kJ/mol.109 A further example is seen in a mixed
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ligand Zn based material, improvements of Qst (of ~5 kJ/mol) at all reported loadings
were reported when comparing the parent compound MOF-508110 with a triazole
functionalized analog MTAF-3.111
The unique features of the rht-MOF platform,64 which is the singular
MOF/topology known, for the combination of 3-connected trigonal MBBs and 24connected geometrically rhombicuboctahedral SBBs, offers potential to tailor the MOF
structure(pore size and shape) and properties to gain a better insight into the structure
property relationship of MOF materials. This design strategy which is based on the
exceptional versatility of the SBB design approach, when combined with the vast library
of existing and potential organic ligands, has allowed for targeted synthesis of rht-MOFs
which incorporate multiple desired functional groups into one material. 25, 26, 28, 29, 64-80
To exploit the tunability of the rht-MOF platform, for use as sorbents for CO2,
rht-MOF-7

was

synthesized

from

5,5',5''-(1,3,5-triazine-2,4,6-triyltriimino]tris-

isophthalic acid (TTIP), a ligand having a nitrogen-rich, tri-substituted triazine core, and
secondary amines covalently linking the triazine core to the three isophthalate termini.
rht-MOF-7 shows a strong affinity for CO2 which is likely due to the exposed amine and
triazine nitrogen donor groups in the pores. Further enhancement of the CO2 uptake of
this platform was accomplished through the design of rht-MOF-9 which was synthesized
from 2,5,8-tris(3,5-dicarboxyphenylamino)-1,3,4,6,7,9,9b-heptaazaphenalene (TDCPAH).
This ligand is analogous to the TTIP ligand (in rht-MOF-7), but the central s-triazine core
was replaced with a larger tricyclic s-heptazine core. It is noteworthy that rht-MOF-9
was the first reported rht-MOF having a polycyclic central core. The exposed amines in
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combination with the polarized s-heptazine core are attractive and beneficial features in
rht-MOF-9, which exhibits promising and record breaking low pressure H2 and CO2
adsorption properties compared to all previously reported rht-MOFs.
3.3.3.1 rht-MOF-7

Figure 3.18: Synthetic scheme for targeting rht-MOF-7.

Figure 3.19: Diagram and measurements of the cages in rht-MOF-7 and a tiling representation. (Top) tcu
cage (Middle) rco cage (Bottom) rdo-a cage.

The third rht-MOF discussed herein is rht-MOF-7. This MOF is an example of an
rht-MOF synthesized from a hexa-carboxylate ligand, TTIP, having a trigonal triazine

238

based central core. The central triazine moiety is covalently linked to the 5-position of
three isophthalic acid moieties through secondary amine linkages. The geometry of this
ligand is slightly smaller than the combination of three TZI ligands linked through the
copper-oxo trimer as in rht-MOF-1 (Figure 3.20).

Figure 3.20: Trigonal core (red triangle) can be deliberately substituted by an organic core (e.g. trisubstituted s-triazine). This results in a trigonal organic ligand where the isophthalate termini serve to
form the paddlewheel MBBs of the rhombicuboctahedral SBB. Only the amine hydrogen atoms are
included for clarity.

As mentioned above, it has been shown in literature that Lewis bases, such as
amines, are suitable and preferred functional groups to enhance a materials affinity and
capacity toward CO2.108 The TTIP ligand, having Lewis basic sites (triazine and amines)
was chosen as a suitable candidate for targeting an rht-MOF for CO2 capture or CO2
storage. Furthermore, this MOF was investigated for its potential for H2 storage, which
will be discussed briefly at the end of this chapter.
A reaction between TTIP and copper tetrafluoroborate under solvothermal
conditions results in the targeted rht-MOF-7 which crystalizes in the Tetragonal I4/m
space group having an edge lengths a=b=26.670Å; c=38.0416Å and a formula of
[Cu3TTIP(H2O)3(Solvent)X]n. The structure is analogous/isoreticular to rht-MOF-1.64
In the crystal structure of rht-MOF-7, the central triazine core is covalently linked
through secondary amine moieties in the 2,4 and 6-positions to the 5-position of
isophthalate moieties. The isophthalate moieties allow for formation, in-situ, of the
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truncated cuboctahedra SBB (tcz) (composed of 24 functionalized isophthalate moieties
connected by 12 dinuclear copper paddlewheel MBBs Cu2(O2CR)4).24 The 5-position of
each bridging isophthalate ( which has a 120° angle between carboxylates) lie exactly on
the vertices of a geometric rhombicuboctahedron112 (rco).24 Along with a trigonal vertex
figure, this rco vertex figure, being 24-connected, is necessary for formation of rhtMOFs .64
The packing of the rhombicuboctahedra SBBs results in two additional types of
cavities, elongated truncated cube (tcu) cavities and augmented rhombic dodecahedral
(rdo-a) cavities (Figure 3.19).24 The triangular organic core in rht-MOF-7 has reduced
dimension when compared to the trigonal copper trimer in rht-MOF-1. This variation in
size has resulted in a reduction in the dimensions of the tcu (10.4 vs. 12.1 Å) and rdo-a
(17.8 vs. 20.2 Å) cavities. Due to no change in the isophthalate moiety, the size of the tcz
cavity remains constant having an approximate 13 Å inner diameter. Likewise, there
were changes in the window dimensions of the shared window of the rdo-a and tcu
cavities. The dimensions are 6.4 Å and 7.4 Å in rht-MOF-7 and -1, respectively. It is
noteworthy that, due to the position of the ligand in rht-MOFs, (particularly rht-MOF-7)
the windows/apertures which allow for access to the tcu and rdo-a cavities are
decorated with the amine groups of the ligand. Therefore, the reduction in size of the
tcu and rdo-a cavities (in rht-MOF-7) when combined with exposed amines and a
polarized triazine core, offers the potential to take advantage of the effects of reducing
pore size and including functionality, thus enhancing the interactions of sorbates of
interest, specifically CO2. 97-100, 108, 109, 113
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Phase purity was confirmed through comparison of experimental PXRD patterns
with theoretical PXRD patterns calculated from the crystal structure (Figure 3.21).
Further studies were performed to investigate the thermal and water stability of rhtMOF-7. Using a variable humidity stage, PXRD patterns were collected at room
temperature at relative humidities (%RH) from 0% up to 95% (Figure 3.22). Compared to
other reported rht-MOFs, rht-MOF-7 shows unprecedented stability in the presence of
water, in air and various organic solvents (Figure 3.21). The only other rht-MOFs which
have shown stability in air and/or water are the recently reported rht-MOF-9 (which
didn’t show water stability in our experience) and unpublished results of a triazine and
pyrazole based rht-MOF.83 Further studies were performed using a variable
temperature stage which was maintained under vacuum and heated up to 300°C. rhtMOF-7 maintained crystallinity up to 250°C at which point decomposition was evident
by the loss of crystallinity (Figure 3.23).

Figure 3.21: PXRD pattern of rht-MOF-7 exchanged with various solvents.

241

Figure 3.22: VH-PXRD pattern of rht-MOF-7.

Figure 3.23: VT-PXRD patterns of rht-MOF-7.

The potential accessible free volume for rht-MOF-7 was estimated to be 70%
from analyzing the structure as obtained by SXRD studies. This value was obtained using
Accelrys Materials Studios ‘Atoms Volumes and Surfaces’ module. Gas sorption studies
show a fully reversible type I Argon sorption isotherm (Figure 3.24) which confirms the
permanent porosity of rht-MOF-7. . Based on the Ar isotherm, the apparent surface
area(Langmuir) for rht-MOF-7 was estimated to be 2170 m2/g. As expected, due to the
reduced size of the tcu and rdo-a cavities, this is lower than rht-MOF-1. The calculated
free pore volume (PV), based on the Ar isotherm at P/Po=0.95, is estimated to be 0.76
cm3/g. The pore size distribution, calculated using a NLDFT model on the argon
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isotherm, shows the three pore sizes with approximate diameters of 16.6, 10.3, and 8.1
Å (Figure 3.24), this is in good agreement with the crystal structure.

Figure 3.24: Ar isotherms for rht-MOF-7 and the PSD plot.

When comparing rht-MOF-7 to rht-MOF-1, the readily exposed amines and
triazine core in rht-MOF-7, allow evaluation of the impact of pore size and functionality
on CO2 uptake and sorption energetics. Low pressure CO2 sorption experiments (up to 1
bar and at 258 273 and 298 K) were performed on rht-MOF-7 (Figure 3.25) and rhtMOF-1 (Figure 3.14). The uptake at 258 K and 1 bar was found to be substantially higher
for rht-MOF-7 than rht-MOF-1 (8.5. 6.2 mmol/g) (Figure 3.27). The isosteric heat of
adsorption, Qst, for CO2 was calculated using the Clausius−Clapeyron equation and the
CO2 adsorption data collected at 258 K 273 K and 298 K. The Qst for CO2 at low loading
were higher for rht-MOF-7 than for rht-MOF-1 (i.e. 44.7 vs. 32.5 kJ/mol at lowest
loading). The Qst converged to a pseudo-plateau at higher uptakes of 0.8 mmol/g (Figure
3.27).
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Figure 3.25: CO2 isotherms for rht-MOF-7 at 258K, 273K, and 298K. Corresponding Qst based on the three
CO2 isotherms.

Figure 3.26: CO2 adsorption isosters for rht-MOF-7.
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Figure 3.27: (Left) CO2 sorption isotherms for rht-MOF-1 (blue) and rht-MOF-7 (red); (Right) Qst for CO2,
rht-MOF-1 (blue), rht-MOF-7 (red).

It is worth mentioning that the accuracy of the Qst determination for rht-MOF-7
and rht-MOF-1 was confirmed by the analyzing the high degree of linearity in the CO2
isosters over the entire range of CO2 loadings (Figure 3.26). The high Qst, observed for
rht-MOF-7, at low loading is in a similar range as other reported amine functionalized
MOFs and at the time it was reported, it was among the highest Qst values recorded for
adsorbed CO2 in MOFs materials.15, 108, 109, 113 Enhanced CO2 interactions are important in
improving the selectivity toward CO2 versus other gases, this is critical when targeting
materials for gas purification and separations (e.g., CH4, N2, H2, …).
The observed enhancement of the energetics of CO2 sorption, in rht-MOF-7, is
likely attributable to size and surface effects relating to the exposed free amines and the
triazine nitrogen atoms. These effects promote stronger CO2 interactions with these
nitrogen donor groups that decorate the surface of the MOFs pores. It was observed
that the Qst decreases at higher CO2 pressures, for rht-MOF-7, before reaching a plateau
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of ~24−29 kJ/mol. This convergence is to a similar value as to the high loading Qst
observed in rht-MOF-1 (Figure 3.27).
In effort to further explore and understand the CO2 MOF interactions in the case
of rht-MOF-7, a more thorough study was performed using multiple site Langmuir
model (MSL).114 This analysis helped to identify two distinct energy sites for CO2
adsorption in rht-MOF-7. An ideal fit was obtained by applying the dual site Langmuir
model (DSL), comparing the fit to the single or triple site model, to each of the CO2
isotherms. The resulting fit for the 258 K sorption isotherm is shown in Figure 3.28.
These results indicate the presence of two distinct energetic sites.
Equation 3.1: Multi-Site Langmuir Equation.

Equation for MSL: n= nsat1*b1p/1+b1p + nsat2*b2p/1+b2p+ ….+nsati*bip/1+bip
Equation in the case of dual site Langmuir model (DSL): q= nsat1*b1p/1+b1p +
nsat2*b2p/1+b2p
Where nsat1 and b1 are the saturation capacity and the affinity parameters on site
1, respectively, and nsat2 and b2 are the analogous parameters on site 2.
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Figure 3.28: Example of dual site Langmuir fit for CO2 adsorption isotherms at 258 K for rht-MOF-7.

The calculated DSL fit parameters (Table 3.5) allowed generations of adsorption
isotherms (at temperatures ranging from 258 K to 298 K) which represent each
independent adsorption site (Figure 3.29 and Figure 3.30). These isotherms were then
used to calculate the corresponding Qst for each type of energetic site (Figure 3.31).
Table 3.5: Dual site Langmuir parameters for CO2 adsorption on rht-MOF-7.
Parameters
Adsorption
Site 1

nsat1
b1

Adsorption
Site 2

nsat2
b2

Temperatures (Kelvin)
258
273
0.4724
0.43668
0.01419
0.00522

278
0.43546
0.00342

288
0.46339
0.00165

12.81583
1.67E-05

13.09387
7.24E-06

13.93269
4.62E-06

12.86082
9.05E-06

298
0.46627
8.52E-04
14.3470
3
3.12E-06
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Figure 3.29: Adsorption isotherms branch in rht-MOF-7 calculated using the dual site Langmuir model
based on site 1 parameters (effect of the amine/triazine nitrogen atoms).

Figure 3.30: Adsorption isotherms branch as seen by dual site Langmuir model for site 2 (effect of the
pore size) for rht-MOF-7.
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Figure 3.31: Qst analysis for rht-MOF-7 using the dual site Langmuir model.

This DSL analysis confirmed the presence of two separate energy levels or
energetic sites for CO2 adsorption. The first and most energetic sites for adsorption have
Qst of around 45 kJ/mol. These sites can likely be attributed to favorable interactions
with the exposed triazine and secondary amine moieties. The inclusion of these
energetic sites and the resulting enhanced energetics of low loading CO2 sorption is
evident by the steepness of the CO2 sorption isotherm steepness at very lower loading
(Figure 3.27). This is desirable feature for CO2 capture from air or from flue gas due to
the high energetics needed to remove trace amounts of CO2 (at extremely reduced
partial pressures). The second energetic sites for adsorption, which dominate at higher
loading, have energetics of ~25 kJ/mol, which is consistent with the energetics seen in
pore filling.

249

The Qst analysis on the CO2 sorption data confirm the importance of a high
density and/or close proximity between polarized groups such as the amine and triazine
moieties seen in rht-MOF-7. The basic nitrogen donor groups which decorate the small
triangular windows provide high localized charged density and most likely play a role in
the enhanced CO2 sorption energetics observed at low loading.
3.3.3.2 rht-MOF-9

(rht-MOF-9)

Figure 3.32: Synthetic scheme for targeting rht-MOF-9.
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Figure 3.33: Diagram and measurements of the cages in rht-MOF-9 and a tiling representation. (Top) tcu
cage (Middle) rco cage (Bottom) rdo-a cage.

The final rht-MOF discussed in this section, rht-MOF-9 is another example of an
rht-MOF synthesized from a hexa-carboxylate based ligand, TDCPAH. This ligand is an
expanded analog of TTIP (ligand in rht-MOF-7) and has a slightly expanded tricyclic
trigonal s-heptazine based central core. The central s-heptazine moiety is linked to the
5-position of three isophthalic acid moieties through secondary amine linkages in a
similar fashion as rht-MOF-9. The geometry of this ligand is slightly larger than TTIP and
generally comparable in size to the combination of three TZI ligands when linked
through the copper-oxo trimer as in rht-MOF-1 (Figure 3.20).
Much like the research presented on rht-MOF-7, the ligand and further synthesis
of the MOF was of interest due to the high density of nitrogen donor groups. The
conjugated heptazine ring system contains seven nitrogen’s as opposed to three in the
triazine core of rht-MOF-7. CO2 sorption experiments were performed to investigate the
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CO2 capacity as well as the Qst of rht-MOF-9. Furthermore, similar to rht-MOF-7, this
MOF was investigated for its potential for H2 storage, which will be discussed briefly at
the end of this section.
A solvothermal reaction of Cu(NO3)2·2.5 H2O and the ligand TDCPAH in a solution
of DMF, DMSO and HBF4 yielded blue octahedral shaped crystals of rht-MOF-9. SXRD
experiments reveals that the compound has a formula unit of Cu3(TDCPAH)(Solvent)x
and that rht-MOF-9 crystallized in the tetragonal I4/m space group having unit cell edge
lengths of a=b=27.934(2)Å and c=41.081(4)Å. Topological analysis using TOPOS confirms
that the material has the expected rht network topology.
In the crystal structure of rht-MOF-9, each central s-heptazine core is covalently
linked at the 2, 5 and 8-positions through secondary amines to the 5-position of each
isophthalate moieties. The 120˚ angle between the carboxylates of the isophthalate
moieties allows for in-situ formation of the 24-connected rhombicuboctahedral56,
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(rco)24 SBB (Figure 3.32 and Figure 3.33). In this structure, there three cages, one of
which being this SBB which is composed of 24 isophthalate ligands connected by 12
dinuclear copper paddlewheels (shown as purple squares in Figure 3.32). The diameter
of the rco cage, accounting for van der Walls radii, is ~13Å which is the same diameter
as in rht-MOF-1 and rht-MOF-7. As with the previously described rht-MOFs, the packing
of the rhombicuboctahedral SBBs results in the formation of two additional cages, a
truncated cube (tcu)24 and an augmented rhombic dodecahedron (rdo-a).24 The tcu cage
(Figure 3.33) is delimited by four TDCPAH ligands and encloses a space that is
tetrahedral in geometry. This cage can accommodate a sphere of ~9Å in diameter
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(represented by a yellow sphere in Figure 3.33), this diameter is comparable to rhtMOF-9 (~9Å) but significantly smaller than the corresponding cage in rht-MOF-1 (~12Å).
The isophthalate moieties of the TDCPAH ligand are linked. at the corners of the
tetrahedral (tcu) cage, through three copper paddlewheels forming a 3-membered ring.
The rdo-a cage (Figure 3.33) encloses space that is octahedral in geometry and is
delimited by 8 TDCPAH ligands which lie on the faces of the octahedral enclosed space.
The minimal diameter, which passes through the center of the cage, is ~17Å. This is
slightly larger than the corresponding cage in rht-MOF-7 (~16Å) and slightly smaller than
the comparable cage in rht-MOF-1 (~19Å). The isophthalate moieties are linked through
copper paddlewheels at each vertex of the octahedral cage, forming a 4-membered ring.
TGA performed on the as synthesized rht-MOF-9 reveal an initial solvent loss of
~50% occurring in the temperature range between room temperature and 250˚C. The
rate of solvent/mass loss decreases slightly between 250˚C and 350˚C at which point
framework decomposition begins (Figure 3.34). A methanol exchanged sample, was
prepared by washing the crystalline product with DMF over a period of 3 days,
refreshing the solution 3-4 times per day. This was followed by solvent exchange with
methanol over the course of 3 days, again refreshing the solution 3-4 times per day. TGA
of the methanol exchanged sample reveal a 15% loss of mass occurs around 100˚C, this
can be attributed to loss of coordinated solvent. The sample remains stable and does
not lose an appreciable amount of mass until decomposition at around 275˚C (Figure
3.34).
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Figure 3.34: TGA plots for the as-synthesized rht-MOF-9 (Black) and the methanol exchanged sample
(Red). The initial weight loss in both samples starting at room temperature and finishing at 150˚C and
250˚C (for the methanol exchanged and as synthesized samples respectively) can be attributed to solvent
loss. The sharp loss at ~300˚C is due to framework decomposition.

PXRD measurements were performed to confirm phase purity and confirm the
stability of rht-MOF-9 after sorption and solvent exchange (Figure 3.35). The
experimental PXRDs are consistent with the PXRD pattern calculated based on the
crystal structure using the Reflex module in Accelrys Materials Studio v6.1 (Figure 3.35).
VT-PXRD experiments, performed under vacuum on the methanol exchanged sample,
are consistent with the TGA measurements and show a high degree of thermal stability.
There is a significant reduction of crystallinity beginning near 250˚C (Figure 3.36).
Unfortunately, in our experience, similar to many of the reported rht-MOFs, rht-MOF-9
loses crystallinity after prolonged exposure to air or humidity.
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Figure 3.35: Comparison of the calculated, as synthesized, methanol exchanged and post sorption PXRD
diffractograms for rht-MOF-9.

Figure 3.36: Variable temperature PXRD of methanol exchanged rht-MOF-9 while under vacuum.
Crystallinity is retained up to 200˚C upon which there is a substantial loss of crystallinity as noted by the
reduction in diffraction intensity.

Low pressure gas sorption analysis was performed on an activated sample of rhtMOF-9. To activate the sample, through removal of guest solvent molecules, the
methanol exchanged sample was placed under dynamic vacuum and subsequently
heated at a rate of 1˚C per minute and held at 55˚C for 6 hours followed by additional
heating at a rate of 1˚C per minute and holding at 85˚C for 6 hours. Gas sorption studies
confirmed the permanent porosity of this compound. The pore size distribution based
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on the Ar isotherm (Figure 3.38) collected at 87 K reveals relatively narrow pore size
distribution (Figure 3.37) with three distinct pore size ranges of 8-11 Å, 12-16 Å and 1721 Å which are consistent with the crystallographic dimensions of the rco, tco and rdo-a
cages respectively.

Figure 3.37: Pore size distribution plot for rht-MOF-9 calculated from a NLDFT fitting of the argon
isotherm at 87 K, showing 3 different ranges of pore sizes: 8-11Å (rco), 12-16Å(tcu), and 17-21Å(rdo-a).

The available free volume for rht-MOF-9 was determined experimentally from
the N2 and Ar isotherms based on the uptake at 0.95 P/Po (1.07 cc/g and 1.01 cc/g
respectively) (Figure 3.38 and Figure 3.39). This is in good agreement with the free
volume based on the crystal structure (0.943 cc/g). The apparent BET and Langmuir
surface areas, based on the Ar isotherm, were estimated to be 2420 m2/g and 3070
m2/g respectively. These values are significantly higher than the surface areas for rhtMOF-7 (Langmuir 2170 m2/g).73 The surface area of rht-MOF-9 is closely comparable to
the prototypical parent rht-MOF-1 which has a slightly larger (tetrazole and Cu trimer
based) trigonal inorganic MBB (BET 2847 m2/g, Langmuir 3223 m2/g).64
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Figure 3.38: Low pressure fully reversible argon adsorption (solid squares) and desorption (open squares)
isotherms at 87 K for the methanol exchanged rht-MOF-9.

Figure 3.39: Low pressure gas sorption data for the methanol exchanged rht-MOF-9 showing a fully
reversible nitrogen adsorption (Solid Squares) and desorption (Open Squares) isotherms at 77 K.

CO2 adsorption experiments show that rht-MOF-9 exhibits only a slightly lower
CO2 uptake than rht-MOF-7 at very low pressure below 0.05 bar (ca. 38 torr) and 298 K
(Figure 3.40). Interestingly, at relatively low partial pressures of 0.1 bar (76 torr) akin to
post-combustion capture, the CO2 uptake for rht-MOF-9 showed higher volumetric and
gravimetric uptake (18.2 cc/cc, 1.1 mmol/g) than rht-MOF-1 (5 cc/cc, 0.32 mmol/g) and
rht-MOF-7 (14.7 cc/cc, 0.83 mmol/g).
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Figure 3.40: CO2 adsorption isotherms at 298 K on rht-MOF-9 in comparison to the corresponding data for
rht-MOF-1 and rht-MOF-7.

At 1 bar, the total CO2 uptake was also drastically improved and rht-MOF-9
exhibits one of the highest gravimetric and volumetric uptakes reported for rht-MOFs.
In this case, further studies are sought in our group to explore the CO 2 separation
properties of rht-MOF-9. It should be mentioned that the accuracy of the Qst
determination for rht-MOF-9 was confirmed by the established linearity of CO2 isosters
for the entire studied range of CO2 loadings.
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Figure 3.41: Isosteric heat of CO2 adsorption (Qst) for rht-MOF-1(green), rht-MOF-7(blue) and rht-MOF9(red), based on CO2 isotherms.

3.3.3.3 rht-MOFs for Hydrogen
In light of the high surface area achieved when incorporating the polycyclic
central core, we found it compelling to further explore the H2 adsorption properties of
rht-MOF-9.

Figure 3.42 Low pressure fully reversible hydrogen isotherms for the methanol exchanged rht-MOF-9 at
77 K (red squares) and 87 K (blue squares). Solid squares and open squares represent adsorption and
desorption respectively.

a)
b)
Figure 3.43: a) Isosteric heats of adsorption (Qst) for rht-MOF-1(green), rht-MOF-7(blue) and rht-MOF9(red), based on hydrogen isotherms at 77 K and 87 K. b) Low pressure H2 sorption isotherm at 77 K for
rht-MOF-1(green), rht-MOF-7(blue) and rht-MOF-9(red).

At 77 K and 1 bar, rht-MOF-9 shows a relatively high gravimetric uptake of ~2.72
wt% (Figure 3.43a) and a Qst of 6.9 kJ/mol at low loading and 5.8 kJ/mol at higher
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loading (Figure 3.43b). This uptake is greater than the best reported rht-MOFs29 (Table
3.4) and is in excess of rht-MOF-7 (2.65 wt% @ 1bar and 77 K)116 and considerably
higher uptake than rht-MOF-1 (2.4 wt% @ 1 bar and 77 K).64 The increase in uptake
compared to rht-MOF-7 can be likely attributed to the increase in the specific surface
area due to ligand extension and subsequent rdo-a cages expansion (Table 3.6).
Table 3.6: Cage size measurements for rht-MOF-1, rht-MOF-7, and rht-MOF-9.
MOF
rht-MOF-1
rht-MOF-7
rht-MOF-9

Nanoball
(rco) (Å)
13.0
13.0
13.0

Octahedra
(rdo-a) (Å)
23.2
16.2
17

Tetrahedra
(tcu) (Å)
12
9
9

Whereas, the increase in comparison to rht-MOF-1 can likely be attributed to
enhanced interactions due to the effect of the localized charge density and highly
confined pores/cages, in the tcu and rdo-a cages, resulting in more uniform MOFsorbent interactions (Table 3.6). The combination of high surface area and high mass
density (this last in direct relationship with the charge density) may explain the
enhancement in H2 adsorption as was pointed out in recent work.117
3.3.3.4 Conclusion rht-MOF-9
The rht-MOF platform has been successfully used to prepare a nitrogen rich
functionalized rht-MOF-9 which exhibits a high specific surface area in combination with
high charge density. By incorporating a ligand having a s-heptazine central core linked to
three isophthalic acid moieties through secondary amines, rht-MOF-9 exhibits high CO2
uptake at both relatively low (0.1 bar) and atmospheric pressures. In addition H2 storage
capacity at 1 bar and 77 K was found to be exceptionally high in comparison to other
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reported MOFs and is the highest reported low pressure uptake for rht-MOFs (Table
3.4). Further adsorption studies are in progress to evaluate the performance of rhtMOF-9 for CO2 separation in the presence of N2, CH4 and H2 containing gas mixtures as
well as hydrogen and methane storage at relatively high pressures.
3.4

Further Studies

3.4.1 Water Stability
3.4.1.1 rht-MOF-1 Counter Ion
One route investigated to address the lack of water instability of rht-MOFs,
particularly rht-MOF-1 was through use of different copper salts which allows
association of various counter ions with the cationic framework. The first reported rhtMOF, rht-MOF-1, has an overall +1 charge imparted on the structure by the copper-oxo
trimer, this charge is balanced by a NO3 - anion which is introduced to the reaction
mixture from the Cu(NO3)2 metal source. In order to synthesize other rht-MOF-1
analogs, reaction conditions were optimized while using different Cu 2+ salts. The
resulting MOFs were characterized by PXRD to validate the successful synthesis of rhtMOF-1 analogs. SXRD was used in an attempt to localize the counter-ion in the MOF
cavities. Further PXRD based investigations (VT-PXRD and VH-PXRD) were performed to
examine if the counter-ion can act to stabilize the trimer, MOF, or paddlewheel in the
presence of water or at elevated temperatures.
Initially tests began with using SO42- counter ion (resulting in SO4 rht-MOF-1).
This choice of anion was due to literature examples of sulfate ions coordinating in a trismonodentate fashion to three unique metals and effectively capping metal trimers118-122
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(Figure 3.44). This will block some of the open metal coordination sites which in
principle may reduce the susceptibility of the metal ligand bond toward hydrolytic
cleavage by competing for and thus limiting waters access to the open metal sites.
Unfortunately, due to mismatched charge (2- for the SO42-, and 1+ for each trimer), this
approach will only allow for one sulfate per every two trimers, thus only capping every
other trimer.
This experiment was followed by use of copper perchlorate to allow synthesis of
ClO4 rht-MOF-1. Literature examples also show potential for capping of trimeric MBBs
using the geometrically related ClO4- anions123-126 (Figure 3.44). These anions, having a -1
charge, should further allow for a better charge match of one anion per trimer.

2-

-

Figure 3.44: Copper trimer capped by (Left) SO4 and (Right) ClO4 anions.

Concurrently, other anions were utilized to investigate the effect of fluorinated
or bulkier counter ions. These other anions include tetrafluoroborate, triflate, and
hexafluoroacetylacetonate (hfac). (Figure 3.45)
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Figure 3.45: Counter ions (and corresponding charge) used in rht-MOF-1 synthesis. (Top) Nitrate (-1),
Sulfate (-2), Perchlorate (-1) (Bottom) Triflate (-1), Tetrafluoroborate (-1), Hexafluoroacetylacetonate (-1).

3.4.1.2 Ligand Modification
A second route investigated in order to improve the thermal and/or chemical
stability of rht-MOF-1 was through modification of the TZI ligand. Use of a triazole
functionalized version of the ligand vs. the parent tetrazole functionalized ligand (Figure
3.46) was anticipated to increase the strength of the coordinate covalent bond between
the heterocyclic nitrogen’s and the copper centers of the trimer and thus increase the
robustness of the resulting framework. This increase in bond strength is due to the
difference (higher) in pKa of the triazole moiety in comparison to the tetrazole moiety
(4.9 vs. 9.3).
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Figure 3.46: (Left) Tetrazole isophthalic acid (TZI) (Right) Triazole isophthalic acid (TriZI).

In this second comparison of TZI vs. TriZI, the NO3- and SO42- analogs (Triazole
NO3 rht-MOF-1 and Triazole SO4 rht-MOF-1) were synthesized through use of the
appropriate copper salts, copper nitrate and copper sulfate respectively. Single crystal Xray structures and PXRD patterns were collected to verify successful synthesis of the
desired MOF. This was followed by stability analysis by following the same procedure
used for the tetrazole based rht-MOF-1 compounds.
3.4.1.3 Results and Discussion/ Conclusion
A reaction between TZI and copper sulfate under solvothermal conditions results
in the targeted SO4 rht-MOF-1 which crystalizes in the Cubic Fm-3m space group having
an edge length 44.2911Å and a formula of [Cu6TZI3(SO4)0.5]. The structure is
analogous/isostructural to NO3 rht-MOF-1.64 The significant difference between the
NO3 and SO4 analogs is in the tetrahedral tcu cage. Coordinated sulfates can be localized
in proximity to the trimer and are coordinated in the expected tris-monodentate fashion
(Figure 3.44). Their occupancy is ½ to account for one sulfate per every two trimers. This
is equivalent to two sulfates occupying each of the tcu cages (Figure 3.47). No sulfates
were localized in the other cages including the rdo-a cage which is delimited by eight
copper trimers.
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2-

2-

Figure 3.47: Tetrahedral tcu cage in SO4 rht-MOF-1 (Left) disordered SO4 anions (Right) Two SO4 anions
when disorder is accounted for, showing two trimers un-capped.

A reaction between TZI and the other copper salts (perchlorate, triflate,
hexafluoroacetylacetonate, and hexafluoroborate) under solvothermal conditions
results in the targeted rht-MOF-1 analogs. Single crystal structure determination did not
reveal any exceptional differences in structure, including in the ClO4 rht-MOF-1. The
counter-ions could not be reliably localized and are assumed to be diffusely distributed
throughout the cages, likely in reasonably close proximity to the copper trimers. The
purity of the bulk material was confirmed through PXRD analysis (Figure 3.48 and Figure
3.49).
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Figure 3.48: (Left) PXRD pattern for rht-MOF-1 variants with different counter-ions (DMF washed
samples). (Right) PXRD pattern for tetrazole and triazole based rht-MOF-1 variants with sulfate and
nitrate counter ions (DMF washed samples).

Figure 3.49: PXRD pattern for rht-MOF-1 variants with different counter-ions and tetrazole and triazole
analogs (DMF washed samples).

A reaction between TriZI and copper sulfate under solvothermal conditions
results in the targeted Triazole SO4 rht-MOF-1. The single crystal X-ray structure, as
expected, is analogous / isostructural to Tetrazole SO4 rht-MOF-1, having the sulfate
anions localized in proximity to the copper trimers in the tetrahedral tcu cage. Likewise,
the Triazole NO3 rht-MOF-1 was successfully synthesized from TriZI and copper nitrate
under solvothermal conditions. Both compounds purities were confirmed by PXRD
analysis (Figure 3.48 and Figure 3.49). TGA studies were performed on the rht-MOF-1
analogs and they all show relatively similar stability (Figure 3.50).
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Figure 3.50: TGA scans for methanol exchanged rht-MOF-1 variants.

TGA analysis was followed by VT-PXRD analysis. In the VT experiments, the
methanol exchanged samples were placed into a nitrogen purged chamber and stability
upon drying was verified (Figure 3.51). The temperature was increased incrementally
and PXRD patterns collected at 100°C intervals (Figure 3.52).
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Figure 3.51: PXRD patterns for methanol exchanged and dried (under N 2) rht-MOF-1 variants.

Figure 3.52: PXRD patterns for methanol exchanged rht-MOF-1 variants, under vacuum at 100°C (top left),
200°C (top right), 300°C (bottom left) and 400°C (bottom right).

The tetrazole and triazole sulfate rht-MOF-1 analogs showed similar stabilities,
maintaining some degree of crystallinity up to 300°C+, but surprisingly the triazole
nitrate version showed lesser stability than the tetrazole analog losing crystallinity at
~100°C vs. 400°C. Overall the least thermally stable versions were (BF4-, NO3-, ClO4-) and
the versions with the greatest stability were (F6ACAC- and SO42-). The other analog
(triflate) had a median amount of thermal stability falling between the previous groups.
This greater stability (F6ACAC- and SO42-) can likely be attributed to the potential for
chelation of the counter-ion to the open metal sites of the copper trimer in combination
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with the pKa differences in the acids which correspond to these counter-ions (Table
3.7), which lead to greater coordination strength of SO42- and F6ACAC-.
Table 3.7: pKa of acids which cyorrespond to the counter ions used.
Acid
HBF4
H2SO4
CF3SO3H
HClO4
HNO3
F6ACACH

Acid pKa
-0.4
-3, 1.9
-12
-8
-1.4
4,3
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Counter Ion
BF4
2SO4
CF3SO3
ClO4
HNO3
F6ACAC

In the VH experiments, the methanol exchanged samples were placed into a
nitrogen purged chamber (0% RH) and stability upon drying was verified. Humidity levels
were incrementally increased and PXRD patterns collected (Figure 3.53). The humidity
was increased until a loss of crystallinity was observed.
Analysis of the VH-PXRD patterns was performed to examine the impact of the
counter-ion on the water stability of the same series of rht-MOF-1 analogs. Again, none
of the MOFs would be considered water stable, but SO42- and ClO4- were particularly
susceptible to loss of crystallinity by hydration. The two triazole based rht-MOF-1 (SO42and NO3-) compounds showed increased resistance to hydrolysis, compared to the
tetrazole counterparts, and remained crystalline up to at least 20% RH.
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Figure 3.53: VH-PXRD patterns for methanol exchanged rht-MOF-1 variants, under nitrogen (0% RH) at
25°C (top left), (5% RH) at 25°C (top right), (20% RH) at 25°C, (bottom)).

Simultaneous to the research into these rht-MOF-1 analogs, our collaborator
also reported and submitted a publication on the triazole and pyrazole rht-MOF-1
analog. Therefore herein only preliminary studies are reported.
To expand on these findings herein, further studies could be performed to utilize
ligands with a higher/lower pKa to further examine the effect of ligand pKa on the
formation and stability of the copper trimer (pyrazole functionalized, or additional
groups added to the central phenyl ring). Furthermore, more strongly coordinating
counter-ions could also be examined (acetylacetonate, phosphonates, etc.).
3.4.2 rht-MOF-7 Various Metal Sources
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Due to the desirable properties of Cu rht-MOF-7, such as high degree of stability
and strong affinity towards CO2, other isostructural analogs were subsequently targeted.
Isostructural analogs were successfully obtained using metals which are known to
readily form the binuclear paddlewheel MBB (Zn2+ and Co2+). Further attempts were
successful using the transition metals Mn2+, Ni2+ and alkaline earth metal Mg2+ to
synthesize rht-MOF-7 isostructures. SXRD was used to confirm the structure of these
compounds, and bulk purity was confirmed through use of PXRD (Figure 3.54).

Figure 3.54: PXRD pattern of the rht-MOF-7 analogs synthesized from various transition metals and the
2+
alkaline earth metal Mg .

Single crystal X-ray analysis reveals that with the exception of the Zn rht-MOF-7
these metals do not form perfect paddlewheels, but in fact form distorted and
disordered paddlewheels. It is proposed here that due to the [proper] geometry of the
ligand (trigonal tri-isophthalate) which in copper systems nearly exclusively codes for an
rht-MOF, other structures or topologies are not likely to form. It is shown herein that
this is even true when the metal does not prefer forming a perfect binuclear
paddlewheel MBB. Thus selection of a suitable ligand, coding for the targeted topology
(i.e. having the proper geometry) is in this instance of equal importance to choosing a
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metal which preferentially forms the desired geometry MBB. In these results, in essence
the ligand forces or encourages the above mentioned metals to form pseudopaddlewheels resulting in analogs of rht-MOF-7.
In the Co, Mg, and Ni rht-MOF-7 analogs the ligand is disordered over two
positions and the pseudo-paddlewheels have a central metal to which 4 disordered
carboxylates are coordinated in a monodentate fashion, the second metal center is
disordered among two positions, thus resembling a trimeric linear MBB. This
conformation is shown in Figure 3.55 as an example of the Co rht-MOF-7, the Mg and Ni
analogs also show the same conformation.

Figure 3.55: Co rht-MOF-7 fragments showing pseudo-paddlewheel (M2L4)(Solvent)4 in two orientations.

The bond distances between the carboxylate and the second metal center are
elongated and weakly coordinated, and thus the strength of the bond is reduced. This
likely is part of the cause of the poor stability of these rht-MOF-7 analogs when dried or
placed under vacuum.
Likewise, it is apparent from low resolution single crystal X-ray structure
determination that the Mn rht-MOF-7 analog forms an unusual 4-connected trimer
(Figure 3.56). Unlike the Co, Mg and Ni analogs, the ligand is not disordered in this
structure. Coordinated to one of the metal centers of the trimer in a monodentate
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fashion are four carboxylates, the second oxygen atom from the carboxylates are
coordinated to two separate metal centers, two carboxylates coordinated to each. The
three metal centers are additionally linked through a central µ-3 oxo group, thus giving a
neutral 4-connected metal cluster. The remaining coordination sites of the metals are
occupied by seven coordinated water molecules, resulting in each metal center having
octahedral coordination geometry.

Figure 3.56: Mn rht-MOF-7 fragment showing trimeric MBB (M3L4)(Solvent)7 (Left) with coordinated
solvent (Right) coordinated solvent omitted for clarity.

Unfortunately these analogs do not have the same high stability as the parent Cu
rht-MOF-7, and thus far do not show permanent porosity. Solvent exchange and
subsequent gas sorption experiments were performed to ascertain the porosity of these
materials. Traditional methods of solvent exchange were unsuccessful. Further attempts
were performed employing supercritical CO2 drying. The only compound which shows
porosity under the conditions tested was the Ni rht-MOF-7 compound. A small degree
of porosity was obtained, albeit a lower capacity than what would be expected based on
the crystallographic pore volume. Further heating and vacuum reduced the porosity,
and eventually resulted in loss of crystallinity. It is presumed that upon removal of the
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terminal solvent molecules, the metal cluster (pseudo-paddlewheel) destabilizes
resulting in collapse of the MOF.

Figure 3.57: Calculated and experimental PXRD patterns for rht-MOF-7 analogs.
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PXRD studies were used to confirm bulk purity of the as-synthesized materials
(Figure 3.57). For these rht-MOF-7 analogs, VT-PXRD studies were performed and
analyzed. The Zn and Mn rht-MOF-7 materials lost long range crystallinity and became
amorphous under vacuum, and/or at elevated temperatures. Co, Ni, and Mg rht-MOF-7
showed some retention of long range order. This is shown in Figure 3.58, note the large
broad peak at ~5 degrees 2-theta, which represent some degree of long range order or a
semi-crystalline structure.

Figure 3.58: VT-PXRD of methanol exchanged Ni and Mg rht-MOF-7.

3.5

Conclusion
Metal-Organic Frameworks are a class of solid state porous crystalline materials.

Several design strategies have been reported and utilized to allow directed synthesis of
MOFs with desired properties and framework topologies. In the previous chapters the
important design principles of reticular chemistry and the molecular building block
(MBB) approach were discussed. Further expansion of these conceptual design methods
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has progressed toward the use of chemical motifs of higher complexity, namely
‘supermolecular building blocks’. The SBB approach to MOF synthesis identifies
supermolecular motifs which can be targeted by combining simple MBBs into metalorganic polyhedra, through external functionalization these MOPs can then be utilized
as building blocks to synthesize hierarchically more complex MOF materials than
through previous methods.
In order to reliably target higher connectivity motifs, which can enhance the
predictability of structural outcome, the (3,24)-connected rht-MOF chemical platform
was used as a chemical blueprint thus specifying the functionality (carboxylate based
ligands) as well as ligand geometry (tri-isophthalate) which promotes the formation of
rht-MOFs in the presence of Cu(II) metal sources.
This research has shown the rht-MOF platform allows for the gas sorption and
porosity to be easily tuned through judicious ligand selection and design. This was
exemplified by the rht-MOF-7 and rht-MOF-9 compounds which were targeted for CO2
sorption properties. rht-MOF-7 shows an extremely high Qst giving this material
potential for gas separations of industrial gases containing low or ultra-low
concentrations of CO2. Due to the increased surface area, confined pore structure and
polarized organic component, rht-MOF-9 shows a high affinity for CO2, albeit having a
lower Qst than rht-MOF-7, but the uptake at 298 K and 1 bar is the highest uptake
reported to date for rht-MOFs.
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rht-MOF-9, being a high surface area material with confined pores also has
superior performance with regard to H2 uptake at 77 K and 1 bar. This material also
shows one of the highest H2 uptakes for rht-MOFs.
These impressiveCO2 and H2 sorption results along with the illustrated ability to
tune the counter-ion (rht-MOF-1) and the metal (rht-MOF-7) clearly show that this
platform is exceptional and offers a means to synthesize custom materials for targeted
applications.
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Chapter 4: Counter-Ion Templating Effect Toward the Synthesis of a Mesoporous MOF.
4.1

Introduction
Inorganic zeolites are examples of microporous materials which can be used as

models with regard to targeted synthesis of and classifying network solids (e.g. MOFs). It
has been shown in Chapter 2 that the building block concept (e.g. breaking the structure
down into SBUs), which was derived from zeolite chemistry, is a powerful approach in
analyzing and targeting materials. Similarly, zeolite and MOF chemists have leveraged
the structure directing effects of cations (typically amines), which are introduced during
synthesis to balance the charge of the anionic frameworks, allowing control of the
porosity of the resulting material.1-3 Furthermore, the cationic amines and guest solvent
molecules occupy the micropores of such materials. By varying the type of amine, also
known as the template or structure directing agent (SDA), during synthesis allows for
isolation of materials having different framework topologies.1, 2 This templating effect is
due to the difference in charge to volume ratio of the different amines which can
necessitate different (larger) sized cages or voids to accommodate (larger) different
SDAs.1 This approach has been successfully used in MOF chemistry to target different
MOFs having zeolitic topologies (ZMOFs).4, 5
A related approach can be applied toward cationic MOF frameworks, whereby
use of different anions or metal salts can similarly direct the formation of different
materials.6-11 If the counter ions are non-coordinating or weakly coordinating, they are
often delocalized in the crystal structures and do not participate in the network
topology of the framework, and/or do not significantly alter the inorganic MBB.7
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Conversely, there are examples of counter ions acting as integral parts of the MBB, as
can be seen in the case of a class of Cu(I) iodide based clusters12-15 and transition metal
(e.g. Fe, Zn, Cu, and Ni) based hexanuclear clusters having a µ-4 Cl center.16-22
In the case of the work presented herein, the counter ion, SO42- is incorporated
into the inorganic MBB and plays a vital role in the formation of the resulting MOF. As
discussed in the previous chapter, the SO42- version of the rht-MOF-1 (SO4 rht-MOF-1)
compound is composed of two inorganic MBBs: copper paddlewheels and copper
tetrazolate trimers. This compound was the model that was used in designing this
project. In SO4 rht-MOF-1, the copper trimer is ‘capped’ with a SO42- ion, the SO42- is
coordinated in a tris-monodentate fashion to all three of the Cu centers of the trimer
(Figure 4. 1). It was speculated that this could either have a stabilizing effect on the
trimer (See Chapter 3), or in the case of this work it was predicted that the sulfate could
promote formation of the copper trimer, thus acting to direct the topology in the
resulting MOF.

2-

Figure 4. 1: Diagram of a SO4 ‘capped’ copper trimer.
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As was mentioned in Chapter 3, reacting TZI with Cu salts results in a formation
of a tetrazole copper trimer, having a trefoil hexa-carboxylate motif, when viewing the
ligand trimer combination. This motif will most likely, if not exclusively, form an rht-MOF
when reacted with Cu2+ as discussed in Chapter 3. Therefore to avoid synthesis of rhtMOFs, ligands having a tetrazole and a single carboxylate were chosen for the work in
this chapter. Furthermore, the two ligands were chosen due to ease of synthesis and
the relatively low cost of the starting materials, these two ligands TZB and F-TZB are
shown in (Figure 4. 2).

Figure 4. 2: (Left) Tetrazole Benzoic Acid (Right) 2-Fluoro Tetrazole Benzoic Acid.

The modes of coordination of the tetrazolate moiety of TZB and F-TZB, having
nitrogen donors in the three and four positions are similar to the modes of coordination
if pyrazolates and triazolates. There are diverse examples of pyrazole, triazole or
tetrazole based copper trimers resulting in either discrete clusters 23-28 or extended
networks.26, 29-36 Two other relevant examples of Cu and tetrazole based MOFs (Cu-TBA-
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2 and Cu-TBA-2F)37 were synthesized from TZB and F-TZB respectively. These MOFs
were synthesized from CuCl and Cu(NO3)2 metal precursors, and resulted in MOFs with a
chainlike extended SBU, and a structure with 1-D channels.37 To date, these ligands have
not been reported to have resulted in structures having copper trimer MBBs.
Other relevant literature include a series of discrete copper trimeric clusters
which are synthesized by reacting copper salts, such as copper acetate, with pyrazole in
a solvent system including alcohols or water. This results in pyrazole based copper
trimers, which are charge balanced by the anionic species from the copper salt. 38, 39 In
one example, these discrete molecular compounds were further treated/reacted with
strong acids(H2SO4, H3PO4, HClO4, HNO3, CF3COOH, and CF3SO3H) to obtain new clusters
or new materials.38 It was shown that the SO42-, ClO4-, and CF3SO3- anions resulted in
capping of the copper trimeric complex, or in the case of SO42-, bridging of the copper
trimeric unit resulted in extended 1-d coordination polymers.
Likewise, through solvent layering, a reaction of CuSO4 and 4-amino-1,2,4triazole under various conditions resulted in copper trimeric MBBs which are bridged or
capped by the SO42- moieties. The resulting extended structures were investigated for
their magnetic properties.26
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4.2
SO4 and Tetrazole Based MOFs
4.2.1 Layered Structure

Figure 4. 3: Synthetic schematic for synthesis of MOF having hxl topology.

To investigate the use of sulfate counter ions as an agent for promoting the
formation of Cu-trimers, CuSO4 was reacted solvothermally with ditopic (F-TZB and TZB)
ligands. Initial studies with F-TZB (and later studies using TZB) yielded a layered
structure having a 6-connected copper trimer based MBB (three tetrazoles and three
carboxylates) capped with an SO42- counter ion (Figure 4. 3). This layered structure has
hxl topology.40 This confirmed that, in this system, the introduction of coordinating
anions (SO42-) can promote the formation of the trimer building block which resulted in
an extended structure. Unfortunately as there is minimal void space this material did
not show promising results with regard to gas sorption studies. This layered structure is
not reported elsewhere, and was not formed in the absence of SO42- counter-ions. The
use of Cu(NO3)2 as opposed to CuSO4 under similar conditions resulted in the published
compounds (Cu-TBA-2 and Cu-TBA-2F) 37 mentioned above.
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4.2.2 3-Periodic KME_336
TZB was extensively investigated to synthesize copper trimer based MOFs.
These studies resulted in the synthesis of a mesoporous MOF (KME_336) based on a
copper paddlewheel MBB and a novel hexanuclear cluster (MBB), which is composed of
two copper trimers bridged by a central SO42- anion. This SO42- anion perfectly balances
the charge of the two bridged trimers. Gas sorption properties of KME_336 were
investigated to identify if this compound has potential for storage of CO 2 and/or CH4 at
high pressures.
It is worth noting that during the course of the research, a small number of
reactions yielded a few hexagonal crystals, isostructural analogs of the (hxl) layered
structure synthesized from F-TZB. Optimization of the reaction conditions in effort to
obtain pure (hxl) material with TZB was not attempted.

Figure 4. 4: Synthetic scheme for KME_336.
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4.2.2.1 Experimental/Structure Description
Solvothermal reactions with DMF and ethanol resulted in a new MOF
(KME_336), which incorporated both a copper trimer based MBB and the copper
paddlewheel. This compound crystallized in Trigonal (Hexagonal) R-3 space group with
unit cell edge lengths of a=b=43.697Å, c=62.1215Å and the asymmetric unit contains 8
Cu(II) centers, six TZB ligands, and 4 coordinated water molecules. In addition to copper
paddlewheels, the second inorganic building block of KME_336 is a hexanuclear cluster
which is composed of two Cu trimers bridged by a single SO42- anion resulting in a
neutral MOF.

Figure 4. 5: Hexanuclear copper cluster. [Cu6(Tz)6(COO)2] and the numbering/labeling of metal centers
and ligands.

The SO42- anion is coordinated to both trimers in a tris-monodentate fashion thus
forming the hexanuclear cluster. The hexanuclear cluster is additionally composed of 8
TZI ligands. Four of the ligands are disordered in a head to tail fashion such that the
tetrazolate and carboxylate are superimposed and have 50% occupancy, these ligands
(L-1, L-2,L-3 and L-4) are oriented along the (XY) plane and bridge to adjacent MBBs
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(Figure 4. 5). When viewing these ligands alone, they form a honeycomb layer (Figure 4.
6). They are coordinated in a bis-monodentate fashion to Cu-1/Cu-2 (L-1), Cu-3/Cu-4 (L2), Cu-2/Cu-6 (L-3), and Cu-4/Cu-5 (L-4).

Figure 4. 6: KME_336 honeycomb layer formed from omitting the out of (XY) plane ligands.

The honeycomb layers are bridged by the remaining four ligands of the
hexanuclear MBB via copper paddlewheel MBBs. Two of these ligands are coordinated
through the nitrogens in the 1 and 2 position of the tetrazoles to Cu-1/Cu-4 (L-5) and Cu2/Cu-3 (L-6). This mode of coordination orients the carboxylate functionality of the TZI
between the hexagonal layers, with (L-5) pointing above the plane of the hexagonal face
and (L-6) pointing below the plane. These ligands (L-5 and L-6) coordinate in a bismonodentate fashion to two copper(II) ions (Cu-7/Cu-8) which form a copper
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paddlewheel, linking the hexagonal layers. The remaining two ligands are coordinated
in a bis-monodentate fashion through the nitrogens in the 2 and 3 position of the
tetrazole to Cu-3/Cu-5 (L-7) and Cu-1/Cu-6 (L-8). These two ligands also point above (L7) and below (L-8) the plane of the hexagonal face and the carboxylates coordinate to
the remaining coordination sites of the copper paddlewheel MBB (Cu-7/Cu-8).
An alternate interpretation of this structure (See Chapter 3) is to view the
compound as being composed of hexagonal prismatic SBBs. In this interpretation, L-1,
L-2, L-3 and L-4 are coordinated in such a way to form the hexagonal bases of the SBB,
with the hexanuclear MBB being represented by the vertices of the hexagonal faces of
the SBB. The copper paddlewheel in this interpretation would lie on the rectangular
faces of the SBB (Figure 4. 7).

Figure 4. 7: Molecular and geometric representation of hexagonal prismatic SBB in KME_336.

These building blocks are linked by sharing of alternate edges of the hexagonal
faces (L-1 and L-2). Each of the hexagonal prismatic building blocks (SBBs), are therefore
linked to six other SBBs through the alternating edges of the top and bottom hexagonal
faces, three from the top face and the remaining three links are through the bottom
hexagonal face through the edges which correspond to the unlinked edged of the top
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hexagonal face. Additionally this results in an alternating stacking of three layers in an
ABC pattern which is apparent when viewed along the X or Y axis, (Figure 4. 8). There
are channels in the Z-direction which run through the center of the hexagonal SBBs and
the interstitial space between the SBBs. Additionally there are channels in the (XY-plane)
which run between adjacent hexagonal SBBs, thus this compound has 3-D
interconnected channels.

Figure 4. 8: ABC packing of the hexagonal prismatic SBBs, notice void space between and within each SBB.

There are two sized void spaces in this structure, the voids within the SBBs which
are approximately 15 Å in diameter (shown as blue spheres in Figure 4. 9), and the voids
between the SBBs, which are larger and approximately 25 Å in diameter (shown as
orange spheres in Figure 4. 9).
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Figure 4. 9: Diagram showing the smaller void within the SBB (Blue Sphere) and the larger interstitial void
between the SBBs (Orange Sphere) and the molecular representation of these two types of cages/voids.

Topological analysis using the software package TOPOS reveals that this
compound can be interpreted in three ways. The first is the most straightforward and
this is if all of the bridging ligands are taken into consideration as participating in the
topology. In this interpretation, the two ligands which redundantly bridge adjacent
hexanuclear MBBs (L-1 and L-2) are considered as a single link, resulting in the
hexanuclear cluster having 7 points of extension (7-connected node). The paddlewheels
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are 4-connected nodes, thus this is a binodal (4,7)-connected net having a new topology
(Table 4. 1).
The second interpretation omits the ligands in the XY-plane, which correspond to
the edges of the hexagonal faces of the SBB (L-1, L-2, L-3 and L-4), as these are not
essential in maintaining the 3-p framework. In this interpretation, this is a binodal 4,4connected net having ptr topology (Table 4. 2).
The final interpretation views the structure as being composed of hexagonal
prismatic SBBs, as a 6-connected node, which links to adjacent edge sharing SBBs. This
interpretation results in a uninodal 4-connected net having pcu topology (Table 4. 3).

ptr topology

Figure 4. 10: Topological analysis of KME_336. (Top) binodal (4,7)-connected network. (Middle) binodal
4,4-connected network (Bottom) uninodal 6-connected network.

297
Table 4. 1: Topos Output for KME_336 as (4,7)-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 7 20 49 82 129 186 255 328 415 514
Cum 8 28 77 159 288 474 729 1057 1472 1986
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 4 17 42 81 125 181 252 324 413 508
Cum 5 22 64 145 270 451 703 1027 1440 1948
---------------------TD10=1967
Point symbol for net: {3^4.4^3.5^4.6^9.7}
4,7-connected net with stoichiometry (4-c)(7-c); 2-nodal net
New topology
Table 4. 2: Topos Output for KME_336 as 4,4-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 4 9 18 34 54 75 100 136 172 203
Cum 5 14 32 66 120 195 295 431 603 806
---------------------V2: 1 2 3 4 5 6 7 8 9 10
Num 4 9 18 31 54 76 100 133 172 204
Cum 5 14 32 63 117 193 293 426 598 802
---------------------TD10=804
Point symbol for net: {4^3.6^2.8}
4,4-connected net with stoichiometry (4-c)(4-c); 2-nodal net
Topological type: ptr
Table 4. 3: Topos Output for KME_336 as 6-connected net.
Coordination sequences
---------------------V1: 1 2 3 4 5 6 7 8 9 10
Num 6 18 38 66 102 146 198 258 326 402
Cum 7 25 63 129 231 377 575 833 1159 1561
---------------------TD10=1561
Point symbol for net: {4^12.6^3}
6-connected net; uninodal net
Topological type: pcu
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Gas sorption analysis was performed on the activated KME_336 sample.
Activation of the sample was accomplished by thorough washing of the sample in
absolute ethanol for 24-48 hours, followed by room temperature evacuation for 28
hours and subsequent heating to 120°C for 18 hours until all residual solvent was
removed.

Low pressure gas sorption experiments (Ar at 87 K) were performed (Figure

4. 11) which revealed an apparent BET and Langmuir surface area of 2460 m 2/g and
4600 m2/g respectively. A steep uptake and inflection between P/Po of 0.1-0.2 is
indicative of mesoporous cavities which is consistent with the crystal structure. The
experimental pore volume was calculated to be 1.5 cc/g which is slightly lower but
consistent with the pore volume calculated in materials studio (1.57 cc/g) from the
crystal structure.

Figure 4. 11: Ar Isotherm of the activated KME_336 compound.
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Pore size distribution was calculated based on the Ar isotherm using BJH plot and
(pores/cavities) of ~15 Å and ~25 Å (Figure 4. 12) are indicated which correlates well
with the crystal structure.

Figure 4. 12: PSD Plot for KME_336 from Ar Isotherm 87 K.

Due to the high degree of porosity of this material, low pressure gas sorption
analysis was done to investigate this material for Hydrogen and CO2 sorption properties.
CO2 isotherms were collected at 253 K, 273 K and 298 K. Modest uptakes were
observed 4.96 mmol/g @ 258 K, 3.40 mmol/g @ 273 K, and 1.70 mmol/g @ 298 K. The
plots were linear and did not reach saturation, this is expected due to the large
(mesoporous) cavity size.

This Qst was determined, using the Clausius-Clapeyron

equation, and is of a modest value between 24.3 to 20.9 kJ/mol. This is consistent with
the energetics seen in pore filling, as opposed to strong interactions with the
framework.
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.
Figure 4. 13: Low pressure CO2 sorption isotherms (258 K, 273 K and 298 K) for KME_336.

Figure 4. 14: Qst from CO2 isotherms at 258 K, 273 K and 298 K for KME_336.
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Using the activated sample, H2 isotherms were collected at 77 K and 87 K.
Relatively low uptakes were observed ~1.45 wt% @ 77 K, and ~0.9wt% @ 87 K. Based
on these isotherms, the Qst was calculated using the Clausius-Clapeyron equation which
showed a maximum Qst of 6.5 kJ/mol at low loading which decreased to ~5kJ/mol at
higher loading. These values are consistent with microporous MOFs having large cavities
>10Å or mesoporous materials.

Figure 4. 15: Low pressure H2 sorption isotherms (77 K and 87K) for KME_336.
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Figure 4. 16: Qst from H2 isotherms at 77 K and 87 K for KME_336.

High pressure sorption studies were carried out to investigate the suitability of
this material for storage or sepatations of gases at elevated pressures. (Up to 45 bar).
KME_336 shows one of the highest capacities for CO2 (22.5 mmol/g ; 0.99g/g) at 25 bar
25°C, experiments performed at lower temperatures (0C at 25 Bar) show saturation at
32-33mmol/g which indicate that higher capacities can be achieved at 25°C and higher
pressures. The capacity at 25°C and 25 Bar is comparable to the mesoporous MOF MIL101,41 and is only surpassed by MOF-177, which is the current record holder for CO2
storage capacity at high pressures.42
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Figure 4. 17: High Pressure CO2 Sorption 0°C, 25°C, and 45°C (273 K, 298 K, and 318 K) KME_336

Further high pressure studies were performed to study methane (CH4) sorption
of KME_336. These studies show high uptakes of 300 cc/g (152 cc/cc) at 50 bar and
25°C, 240 cc/g, (122 cc/cc) at 25°C 35 bar, and 50 cc/g, (25 cc/cc) at 5 bar 25°C. This
material shows impressive gravimetric uptakes (Figure 4. 18) in comparison to some of
the high performing MOFs USTA-20 (202 cc/g 35 bar, 253 cc/g 50 bar) and PCN-14 (221
cc/g 35 bar, 277 cc/g 50 bar).
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Figure 4. 18: High Pressure CH4 Sorption isotherm at 0°C and 25°C for KME_336.

As opposed to a gravimetric weight per volume goal, the US-DOE has set a
current targeted volumetric storage capacity of 263 cc/cc at 298 K and 35 Bar, which is
consistent with the amount/density of CH4 which can be stored in an empty cylinder at
298K and 250 bar. With regard to methane storage capacity, this material falls short of
the new 263 cc/cc DOE targets (152 cc/cc at 50 bar), but approaches the 180 cc/cc year
2000 DOE target, albeit at 0°C and 35 bar or 25°C and 50 bar, which is a lower
temperature or higher pressure than the DOE targets.
These capacities can also be evaluated with regard to the working capacity43
which is representative of the amount of deliverable methane if the material is to be
used in a real world situation as an energy storage media for automotive use where an
optimal maximum pressure of (35 Bar), and a minimum pressure of 5 Bar has been set
due to cost and engineering purposes. For KME_336, the calculated working capacity is
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98 cc/cc (0.135 g/g, 190 cc/g) when considering the maximum pressure of 35 Bar.
Furthermore if the maximum pressure is 50 bar, the calculated working capacity is 127
cc/cc (0.179 g/g, 250 cc/g). This working capacity of 98 cc/cc is lower than the working
capacities of the best performing MOFs: UTSA-20, PCN-14, HKUST-1 and NU-125 (125,
130, 145 and 120 cc/cc).
Additional high pressure sorption experiments were performed to investigate
the possibility for use of KME_336 for hydrocarbon separations (Figure 4. 19). Due to
the lower pressures required to condense hydrocarbons, the C2+ isotherms exhibit a
steeper slope at low pressure when compared to CH4 and CO2. This is indicative of a
stronger affinity of KME_336 toward higher order hydrocarbons (C2+). IAST calculations
based on single gas adsorption isotherms was performed to determine the C3H8/CH4
selectivity of KME_336 (Figure 4. 20). The selectivity is in the range of 30-40, this is not
competitive in comparison to zeolite 13X, which is currently in use in industry. This is
lower than the anticipated selectivity, which is likely due to the high affinity and high
capacity of KME_336 for methane.
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Figure 4. 19: High Pressure hydrocarbon sorption isotherms at 25°C for KME_336.

Figure 4. 20: Methane/Propane selectivity based on single gas sorption isotherms for KME_336.
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To investigate further potential applications for this compound, high pressure
hydrogen sorption studies were performed to calculate CO2/H2 adsorption selectivities.
This is an important separation process involved in the steam reforming of methane to
generate H2. As a secondary product in this process CO2 is generated, which must be
removed from the gas stream. High pressure (50 bar) hydrogen isotherms were
collected at 77 K and absolute and excess H2 uptakes were determined (Figure 4. 21).
IAST calculations based on single gas adsorption isotherms was performed to
determine the CO2/H2 selectivity of KME_336 (Figure 4. 22). Impressive selectivities
ranging from 10 (at low total pressures) to 70 at (high total pressures) were calculated
for this compound. Therefore this compound can be a good separation agent for CO 2/H2
at high pressure due to its high CO2 uptake and acceptable CO2 (>50) selectivity for
hydrogen purification using PSA.

Figure 4. 21: High Pressure hydrogen sorption isotherms at 77 K for KME_336.
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Figure 4. 22: CO2/H2 selectivity based on single gas sorption isotherms for KME_336. Applicable to syngas
applications.

PXRD studies were performed to investigate the thermal and water stability of
KME_336. This material shows a high degree of stability to elevated temperatures (as
apparent in the VT-PXRD studies) (Figure 4. 23). Additional confirmation of this
stability/robustness of this material was confirmed (in dry conditions) by collecting
single crystal structure subsequent to the high pressure sorption experiments. The high
degree of crystallinity required for single crystal analysis shows this materials resistance
to degradation and loss of crystallinity after many cycles of adsorption and desorption of
various gases. Although this material shows a high degree of thermal and (mechanical,
cyclability) stability, upon extended (1hr) exposure to air/humidity, this sample
degrades and loses crystallinity, which may negatively impact the use of this compound
in some industrial settings.
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Figure 4. 23: VT-PXRD of EtOH exchanged KME_336 as compared to the calculated PXRD based on the
crystal structure.

4.3

Conclusion
Initial studies using TZB and F-TZB showed that use of CuSO4 allows access to

copper trimer based MBBs which resulted in a layered structure. This structure deviates
from the reported structures synthesized when using Cu(NO3)2 or CuCl as the metal
source.

Further synthetic experiments using TZB resulted in the synthesis of a

previously unreported mesoporous MOF (KME_336). KME_336 is built up from copper
paddlewheel MBBs as well as a novel hexanuclear MBB which are composed of two
copper trimers bridged by a central SO42-. In this MOF, the sulfate anion is an integral
part of the framework and participates in the network topology. This confirms the
ability of the SO42- to not only direct the formation of new building blocks, but to
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participate in directing the topology (i.e. to participate in the connectivity) by allowing
formation of a new previously unreported building block.
This mesoporous MOF shows a high degree of thermal stability and a substantial
capacity for methane which approaches the year 2000 DOE target of 180 cc/cc. The
considerable CO2 uptake at high pressures results in CO2/H2 selectivities of greater than
50 which indicates that this material may have potential for use as a separating agent
for mixtures of CO2 and H2 which is relevant in the production and purification of syngas.
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Chapter 5: Conclusion and Future Outlook
5.1

Conclusion
From a researchers’ perspective the field of MOFs is maturing at an extremely

rapid rate, thus it is becoming increasingly difficult to identify unexplored areas relating
to MOF design. Although it is the case that polynodal nets and porous molecular
materials remain largely unexplored. Using common synthetic methods such as
chemical systems composed of low connectivity ligands and/or inorganic clusters, it is
often the case that the most likely structures, the structure having low transitivity or the
‘default structures/nets’, have been synthesized, reported in literature, and/or highly
studied. Access to new materials from these systems is often only possible through
combinatorial synthesis, which doesn’t allow for adequate structural/topological
predictability. Therefore, new techniques need to be developed to improve structural
prediction as well as to find pathways to develop and design new materials having
desirable properties for gas sorption, separations, catalysis and/or for sensing.
In the past decade there has been a dramatic increase in the number of
publications coming from research groups in which there was no clear target with
regard to the topological outcome. Often the reagents are mixed seemingly at random
in hopes to synthesize a new MOF regardless of the properties. Of course some of these
MOFs may or do have interesting properties, but the majority of them tend to become
lost in the literature. Collectively, these results do illustrate the structural diversity of
MOFs and allow for the potential for future researchers to elucidate reaction conditions
conducive for formation of specific clusters. On an individual level, each result does not
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add a tremendous amount of scientific value to the field of MOFs. In other words, these
results add to the amount of information available, but not necessarily the quality of the
information available.
Thus one of the goals of the research presented herein was to investigate lesser
or unexplored pathways for the synthesis of new MOFs through a more rational
approach than pure combinatorial chemistry. The two platforms presented herein are
examples of how design principles can be utilized to design targeted MOF materials. The
first approach presented (Chapter 2), the Molecular Building Block (MBB) approach to
design, was successfully implemented to expand on an existing Rare Earth and Group IV
fcu-MOF platforms (synthesized from linear ligands). Use of tetratopic ligand under
similar reaction conditions allowed for synthesis of a series of previously unreported
ftw-MOFs. The key to effectively using this approach was to identifying the appropriate
reaction conditions or range of conditions to promote the formation of the targeted
MBB, in this case a rare earth and a group IV hexanuclear inorganic cluster. Once those
conditions are found, the possible topological outcomes, when using ligands having the
proper functionality (e.g. carboxylates) and a specified geometry, can be identified
based on existing mathematical and structural data, namely the RCSR database. In the
case of combining the geometrically cuboctahedral 12-connected hexanuclear Rare
Earth cluster and geometrically square (or slightly rectangular) ligands, the most likely
topology, ftw, was identified and successfully synthesized (Y ftw-MOF-1). Further
experimental work, targeting the same hexanuclear Rare Earth based MBB, resulted in
the highly porous Y ftw-MOF-2, Y Naphth ftw-MOF-2, and Y Anth ftw-MOF-2. These four
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MOFs proved that the principles of isoreticular chemistry could be applied to this
platform allowing both functionalization of the ligand, organic MBB, and expansion of
the ligands size. In synthesizing an analogous ligand which was further expanded by
including alkyne linkages in the ‘arms’ of the ligand further confirmation of the
versatility of this platform was shown.
At present, the Y ftw-MOF-2 compound shows the highest reported specific
surface area for RE based MOFs. Gas sorption analysis further showed that the ftwMOF-2 compound shows potential for hydrocarbon separations, particularly in the case
of CH4/n-Butane sorption based separations. Although in this instance, the naphthylene
and anthracene functionality did not significantly impact the adsorption selectivity of
the corresponding ftw-MOF-2 analogs, it is anticipated that selection of more
appropriate functionality (i.e. alkyl, amine, etc.) could prove to be superior to the parent
ftw-MOF-2 compound for hydrocarbon and CO2/CH4 separations.
The expanded ftw-MOF-3 compound shows limited porosity at this time, but
further studies into the activation of this material will likely prove fruitful and this
compound has potential to show greater specific surface area than the other ftw-MOFs.
Furthermore, ftw-MOF-3 can be further functionalized through the central phenyl core
in much the same way as ftw-MOF-2. The larger pores allow for greater diversity of
functionality (bulkier groups) to be added while maintaining a high degree of porosity
and pore volume.
Experiments utilizing a carbazole based tetracarboxylate ligand under similar
reaction conditions as the aforementioned ftw-MOFs resulted in an 8-connected
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hexanuclear cluster and scu-MOF-7. This illustrates that when using tetracarboxylate
based ligands, either greater deviation from square geometry or the variation of the
angle between the carboxylates (120° vs 90°) can and will result in new materials with
the potential for greater porosity and/or a greater number of open metal sites for
implementing additional chemistries on the MOF.
The second design strategy used in the research presented (Chapter 3), the
Supermolecular Building Block (SBB) strategy, makes use of hierarchically more complex
chemical motifs. These motifs are often based on discrete molecular polyhedra, a
combination of inorganic and organic MBBs, which can be externally functionalized to
act as nodes in a framework. The work herein targets a copper paddlewheel based
polyhedra in which the ligand can be functionalized resulting in a 24-connected node.
When the ligand is linked through a trigonal link, in the case of this research through
covalent linkages, a MOF having rht topology is the most likely outcome. This rht-MOF
platform has been exploited by several groups since its introduction in 2008. The
research in this dissertation focused on modifying this MOF through use of amine
functionalized ligands having nitrogen rich cores. The ligand used in the first of these
rht-MOFs, rht-MOF-7, had a triazine based core linked to three isophthalate termini
through secondary amines. rht-MOF-7 showed exceptionally high affinity (Qst) for CO2 at
low loading, likely due to the proximity of the amines and the nitrogens of the triazine.
This enhanced affinity was only seen at very low loading. As a follow-up additional
nitrogen groups were introduced through synthesis of a ligand having an expanded
heptazine core. Reaction of this heptazine functionalized ligand under conditions similar

318

to reported rht-MOFs resulted in rht-MOF-9. rht-MOF-9 showed a moderate Qst which
was maintained up to comparatively higher loading than rht-MOF-7. This resulted in
increased total capacity for CO2; in fact rht-MOF-9 has the highest CO2 uptake for the
currently reported rht-MOFs. Furthermore, although not the original targeted
application, rht-MOF-9 also shows one of the highest uptakes, of H2 at 77 K and 1 Bar, of
the reported rht-MOFs.
Finally an example of combinatorial chemistry (Chapter 4) showed that
incorporating a coordinating anion (SO42-) in the reaction mixture can promote the
formation of both targeted (copper trimer) and unexpected (copper hexamer) inorganic
building blocks. The reactions which resulted in the formation of targeted copper
trimeric building block allowed synthesis of a non-porous layered structure. Further
experimentation using a similar chemical system resulted in a highly connected
hexanuclear inorganic building block which was incorporated into a highly porous
mesoporous MOF. This MOF exhibits a high specific surface area and substantial
methane uptake.
These examples show that structural predictability can be enhanced through
targeting highly connected building blocks (MBBs or SBBs). This approach permitted the
deliberate use of isoreticular chemistry (ligand expansion and/or functionalization) to
tune the properties of the resulting MOF for gas storage and separations (CO 2, H2, and
hydrocarbons) based applications. These design methods and MOF platforms presented
can easily be used to target MOFs for a diversity of applications including but not limited
to catalysis, chemical sensing, and solution based separations.
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Appendix A: Crystal Structure Tables
A.1 Zr ftw-MOF-1
Table A. 1 Crystal data and structure refinement for Zr ftw-MOF-1

Identification code

Zr ftw-MOF-1

Empirical formula

C126HNO57.5Zr6

Formula weight

2980.58

Temperature/K

100.15

Crystal system

cubic

Space group

Pm-3m

a/Å

19.1535(10)

b/Å

19.1535(10)

c/Å

19.1535(10)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

7026.6(6)

Z

1
3

ρcalcmg/mm
m/mm

0.704

-1

2.143

F(000)
Crystal size/mm

1456.0
3

0.02 × 0.02 × 0.02

2Θ range for data collection 9.24 to 132.2°
Index ranges

-21 ≤ h ≤ 19, -21 ≤ k ≤ 17, -21 ≤ l ≤ 20

Reflections collected

15647

Independent reflections

1239[R(int) = 0.0613]

Data/restraints/parameters 1239/133/94
Goodness-of-fit on F2

1.218

Final R indexes [I>=2σ (I)]

R1 = 0.0801, wR2 = 0.2669

Final R indexes [all data]

R1 = 0.0957, wR2 = 0.2940
-3

Largest diff. peak/hole / e Å 2.12/-0.91
Experimental
Single crystals of C126HNO57.5Zr6 [Zr ftw-MOF-1] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil and placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
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Crystal Data for C126HNO57.5Zr6 (M =2980.58): cubic, space group Pm-3m (no. 221), a =
19.1535(10) Å, V = 7026.6(6) Å3, Z = 1, T = 100.15 K, μ(CuKα) = 2.143 mm-1, Dcalc = 0.704 g/mm3,
15647 reflections measured (9.24 ≤ 2Θ ≤ 132.2), 1239 unique (Rint = 0.0613) which were used in
all calculations. The final R1 was 0.0801 (>2sigma(I)) and wR2 was 0.2940 (all data).
A.2 Tb ftw-MOF-1
Table A. 2 Crystal data and structure refinement for Tb ftw-MOF-1

Identification code

Tb ftw-MOF-1

Empirical formula

C100H33.333333O44Tb6

Formula weight

1027.11

Temperature/K

296.15

Crystal system

cubic

Space group

Pm-3m

a/Å

19.3443(9)

b/Å

19.3443(9)

c/Å

19.3443(9)

α/°

90

β/°

90

γ/°

90

Volume/Å

3

7238.7(10)

Z

3
3

ρcalcmg/mm
m/mm

1.990

-1

21.990

F(000)
Crystal size/mm

4126.0
3

0.07 × 0.07 × 0.07

2Θ range for data collection 6.462 to 134.114°
Index ranges

-23 ≤ h ≤ 21, -23 ≤ k ≤ 21, -20 ≤ l ≤ 15

Reflections collected

26898

Independent reflections

1344[R(int) = 0.0710]

Data/restraints/parameters 1344/62/85
Goodness-of-fit on F2

1.695

Final R indexes [I>=2σ (I)]

R1 = 0.0729, wR2 = 0.2146

Final R indexes [all data]

R1 = 0.0826, wR2 = 0.2201
-3

Largest diff. peak/hole / e Å 1.14/-1.16
Experimental
Single crystals of C100H33.333333O44Tb6 [Tb ftw-MOF-1] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker
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APEX-II CCD’ diffractometer. The crystal was kept at 296.15 K during data collection. Using Olex2
[1], the structure was solved with the XS [2] structure solution program using Direct Methods
and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C100H33.333333O44Tb6 (M =1027.11): cubic, space group Pm-3m (no. 221), a =
19.3443(9) Å, V = 7238.7(10) Å3, Z = 3, T = 296.15 K, μ(CuKα) = 21.990 mm-1,Dcalc =
1.990 g/mm3, 26898 reflections measured (6.462 ≤ 2Θ ≤ 134.114), 1344 unique (Rint = 0.0710)
which were used in all calculations. The final R1 was 0.0729 (I > 2σ(I)) and wR2 was 0.2201 (all
data).
A.3 Y ftw-MOF-1
Table A. 3 Crystal data and structure refinement for Y ftw-MOF-1

Identification code

Y ftw-MOF-1

Empirical formula

C114H86O52Y6

Formula weight

2821.29

Temperature/K

100(2)

Crystal system

cubic

Space group

Pm-3m

a/Å

19.3042(5)

b/Å

19.3042(5)

c/Å

19.3042(5)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

7193.8(3)

Z

1
3

ρcalcmg/mm
m/mm

0.651

-1

1.889

F(000)
Crystal size/mm

1420.0
3

0.08 × 0.06 × 0.05

2Θ range for data collection 10.24 to 131.92°
Index ranges

-22 ≤ h ≤ 21, -22 ≤ k ≤ 17, -21 ≤ l ≤ 21

Reflections collected

21081

Independent reflections

1288[R(int) = 0.0577]

Data/restraints/parameters 1288/63/86
Goodness-of-fit on F2

1.189

Final R indexes [I>=2σ (I)]

R1 = 0.0834, wR2 = 0.2599

Final R indexes [all data]

R1 = 0.0922, wR2 = 0.2626

322
Largest diff. peak/hole / e Å-3 0.60/-0.88
Experimental
Single crystals of C114H86O52Y6 [Y ftw-MOF-1] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker APEX-II
CCD’ diffractometer. The crystal was kept at 100(2) K during data collection. Using Olex2 [1], the
structure was solved with the XS [2] structure solution program using Direct Methods and
refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C114H86O52Y6 (M =2821.29): cubic, space group Pm-3m (no. 221), a =
19.3042(5) Å, V = 7193.8(3) Å3, Z = 1, T = 100(2) K, μ(CuKα) = 1.889 mm-1, Dcalc = 0.651 g/mm3,
21081 reflections measured (10.24 ≤ 2Θ ≤ 131.92), 1288 unique (Rint = 0.0577) which were used
in all calculations. The final R1 was 0.0834 (>2sigma(I)) and wR2 was 0.2626 (all data).
A.4 Hf ftw-MOF-1
Table A. 4 Crystal data and structure refinement for Hf ftw-MOF-1

Identification code

Hf ftw-MOF-1

Empirical formula

C38H28.67Hf2O17.33

Formula weight

1119.59

Temperature/K

100(2)

Crystal system

cubic

Space group

Pm-3m

a/Å

19.0588(8)

b/Å

19.0588(8)

c/Å

19.0588(8)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

6922.9(5)

Z

3
3

ρcalcmg/mm
m/mm

0.806

-1

4.364

F(000)
Crystal size/mm

1618.0
3

0.07 × 0.07 × 0.07

2Θ range for data collection 9.28 to 130.48°
Index ranges

-20 ≤ h ≤ 22, -20 ≤ k ≤ 21, -15 ≤ l ≤ 19

Reflections collected

20273

Independent reflections

1237[R(int) = 0.0345]

Data/restraints/parameters 1237/39/76
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Goodness-of-fit on F2

1.024

Final R indexes [I>=2σ (I)]

R1 = 0.0574, wR2 = 0.1931

Final R indexes [all data]

R1 = 0.0652, wR2 = 0.2149
-3

Largest diff. peak/hole / e Å 1.76/-0.93
Experimental
Single crystals of C38H28.67Hf2O17.33 [Hf ftw-MOF-1] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker APEX-II
CCD’ diffractometer. The crystal was kept at 100(2) K during data collection. Using Olex2 [1], the
structure was solved with the XS [2] structure solution program using Direct Methods and
refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C38H28.67Hf2O17.33 (M =1119.59): cubic, space group Pm-3m (no. 221), a =
19.0588(8) Å, V = 6922.9(5) Å3, Z = 3, T = 100(2) K, μ(CuKα) = 4.364 mm-1, Dcalc = 0.806 g/mm3,
20273 reflections measured (9.28 ≤ 2Θ ≤ 130.48), 1237 unique (Rint = 0.0345) which were used in
all calculations. The final R1 was 0.0574 (>2sigma(I)) and wR2 was 0.2149 (all data).
A.5 Y ftw-MOF-2
Table A. 5 Crystal data and structure refinement for Y ftw-MOF-2

Identification code

Y ftw-MOF-2

Empirical formula

C138H72O35Y6

Formula weight

2823.42

Temperature/K

100.15

Crystal system

cubic

Space group

Im-3

a/Å

40.048(3)

b/Å

40.048(3)

c/Å

40.048(3)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

64229(8)

Z

8
3

ρcalcmg/mm
m/mm

0.584

-1

1.655

F(000)
Crystal size/mm

11312.0
3

0.01 × 0.01 × 0.01

2Θ range for data collection 7.64 to 100.78°
Index ranges

-28 ≤ h ≤ 29, -39 ≤ k ≤ 15, -38 ≤ l ≤ 16
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Reflections collected

25979

Independent reflections

5874[R(int) = 0.1082]

Data/restraints/parameters 5874/526/288
Goodness-of-fit on F2

1.168

Final R indexes [I>=2σ (I)]

R1 = 0.1386, wR2 = 0.3294

Final R indexes [all data]

R1 = 0.1737, wR2 = 0.3583
-3

Largest diff. peak/hole / e Å 3.48/-1.09
Experimental
Single crystals of C138H72O35Y6 [Y ftw-MOF-2] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a 'Bruker
APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during data collection. Using Olex2
[1], the structure was solved with the XS [2] structure solution program using Direct Methods
and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C138H72O35Y6 (M =2823.42): cubic, space group Im-3 (no. 204), a =
40.048(3) Å, V = 64229(8) Å3, Z = 8, T = 100.15 K, μ(CuKα) = 1.655 mm-1, Dcalc = 0.584 g/mm3,
25979 reflections measured (7.64 ≤ 2Θ ≤ 100.78), 5874 unique (Rint = 0.1082) which were used in
all calculations. The final R1 was 0.1386 (>2sigma(I)) and wR2 was 0.3583 (all data).
A.6 Tb ftw-MOF-2
Table A. 6 Crystal data and structure refinement for Tb ftw-MOF-2

Identification code

Tb ftw-MOF-2

Empirical formula

C138H72O38Tb6

Formula weight

3291.48

Temperature/K

100.15

Crystal system

cubic

Space group

Im-3

a/Å

40.142(2)

b/Å

40.142(2)

c/Å

40.142(2)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

64682(6)

Z

8
3

ρcalcmg/mm
m/mm
F(000)

-1

0.676
6.582
12752.0
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Crystal size/mm3

0.01 × 0.01 × 0.01

2Θ range for data collection 9.34 to 125.04°
Index ranges

-44 ≤ h ≤ 28, -46 ≤ k ≤ 24, -41 ≤ l ≤ 38

Reflections collected

62131

Independent reflections

8899[R(int) = 0.1304]

Data/restraints/parameters 8899/550/312
Goodness-of-fit on F2

1.440

Final R indexes [I>=2σ (I)]

R1 = 0.1501, wR2 = 0.3495

Final R indexes [all data]

R1 = 0.2109, wR2 = 0.4108
-3

Largest diff. peak/hole / e Å 6.09/-1.89
Experimental
Single crystals of C138H72O38Tb6 [Tb ftw-MOF-2] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C138H72O38Tb6 (M =3291.48): cubic, space group Im-3 (no. 204), a =
40.142(2) Å, V = 64682(6) Å3, Z = 8, T = 100.15 K, μ(CuKα) = 6.582 mm-1, Dcalc = 0.676 g/mm3,
62131 reflections measured (9.34 ≤ 2Θ ≤ 125.04), 8899 unique (Rint = 0.1304) which were used in
all calculations. The final R1 was 0.1501 (>2sigma(I)) and wR2 was 0.4108 (all data).
A.7 Zr scu-MOF-2 (Open)
Table A. 7 Crystal data and structure refinement for Zr scu-MOF-2 (Open)

Identification code

Zr scu-MOF-2 (Open)

Empirical formula

C110H62O68Zr6

Formula weight

3018.92

Temperature/K

100(2)

Crystal system

orthorhombic

Space group

Cmmm

a/Å

20.2837(10)

b/Å

34.7496(13)

c/Å

20.1652(7)

α/°

90.00

β/°

90.00

γ/°
Volume/Å
Z

90.00
3

14213.5(10)
2
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ρcalcmg/mm3
m/mm

0.705

-1

2.144

F(000)
Crystal size/mm

3012.0
3

0.08 × 0.05 × 0.03

2Θ range for data collection 4.38 to 133.38°
Index ranges

-20 ≤ h ≤ 24, -25 ≤ k ≤ 41, -23 ≤ l ≤ 23

Reflections collected

39875

Independent reflections

6682[R(int) = 0.0395]

Data/restraints/parameters 6682/16/282
Goodness-of-fit on F2

1.123

Final R indexes [I>=2σ (I)]

R1 = 0.0683, wR2 = 0.2115

Final R indexes [all data]

R1 = 0.0900, wR2 = 0.2441
-3

Largest diff. peak/hole / e Å 1.08/-1.73
Experimental
Single crystals of C110H62O68Zr6 [Zr scu-MOF-2 (Open)] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker
APEX-II CCD’ diffractometer. The crystal was kept at 100(2) K during data collection. Using Olex2
[1], the structure was solved with the XS [2] structure solution program using Direct Methods
and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C110H62O68Zr6 (M =3018.92): orthorhombic, space group Cmmm (no. 65), a =
20.2837(10) Å, b = 34.7496(13) Å, c = 20.1652(7) Å, V = 14213.5(10) Å3, Z = 2, T = 100(2) K,
μ(CuKα) = 2.144 mm-1, Dcalc = 0.705 g/mm3, 39875 reflections measured (4.38 ≤ 2Θ ≤ 133.38),
6682 unique (Rint = 0.0395) which were used in all calculations. The final R1 was 0.0683
(>2sigma(I)) and wR2 was 0.2441 (all data).
A.8 Zr scu-MOF-2 (Closed)
Table A. 8 Crystal data and structure refinement for Zr scu-MOF-2 (Closed)

Identification code

Zr scu-MOF-2 (Closed)

Empirical formula

C92H52O32Zr6

Formula weight

2216.66

Temperature/K

100.15

Crystal system

orthorhombic

Space group

Cmmm

a/Å

14.3344(15)

b/Å

36.126(3)

c/Å

20.9943(15)

α/°

90.00
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β/°

90.00

γ/°

90.00

Volume/Å

3

10871.8(16)

Z

2
3

ρcalcmg/mm
m/mm

0.677

-1

2.572

F(000)
Crystal size/mm

2200.0
3

0.07 × 0.02 × 0.02

2Θ range for data collection 7.86 to 124.76°
Index ranges

-16 ≤ h ≤ 16, -40 ≤ k ≤ 24, -23 ≤ l ≤ 24

Reflections collected

22380

Independent reflections

4624[R(int) = 0.0454]

Data/restraints/parameters 4624/0/158
Goodness-of-fit on F2

1.175

Final R indexes [I>=2σ (I)]

R1 = 0.0382, wR2 = 0.0953

Final R indexes [all data]

R1 = 0.0469, wR2 = 0.0973
-3

Largest diff. peak/hole / e Å 0.74/-0.80
Experimental
Single crystals of C92H52O32Zr6 [Zr scu-MOF-2 (Closed)] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on a

‘Bruker APEX-II CCD’ diffractometer. The crystal was kept at 100(2) K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct Methods
and refined with the XL [3] refinement package using Least Squares minimisation.
Crystal Data for C92H52O32Zr6 (M =2216.66): orthorhombic, space group Cmmm (no. 65), a =
14.3344(15) Å, b = 36.126(3) Å, c = 20.9943(15) Å, V = 10871.8(16) Å3, Z = 2, T = 100.15 K, μ(CuKα) = 2.572
mm-1,Dcalc = 0.677 g/mm3, 22380 reflections measured (7.86 ≤ 2Θ ≤ 124.76), 4624 unique (Rint = 0.0454)
which were used in all calculations. The final R1 was 0.0382 (>2sigma(I)) and wR2 was 0.0973 (all data).

A.9 Hf scu-MOF-2
Table A. 9 Crystal data and structure refinement for Hf scu-MOF-2

Identification code

Hf scu-MOF-2

Empirical formula

C99H52Hf6O66

Formula weight

3368.35

Temperature/K

100(2)

Crystal system

orthorhombic

Space group

Cmmm

a/Å

20.3696(9)
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b/Å

34.4293(11)

c/Å

20.2269(7)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

14185.4(9)

Z

2
3

ρcalcmg/mm
m/mm

0.789

-1

4.300

F(000)

3212.0

Crystal size/mm

3

0.04 × 0.02 × 0.02

2Θ range for data collection 5.04 to 131.38°
Index ranges

-21 ≤ h ≤ 23, -39 ≤ k ≤ 38, -23 ≤ l ≤ 22

Reflections collected

40106

Independent reflections

6497[R(int) = 0.0472]

Data/restraints/parameters 6497/26/265
Goodness-of-fit on F2

1.103

Final R indexes [I>=2σ (I)]

R1 = 0.0560, wR2 = 0.1718

Final R indexes [all data]

R1 = 0.0769, wR2 = 0.1989
-3

Largest diff. peak/hole / e Å 1.45/-2.10
Experimental
Single crystals of C99H52Hf6O66 [Hf scu-MOF-2] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker APEX-II
CCD’ diffractometer. The crystal was kept at 100(2) K during data collection. Using Olex2 [1], the
structure was solved with the XS [2] structure solution program using Direct Methods and
refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C99H52Hf6O66 (M =3368.35): orthorhombic, space group Cmmm (no. 65), a =
20.3696(9) Å, b = 34.4293(11) Å, c = 20.2269(7) Å, V = 14185.4(9) Å3, Z = 2, T = 100(2) K,
μ(CuKα) = 4.300 mm-1, Dcalc = 0.789 g/mm3, 40106 reflections measured (5.04 ≤ 2Θ ≤ 131.38),
6497 unique (Rint = 0.0472) which were used in all calculations. The final R1 was 0.0560
(>2sigma(I)) and wR2 was 0.1989 (all data).
A.10

Y Naphth ftw-MOF-2

Table A. 10 Crystal data and structure refinement for Y Naphth ftw-MOF-2

Identification code

Y Naphth ftw-MOF-2

Empirical formula

C150HNO78Y6

Formula weight

3582.96
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Temperature/K

100.15

Crystal system

cubic

Space group

Im-3

a/Å

39.859(5)

b/Å

39.859(5)

c/Å

39.859(5)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

63326(14)

Z

8
3

ρcalcmg/mm
m/mm

0.752

-1

1.857

F(000)

14064.0

Crystal size/mm

3

0.03 × 0.02 × 0.02

2Θ range for data collection 3.14 to 119.26°
Index ranges

-40 ≤ h ≤ 30, -19 ≤ k ≤ 44, -33 ≤ l ≤ 32

Reflections collected

30641

Independent reflections

7827[R(int) = 0.1112]

Data/restraints/parameters 7827/431/296
Goodness-of-fit on F2

1.989

Final R indexes [I>=2σ (I)]

R1 = 0.2291, wR2 = 0.4810

Final R indexes [all data]

R1 = 0.3626, wR2 = 0.5707
-3

Largest diff. peak/hole / e Å 9.23/-2.57
Experimental
Single crystals of C150HNO78Y6 [Y Naphth ftw-MOF-2] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C150HNO78Y6 (M =3582.96): cubic, space group Im-3 (no. 204), a =
39.859(5) Å, V = 63326(14) Å3, Z = 8, T = 100.15 K, μ(CuKα) = 1.857 mm-1, Dcalc = 0.752 g/mm3,
30641 reflections measured (3.14 ≤ 2Θ ≤ 119.26), 7827 unique (Rint = 0.1112) which were used in
all calculations. The final R1 was 0.2291 (>2sigma(I)) and wR2 was 0.5707 (all data).
A.11

Y ftw-MOF-3

Table A. 11 Crystal data and structure refinement for Y ftw-MOF-3
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Identification code

Y ftw-MOF-3

Empirical formula

C162H75O32Y6

Formula weight

3066.68

Temperature/K

294.15

Crystal system

cubic

Space group

Im-3

a/Å

48.111(16)

b/Å

48.111(16)

c/Å

48.111(16)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

111362(65)

Z

8
3

ρcalcmg/mm
m/mm

0.366

-1

0.964

F(000)
Crystal size/mm

12296.0
3

0.05 × 0.04 × 0.03

2Θ range for data collection 2.6 to 108.58°
Index ranges

-29 ≤ h ≤ 41, -50 ≤ k ≤ 33, -32 ≤ l ≤ 50

Reflections collected

77481

Independent reflections

11851[R(int) = 0.0983]

Data/restraints/parameters 11851/916/484
Goodness-of-fit on F2

1.247

Final R indexes [I>=2σ (I)]

R1 = 0.1788, wR2 = 0.4029

Final R indexes [all data]

R1 = 0.2389, wR2 = 0.4364
-3

Largest diff. peak/hole / e Å 3.65/-1.26
Experimental
Single crystals of C162H75O32Y6 [Y ftw-MOF-3] were harvested from the mother liquor. A suitable
crystal was selected and mounted in a 0.2mm quartz capillary and then placed on a 'Bruker APEX-II
CCD' diffractometer. The crystal was kept at 294.15 K during data collection. Using Olex2 [1], the
structure was solved with the XS [2] structure solution program using Direct Methods and
refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C162H75O32Y6 (M =3066.68): cubic, space group Im-3 (no. 204), a =
48.111(16) Å, V = 111362(65) Å3, Z = 8, T = 294.15 K, μ(CuKα) = 0.964 mm-1, Dcalc = 0.366 g/mm3,
77481 reflections measured (2.6 ≤ 2Θ ≤ 108.58), 11851 unique (Rint = 0.0983) which were used in
all calculations. The final R1 was 0.1788 (>2sigma(I)) and wR2 was 0.4364 (all data).
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A.12

Y csq-MOF-4

Table A. 12 Crystal data and structure refinement for Y csq-MOF-4

Identification code

Y csq-MOF-4

Empirical formula

C17.5H8BrO5.5Y

Formula weight

475.06

Temperature/K

100.15

Crystal system

hexagonal

Space group

P6/m

a/Å

26.5141(14)

b/Å

26.5141(14)

c/Å

16.6567(10)

α/°

90.00

β/°

90.00

γ/°

120.00

Volume/Å

3

10140.8(10)

Z

12
3

ρcalcmg/mm
m/mm

0.933

-1

2.921

F(000)
Crystal size/mm

2772.0
3

0.05 × 0.05 × 0.05

2Θ range for data collection 2.44 to 52.86°
Index ranges

-30 ≤ h ≤ 32, -33 ≤ k ≤ 27, -20 ≤ l ≤ 20

Reflections collected

95506

Independent reflections

7165[R(int) = 0.1205]

Data/restraints/parameters 7165/837/218
Goodness-of-fit on F2

1.324

Final R indexes [I>=2σ (I)]

R1 = 0.1353, wR2 = 0.3478

Final R indexes [all data]

R1 = 0.1909, wR2 = 0.3754
-3

Largest diff. peak/hole / e Å 1.77/-1.60
Experimental
Single crystals of C17.5H8BrO5.5Y [Y csq-MOF-4] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker APEX-II
CCD’ diffractometer. The crystal was kept at 100.15 K during data collection. Using Olex2 [1], the
structure was solved with the XS [2] structure solution program using Direct Methods and
refined with the XL [3] refinement package using Least Squares minimization.
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Crystal Data for C17.5H8BrO5.5Y (M =475.06): hexagonal, space group P6/m (no. 175), a =
26.5141(14) Å, c = 16.6567(10) Å, V = 10140.8(10) Å3, Z = 12, T = 100.15 K, μ(MoKα) = 2.921 mm1
, Dcalc = 0.933 g/mm3, 95506 reflections measured (2.44 ≤ 2Θ ≤ 52.86), 7165 unique (Rint =
0.1205) which were used in all calculations. The final R1 was 0.1353 (>2sigma(I)) and wR2 was
0.3754 (all data).
A.13

Y scu-MOF-7

Table A. 13 Crystal data and structure refinement for Y scu-MOF-7

Identification code

Y scu-MOF-7

Empirical formula

C75H32N4O52.5Y6

Formula weight

2362.51

Temperature/K

100.15

Crystal system

orthorhombic

Space group

Cmmm

a/Å

14.903(16)

b/Å

24.764(18)

c/Å

19.923(13)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

7353(11)

Z

2
3

ρcalcmg/mm
m/mm

1.067

-1

3.624

F(000)
Crystal size/mm

2328.0
3

0.05 × 0.03 × 0.03

2Θ range for data collection 12.26 to 73.56°
Index ranges

-8 ≤ h ≤ 2, -19 ≤ k ≤ 12, -9 ≤ l ≤ 14

Reflections collected

695

Independent reflections

530[R(int) = 0.0978]

Data/restraints/parameters 530/18/95
Goodness-of-fit on F2

1.668

Final R indexes [I>=2σ (I)]

R1 = 0.1618, wR2 = 0.4241

Final R indexes [all data]

R1 = 0.2122, wR2 = 0.4488
-3

Largest diff. peak/hole / e Å 0.70/-0.56
Experimental
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Single crystals of C75H32N4O52.5Y6 [Y scu-MOF-7] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a 'Bruker APEX-II
CCD' diffractometer. The crystal was kept at 100.15 K during data collection. Using Olex2 [1], the
structure was solved with the XS [2] structure solution program using Direct Methods and
refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C75H32N4O52.5Y6 (M =2362.51): orthorhombic, space group Cmmm (no. 65), a =
14.903(16) Å, b = 24.764(18) Å, c = 19.923(13) Å, V = 7353(11) Å3, Z = 2, T = 100.15 K, μ(CuKα) =
3.624 mm-1, Dcalc = 1.067 g/mm3, 695 reflections measured (12.26 ≤ 2Θ ≤ 73.56), 530 unique
(Rint = 0.0978) which were used in all calculations. The final R1 was 0.1618 (>2sigma(I))
and wR2 was 0.4488 (all data).
A.14

NO3 rht-MOF-1

Table A. 14 Crystal data and structure refinement for NO3 rht-MOF-1

Identification code

NO3 rht-MOF-1

Empirical formula

C4.5H1.5CuN2.16667O6.571667

Formula weight

254.60

Temperature/K

100(2)

Crystal system

cubic

Space group

Fm-3m

a/Å

44.358(8)

b/Å

44.358(8)

c/Å

44.358(8)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

87280(27)

Z

192
3

ρcalcmg/mm
m/mm

0.930

-1

1.207

F(000)
Crystal size/mm

24046.0
3

0.2 × 0.2 × 0.2

2Θ range for data collection 4.1 to 38.46°
Index ranges

-41 ≤ h ≤ 41, -41 ≤ k ≤ 41, -41 ≤ l ≤ 41

Reflections collected

9092

Independent reflections

1702[R(int) = 0.1309]

Data/restraints/parameters 1702/0/197
Goodness-of-fit on F2

1.084
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Final R indexes [I>=2σ (I)]

R1 = 0.0787, wR2 = 0.1781

Final R indexes [all data]

R1 = 0.1085, wR2 = 0.1933
-3

Largest diff. peak/hole / e Å 0.75/-0.55
Experimental
Single crystals of C4.5H1.5CuN2.16667O6.571667 [NO3 rht-MOF-1] were harvested from the mother
liquor. A suitable crystal was selected and mounted on a cryoloop using paratone oil then placed
on a BRUKER SMART 1K CCD diffractometer. The crystal was kept at 100(2) K during data
collection. Using Olex2 [1], the structure was solved with the XS [2] structure solution program
using Direct Methods and refined with the XL [3] refinement package using Least Squares
minimization.
Crystal Data for C4.5H1.5CuN2.16667O6.571667 (M =254.60): cubic, space group Fm-3m (no. 225), a =
44.358(8) Å, V = 87280(27) Å3, Z = 192, T = 100(2) K, μ(MoKα) = 1.207 mm-1, Dcalc =
0.930 g/mm3, 9092 reflections measured (4.1 ≤ 2Θ ≤ 38.46), 1702 unique (Rint = 0.1309) which
were used in all calculations. The final R1 was 0.0787 (>2sigma(I)) and wR2 was 0.1933 (all data).
A.15

BF4 rht-MOF-1

Table A. 15 Crystal data and structure refinement for BF4 rht-MOF-1

Identification code

BF4 rht-MOF-1

Empirical formula

C27H4.5N12O21.375Cu6

Formula weight

1220.17

Temperature/K

99.65

Crystal system

cubic

Space group

Fm-3m

a/Å

44.3347(13)

b/Å

44.3347(13)

c/Å

44.3347(13)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

87143(4)

Z

32
3

ρcalcmg/mm
m/mm

0.744

-1

1.609

F(000)
Crystal size/mm

19056.0
3

0.04 × 0.04 × 0.02

2Θ range for data collection 3.46 to 128.48°
Index ranges

-45 ≤ h ≤ 45, -51 ≤ k ≤ 38, -49 ≤ l ≤ 51
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Reflections collected

43774

Independent reflections

3531[R(int) = 0.0648]

Data/restraints/parameters 3531/119/175
Goodness-of-fit on F2

1.531

Final R indexes [I>=2σ (I)]

R1 = 0.1152, wR2 = 0.3260

Final R indexes [all data]

R1 = 0.1328, wR2 = 0.3459
-3

Largest diff. peak/hole / e Å 2.60/-0.70
Experimental
Single crystals of C27H4.5N12O21.375Cu6 [BF4 rht-MOF-1] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 99.65 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27H4.5N12O21.375Cu6 (M =1220.17): cubic, space group Fm-3m (no. 225), a =
44.3347(13) Å, V = 87143(4) Å3, Z = 32, T = 99.65 K, μ(CuKα) = 1.609 mm-1,Dcalc = 0.744 g/mm3,
43774 reflections measured (3.46 ≤ 2Θ ≤ 128.48), 3531 unique (Rint = 0.0648) which were used in
all calculations. The final R1 was 0.1152 (>2sigma(I)) and wR2 was 0.3459 (all data).

A.16

HFAC rht-MOF-1

Table A. 16 Crystal data and structure refinement for HFAC rht-MOF-1

Identification code

HFAC rht-MOF-1

Empirical formula

C4.137931N3.310345O2.991379Cu0.827586H0.827586

Formula weight

197.36

Temperature/K

100.15

Crystal system

cubic

Space group

Fm-3m

a/Å

44.3879(18)

b/Å

44.3879(18)

c/Å

44.3879(18)

α/°

90.00

β/°

90.00

γ/°
Volume/Å

90.00
3

87457(6)

Z

232
3

ρcalcmg/mm

0.869

336
m/mm-1

1.693

F(000)

22448.0

Crystal size/mm

3

0.02 × 0.02 × 0.02

2Θ range for data collection 10.36 to 130.04°
Index ranges

-52 ≤ h ≤ 51, -43 ≤ k ≤ 51, -50 ≤ l ≤ 51

Reflections collected

95555

Independent reflections

3610[R(int) = 0.0757]

Data/restraints/parameters 3610/198/186
Goodness-of-fit on F2

1.583

Final R indexes [I>=2σ (I)]

R1 = 0.1070, wR2 = 0.3351

Final R indexes [all data]

R1 = 0.1159, wR2 = 0.3473
-3

Largest diff. peak/hole / e Å 2.08/-0.81
Experimental
Single crystals of C4.137931N3.310345O2.991379Cu0.827586H0.827586 [HFAC rht-MOF-1] were harvested from
the mother liquor. A suitable crystal was selected and mounted on a cryoloop using paratone oil
then placed on a 'Bruker APEX-II CCD'diffractometer. The crystal was kept at 100.15 K during
data collection. Using Olex2 [1], the structure was solved with the XS [2] structure solution
program using Direct Methods and refined with the XL [3] refinement package using Least
Squares minimization.
Crystal Data for C4.137931N3.310345O2.991379Cu0.827586H0.827586 (M =197.36): cubic, space group Fm-3m
(no. 225), a = 44.3879(18) Å, V = 87457(6) Å3, Z = 232, T = 100.15 K, μ(CuKα) = 1.693 mm1
, Dcalc = 0.869 g/mm3, 95555 reflections measured (10.36 ≤ 2Θ ≤ 130.04), 3610 unique (Rint =
0.0757) which were used in all calculations. The final R1 was 0.1070 (>2sigma(I)) and wR2 was
0.3473 (all data).
A.17

SO4 rht-MOF-1

Table A. 17 Crystal data and structure refinement for SO4 rht-MOF-1

Identification code

SO4 rht-MOF-1

Empirical formula

C27N12O21.25Cu6S0.5H9

Formula weight

1238.73

Temperature/K

100.15

Crystal system

cubic

Space group

Fm-3m

a/Å

44.2911(16)

b/Å

44.2911(16)

c/Å

44.2911(16)
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α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

86886(5)

Z

32
3

ρcalcmg/mm
m/mm

0.758

-1

1.704

F(000)

19424.0

Crystal size/mm

3

0.02 × 0.02 × 0.02

2Θ range for data collection 7.98 to 129.48°
Index ranges

-40 ≤ h ≤ 43, -51 ≤ k ≤ 48, -49 ≤ l ≤ 50

Reflections collected

43279

Independent reflections

3481[R(int) = 0.0918]

Data/restraints/parameters 3481/371/192
Goodness-of-fit on F2

1.761

Final R indexes [I>=2σ (I)]

R1 = 0.1227, wR2 = 0.3858

Final R indexes [all data]

R1 = 0.1321, wR2 = 0.3945
-3

Largest diff. peak/hole / e Å 1.38/-0.65
Experimental
Single crystals of C27N12O21.25Cu6S0.5H9 [SO4 rht-MOF-1] were harvested from the mother liquor.
A suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a Bruker APEX-II CCD diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27N12O21.25Cu6S0.5H9 (M =1238.73): cubic, space group Fm-3m (no. 225), a =
44.2911(16) Å, V = 86886(5) Å3, Z = 32, T = 100.15 K, μ(CuKα) = 1.704 mm-1,Dcalc = 0.758 g/mm3,
43279 reflections measured (7.98 ≤ 2Θ ≤ 129.48), 3481 unique (Rint = 0.0918) which were used in
all calculations. The final R1 was 0.1227 (>2sigma(I)) and wR2 was 0.3945 (all data).
A.18

ClO4 rht-MOF-1

Table A. 18 Crystal data and structure refinement for ClO4 rht-MOF-1

Identification code

ClO4 rht-MOF-1

Empirical formula

C27H9N12O22.46875Cu6

Formula weight

1242.20

Temperature/K

99.65

Crystal system

cubic

Space group

Fm-3m
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a/Å

44.341(13)

b/Å

44.341(13)

c/Å

44.341(13)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

87179(44)

Z

32
3

ρcalcmg/mm
m/mm

0.757

-1

1.621

F(000)

19480.0

Crystal size/mm

3

0.04 × 0.04 × 0.02

2Θ range for data collection 59.04 to 124.32°
Index ranges

-50 ≤ h ≤ 13, -48 ≤ k ≤ 50, -24 ≤ l ≤ 38

Reflections collected

15581

Independent reflections

2698[R(int) = 0.1830]

Data/restraints/parameters 2698/224/186
Goodness-of-fit on F2

1.043

Final R indexes [I>=2σ (I)]

R1 = 0.0687, wR2 = 0.1477

Final R indexes [all data]

R1 = 0.1430, wR2 = 0.1853
-3

Largest diff. peak/hole / e Å 0.39/-0.25
Experimental
Single crystals of C27H9N12O22.46875Cu6 [ClO4 rht-MOF-1] were harvested from the mother liquor.
A suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 99.65 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27H9N12O22.46875Cu6 (M =1242.20): cubic, space group Fm-3m (no. 225), a =
44.341(13) Å, V = 87179(44) Å3, Z = 32, T = 99.65 K, μ(CuKα) = 1.621 mm-1,Dcalc = 0.757 g/mm3,
15581 reflections measured (59.04 ≤ 2Θ ≤ 124.32), 2698 unique (Rint = 0.1830) which were used
in all calculations. The final R1 was 0.0687 (>2sigma(I)) and wR2was 0.1853 (all data).
A.19

Triflate rht-MOF-1

Table A. 19 Crystal data and structure refinement for Triflate rht-MOF-1

Identification code

Triflate rht-MOF-1

Empirical formula

C27.25H9N12O21.125Cu6S0.25

Formula weight

1231.72
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Temperature/K

99.65

Crystal system

cubic

Space group

Fm-3m

a/Å

44.357(2)

b/Å

44.357(2)

c/Å

44.357(2)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

87276(7)

Z

32
3

ρcalcmg/mm
m/mm

0.750

-1

1.651

F(000)

19312.0

Crystal size/mm

3

0.04 × 0.04 × 0.02

2Θ range for data collection 8.68 to 129.48°
Index ranges

-27 ≤ h ≤ 50, -33 ≤ k ≤ 45, -50 ≤ l ≤ 29

Reflections collected

36883

Independent reflections

3499[R(int) = 0.0891]

Data/restraints/parameters 3499/268/193
Goodness-of-fit on F2

1.370

Final R indexes [I>=2σ (I)]

R1 = 0.1122, wR2 = 0.3345

Final R indexes [all data]

R1 = 0.1446, wR2 = 0.3621
-3

Largest diff. peak/hole / e Å 0.95/-0.50
Experimental
Single crystals of C27.25H9N12O21.125Cu6S0.25 [Triflate rht-MOF-1] were harvested from the mother
liquor. A suitable crystal was selected and mounted on a cryoloop using paratone oil then placed
on a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 99.65 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27.25H9N12O21.125Cu6S0.25 (M =1231.72): cubic, space group Fm-3m (no. 225), a =
44.357(2) Å, V = 87276(7) Å3, Z = 32, T = 99.65 K, μ(CuKα) = 1.651 mm-1,Dcalc = 0.750 g/mm3,
36883 reflections measured (8.68 ≤ 2Θ ≤ 129.48), 3499 unique (Rint = 0.0891) which were used in
all calculations. The final R1 was 0.1122 (>2sigma(I)) and wR2 was 0.3621 (all data).
A.20

NO3 Triazole rht-MOF-1

Table A. 20 Crystal data and structure refinement for NO3 Triazole rht-MOF-1
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Identification code

NO3 Triazole rht-MOF-1

Empirical formula

C30N9O19.78125Cu6H12

Formula weight

1196.23

Temperature/K

100.15

Crystal system

cubic

Space group

Fm-3

a/Å

44.103(3)

b/Å

44.103(3)

c/Å

44.103(3)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

85786(10)

Z

32
3

ρcalcmg/mm
m/mm

0.741

-1

1.608

F(000)
Crystal size/mm

18792.0
3

0.03 × 0.03 × 0.03

2Θ range for data collection 4 to 127.64°
Index ranges

-51 ≤ h ≤ 27, -30 ≤ k ≤ 50, -36 ≤ l ≤ 45

Reflections collected

35020

Independent reflections

6120[R(int) = 0.0901]

Data/restraints/parameters 6120/373/262
Goodness-of-fit on F2

1.437

Final R indexes [I>=2σ (I)]

R1 = 0.1382, wR2 = 0.3793

Final R indexes [all data]

R1 = 0.1817, wR2 = 0.4062
-3

Largest diff. peak/hole / e Å 1.69/-0.93
Experimental
Single crystals of C30N9O19.78125Cu6H12 [NO3 Triazole rht-MOF-1] were harvested from the mother
liquor. A suitable crystal was selected and [Cryoloop] on a 'Bruker APEX-II CCD' diffractometer.
The crystal was kept at 100.15 K during data collection. Using Olex2 [1], the structure was solved
with the XS [2] structure solution program using Direct Methods and refined with the XL [3]
refinement package using Least Squares minimization.
Crystal Data for C30N9O19.78125Cu6H12 (M =1196.23): cubic, space group Fm-3 (no. 202), a =
44.103(3) Å, V = 85786(10) Å3, Z = 32, T = 100.15 K, μ(CuKα) = 1.608 mm-1,Dcalc = 0.741 g/mm3,
35020 reflections measured (4 ≤ 2Θ ≤ 127.64), 6120 unique (Rint = 0.0901) which were used in all
calculations. The final R1 was 0.1382 (>2sigma(I)) and wR2 was 0.4062 (all data).
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A.21

SO4 Triazole rht-MOF-1

Table A. 21 Crystal data and structure refinement for SO4 Triazole rht-MOF-1

Identification code

SO4 Triazole rht-MOF-1

Empirical formula

C30N9O25.09375Cu6S0.5H12

Formula weight

1297.26

Temperature/K

100.15

Crystal system

cubic

Space group

Fm-3

a/Å

44.599(2)

b/Å

44.599(2)

c/Å

44.599(2)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

88708(7)

Z

32
3

ρcalcmg/mm
m/mm

0.777

-1

1.702

F(000)
Crystal size/mm

20408.0
3

0.04 × 0.04 × 0.02

2Θ range for data collection 5.6 to 132.08°
Index ranges

-50 ≤ h ≤ 51, -51 ≤ k ≤ 35, -52 ≤ l ≤ 43

Reflections collected

91092

Independent reflections

6440[R(int) = 0.0659]

Data/restraints/parameters 6440/449/328
Goodness-of-fit on F2

1.151

Final R indexes [I>=2σ (I)]

R1 = 0.1312, wR2 = 0.3983

Final R indexes [all data]

R1 = 0.1381, wR2 = 0.4035
-3

Largest diff. peak/hole / e Å 1.10/-0.55
Experimental
Single crystals of C30N9O25.09375Cu6S0.5H12 [SO4 Triazole rht-MOF-1] were harvested from the
mother liquor. A suitable crystal was selected and mounted on a cryoloop using paratone oil
then placed on a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during
data collection. Using Olex2 [1], the structure was solved with the XS [2] structure solution
program using Direct Methods and refined with the XL [3] refinement package using Least
Squares minimization.
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Crystal Data for C30N9O25.09375Cu6S0.5H12 (M =1297.26): cubic, space group Fm-3 (no. 202), a =
44.599(2) Å, V = 88708(7) Å3, Z = 32, T = 100.15 K, μ(CuKα) = 1.702 mm-1,Dcalc = 0.777 g/mm3,
91092 reflections measured (5.6 ≤ 2Θ ≤ 132.08), 6440 unique (Rint = 0.0659) which were used in
all calculations. The final R1 was 0.1312 (>2sigma(I)) and wR2 was 0.4035 (all data).
A.22

Cu rht-MOF-4

Table A. 22 Crystal data and structure refinement for Cu rht-MOF-4

Identification code

Cu rht-MOF-4

Empirical formula

C33H18Cu3O18

Formula weight

893.09

Temperature/K

100(2)

Crystal system

cubic

Space group

Fm-3

a/Å

41.4795(8)

b/Å

41.4795(8)

c/Å

41.4795(8)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

71368(2)

Z

32
3

ρcalcmg/mm
m/mm

0.665

-1

1.115

F(000)
Crystal size/mm

14304.0
3

0.1 × 0.1 × 0.1

2Θ range for data collection 3.68 to 134.82°
Index ranges

-48 ≤ h ≤ 37, -48 ≤ k ≤ 33, -43 ≤ l ≤ 48

Reflections collected

46134

Independent reflections

5552[R(int) = 0.1416]

Data/restraints/parameters 5552/148/172
Goodness-of-fit on F2

1.068

Final R indexes [I>=2σ (I)]

R1 = 0.1153, wR2 = 0.2958

Final R indexes [all data]

R1 = 0.1407, wR2 = 0.3185
-3

Largest diff. peak/hole / e Å 1.43/-1.01
Experimental
Single crystals of C33H18Cu3O18 [Cu rht-MOF-4] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a ‘Bruker
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APEX-II CCD’ diffractometer. The crystal was kept at 100(2) K during data collection. Using Olex2
[1], the structure was solved with the XS [2] structure solution program using Direct Methods
and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C33H18Cu3O18 (M =893.09): cubic, space group Fm-3 (no. 202), a =
41.4795(8) Å, V = 71368(2) Å3, Z = 32, T = 100(2) K, μ(CuKα) = 1.115 mm-1, Dcalc = 0.665 g/mm3,
46134 reflections measured (3.68 ≤ 2Θ ≤ 134.82), 5552 unique (Rint = 0.1416) which were used in
all calculations. The final R1 was 0.1153 (>2sigma(I)) and wR2 was 0.3185 (all data).
A.23

Co rht-MOF-7

Table A. 23 Crystal data and structure refinement for Co rht-MOF-7

Identification code

Co rht-MOF-7

Empirical formula

C27H12N6O20.84375Co3

Formula weight

930.72

Temperature/K

99.65

Crystal system

cubic

Space group

F432

a/Å

39.6609(14)

b/Å

39.6609(14)

c/Å

39.6609(14)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

62386(4)

Z

32
3

ρcalcmg/mm
m/mm

0.793

-1

5.335

F(000)
Crystal size/mm

14840.0
3

0.1 × 0.1 × 0.1

2Θ range for data collection 3.86 to 122.94°
Index ranges

-36 ≤ h ≤ 45, -45 ≤ k ≤ 38, -29 ≤ l ≤ 28

Reflections collected

21290

Independent reflections

4068[R(int) = 0.0553]

Data/restraints/parameters 4068/349/249
Goodness-of-fit on F2

1.446

Final R indexes [I>=2σ (I)]

R1 = 0.1514, wR2 = 0.3622

Final R indexes [all data]

R1 = 0.2004, wR2 = 0.4003
-3

Largest diff. peak/hole / e Å 1.65/-0.57
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Flack parameter

0.0(6)

Experimental
Single crystals of C27H12N6O20.84375Co3 [Co rht-MOF-7] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 99.65 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27H12N6O20.84375Co3 (M =930.72): cubic, space group F432 (no. 209), a =
39.6609(14) Å, V = 62386(4) Å3, Z = 32, T = 99.65 K, μ(CuKα) = 5.335 mm-1, Dcalc = 0.793 g/mm3,
21290 reflections measured (3.86 ≤ 2Θ ≤ 122.94), 4068 unique (Rint = 0.0553) which were used in
all calculations. The final R1 was 0.1514 (>2sigma(I)) and wR2 was 0.4003 (all data).
A.24

Mg rht-MOF-7

Table A. 24 Crystal data and structure refinement for Mg rht-MOF-7

Identification code

Mg rht-MOF-7

Empirical formula

C27N6O17.25Mg3H12

Formula weight

769.36

Temperature/K

100.15

Crystal system

cubic

Space group

F432

a/Å

39.620(3)

b/Å

39.620(3)

c/Å

39.620(3)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

62192(9)

Z

32
3

ρcalcmg/mm
m/mm

0.657

-1

0.697

F(000)
Crystal size/mm

12480.0
3

0.05 × 0.05 × 0.05

2Θ range for data collection 4.46 to 124.82°
Index ranges

-43 ≤ h ≤ 34, -30 ≤ k ≤ 40, -45 ≤ l ≤ 43

Reflections collected

19370

Independent reflections

4152[R(int) = 0.0738]

Data/restraints/parameters 4152/267/227
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Goodness-of-fit on F2

1.565

Final R indexes [I>=2σ (I)]

R1 = 0.1625, wR2 = 0.3796

Final R indexes [all data]

R1 = 0.1755, wR2 = 0.4017
-3

Largest diff. peak/hole / e Å 1.69/-0.47
Flack parameter

0.2(2)

Experimental
Single crystals of C27N6O17.25Mg3H12 [Mg rht-MOF-7] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a Bruker APEX-II CCD diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27N6O17.25Mg3H12 (M =769.36): cubic, space group F432 (no. 209), a =
39.620(3) Å, V = 62192(9) Å3, Z = 32, T = 100.15 K, μ(CuKα) = 0.697 mm-1, Dcalc = 0.657 g/mm3,
19370 reflections measured (4.46 ≤ 2Θ ≤ 124.82), 4152 unique (Rint = 0.0738) which were used in
all calculations. The final R1 was 0.1625 (>2sigma(I)) and wR2 was 0.4017 (all data).
A.25

Ni rht-MOF-7

Table A. 25 Crystal data and structure refinement for Ni rht-MOF-7

Identification code

Ni rht-MOF-7

Empirical formula

C27H12N6O27.3125Ni3

Formula weight

1033.56

Temperature/K

100.15

Crystal system

cubic

Space group

F432

a/Å

39.648(3)

b/Å

39.648(3)

c/Å

39.648(3)

α/°

90.00

β/°

90.00

γ/°

90.00

Volume/Å

3

62327(7)

Z

32
3

ρcalcmg/mm
m/mm

0.881

-1

1.338

F(000)
Crystal size/mm

16592.0
3

0.05 × 0.05 × 0.05

2Θ range for data collection 4.46 to 132.66°
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Index ranges

-35 ≤ h ≤ 45, -44 ≤ k ≤ 45, -36 ≤ l ≤ 29

Reflections collected

31571

Independent reflections

4545[R(int) = 0.0339]

Data/restraints/parameters 4545/359/339
Goodness-of-fit on F2

1.794

Final R indexes [I>=2σ (I)]

R1 = 0.1431, wR2 = 0.3734

Final R indexes [all data]

R1 = 0.1629, wR2 = 0.4015
-3

Largest diff. peak/hole / e Å 2.17/-0.79
Flack parameter

0.0(15)

Experimental
Single crystals of C27H12N6O27.3125Ni3 [Ni rht-MOF-7] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C27H12N6O27.3125Ni3 (M =1033.56): cubic, space group F432 (no. 209), a =
39.648(3) Å, V = 62327(7) Å3, Z = 32, T = 100.15 K, μ(CuKα) = 1.338 mm-1, Dcalc = 0.881 g/mm3,
31571 reflections measured (4.46 ≤ 2Θ ≤ 132.66), 4545 unique (Rint = 0.0339) which were used in
all calculations. The final R1 was 0.1431 (>2sigma(I)) and wR2 was 0.4015 (all data).
A.26

Zn rht-MOF-7

Table A. 26 Crystal data and structure refinement for Zn rht-MOF-7

Identification code

Zn rht-MOF-7

Empirical formula

C32H21.5N7.5O27.5625Zn3

Formula weight

1148.18

Temperature/K

100.15

Crystal system

tetragonal

Space group

I4/m

a/Å

26.609(2)

b/Å

26.609(2)

c/Å

38.928(3)

α/°

90.00

β/°

90.00

γ/°
Volume/Å

90.00
3

27563(4)

Z

16
3

ρcalcmg/mm

1.107
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m/mm-1

1.825

F(000)

9224.0

Crystal size/mm

3

0.1 × 0.1 × 0.1

2Θ range for data collection 4.02 to 134.68°
Index ranges

-30 ≤ h ≤ 31, -31 ≤ k ≤ 30, -46 ≤ l ≤ 46

Reflections collected

84247

Independent reflections

12372[R(int) = 0.0314]

Data/restraints/parameters 12372/0/608
Goodness-of-fit on F2

1.694

Final R indexes [I>=2σ (I)]

R1 = 0.0936, wR2 = 0.3189

Final R indexes [all data]

R1 = 0.0986, wR2 = 0.3422
-3

Largest diff. peak/hole / e Å 1.71/-1.15
Experimental
Single crystals of C32H21.5N7.5O27.5625Zn3 [Zn rht-MOF-7] were harvested from the mother liquor. A
suitable crystal was selected and mounted on a cryoloop using paratone oil then placed on
a 'Bruker APEX-II CCD' diffractometer. The crystal was kept at 100.15 K during data collection.
Using Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C32H21.5N7.5O27.5625Zn3 (M =1148.18): tetragonal, space group I4/m (no. 87), a =
26.609(2) Å, c = 38.928(3) Å, V = 27563(4) Å3, Z = 16, T = 100.15 K, μ(CuKα) = 1.825 mm-1, Dcalc =
1.107 g/mm3, 84247 reflections measured (4.02 ≤ 2Θ ≤ 134.68), 12372 unique (Rint = 0.0314)
which were used in all calculations. The final R1 was 0.0936 (>2sigma(I)) and wR2 was 0.3422 (all
data).
A.27

rht-MOF-8

Table A. 27 Crystal data and structure refinement for rht-MOF-8

Identification code

rht-MOF-8

Empirical formula

C48H24Cu6N15O28

Formula weight

1640.06

Temperature/K

100(2)

Crystal system

tetragonal

Space group

I4/m

a/Å

41.557(3)

b/Å

41.557(3)

c/Å

59.003(6)

α/°

90.00

β/°

90.00
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γ/°

90.00

Volume/Å

3

101898(13)

Z

16
3

ρcalcmg/mm
m/mm

0.428

-1

0.758

F(000)

13040.0
3

Crystal size/mm

0.14 × 0.14 × 0.14

2Θ range for data collection 2.6 to 74.78°
Index ranges

-28 ≤ h ≤ 32, -32 ≤ k ≤ 32, -46 ≤ l ≤ 32

Reflections collected

63750

Independent reflections

13216[R(int) = 0.0790]

Data/restraints/parameters 13216/767/808
Goodness-of-fit on F2

1.002

Final R indexes [I>=2σ (I)]

R1 = 0.0624, wR2 = 0.1612

Final R indexes [all data]

R1 = 0.0881, wR2 = 0.1700
-3

Largest diff. peak/hole / e Å 0.32/-0.29
Experimental
Single crystals of C48H24Cu6N15O28 [rht-MOF-8] were harvested from the mother liquor. A suitable
crystal was selected and mounted on a cryoloop using paratone oil then placed on a Bruker
APEX2 microsource diffractometer. The crystal was kept at 100(2) K during data collection. Using
Olex2 [1], the structure was solved with the XS [2] structure solution program using Direct
Methods and refined with the XL [3] refinement package using Least Squares minimization.
Crystal Data for C48H24Cu6N15O28 (M =1640.06): tetragonal, space group I4/m (no. 87), a =
41.557(3) Å, c = 59.003(6) Å, V = 101898(13) Å3, Z = 16, T = 100(2) K, μ(Mo Kα) = 0.758 mm1
, Dcalc = 0.428 g/mm3, 63750 reflections measured (2.6 ≤ 2Θ ≤ 74.78), 13216 unique (Rint =
0.0790) which were used in all calculations. The final R1 was 0.0624 (>2sigma(I)) and wR2 was
0.1700 (all data).
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Appendix B: Organic Chemistry
B.1

2-Connected Ligands

B.1.1 Synthesis of 4-Tetrazole Benzoic Acid (TZB)

Figure B. 1: 4-Tetrazole Benzoic Acid

TZB was synthesized according to published procedures.1, 2
B.1.2 Synthesis of 2-Fluoro-4-Tetrazole Benzoic Acid (F-TZB)

Figure B. 2: 2-fluoro-4-Tetrazole Benzoic Acid

F-TZB was synthesized according to published procedures.1, 2
B.2

3-Connected Ligands

B.2.1 Synthesis of 5-Tetrazole Isophthalic Acid (TZI)

Figure B. 3: 5-Tetrazole Isophthalic Acid
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TZI was synthesized according to published procedures.3, 4
B.2.2 Synthesis of 5-Triazole Isophthalic Acid (TriZI)

Figure B. 4: 5-Triazole Isophthalic Acid

Figure B. 5: Schematic representation of the synthesis of TriZI.
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Preparation of dimethyl 5-(trimethylsilylethynyl)isophthalate: a mixture of 4/1 toluene
(stored over CaH2)/Et3N (50 ml) in a 250 ml round-bottom flask sealed with septum was
degassed for 60 min. by bubbling Ar through. Then dimethyl 5-iodoisophthalate (3.2 g,
10 mmol), (420 mg, 0.6 mmol) and CuI (190 mg, 1 mmol) were added, followed by
ethynyltrimethylsilane (1.7 ml, 12 mmol), then heated at 50 °C for 24 h. The mixture was
cooled and diluted with CH2Cl2 (80 ml), washed sequentially with water containing little
ammonia (50 ml), 1N HCl (50 ml) and brine (50 ml), dried with Na 2SO4. After filtration
and concentration, the neat oil was loaded on top of the silica gel column and eluted
with 100% hexane to 10% ethyl acetate in hexane to give 2.74 g of yellow solid (94%) in
sufficient purity.

Preparation

of

dimethyl

5-(ethynyl)isophthalate:

dimethyl

5-

(trimethylsilylethynyl)isophthalate (2.74 g, 9.4 mmol) was dissolved in 2/1 MeOH/CH2Cl2
(60 ml) and Cs2CO3 was added (1.54 g, 4.72 mmol), whole stirred at rt for 10 h. It was
diluted with 1/1 CH2Cl2/0.5N HCl (80 ml), shaken and phases were separated, aq. phase
backextracted with CH2Cl2 (40 ml), combined organics were dried with Na2SO4. It was
filtered and evaporated with a little silica and loaded on top of the silica gel column and
eluted with 100% hexane to 100% ethyl acetate to give 1.78 g of dark yellow solid (86%).
1

H NMR (400 MHz, CDCl3) δ = 8.6 (t, J=1.6, 1H), 8.3 (d, J=1.6, 2H), 3.9 (s, 3H), 3.2 (s, 1H).

13

C NMR (100 MHz, CDCl3) δ = 165.6, 137.2, 131.1, 130.8, 123.3, 81.7, 79.3, 52.7. Spectra

match the reported values.5
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Preparation of azidomethyl pivalate: it was prepared according to the reported
method.6 A mixture of chloromethyl pivalate (10.6 g, 10 ml, 70 mmol) and sodium azide
(6.8 g, 104 mmol) was stirred vigorously in water (25 ml) at 80-90 °C for 21 h. After
cooling, the mixture was diluted with water (25 ml) and CH2Cl2 (50 ml), phases were
shaken and separated, organics dried with Na2SO4. It was filtered, concentrated and
dried under high vacuum to give colorless liquid (8.3 g, 75%) in sufficient purity. 1H NMR
(600 MHz, CDCl3) δ = 5.1 (s, 2H), 1.2 (s, 9H). 13C NMR (150 MHz, CDCl3) δ = 178.2, 74.5,
39.1, 27.1.

Preparation of dimethyl 5-(1-(pivaloyloxymethyl)-1H-1,2,3-triazol-4-yl)isophthalate: it
was prepared according to the reported method.6 A mixture of dimethyl 5(ethynyl)isophthalate (872 mg, 4 mmol), azidomethyl pivalate (628 mg, 4 mmol), copper
sulfate pentahydrate (50 mg, 0.2 mmol) and sodium ascorbate (238 mg, 1.2 mmol) was
stirred vigorously in water/t-butanol (1/1, 12 ml) for 21 h. Yellow suspension was
diluted with water (50 ml), extracted with EtOAc (30 ml) several times, combined
organics washed with 5% ammonia (50 ml), then brine (50 ml), dried with Na2SO4. It was
filtered and concentrated to give light brown solid (1.34 g, 89%). 1H NMR (400 MHz,
CDCl3) δ = 8.7 (s, 2H), 8.6 (s, 1H), 8.2 (bs, 1H), 6.3 (s, 2H), 4.0 (s, 6H), 1.2 (s, 9H). 13C NMR
(100 MHz, CDCl3) δ = 178.2 (Cq), 166.1 (Cq), 131.5 (Cq), 131.2 (Cq), 131.0, 130.5, 69.9
(CH2), 52.6, 39.0 (Cq), 27.0.

Preparation of 5-(1H-1,2,3-triazol-4-yl)isophthalic acid: To a solution of dimethyl 5-(1(pivaloyloxymethyl)-1H-1,2,3-triazol-4-yl)isophthalate (1.33 g, 3.5 mmol) in MeOH (20
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ml), aq. NaOH (1.2 g, 28 mmol in 20 ml of water) was added and then it was stirred at
room temperature for 27 hours. The mixture was acidified with 2 N HCl and diluted with
water, filtered, washed with water, diethyl ether and dried on air at suction to give
yellow-brown solid (0.65 g, 78%). 1H NMR (400 MHz, DMSO-d6) δ = 8.6 (m, 3H), 8.4 (t,
J=1.4, 1H). 13C NMR (100 MHz, DMSO-d6) δ = 166.6 (Cq), 132.5 (Cq), 131.5 (Cq), 129.8,
129.3.
B.2.3 Synthesis of 5-(4-(1H-tetrazol-5-yl)benzamido)isophthalic acid (TBAI)

Figure B. 6: 5-(4-(1H-tetrazol-5-yl)benzamido)isophthalic acid.

TBAI was synthesized according to published procedures.7
B.3

4-Connected Ligands

B.3.1 Synthesis of 3,3'',5,5''-tetrakis(4-carboxyphenyl)-p-terphenyl (TCPT)

Figure B. 7: 3,3'',5,5''-tetrakis(4-carboxyphenyl)-p-terphenyl
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Figure B. 8: Schematic representation of the synthesis of TCPT.

Preparation of 1,3-bis(4-carboxyphenyl)-5-trimethylsilylbenzene: Absolute EtOH (180 ml)
was placed in a 500 ml round-bottom flask sealed with septum, the flask was
evacuated/backfilled with argon 3x, then solvent was bubbled with argon for 1.5 h. 1,3Dibromo-5-trimethylsilylbenzene (3.08 g; 10 mmol), 4-carboxyphenylboronic acid (3.66
g; 22 mmol), 5% Pd/C (1.4 g) and sodium carbonate (8.48 g; 80 mmol) were then added,
the flask was evacuated/backfilled with argon 3x and heated at 70 °C for 30 h with
vigorous stirring.

It was cooled to room temperature and the mixture was diluted with water (500 ml),
filtered through paper, filter cake was washed thoroughly with water, the filtrate
acidified to pH = 1 with 2 N HCl (effervescence!) and the precipitate was filtered,
washed with water, followed by hexane, dried briefly on air, then at high vacuum at 50
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°C overnight to give 3.07 g (79%) of white powder in sufficient purity. The NMR data
match the reported values.8

Preparation of 1,3-bis(4-carboxyphenyl)-5-iodobenzene: It was obtained by treatment of
1,3-bis(4-carboxyphenyl)-5-trimethylsilylbenzene with iodine monochloride in DMF
according to the reported procedure in up to 86% yield.8

Preparation of 3,3'',5,5''-tetrakis(4-carboxyphenyl)-p-terphenyl: General procedure for
Suzuki coupling under aqueous conditions: The mixture of DMF (110 ml) and aq.
potassium carbonate (9.7 g, 70 mmol in 30 ml H2O) was placed in a 250 ml roundbottom flask sealed with septum, the flask was evacuated/backfilled with argon 3x, then
bubbled with argon for 1.5 h. To the mixture were added 1,3-bis(4-carboxyphenyl)-5iodobenzene (2.23 g; 5 mmol), 1,4-benzenediboronic acid bis(pinacol) ester (0.829 g; 2.5
mmol) and tetrakis(triphenylphosphine)palladium (0) (0.29 g; 0.25 mmol), the flask was
evacuated/backfilled with argon 3 x and heated at 80 °C for 20 h with vigorous stirring.

It was cooled to room temperature and the mixture was diluted with water to 400 ml
total volume, filtered through paper if necessary, the filtrate washed with 2x 60 ml ethyl
acetate (discarded). Then it was acidified with 6N HCl and the precipitate collected by
centrifugation (6000 rpm). It was washed several times by the repeated centrifugation
with water (2x), then with ethanol or acetone (2x). Finally it was suspended in ethanol,
which was removed by evaporation (rotavap) and the residue was dried at 65 °C
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overnight to yield 1.64 g (92 %) of the product as a tan solid in sufficient purity. 1H NMR
(600 MHz, DMSO-d6) δ = 13.0 (b, 4H), 8.09-8.05 (m, 26H). 13C NMR (125 MHz, DMSO-d6)
δ = 167.2 (Cq), 144.1 (Cq), 141.4 (Cq), 140.7 (Cq), 139.3 (Cq), 130.0 (Cq), 129.9, 127.9,
127.4, 125.4, 125.0. Additionally, the peaks of solvents used for centrifugation (ethanol
and acetone) could be seen in the spectra.
B.3.2 Synthesis of 3',3'',5',5''-tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene
(TCDPN)

Figure B. 9: 3',3'',5',5''-tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene.

Figure B. 10: Schematic representation of the synthesis of TCDPN.

357

Preparation of 1,4-naphthalenediboronic acid bis(pinacol) ester: The compound was
synthesized according to the reported general procedure.9 Dried DMF (20 ml) was
placed in a 150 ml round-bottom flask sealed with septum, the flask was
evacuated/backfilled with argon 3x, then bubbled with argon for 0.5 h. 1,4Dibromonaphthalene (1 g; 3.5 mmol), bis(pinacolato)diboron (2.13 g; 8.4 mmol), [1,1′bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.256 g; 0.35 mmol) and
anhydrous potassium acetate (2.06 g; 21 mmol) were added, the flask was
evacuated/backfilled with argon 3 x and heated at 90 °C for 17 h with vigorous stirring.

It was cooled to room temperature and the mixture was diluted with 70 ml ethyl acetate
and poured on 100 ml DI water. The phases were separated, and the water phase was
backextracted with 50 ml EtOAc. The combined organics were washed with 2x 50 ml
brine (filtered through paper if necessary to facilitate separation of the phases), and
dried with MgSO4. After filtration, the residue was concentrated with a small amount of
silica gel, applied on top of a silica gel column and chromatographed, eluting with
hexane to 20% ethyl acetate in hexane to yield 1.05 g (79%) of the product as a white
powder. 1H NMR (600 MHz, CDCl3) δ = 8.76-8.74 (m, 2H), 8.02 (s, 2H), 7.53-7.50 (m, 2H),
1.43 (s, 24H). 13C NMR (150 MHz, CDCl3) δ = 136.7 (Cq), 134.5, 128.8, 126.0, 84.0 (Cq),
25.1.

Preparation

of

3',3'',5',5''-tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene:

The

general procedure for Suzuki-Miyaura coupling under aqueous conditions using 1,4-
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naphthalenediboronic acid bis(pinacol) ester (0.95 g, 2.5 mmol) was applied to give 1.49
g (78%) of the product as a cream solid. 1H NMR (500 MHz, DMSO-d6) δ = 13.1 (b, 4H),
8.18 (s, 2H), 8.08-8.02 (m, 18H), 7.92-7.91 (d, J=1.3, 4H), 7.76 (s, 2H), 7.58 (m, 2H). 13C
NMR (125 MHz, DMSO-d6) δ = 167.2 (Cq), 143.9 (Cq), 141.6 (Cq), 140.3 (Cq), 139.0 (Cq),
131.4 (Cq), 130.1, 128.4, 127.5, 127.0, 126.8, 126.0, 125.1. Additionally, the peaks of
solvents used for centrifugation (ethanol and acetone) could be seen in the spectra.

B.3.3 Synthesis of 3',3'',5',5''-tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene
(TCDPA)

Figure B. 11: 3',3'',5',5''-tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene.
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Figure B. 12: Schematic representation of the synthesis of TCDPA.

Preparation

of

1,3-bis(4-ethoxycarbonylphenyl)-5-iodobenzene:

It

was obtained

according to the reported procedure10 and purified by column chromatography (hexane
to ethyl acetate) to give a cream solid, 4.15 g, 85%. 1H NMR (600 MHz, CDCl3) 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 (150 MHz, CDCl3) δ = 166.4 (Cq), 143.8 (Cq), 142.9 (Cq),
135.9, 130.4, 130.2 (Cq), 127.3, 125.9, 95.5 (Cq), 61.3 (CH2), 14.5 (CH3).
Preparation of 3,5-bis(4-ethoxycarbonylphenyl)benzeneboronic acid pinacol ester: It was
obtained in similar manner as 1,4-naphthalenediboronic acid bis(pinacol) ester. Dry

360

DMF (20 ml) was placed in a 150 ml round-bottom flask sealed with septum, the flask
was evacuated/backfilled with argon 3x, then bubbled with argon for 0.5 h. 1,3-Bis(4ethoxycarbonylphenyl)-5-iodobenzene (2.07 g; 4.14 mmol), bis(pinacolato)diboron (1.26
g; 5 mmol), [1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.152 g; 0.21
mmol) and anhydrous potassium acetate (1.22 g; 12.4 mmol) were added, the flask was
evacuated/backfilled with argon 3x and heated at 90 °C for 22 h with vigorous stirring.

It was cooled to room temperature and the mixture was diluted with 100 ml ethyl
acetate and poured on 100 ml DI water. The phases were separated, organics were
washed with 2x 60 ml brine, and dried with MgSO4. After filtration, the residue was
applied on top of a silica gel column and chromatographed, eluting with hexane to 50%
ethyl acetate in hexane to yield 1.68 g (81%) of the product as a white sticky foam in
sufficient purity (contains some bis(pinacolato)diboron as an impurity). 1H NMR (600
MHz, CDCl3) δ = 8.11 (d, J=8.3, 4H), 8.08 (d, J=1.7, 2H), 7.93 (t, J=1.6, 1H), 7.75 (d, J=8.3,
4H), 4.41 (q, J=7.1, 4H), 1.42 (t, J=7.1, 6H), 1.39 (s, 12H). 13C NMR (150 MHz, CDCl3) δ =
166.6 (Cq), 145.3 (Cq). 140.4 (Cq), 133.4, 130.2, 129.6 (Cq), 129.1, 127.4, 84.3 (Cq), 61.2
(CH2), 25.0 (CH3), 14.5 (CH3).

Preparation of 3',3'',5',5''-tetrakis(4-ethoxycarbonylphenyl)-9,10-diphenylanthracene:
The compound was synthesized according to the reported method. 10 In a Schlenk tube
under argon atmosphere, a mixture of 3,5-bis(4-ethoxycarbonylphenyl)benzeneboronic
acid pinacol ester (1.66 g, 3.32 mmol) and 9,10-dibromoanthracene (0.519 g, 1.54
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mmol), [1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.085 g, 0.12
mmol), 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (Sphos) (0.095 g, 0.23 mmol),
finely grinded K3PO4 (1.64 g, 7.7 mmol), and 18-crown-6 ether (0.204 g, 0.77 mmol) in a
mixture of degassed THF (25 ml) and EtOH (15 mL) was prepared and reacted at 90 °C
for 24 h with vigorous stirring. The reaction mixture was then filtered through Celite®
and the volatiles removed. The residue was concentrated with a little silica and loaded
on top of a silica gel column and eluted with 100% hexane to 100% ethyl acetate to give
yellow solid in sufficient purity, 0.515 g (36%). 1H NMR (600 MHz, CDCl3) δ = 8.16 (d,
J=8.4, 8H), 8.09 (m, 2H), 7.86 (m, 4H), 7.82 (m, 12H), 7.42 (m, 4H), 4.41 (q, J=7.1, 8H),
1.43 (t, J=7.1,12H). 13C NMR (150 MHz, CDCl3) δ = 166.6 (Cq), 144.9 (Cq), 141.2 (Cq),
140.6 (Cq), 136.7 (Cq), 130.4, 130.05 (Cq), 129.99, 129.87 (Cq), 127.4, 127.0, 125.7,
125.6, 61.2 (CH2), 14.5 (CH3).

Preparation of 3',3'',5',5''-tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene: It was
obtained in a similar manner as 1,2,4,5-tetrakis[(4-carboxy)phenoxymethyl]benzene.
The intermediate tetraester (0.5 g, 0.54 mmol) was added to a round bottom flask
containing tetrahydrofuran (35 ml) and methanol (5 ml). An aq. NaOH solution (0.33 g,
8.25 mmol in 20 ml H2O) was added to this mixture and then heated at 90 °C for 20 h.
The solution was concentrated, diluted with water (100 ml), and filtered on paper. The
filtrate was diluted with brine, washed with 2 x 50 ml AcOEt (discarded), then acidified
using 2N HCl. The precipitate was separated by filtration, washed thoroughly with water
and dried at suction, followed by drying at 65 °C for few hours to give light yellow
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powder in sufficient purity, 0.36 g (82 %). 1H NMR (600 MHz, DMSO-d6): δ = 13.0 (bs,
4H), 8.35 (s, 2H), 8.06 (s, 16H), 7.89 (s, 4H), 7.78 (m, 4H), 7.49 (m, 4H).

13

C NMR (150

MHz, CDCl3): δ = 167.1 (Cq), 143.6 (Cq), 140.4 (Cq), 139.9 (Cq), 136.2 (Cq), 130.1 (Cq),
130.0, 129.4 (Cq), 129.2, 127.4, 126.5, 126.0, 125.2.

B.3.4 Synthesis of 3,3'',5,5''-tetra-2-(4-carboxyphenyl)ethynyl -p-terphenyl (TCEPT)

Figure B. 13: 3,3'',5,5''-tetra-2-(4-carboxyphenyl)ethynyl -p-terphenyl.
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Figure B. 14: Schematic representation of the synthesis of TCEPT.

Preparation of 4,6-bromo-2,6-diiodoaniline: It was obtained according to the modified
literature procedure.11 4-Bromoaniline (6 g, 34.9 mmol) and iodine monochloride (17 g,
104.6 mmol) were refluxed in methanol (140 ml) for 31 h. The mixture was cooled,
orange precipitate was filtered on paper, washed with MeOH (2 x 10 ml), then aq.
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Na2S2O3 (100 ml), then thoroughly with DI water and dried on air at suction overnight to
give cream solid, 11.32 g (76%) in good purity. NMR data match the reported values. 11

Preparation of 5-bromo-1,3-diiodobenzene: It was obtained according to the modified
literature procedure.12 4-Bromo-2,6-diiodoaniline (6 g, 14.2 mmol) was taken in ethanol
abs. (100 ml), conc. H2SO4 (2 ml) was added, followed by NaNO2 (2.44 g, 35.4 mmol) and
CuSO4*5H2O (0.35 g, 1.42 mmol), heated to reflux with vigorous stirring for 1 h. The
mixture was cooled, the precipitate filtered on paper, washed with EtOH abs. (2 x 10
ml), then thoroughly with DI water and dried on air at suction overnight to give cream
solid, 4.47 g (77 %) in good purity. NMR data match the reported values. 12

Preparation of 1-bromo-3,5-bis(trimethylsilylethynyl)benzene: It was obtained according
to the reported procedure in sufficient purity as a colorless oil (3.1 g, 91%).11

Preparation

of

1-bromo-3,5-diethynylbenzene:

1-Bromo-3,5-

bis(trimethylsilylethynyl)benzene (3.1 g, 8.9 mmol) was dissolved in 30 ml CH2Cl2/60 ml
MeOH and Cs2CO3 (2.9 g, 8.9 mmol) was added, whole stirred at rt for 21 h. It was
diluted with 100 ml CH2Cl2, followed by 80 ml 0.5 N HCl, mixture was shaken and phases
were separated, extraction repeated twice with 40 ml CH2Cl2, combined organics were
dried with Na2SO4. It was filtered and concentrated to give yellowish solid, 1.586 g
(86%). NMR data match the reported values.13
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Preparation of 1-bromo-3,5-bis[2-(4-methoxycarbonylphenyl)ethynyl]benzene: It was
obtained in a similar manner as 1-bromo-3,5-bis(trimethylsilylethynyl)benzene. A
solution of 1-bromo-3,5-diethynylbenzene (1.58 g, 7.74 mmol) in 30 ml THF (stored over
CaH2)/10 ml Et3N in a 250 ml round-bottom flask sealed with septum was
evacuated/backfilled with Ar 3x, then bubbled with Ar for 30 min. Methyl 4iodobenzoate (4.05 g, 15. 47 mmol), Pd(PPh3)2Cl2 (326 mg, 0.46 mmol) and CuI (88 mg,
0.46 mmol) were added, the flask evacuated/backfilled 3x with Ar, then stirred at rt for
22 h. The mixture was diluted with 150 ml CH2Cl2, washed with 3 x 100 ml of std. aq.
NH4Cl, dried with MgSO4. It was filtered and concentrated with a little silica and loaded
on top of a silica gel column and eluted with 100% hexane to 100% ethyl acetate to give
light brown solid, 2.86 g (78 %). 1H NMR (600 MHz, CDCl3) δ = 8.03 (d, J=8.5, 4H), 7.66 (d,
J=1.3, 2H), 7.64 (t, J=1.3, 1H), 7.58 (d, J=8.4, 4H), 3.93 (s, 6H). 13C NMR (150 MHz, CDCl3)
δ = 166.6 (Cq), 134.6, 133.4, 131.8, 130.2 (Cq), 129.7, 127.2 (Cq), 125.0 (Cq), 122.2 (Cq),
90.6 (Cq), 89.8 (Cq), 52.4 (CH3).

Preparation of 3,3'',5,5''-tetrakis[2-(4-ethoxycarbonylyphenyl)ethynyl]-p-terphenyl: It
was obtained in similar manner as 3',3'',5',5''-tetrakis(4-ethoxycarbonylphenyl)-9,10diphenylanthracene. In a Schlenk tube under argon atmosphere, a mixture of 1-bromo3,5-bis[2-(4-methoxycarbonylphenyl)ethynyl]benzene (0.502 g, 1.06 mmol), 1,4benzenediboronic

acid

bis(pinacol)

ester

(0.175

g,

0.53

mmol),

[1,1'-

bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.038 g, 0.052 mmol), 2dicyclohexylphosphino-2',6'-dimethoxybiphenyl (Sphos) (0.040 g, 0.1 mmol), finely
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grinded K3PO4 (0.45 g, 2.12 mmol), and 18-crown-6 ether (0.07 g, 0.265 mmol) in a
mixture of degassed THF (20 ml) and EtOH (10 mL) was prepared and reacted at 90 °C
for 14 h with vigorous stirring. The reaction mixture was then filtered through Celite®
and the volatiles removed. The residue was concentrated with a little silica and loaded
on top of the silica gel column and eluted with 100% hexane to 100% ethyl acetate to
give light brown solid, 0.153 g (31 %) in sufficient purity (contains some pinacol). 1H
NMR (600 MHz, CDCl3) δ = 8.05 (d, J=8.2, 8H), 7.81 (m, 2H), 7.74 (s, 6H), 7.62 (d, J=8.2,
8H), 4.40 (q, J=7.1, 8H), 1.41 (t, J=7.1, 12H). 13C NMR (150 MHz, CDCl3) δ = 166.1 (Cq),
141.2 (Cq), 139.1 (Cq), 133.8, 131.7, 130.5, 130.3 (Cq), 129.7, 127.8, 127.5 (Cq), 124.0
(Cq), 91.2 (Cq), 89.8 (Cq), 61.3 (CH2), 14.5 (CH3).

Preparation

of

3,3'',5,5''-tetrakis[2-(4-carboxyphenyl)ethynyl]-p-terphenyl:

It

was

obtained in a similar manner as 1,2,4,5-tetrakis[(4-carboxy)phenoxymethyl]benzene.
The intermediate tetraester (0.15 g, 0.16 mmol) was added to a round bottom flask
containing tetrahydrofuran (35 ml) and methanol (15 ml). An aq. NaOH solution (0.205
g, 5.13 mmol in 20 ml H2O) was added to this mixture and then heated at 50 °C for 18 h.
The solution was concentrated, diluted with water (100 ml), washed with 50 ml AcOEt
(discarded), then acidified using 2N HCl. The precipitate was collected by centrifugation
(4500 rpm/3 min). It was washed by a repeated centrifugation with water (2 x). Finally it
was suspended in ethanol, which was removed by evaporation (rotavap) to give brown
solid in sufficient purity, 0.12 g (90 %). 1H NMR (500 MHz, DMSO-d6): δ = 13.2 (bs, 4H),
8.05 (s, 4H), 8.00 (d, J=8.2, 8H), 7.96 (m, 4H), 7.83 (m, 2H), 7.73 (d, J=8.2, 8H). 13C NMR
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(125 MHz, CDCl3): δ = 166.8 (Cq), 140.6 (Cq), 137.8 (Cq), 133.3, 131.8, 130.9 (Cq), 130.2,
129.7, 127.7, 126.3 (Cq), 123.4 (Cq), 90.9 (Cq), 89.7 (Cq). Additionally, the peaks of
solvents used for centrifugation (ethanol) could be seen in the spectra.

B.3.5 Synthesis of 9,9′-(1,4-phenylene)bis(9H-carbazole-3,6-dicarboxylic acid)
(PBCDC)

Figure B. 15: 9,9′-(1,4-phenylene)bis(9H-carbazole-3,6-dicarboxylic acid).

Figure B. 16: Schematic representation of the synthesis of PBCDC.

Preparation of dipropyl 9H-carbazole-3,6-dicarboxylate: 9H-Carbazole-3,6-dicarboxylic
acid14 (4.5 g, 17.6 mmol) was suspended in 1-propanol (110 ml), conc. H2SO4 (2 ml) was
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added and the mixture was stirred at 110°C (oil bath) for 16 h. It was then cooled,
concentrated on rotary evaporator and taken in CH2Cl2 (200 ml). The organic layer was
subsequently washed with aq. NaHCO3 (180 ml) and dried over MgSO4. After filtration
and removal of the solvent, cream solid was obtained (5.4 g, 90%). 1H NMR (600 MHz,
CDCl3) δ = 8.9 (s, 2H), 8.7 (s, 1H), 8.2 (dd, J = 1.4, J = 8.4, 2H), 7.5 (d, J = 8.4, 2H), 4.4 (t, J
= 6.7, 4H), 1.9 (m, 4H), 1.1 (t, J = 7.4, 6H). 13C NMR (150 MHz, CDCl3) δ = 167.4, 142.9,
128.3, 123.3, 123.2, 122.8, 110.7, 66.7, 22.4, 10.8.

Preparation of [9,9′-(1,4-phenylene)bis(9H-carbazole-3,6-dicarboxylic acid)] propyl ester
it was prepared using similar method as in reference:15 dipropyl 9H-carbazole-3,6dicarboxylate (1 g, 2.9 mmol), 1,4-diiodobenzene (0.44 g, 1.34 mmol), finely grounded
K3PO4 (1.7 g, 8 mmol), CuI (36 mg, 0.19 mmol), N,N’-dimethylethylenediamine (DMEDA)
(0.12 ml), toluene (stored over CaH2, 20 mL) were added to a Schlenk flask under argon
atmosphere and heated at 110 °C (oil bath) for 26 h. After cooling, contents were
poured on 1/1 EtOAc/water (200 ml), stirred briefly, precipitate was filtered, washed
with DI water, followed by EtOAc. It was dried on air at suction to produce off-white
solid (0.65 g, 65%). 1H NMR (400 MHz, CDCl3) δ = 9.0 (d, J=1.1, 4H), 8.2 (dd, J = 1.5, J =
8.6, 4H), 7.9 (s, 4H), 7.6 (d, J = 8.4, 2H), 4.4 (t, J = 6.7, 4H), 1.9 (m, 4H), 1.1 (t, J = 7.4, 6H).
13

C NMR (100 MHz, CDCl3) δ = 167.1 (Cq), 144.0 (Cq), 136.6 (Cq), 128.9, 128.6, 123.8

(Cq), 123.6 (Cq), 123.3, 109.8, 66.8 (CH2), 22.4 (CH2), 10.8.

Preparation of 9,9′-(1,4-phenylene)bis(9H-carbazole-3,6-dicarboxylic acid):15 [9,9′-(1,4phenylene)bis(9H-carbazole-3,6-dicarboxylic acid)] propyl ester (0.65 g, 0.86 mmol) was
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suspended in 1/1 THF/MeOH (100 ml), aq. NaOH was added (1 g, 25 mmol in 50 ml
water), whole stirred at 90 °C (oil bath) under condenser for 24 h. The mixture was
cooled, concentrated to remove organics, diluted with water, filtered through cotton
and the filtrate acidified with 2 N HCl. The precipitate was centrifuged (6000 rpm, 3
min), and then centrifugation repeated with water (3 x), EtOH (1 x), then acetone (1 x).
Finally, it was concentrated from acetone and the solid was dried briefly at 65 °C. White
solid was obtained (0.5 g, quantitative) in sufficient purity. 1H NMR (600 MHz, DMSO-d6)
δ = 12.9 (bs, 4H), 9.0 (d, J=1.1, 4H), 8.2 (dd, J = 1.6, J = 8.6, 4H), 8.0 (s, 4H), 7.7 (d, J = 8.6,
2H). 13C NMR (150 MHz, DMSO-d6) δ = 167.6, 143.4, 135.6, 128.9, 128.3, 123.6, 123.1,
122.7, 110.2. (Matches the reported values). Additionally, peaks of EtOH could be seen
in the spectra.

B.3.6 Synthesis of 1,2,4,5-Tetrakis[(4-carboxy)phenoxymethyl]benzene (TetPOMB)
Preparations: 1,2,4,5-Tetrakis[(4-carboxy)phenoxymethyl]benzene (TetPOMB), was
synthesized in our lab as described below. All other chemicals and solvents were used
as received unless otherwise stated from Fisher Scientific, Acros Organics, SigmaAldrich, or TCI America. DMF was dried over CaH2. DI water = deionized water. 1H and
13

C NMR spectra were recorded at room temperature with Bruker Avance 500 and 600

MHz spectrometers using CDCl3 or DMSO-d6 as the solvents, and referenced to the
corresponding solvent peaks (7.26 and 77.16 ppm for CDCl3, and 2.50 and 39.52 ppm for
DMSO-d6, respectively).
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Figure B. 17: 1,2,4,5-Tetrakis[(4-carboxy)phenoxymethyl]benzene.

Figure B. 18: Schematic representation of the synthesis of TetPOMB.

Preparation

of

1,2,4,5-tetrakis[(4-methoxycarbonyl)phenoxymethyl]benzene:

The

product was synthesized according to the reported procedure. 16 Methyl 4hydroxybenzoate (9.13 g, 60 mmol) was dissolved in DMF (250 ml). A catalytic amount
of KI (74 mg, 4.4 mmol) was added to the solution followed by K 2CO3 (36 g, 260 mmol).
The

solution

was

then

heated

to

100

°C

for

1

hour.

1,2,4,5-

Tetrakis(bromomethyl)benzene (3.6 g, 8 mmol) was dissolved in DMF (20 ml), added
dropwise to the mixture and heated at 100 °C for 4 hours and then cooled to room
temperature. Approximately 800 ml of water was added to the solution to produce a
precipitate, which was filtered, washed thoroughly with water and dried on air at
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suction to give 5.8 g (99 %) of the white solid. 1H NMR (600 MHz, CDCl3): δ = 7.97 (dd,
J=2, J=6.9, 8H), 7.67 (s, 2H), 6.95 (dd, J=2, J=6.9, 8H), 5.23 (s, 8H), 3.89 (s, 3H).

Preparation

of

1,2,4,5-tetrakis[(4-carboxy)phenoxymethyl]benzene:

The

above

tetramethyl ester (5.8 g, 7.9 mmol) was added to a round bottom flask containing
tetrahydrofuran (150 ml) and methanol (50 mL). An aq. NaOH solution (4.9 g, 120 mmol
in 200 ml H2O) was added to this mixture and then heated at 60 °C for 12 h. The solution
was concentrated, diluted with water to dissolve the salts, washed with 2 x 70 ml AcOEt
(discarded), then acidified to pH = 1 using 6N HCl. The precipitate was separated by
filtration, washed thoroughly with water and dried on air at suction to yield 5.0 g (89 %)
of white solid. 1H NMR (600 MHz, DMSO-d6): δ = 12.6 (bs, 4H), 7.88 (d, J=8.9, 8H), 7.74
(s, 2H), 7.10 (d, J=8.9, 8H), 5.33 (s, 8H). 13C NMR (150 MHz, CDCl3): δ = 166.9 (Cq), 161.7
(Cq), 134.8 (Cq), 131.3, 129.0, 123.4 (Cq), 114.6, 66.9 (CH2).
B.3.7 Synthesis of 4,4',4'',4'''-(6,6'-(1,4-phenylenebis(azanediyl))bis(1,3,5-triazine6,4,2-triyl))tetrakis(azanediyl)tetrabenzoic acid (PBBTTTB)

Figure B. 19: 1,2,4,5-Tetrakis[(4-carboxy)phenoxymethyl]benzene.

Cyanuric chloride can be selectively functionalized to obtain either monosubstituted,
disubstituted or trisubstituted triazines. The extent of this substitution is controlled
primarily by the temperature of the reaction, with stoichiometry playing a secondary
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role.

(0-5°C, mono-substitution occurs, 40-45°C, di-substitution occurs, and under

reflux conditions (75°C+) the tri-substituted product is obtained.).17-19
The ability to obtain a di-substituted product was used in the synthesis of a
tetracarboxylate ligand containing two di-substituted triazine rings linked through a pphenylenediamine moiety.

Figure B. 20: Schematic representation of the synthesis of PBBTTTB, which was synthesized according to a
18, 19
o
modified published procedure.
Reagents and Conditions: (i) NaOH / NaHCO3 / H2O, Δ = 45 C for 24h,
o
(ii) NaOH / NaHCO3 / H2O, Δ = 85 C for 24h (iii) 4N HCl / H2O.

Preparation

of

4,4',4'',4'''-(6,6'-(1,4-phenylenebis(azanediyl))bis(1,3,5-triazine-6,4,2-

triyl))tetrakis(azanediyl)tetrabenzoic acid: 4-aminobenzoic acid (8.57g, 62.5 mmol), H2O
(125 mL), and aqueous NaOH (5N,25 mL, 125 mmol) were combined in a 500-mL round
bottom flask equipped with a stir bar. NaHCO3 (5.25g, 70 mmol) was then added to the
solution and cooled to 0°C in an ice bath while stirring. A cyanuric chloride (5.76 g, 31.25
mmol) solution in acetone (30 mL) was prepared and subsequently added dropwise. The
solution was allowed to stir at 0°C for an additional 3 hours. At which point an additional
125 ml H2O was added to allow the slurry to be stirred, and the solution was heated to
35°C and held for 24h. After cooling, the solution was filtered and the solid was added
to 250ml H2O and acidified to pH 1-2 using 6M HCl. This was again filtered and washed
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with cold water. The solid was added to 100ml H2O and again acidified to pH 1-2, stirred
for 1 hour and filtered and dried overnight to obtain the dicarboxylate intermediate.

The dicarboxylate intermediate (4.260g, 11.1 mmol) p-phenylenediamine (.600g, 5.5
mmol), H2O (60 mL), and aqueous NaOH (5N,3 mL) were combined in a 500-mL round
bottom flask equipped with a stir bar and NaHCO3 (0.930g)was added. The solution was
stirred at rt for 30 minutes and then slowly heated to reflux (100-110°C) and held for 22
hours, resulting in a purple colored suspension. After cooling, 200ml EtOH was added
and stirred for 15 minutes,the solution was filtered and the filtrate isolated and washed
with 100ml EtOH:H2O (4:1), then 100ml EtOH. The solid was added to 50ml DMF and
refluxed at 100°C for 12 hours, cooled and filtered and dried to yield the product.
(3.12g)
B.4

6-Connected Ligand

B.4.1 Synthesis of 5,5',5''-(s-Triazine-2,4,6-triyltriimino)triisophthalic acid
hexasodium salt. (TTIP)i

Figure B. 21: 5,5',5''-(s-Triazine-2,4,6-triyltriimino)triisophthalic acid hexasodium salt.
i

Reproduced in part with permission from R. Luebke, J. F. Eubank, A. J. Cairns, Y. Belmabkhout, L. Wojtas
and M. Eddaoudi, Chemical Communications, 2012, 48, 1455-1457. Copyright 2012 American Chemical
Society.
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Preparation of 5,5',5''-(s-Triazine-2,4,6-triyltriimino)triisophthalic acid hexasodium salt:
5-aminoisophthalic acid (9 g, 49.6 mmol, 4 eq.), H2O (100 mL), and aqueous NaOH
(5N,20 mL) were combined in a 500-mL round bottom flask equipped with a stir bar.
NaHCO3 (4.2g, 49.6 mmol) was then added to the solution and cooled to 10°C. A
cyanuric chloride (2.28 g,12.5 mmol, 1 eq.) solution in acetone (12.5 mL) was prepared
and subsequently added dropwise.The solution was then heated to 105°C and refluxed
for 24h. The solution was filtered and the filtrate isolated, concentrated to ~50 mL with
a rotary evaporator, and diluted with EtOH (75mL). This resulted in the formation of a
white precipitate which was collected via filtration, washed with EtOH/H 2O (3:1, v/v),
EtOH, and Et2O. The solid was dried in an oven at 80°C to yield 14.69g of crude product.
The crude product was then added to a round bottom flask containing H2O (120mL) and
brought to a pH of 9-10 with aqueous NaOH (5N) while stirring. The solution was stirred
for 1h and subsequently filtered. The filtrate was added to a stirred flask containing
EtOH (150 mL). Lastly, the white precipitate was collected by filtration, washed with
EtOH and dried to give 7.92 g (85%) of the final product.

Figure B. 22: Schematic representation of the synthesis of TTIP, which was synthesized according to a
18, 19
modified published procedure.
Reagents and Conditions: (i) NaOH / NaHCO3 / H2O, Δ = 105oC for
24h, (ii) NaOH / H2O, rt for 1h.
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B.4.2 Synthesis of 2,5,8-tris(3,5-dicarboxyphenylamino)-1,3,4,6,7,9,9bheptaazaphenalene (TDCPAH)ii,20

Figure B. 23: Synthesis of H6L from cyameluric chloride and di-t-butyl 5-aminoisophthalate. Reagents and
conditions: i. dry toluene, Ar, 100 °C, 19 h; ii. TFA, rt, 63 h.

Preparation of Melon: Melon was synthesized by a literature method:21 melamine (30 g)
was placed in an open ceramic dish and heated in a furnace at 490 °C for 4 days. The
obtained yellow powder, 12.4 g, was taken into the next step without further
purification.

Preparation of potassium cyamelurate: Potassium cyamelurate was synthesized by
adaption of the reported procedure22: a suspension of crude melon (20 g) in a 2.5 M aq.
KOH solution (200 ml) was heated under reflux for 4 h to dissolve all the starting
material. The reaction mixture was cooled to room temperature, when the product
started to precipitate. The crystals were filtered on paper, and washed with ethanol.
The filtrate was treated in the same manner twice to collect further crops of the
product. Then it was dried at 70 °C under vacuum overnight to give 21.5 g of white
crystals. 13C NMR data were in a good agreement with the reported values.23

ii

R. Luebke, Ł. J. Weseliński, Y. Belmabkhout, Z. Chen, Ł. Wojtas and M. Eddaoudi, Crystal Growth &
Design, 2014, 14, 414-418. Reproduced by permission of The Royal Society of Chemistry

376

Preparation of cyameluric chloride: Cyameluric chloride was synthesized by adaptation
of the reported procedures:24-26 dry potassium cyamelurate (3.1 g; 9.3 mmol) and PCl5
(7.5 g; 36 mmol) were grounded using a mortar and pestle in a dry N 2 glovebox
atmosphere. Then the mixture was placed in a teflon-lined vessel, that was closed in an
autoclave, removed from the glovebox and heated at 230 °C for 24 h. It was cooled and
opened in a glovebox, the resulting solid grounded in a mortar. The powder was
removed from the glovebox and poured on ice-cold water (50 ml), stirred vigorously for
a while and then quickly filtered through a coarse filter paper. The solid was quickly
scrapped of the filter paper and placed in the preheated (50 °C) vacuum oven with P 2O5
inside and dried overnight under high vacuum. The solid (1.6 g) was further purified by
Soxhlet extraction using dry toluene (dried and stored over CaH2) for 48 h. Bright yellow
solid was obtained, 1.1 g (43%). IR data match the reported values.25, 26

Preparation of Di-t-butyl 5-nitroisophthalate: Di-t-butyl 5-nitroisophthalate was
synthesized from 5-nitroisophthalic acid using literature method27, but purified by
column chromatography (100% hexane to 10% ethyl acetate in hexane) to get 4.12 g of
white solid (42%). NMR data were in a good agreement with the reported values. 27, 28

Preparation of Di-t-butyl 5-aminoisophthalate: Di-t-butyl 5-aminoisophthalate was
prepared as exemplified here: solution of di-t-butyl 5-nitroisophthalate (1 g; 3.1 mmol)
in methanol (30 ml) was evacuated/backfilled 3x with Ar, then 5% Pd/C (100 mg) and
ammonium formate (0.78 g; 12.4 mmol) were added and the whole was stirred at rt for
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45 min. The mixture was filtered through a pad of celite, which was washed with CH2Cl2,
and then the filtrate was washed with brine and dried with Na 2SO4. After filtration and
removal of solvents, white solid was obtained, 0.87 g (96%). NMR data were in a good
agreement with the reported values.27, 28

Preparation of 2,5,8-Tris(3,5-dicarboxyphenylamino)-1,3,4,6,7,9,9b-heptaazaphenalene:
2,5,8-Tris(3,5-dicarboxyphenylamino)-1,3,4,6,7,9,9b-heptaazaphenalene was prepared
as described: cyameluric chloride (0.92 g; 3.3 mmol) was dissolved in dry toluene (65 ml,
dried and stored over CaH2) and added to the oven-dried round bottom flask (250 ml)
containing di-t-butyl 5-aminoisophthalate (3.27 g; 11.2 mmol). The flask was sealed with
septum, evacuated/backfilled 3x with Ar, and heated to 100 °C with vigorous stirring.
After 19 h, it was cooled, and the precipitate was filtered on paper. It was washed with
toluene, then 2 x 10 ml chloroform and dried briefly on air to give 2.19 g of the crude
ester. The ester was suspended in trifluoroacetic acid (TFA, 20 ml) and stirred at rt for
63 h. Then CH2Cl2 (50 ml) was added and the suspension was filtered through paper,
washed with CH2Cl2 and dried briefly on air. The resulting solid was dissolved in 0.5 N
NaOH (100 ml), and then the solution was acidified with 2N HCl to precipitate the
compound. The suspension was diluted with water, filtered on paper, solid washed
thoroughly with water and dried on air to give the pure product as a cream powder,
1.52 g (64 % in 2 steps). 1H NMR (600 MHz, DMSO-d6) δ = 13.3 (bs, 6H), 10.9 (s, 3H), 8.55
(s, 6H), 8.19 (s, 3 H). 13C NMR (150 MHz, DMSO-d6) δ = 166.6, 162.7, 156.3, 139.5, 131.8,
125.2 (CH), 124.9 (CH).
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