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ABSTRACT
Reticular Chemistry and Metal-Organic Frameworks: Design and Synthesis
of Functional Materials for Clean Energy Applications
Dalal A. Alezi

Gaining control over the assembly of crystalline solid-state materials has been
significantly advanced through the field of reticular chemistry and metal organic
frameworks (MOFs). MOFs have emerged as a unique modular class of porous materials
amenable to a rational design with targeted properties for given applications. Several
design approaches have been deployed to construct targeted functional MOFs, where
desired structural and geometrical attributes are incorporated in preselected building
units prior to the assembly process.
This dissertation illustrates the merit of the molecular building block approach
(MBB) for the rational construction and discovery of stable and highly porous MOFs, and
their exploration as potential gas storage medium for sustainable and clean energy
applications. Specifically, emphasis was placed on gaining insights into the structureproperty relationships that impact the methane (CH4) storage in MOFs and its subsequent
delivery. The foreseen gained understanding is essential for the design of new adsorbent
materials or adjusting existing MOF platforms to encompass the desired features that
subsequently afford meeting the challenging targets for methane storage in mobile and
stationary applications.
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In this context, we report the successful use of the MBB approach for the design
and deliberate construction of a series of novel isoreticular, highly porous and stable,
aluminum based MOFs with the square-octahedral (soc) underlying net topology. From
this platform, Al-soc-MOF-1, with more than 6000 m2/g apparent Langmuir specific
surface area, exhibits outstanding gravimetric CH4 uptake (total and working capacities).
It is shown experimentally, for the first time, that the Al-soc-MOF platform can address
the U.S. Department of Energy (DOE) challenging gravimetric and volumetric targets for
the CH4 working capacity for on-board CH4 storage. Furthermore, Al-soc-MOF-1 exhibits
the highest total gravimetric and volumetric uptake for carbon dioxide and the utmost
total and deliverable uptake for oxygen at relatively high pressures among all
microporous MOFs.
Additionally, the research studies presented in this dissertation highlight the latest
discoveries on our continuous quest for highly-connected nets. Specifically, we report the
discovery of two fascinating and highly-connected minimal edge-transitive nets in MOF
chemistry, namely pek and aea topologies, via a systematic exploration of rare earth
metal salts in combination with relatively less symmetrical 3-connected tricarboxylate
ligands. Adsorption studies revealed that pek-MOF-1 offers excellent volumetric CO2 and
CH4 uptakes at high pressures.
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Chapter 1. Introduction to Reticular Chemistry and Metal-organic
frameworks (MOFs): Historical Perspectives, Design Principles, and
Potential Applications
1.1 Introduction
For several decades, there has been a desire to develop new approaches for
design and synthesis solid-state crystalline materials with targeted properties for given
applications. However, using traditional synthetic methods are not useful in controlling
the resultant structures, where the lack of rigidity of the starting entities, leading to poor
correlation between reactants and products.1
The introduction of reticular chemistry, the chemistry of directing assembly of
predesigned building blocks into predetermined network topology, has permitted to
enlarge and enrich the discovery and the synthesis of functional solid-state materials in
general and Metal-Organic Frameworks (MOFs) in particular.1-3 Typically, MOFs are
constructed from linking metal centers or clusters with organic linkers via relatively strong
coordination bonds. MOFs are considered nowadays as the most promising class of
porous materials that are positioned to address many enduring societal challenges
pertaining to energy and environmental sustainability, due to the potential ability to
mutually control their porous system structure, composition, and functionality.4-6
The family of metal-organic frameworks has a rich history, and there have been
numerous efforts to design and synthesize functional porous structures. Effectively,
knowledge regarding the targeted network “a conceptual blueprint’ and the use of the
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Reticular Chemistry Structural Resource (RCSR) database7 have permitted the successive
establishment of several powerful design strategies in MOF chemistry, as will be discussed
below.
This chapter reviews the field of MOFs, beginning with a brief historical review of
the field; followed by a discussion of design strategies and principles for the construction
of functional MOFs. Finally, potential applications of MOFs are reviewed with particular
emphases on the field of clean energy and methane storage.

1.2 Historical Perspective
The earliest developments in coordination polymers (CPs) were based on the
discovery and development of metal-ligand complexes, featuring various types of
inclusion compounds, such as Werner-type complexes (Werner clathrates), Hoffmann
type clathrates, and Prussian blue compounds.
1.2.1 Werner complexes
Werner clathrates are discrete coordination complexes based on MA4X2 formula,
where M is a divalent metal cation adopts an octahedral coordination environment (e.g.
Zn, Ni, Cu, Fe, Mn, etc), A refers to a neutral substituted pyridine ligand (4,4-bipyridine,
pyrazine, 4-picoline, etc), and X represents an anionic ligand (e.g. CN-, Cl-, Br-, NCS-, NCO-,
NO3-, etc). These complexes form porous host lattices and serve as a clathrating agent
toward appropriately sized guest species, ranging from simple noble gases to complex
aromatic molecules (Figure 1.1).8 It worth to be mentioned that this family of compounds
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was named after Alfred Werner, Nobel laureate of 1913, who was the first to propose the
octahedral configuration for transition metal complexes.

Figure 1.1. (a) An example of the Werner complex, [Ni(NCS) 2(4-PhPy)4]. (b) Crystal packing showing
inclusion of toluene guest molecules.9 Hydrogen atoms have been omitted for clarity; Ni= green, C= gray,
S= yellow and N= blue.

1.2.2 Metal-cyanide compounds
The transition from discrete molecular coordination compounds to 2D layers of
coordination polymers was demonstrated by the discovery of the Hofmann-type
compounds (known also as Hofmann clathrates), dating back to 1897 when German
chemist Hofmann accidentally discovered the compound Ni(NH3)2Ni(CN)4·2C6H6, which
crystallized around benzene and served as the prototype for this family of clathrates.10-11
Powell and Rayner (1952)12 solved the structure of the Hofmann benzene
clathrate, a 2-D square lattice network built-up from alternating square-planar and
octahedral Ni(II) metal ions bridged by four cyanide anions. The resulting 2D layers were
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separated by axial ammonia molecules coordinated to the octahedral Ni(II) ions, and the
benzene molecules were trapped in between the layers (Figure 1.3.). In the late 1960s,
Iwamoto and coworkers explored this rich area of chemistry and successfully isolated a
series of Hoffman-type clathrate analogues with the general formula M(NH3)2M`(CN)4.2G
(M = Co, Ni, Cu, Zn, Cd, Mn, or Fe; M= Ni, Pd, or Pt; G = pyrrole, thiophene, benzene,
aniline).13-14

Figure 1.2. Example of the Hofmann Clathrate15: (a) single 2-D periodic layer outlining the square planar
Ni(CN)4 and the octahedral Fe(CN)4(NH3)2; (b) disordered benzene guest molecules trapped in between
layers. Hydrogen atoms have been omitted for clarity; Ni= green, Fe= plum, C= gray, and N= blue.

Interestingly, the first 3D coordination polymer was found in the oldest synthetic
coordination compound, Prussian Blue (PB) a cubic lattice compound discovered in 1704
by Berlin artist but its first single crystal X-ray diffraction characterization was reported
later in the seminal paper in 1972 by Ludi and co-workers.16-17 The original PB framework
was composed of octahedral mixed-valance iron metal ions bridged by cyano-groups with
the general formula of Fe4[Fe(CN)6]3·xH2O (x = 14-16).
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Furthermore, the work was extended to other mixed valence transition metals
and rare earth transition metal analogues, to produce a multitude of compounds with a
general formula, Mx[My(CN)6]n ·xH2O (Figure 1.3).11 Accordingly, Prussian Blue and PB
isostructural analogues have been explored for various applications, such as dye-related
uses, host-guest chemistry, magnetic, and conductivity applications.

Figure 1.3. Fragment of the first X-ray crystal structure of a Prussian blue analogue17, Mn3(Co(CN)6)2(H2O)x,
Mn= green, Co= plum, C= gray, N= blue; water molecules were omitted for clarity.

1.2.3 Coordination polymers
Coordination polymers chemistry were known for a relatively long time in the
literature, dating back to 1959 when bis(alkylnitrilo)copper(I) structures was crystallized
and characterized by single‐crystal X‐ray diffraction. The aforementioned structure is built
up from tetrahedral Cu(–CN)4 building units. Depending on the length and conformation
of the dinitrile linker, these building units were connected to form one‐dimensional
chains, two‐dimensional, or three‐dimensional networks.18-20
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In the early 1990s, pioneering work by Robson and Hoskins21-22 reported the
synthesis of coordination polymers based on the node and spacer approach introduced
previously by A. F. Wells in 1979.23
The first example reported by Robson and Hoskins was a diamond-like network
assembled from linked the tetrahedral Cu(I) building units and tetrahedral 4,4`,4``,4````tetracyanotetraphenylmethane organic linkers.21 The resultant framework in this case
was cationic, where the charge balance was provided by the anionic BF4- counter ions.
Remarkably, it was confirmed that the charge balancing BF4 anions are exchangeable with
PF6 without altering the framework’s integrity.

Figure 1.4. Diamond‐like framework reported by Hoskins and Robson composed of tetrahedral Cu(I)
building units and tetrahedral organic linkers with the formula of, Cu[C(C6H4·CN)4]BF4. The counterions and
solvent molecules were found highly disordered and were not localized in the structure. Hydrogen atoms
are omitted for clarity. Color code: C= gray; N= blue and Cu= green.

Subsequently, various 3-D coordination polymers were synthesized based on
polytopic neutral Nitrogen-donor ligands (spacers), such as 4, 4'-bipyridine and its
derivatives, which coordinated to single metal ions (nodes).24-25 Unfortunately due to the
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flexibility of the monodentate metal-nitrogen coordination bond, these early
coordination polymers didn’t show permanent porosity and collapsed upon partial or
complete removal of guest molecules incorporated during the synthesis.
In order to increase rigidity, stability and predictability in MOF chemistry,
polytopic nitrogen-based ligands (azolate ligands)26-27 and carboxylate-based ligands28
were employed to construct more rigid and predictable MOFs. These ligands are capable
of coordinating metal ions in a bidentate or bis-monodentate fashion to generate welldefined rigid metal clusters, and in turn, reduces the lability of the coordination bonds.
Markedly, the introduction of carboxylate functionality has permitted the synthesis of the
first MOFs having permanent porosity, namely the two‐dimensional square grid (sql)
MOF-2 assembled from 4-c Zn paddlewheel and 1,4‐benzenedicarboxylate (BDC) with a
formula unit Zn(BDC)(H2O). The permanent microporosity porosity was confirmed by N2
and CO2 sorption isotherms collected at 78 K and 195 K, respectively.29

Figure 1.5. (a) The crystal structure of MOF-2 (Zn(BDC)) shown approximately down the crystallographic
[001] direction. Hydrogen atoms and solvent molecules are omitted for clarity. Color code: C= gray; O= red;
Zn= green. (b) Nitrogen sorption isotherms for the microporous MOF-2. Reproduced with permission.29
Copyright 1998, American Chemical Society.
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1.3 Reticular chemistry and MOFs synthesis: Design strategies and principles
The ability of linking well-defined molecular building units by strong bonds into
crystalline extended frameworks structures, referred to as reticular chemistry,1, 3, 30 has
permitted to enlarge and enrich the discovery and synthesis of a diverse class of MOFs in
which the pore shape, size and functionality can be tailored towards specific applications.
Its successful implementation relies on the combination of predesigned inorganic building
units and organic linkers, taking into account both the resultant net underlying topology
and the building units geometrical constrains. Principally, knowledge of the possible
structures “networks” that could form based on the assembly of the starting MBBs and
identification of necessary geometric attributes that uniquely coded the network targeted
are essential elements for the successful practice of reticular chemistry and the
subsequent construction of the targeted MOF with the desired structural features. 2, 31 To
achieve this goal, numerous rational approaches using several powerful design strategies
have been systematically developed over the past couple of decades, such as the
molecular building block (MBB),30 the supermolecular building block (SBB),32-33 and more
recently the supermolecular building layer (SBL) approaches.34-36
The following sub-chapters will provide an overview of the generally used
topological notations and symbols. In addition, important terms and design principles will
be briefly discussed.
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1.3.1 Topological analysis: Nomenclature and definitions
“The synthesis of new structures requires not only chemical skill but also some
knowledge of the principal topological possibilities”37

G. O. Brunner

Due to the crystalline nature of MOFs, their periodicity, MOFs can be classified
based on their network topology; i.e. connectivity of metal and ligands. The analysis of
MOF network topology, also referred to as underlying net, enables the materials designer
to classify MOFs in reference to their topology, and identify building units/nets
relationships for the designing of new MOFs.
The underlying topology of a structure is described by a net assigned by a lower
case bold three-letter codes, which are enumerated under a searchable database named
Reticular Chemistry Structure Resource (RCSR) Database developed by O’Keeffe and
coworkers.7 Many of the symbols reported in the database are in fact derived from their
relation to known solids such as diamond (dia), platinum sulfide (pts) or derived from
their basic geometrical building units, such as square-cube (scu), square-octahedral (soc),
furthermore, in some cases based on their relationship to zeolites, e.g., LTA is lta. It is to
be noted that for nets with new topologies, the net symbol is assigned based on a person’s
initials (people) whom discovered this new net.
Topological analysis is often determined through calculation of the Coordination
Sequence38-39 and Vertex Symbol. These are often calculated using software packages
such as TOPOS,40 which identifies underlying nets of a structure by recalling a huge
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database, and SYSTRE,7 which is connected to RCSR database and used to identify new
nets which are not mentioned yet in the RCSR.
The coordination sequence of each node consists of a sequence of numbers (n1,
n2, n3, …, nk), representing the number of vertices in each coordination shell usually
calculated up to k = 10th coordination shell. In other words, it outline the number of
neighboring vertices surrounding each node as the structure grows. For example, the pcu
net is uninodal net constructed from 6-connected nodes, and the coordination sequence
is 6, 18, 38, 66, 102, 146, 198, 258, 326, and 402;7 that represents each of the 6-connected
nodes, which are linked to 18 nodes, further extended to 38 nodes, and so on. The sum
of these ten values (cum10) gives the topological density (td10), which reveals the total
number of vertices in the 10th subshell. It is worth mentioning that related nets usually
have similar values of td10.7
However, there are some examples where classification based on coordination
sequence is not possible, i.e. two nets have the same coordination sequence. Therefore,
a second descriptor should be calculated for these nets and can be used along with the
coordination sequence, namely the vertex symbol. The vertex symbol calculated for each
node often offers enough information to make a conclusive topological distinction. The
vertex symbol gives insight into the shortest rings around each node in a network. For
each n-coordinated node in a net, there are n(n-1)/2 angles associated with the node.
Therefore, the vertex symbol sequence is expressed in the form of Aa.Bb.Cc…. etc, where
the upper-case letter refers to the size of the “shortest ring” contained at each angle and
the subscripts refer to the number of shortest rings at the respective angle.
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Finally, for nets having higher coordination numbers it is much more practical to
report the point symbol as oppose to the vertex symbol. Here, point symbol gives insight
into the shortest cycle at each angle in a network. In this case the sequence is expressed
in the form of Aa.Bb.Cc…. etc, where there are a angles with shortest cycles that are Acycles, b angles with shortest cycles that are B-cycles, etc.41 In TOPOS the point symbol is
expressed as {A^a}, and the vertex symbol as [A(a).B(b),…].40

1.3.2 Molecular building blocks and secondary building units
Other important terminologies, often used to describe the organic or inorganic
nodes in MOF chemistry are Molecular building block (MBB) and secondary building unit
(SBU), in which the term MBB refer to the chemical composition of a given building block
and the conceptual term SBU reflect to the building block resultant geometry and
connectivity upon joining its points of extension (e.g. via the carboxylate carbon atoms)
(Figure 1.6.). For example, the 6-connected trinuclear M(III) MBB can be viewed as a
trigonal-prismatic SBU, while the 6-connected tetranuclear basic zinc acetate cluster
forms an octahedral SBU. This concept and examples of the use of MBBs/SBUs for
targeted synthesis of MOFs will be elaborated in this dissertation.
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Figure 1.6. Examples of inorganic and organic molecular building blocks (MBBs) and their corresponding
secondary building units SBUs.

1.3.3 The molecular building block (MBB) approach
A major advancement in the field of metal organic frameworks is attributed to the
successful implementation of the molecular building block (MBB) approach as a powerful
strategy for designing, discovering and developing various MOF platforms with targeted
topologies. The concept involves the use of rigid and directional pre-designed MBBs for
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the construction of a final structure. Here, the desired functionality and directionality can
be plausibly encoded into the inorganic and organic building blocks at the molecular level,
prior to the assembly process, to generate a MOF with intended network topology,
tailored for specific applications. In the context of this discussion, edge-transitive nets,
networks assembled from one type of edge, represent an interesting class of networks
and are regarded as suitable targets in crystal chemistry. Essentially, identifying the
proper reaction conditions that consistently allow the in situ formation of the desired
inorganic MBB using suitable ligands is essential for implementing this approach.
For a successful implementation of this strategy, several key prerequisite prior to
the assembly process should be considered and achieved (Figure 1.7.):


Select of an ideal blueprint net with a specific targeted network topology for a
given building units.



Identify the requisite secondary building units (SBUs) that matching the
augmented node (vertex figures) of the targeted net.



Isolate reaction conditions that consistently permit in situ formation of the desired
inorganic MBB, which can be determined through literature searches and/or
through experimental methods.



Select the suitable organic linker.
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Figure 1.7. Example of employing MBB approach to construct MOF-5 structure.

1.3.4 Isoreticular chemistry
Isoreticular chemistry, the deliberate alteration of a MOF dimensionality and
functionality without changing its underlying topology, is regarded as a powerful pathway
for the development of new functional materials with distinctive properties. This principle
proved to be an effective way to study the impact of structural and functional
modifications on material properties for different applications, such as gas storage42 and
separations,43 catalysis and sensing.44
The first example of isoreticular MOFs (IRMOFs) was in fact reported by Eddaoudi,
Yaghi, and Co-workers in 2002 (Figure 1.8.)45 and since many other isoreticular examples
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based on this platform are seen in the literature and studied for a wide range of
applications.

Figure 1.8. Isoreticular series of IRMOFs constructed from linear carboxylate-based ligands and the 6connected tetranuclear basic zinc acetate, [Zn4O(RCO2)6] metal cluster. Hydrogen atoms and solvent
molecules have been omitted for clarity; Color Code: Zn = plum; C = gray; and O = red.

1.4 Metal-Organic Frameworks for gas storage and separation
Gas storage in porous materials is a desirable technology that has been
significantly developed in recent years, owing to its potential to address numerous
persisting challenges in a number of industrial applications related to energy,
environment, and health care sectors.46-47
Permanently porous MOFs represent an interesting category of highly porous
adsorbents that display distinct structural advantages for gas storage application, which
include high surface areas, versatility, inherent modularity and chemical/thermal
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stabilities. The research presented in this dissertation will examine the use of MOFs as
potential gas storage materials, especially for natural gas (methane) storage in mobile
application.
1.4.1 Methane storage
The intermediate transition from oil to natural gas (NG) as an affordable, feasible,
clean, environmentally sustainable and low-carbon fuel system is one of the highly
promising strategies towards low-carbon economy and climate-friendly society. Methane
(CH4), the primary component of natural gas, has high H to C ratio in comparison to other
conventional liquid fossil fuels, resulting in relatively 40% lower carbon dioxide (CO 2)
emissions. In addition, combustion of CH4 in Internal Combustion Engines (ICE) generates
significantly lower amounts of other greenhouse gases, such as nitrogen oxides (NOx),
and sulfur oxides (SOx).48 The global natural gas reserves have increased rapidly over the
past decade, where many unconventional methane sources, such as shale gas have been
accessed using advanced horizontal drilling and hydraulic fracturing technologies, leading
in a reduction of natural gas price relative to gasoline in many countries. 49 Methane
hydrate, biogas and biomass reforming are another source of methane that are actually
explored. However, the lack of natural gas refueling infrastructure and more importantly,
the low volumetric energy density (defined as the heat of combustion per unit volume)
of methane at ambient temperature and pressure (0.04 MJ L-1) compare with liquid fossil
fuels (32.4 MJ L-1) have imposed technical constraints that prevent the widespread use of
natural gas, especially in the transportation sector.50
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In order to increase the volumetric energy density, upgraded natural gas to
methane must be stored in a concentrated on-board vehicle in compressed or liquefied
forms. However, there are significant drawbacks that preclude utilizing these
technologies especially with regards to identifying cost-effective and safe storage
technologies. Therefore, the development of suitable and sustainable on-board vehicle
methane storage strategies, close to room temperature and under relatively moderate
pressure, is vital to the successful deployment of methane as an alternative
transportation fuel.
Herein, the current on-board natural gas storage technologies have been briefly
outlined. In order to introduce the readers to the experimental techniques used in this
area, a brief overview about high-pressure adsorption measurement principles and
terminologies is provided. The main focus of this sub-chapter is to provide an overview
on the progress made using metal–organic frameworks in methane storage and delivery
for on-board storage application. Specifically, we aim to analyze and assess the key
metrics that govern the performances of methane storage and delivery in MOFs, which in
turn should assist in guiding researchers in optimizing MOF properties to meet or exceed
DOE targets for CH4 uptake at operable temperatures and pressures. Additionally,
selected examples of the best performing MOFs for on-board CH4 storage are classified
and briefly outlined based on their performance at specific range of pressures and
temperatures.
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1.4.1.1 On-board Natural Gas Storage Technologies
1.4.1.1.1 Compressed natural gas (CNG)
Compressed natural gas (CNG) is the most conventional way implemented for
natural gas storage in both stationary and mobile application, where the upgraded NG is
stored as a supercritical fluid at ambient temperature in compressed steel cylinders at
elevated pressures (200−250 bar).51-52 For natural gas vehicles, a large network of CNG
fueling stations is available in the United States and in many other countries. 52
Although, CNG volumetric energy density is about 230 times greater than energy
density of methane at STP, it equivalents to only 26% that of gasoline (i.e. near 9 MJ/L
(CNG) vs. 32.4 MJ/L (gasoline)).50 In addition, several disadvantages are associated with
this technology, including (i) the safety concerns due to the elevated pressure and (ii) the
cost of multistage compression operations, complemented with a strict requirement in
terms of heavy high-pressure equipment needed for filling CNG tanks.52
1.4.1.1.2 Liquefied natural gas (LNG)
Owing to the fact that the critical temperature of methane is below 191 K,
liquefied natural gas (LNG) technology was developed and used to store methane as a
boiling liquid at about 112 K (−161 °C), in a cryogenic tank at 0.1 MPa.50 Prior to storage,
natural gas impurities such as C2+ light hydrocarbons, water, CO2, oxygen, and sulfur
compounds, were removed.52
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Compared to CNG system, LNG can provide higher volumetric energy density of
about 21 MJ/l (64% of gasoline), which is the highest volumetric energy density among all
types of natural gas storing systems (Table 1.1). Nevertheless, significant drawbacks
limited LNG utility to only commercial trucking and heavy transportation system
including, the high cost of cryogenic storage systems and the refueling facilities and
procedures.53
Table 1.1. Comparison of CNG and LNG Systems54

Physical properties

CNC

LNG

Physical state

compressed gas

cryogenic liquid

Temperature in vehicle tank

ambient

-162 °C (-259 °F)

Typical pressure in tank

2500−3600 psig (17.3−24.9
MPa)

10−50 psig (170−446 kPa)

Typical density in tank

1.1−1.6 lb/gallon

3.5 lb/gallon

Typical specific gravity

0.13−0.19

0.42

Typical energy density (LHV)

23,000−34,000 BTU/gallon
(6500−9500 MJ/L)

75 000 BTU/gallon

LHV=lower heating value

(21 000 MJ/L)

1.4.1.1.3 Adsorbed natural gas (ANG)
In an effort to overcome the limitations imposed by conventional natural gas
storage technologies (CNG and LNG), an alternative adsorbed natural gas (ANG) process
has been explored and developed as a unique technique for on-board natural gas
storage.53, 55 Due to the high confinement of methane molecules within the pore spaces,
this methodology has been proven to be very effective at storing high densities of natural
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gas in the pores using suitable adsorbent materials at comparatively lower pressures and
feasible temperature.53
In the last two-three decades, extensive work have been carried out to establish
the relationships between the fuel autonomy of vehicles and the needed amount of CH4
to be stored in relation with the adsorbents technologies involved. Accordingly, over this
period, the needed metrics to fulfill the vehicle autonomy constraint were permanently
evolving.
Recently, the Advanced Research Projects Agency-Energy (ARPA-E) of the US
Department of Energy (DOE) has provided a revised targets for methane on-board storage
systems.48 The gravimetric target is to store 0.5 g(CH4) /g (adsorbent) or 700 cm3 (CH4) /g
(adsorbent) and the volumetric storage capacity is 263 cm3(standard temperature and
pressure, STP) /cm3 at 298 K and 65 bar, which is equivalent to the energy density of CNG
at 250 bar. Considering a 25% packing loss, due to packing and pelletization, the
volumetric storage capacity target was estimated to be 350 cm3(STP)/cm3. Accordingly, a
look for a viable porous material as a storage media for on-board methane storage system
represents an important share of studies in highly porous materials, directed toward
understanding of structural-properties relationships.
1.4.1.2 Porous Materials for Methane Storage and Delivery
A variety of porous adsorbents have been explored for their potential to serve as
suitable methane storage media including zeolites, nanoporous carbons, covalent-organic
frameworks (COFs), and metal-organic frameworks (MOFs).
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Zeolites, a purely inorganic microporous aluminosilicate, were the main focus of
the early stage ANG studies.56-58 The highest methane uptakes exhibited by different kinds
of zeolites were very low and only found to be in the range of 42 to 82 mg/g.52 Significant
drawbacks however impede the development of zeolites as potential methane storage
materials, including low surface area (<1000 m2/g), low packing density due to the
presence of macroporosity and interparticle voids, in addition to hydrophilic nature of
zeolite surface favors water adsorption and the subsequent reduction of the methane
adsorption capacity.53, 59
Porous activated carbons has been the most explored adsorbents for ANG
application.52, 60-61 They are routinely activated via physical or chemical methods using
CO2 or activation agents at high temperatures and inert atmosphere to increase their
surface area and generate a microporous volume within the carbon matrix. A large
number of studies on high pressure methane adsorption in different activated carbons,
synthesized from different precursors, have confirmed the linear relationship of
gravimetric methane uptake with surface area.53, 62 Furthermore, some activated carbons
exhibited interesting volumetric storage capacities, for example, Casco et al. reported the
synthesis and high pressure methane uptakes for a highly porous activated carbon
LMA738 (BET, 3290 m2/g), which showed high working capacity of 174 cm3(STP)/cm3 at
298 K and 5-65 bar.61
However, the difficulty in controlling the pore-size distribution, and the lack of
surface functionality hampered their future optimization to achieve the DOE targets for
on-board methane storage.
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MOFs, a unique class of crystalline solid state materials, have received
considerable interest since the first systematic methane storage studies reported by Yaghi
and co-workers in 2002 (i.e. IRMOFs).45 A detailed discussion on methane storage in MOFs
will be provided in the following sections.
1.4.1.3 High-Pressure Methane Storage Principles and Terminology
1.4.1.3.1 Excess, absolute and total adsorption
Evaluating porous materials for methane adsorption and storage is performed
using high-pressure adsorption measurements, where the terms excess, absolute, and
total adsorption have been frequently used terminologies in the literatures to describe
the high-pressure adsorption capacities.
Excess adsorption (nex) is the quantity of gas that is experimentally measured using
volumetric or gravimetric adsorption methods and it represents the amount of gas
adsorbed that have interactions with the pore surface.63-64 In fact, it is the absolute
adsorption amount of gas contained in the pores minus the amount of bulk gas that would
be present in the adsorbed region in the absence of gas−solid intermolecular forces.65-66
This value can be positive, negative or zero and it is related to absolute adsorption (n abs)
by the following equation:63, 66-68
nex = nabs – Va ρbulk (P,T)
Where Va is the volume of the adsorbed phase and ρbulk is the bulk gas density at the
experimental temperature and pressure.

50
Absolute adsorption (nabs) includes all of the gas molecules in the adsorption
boundary layer, i.e. the gas molecules interacting with the pore surface (excess
adsorption) and the amount of bulk gas presented in the adsorbed region. However, the
absolute adsorption capacity cannot be directly measured since the adsorption boundary
layer is a hypothetical construct and Va cannot be determined experimentally.68-69
Alternatively, the total adsorption (ntot), which includes all gas molecules (adsorbed and
gaseous) present within the volumes of material, is often used as an approximation for
absolute adsorption.27, 68-69 From gas storage application perspective, the total adsorption
capacity of a material is most relevant and can be calculated from the excess methane
uptake and the experimentally measured total pore volume (Vp) using the following
equation:
ntot = nex + Vp ρbulk (P,T)
Where Vp is usually approximated from the N2 adsorption isotherm at 77 K or using the
liquid density of the adsorbate and ρbulk is the bulk gas density at the experimental
temperature and pressure, which can be obtained from the NIST Chemistry Webbook 70
or determined experimentally.27
All the data reported in the following section are represented as total amount of methane
as reported in the literature using one of the approximation cited above and other semiexperimental approaches.
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1.4.1.3.2 Gravimetric and Volumetric Capacity
Gravimetric capacity is defined as the amount of methane adsorbed per unit mass
of adsorbent, while volumetric capacity is determined as the volume of gas adsorbed
under standard conditions per unit volume of the adsorbent. Certainly, volumetric
capacity determination of methane storage materials, which determines the amount of
gas that can be stored in a given size of a vehicle fuel tank, is a crucial parameter for
identifying promising materials for mobile applications. It is typically calculated by
multiplying the experimentally determined gravimetric uptake by the density of a
material (adsorbent).69, 71 For highly crystalline materials, such as zeolites and MOFs, the
ideal crystallographic density has generally been used and it represents the limit of
achieving perfect packing of the material and the maximum possible volumetric uptake.
Although this approximation using the crystallographic density overestimates what is
realistically achievable, it certainly provides valuable information for initial comparisons
between different materials.69
1.4.1.3.3 Deliverable/Working capacity
The working capacity represents the usable amount of CH4 that can be released
by a material when the adsorption pressure is reduced to the minimum required inlet
pressure (5-10 bar).68 Basically, it is derived by subtracting the unused adsorbed CH4,
corresponding to the uptake at the delivery pressure (5 bar), from the uptake at the
maximum adsorption pressure (35 bar or higher) (Figure 1.9a). In this context, steepness
of adsorption isotherm is an essential indication of the high methane affinity at low
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pressure and relatively high isosteric heat of adsorption Qst, that should be adversely
affect the materials working capacity, although the overall total uptake is high.
Evidently, several pathways have shown great promise towards increasing the
methane working capacity of a given porous material based on reducing the methane
uptake at relatively low pressures and subsequently reducing the unused CH 4 uptake up
to the 5 bar, or/and enhance the uptake at high pressure (Figure 1.9b).42, 72
Additionally, a reversible phase transition under specific methane (CH4) pressures
resulting from structure flexibility has been shown by Long and co-workers to be an
interesting route to maximize methane working capacity (Figure 1.9c).72 In this strategy,
the flexible MOF exhibit a nonporous structure with minimal CH4 uptake at low pressures.
The ability of this structure to become porous with pressure stimuli above 5 bar allows a
sharp increase in the methane uptake with “S-shaped” isotherm, which maximize the
efficient use of the porous network and the final storage amount and above 5 bar.
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Figure 1.9. Schematic showing the effect of gas adsorption isotherms shape on the final methane working
capacity

1.4.1.4 Metal-Organic Frameworks (MOFs) for Methane Storage
Methane storage in MOFs, a crystalline hybrid inorganic-organic solid state
materials, has been significantly investigated in recent years.69, 73-76 Principally, MOFs
represent the most prominent examples of the successful implementation of reticular
chemistry; controlling the assembly of predesigned molecular building blocks into a
preset network topology.3,

22, 30, 33, 77-80

Advantageously, MOFs are highly crystalline

materials characterized by single and powder X-ray diffraction techniques, which allows
for the in-depth understanding of the structural features-properties relationships,
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revealing their potential use in desired applications such as, but not limited to gas storage
and separation application.1, 44-45, 81-83 In addition, the associated permanent porosity,
extraordinarily high surface areas, as well as the versatile and inherent modularity of the
MOFs have paved the way for its development as potential solid-state materials for
methane storage.83-86
The first high pressure methane adsorption isotherm was in fact reported by
Kitagawa

and

co-workers

in

1997

for

the

compound

[Co2(4,4ʹ-2,2ʹ-

bipyridine)3(NO3)4.4H2O]n , which showed volumetric uptake capacity of 77 v/v (STP) at
30 bar.87 Remarkably, a milestone in methane storage research in MOFs occurred in 2002,
when Yaghi and co-workers reported the systematic design and synthesis of series of
robust isoreticular MOF-5 (IRMOF-1) and explored these IRMOFs for high methane
uptake.45 The synthesis of IRMOFs have demonstrated the power of isoreticular principle
to alter the materials dimensionality and functionality without changing its underlying
topology. As an example IRMOF-6 with a hydrophobic C2H4-groups in the organic linkers
and aperture size 5.9Å showed high gravimetric and volumetric uptakes at 298 K and 36
atm around (240 cm3 (STP) g−1) and (155 cm3 (STP) cm−3), respectively (Figure 1.10.).45 This
work was a tremendous contribution in the field and demonstrated the huge potential of
MOF as storage media in general and for methane storage in particular.
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Figure 1.10. Crystal structure of IRMOF-6 and High-pressure methane sorption isotherms of IRMOF-6.
Hydrogen atoms are omitted for clarity. Color code: gray, C; red, O; plum, Zn and. Reprinted with
permission.45 Copyright 2002, Science.

Significantly, studies have flourished since the introduction of the US DOE
methane storage program in 2012, and subsequently a growing number of MOFs have
been developed and evaluated by several research groups for CH4 storage under a wide
range of pressure and temperature conditions. Table 1.2 and Table 1.3 shown below
illustrate the topological or/and structural properties of selected best reported solid-state
materials for CH4 storage and their comparative CH4 storage capacities at RT and 35, 65
and 80 bar. These examples show that in spite its infancy, MOF crystal chemistry offers
great potential toward made-to-order materials with fine-tuned pore metrics to address
methane storage challenges. However, few challenges still ahead to unlock the discovery
of optimized MOF for this application. This will be achieved only by looking in depth into
the structural – methane adsorption properties relationship from the past studies.
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Consequently, in this section we overview the methane storage in MOFs with a
particular emphasis on gaining insights into the key factors (metrics) that influence
methane storage and delivery in MOFs. In order to provide a comprehensive assessment
of these metrics, selected examples of the best performing MOFs for on-board CH4
storage are classified and briefly outlined based on their performance at specific range of
pressures and temperatures.
1.4.1.5 Metrics Influencing Methane Storage Capacity in MOFs
1.4.1.5.1 Surface area and pore volume
High surface area and micropore volume are key prerequisites for the use of a
porous material towards achieving optimal storage capacity in ANG applications.52, 88
Generally, it is evident that MOFs with high surface area often have large corresponding
pore volumes and relatively large pore sizes in the range of micropores.89 In this context,
the principle of isoreticular chemistry, in addition to the effective design strategies
including supermolecular building block (SBB) and supermolecular building layer (SBL)
approaches have facilitated access to MOFs with high surface areas and exceptional
storage properties.33, 32, 34, 45, 90-92 With regard to methane adsorption, it was shown that
the gravimetric uptake/delivery of MOFs is almost linearly related to the BET surface area
and pore volume, which is consistent with other earlier research reports for diverse
microporous adsorbents.53 Based on this correlation, Peng et al. suggested that a
hypothetical MOF with surface area of 7500 m2/g, pore volume 3.2 cm3/g and a
framework density of 0.28 g/cm3 would exceed the DOE gravimetric storage target of 0.5
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g/g with an estimated volumetric uptake of 200 cm3(STP)/cm3.93 Notably, Al-soc-MOF-1,
reported by Eddaoudi and co-workers, with ultrahigh BET surface area (5585 m2/g)
exhibited exceptional gravimetric uptakes and reached the gravimetric US DOE target of
0.5 g/g close to room temperature (288 K) and 80 bar42, while NU-111 with BET surface
area of 4932 m2/g could reach the gravimetric target at 270 K and 65 bar.94
However, it has been realized that some high surface area MOFs with low crystal
densities and ineffective pore diameters displayed a relatively low volumetric uptakes.
For example, MOF-210,with an estimated pore diameter of 27 × 48 Å and 20 × 20 Å
showed high total methane uptake of 0.47 g/g at 80 bar and RT, while this material
exhibited low corresponding volumetric capacity around 166 cm3/cm3.95 Furthermore,
Long and co-workers indicated that in contrast to gravimetric adsorption, the volumetric
uptake does not correlate with volumetric surface area.69 Accordingly, optimizing several
design elements, including surface area and pose size/shape in MOF chemistry is a critical
step for achieving high volumetric and gravimetric uptake, and working capacity for
onboard application.
1.4.1.5.2 Pore shape and size
For onboard ANG application, increasing the volumetric uptake capacity and
optimizing the system packing density are important aspects for achieving high efficiency
ANG storage system. Essentially, these parameters can be significantly enhanced by
tailoring the MOF pore size and shape in which the pore diameter should be optimized to
allow the optimal confinement of methane molecules within the pore and subsequently
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optimized CH4-MOF and CH4-CH4 interactions. This will ultimately contribute to efficiently
utilize the pore space and improve the overall volumetric storage capacity. Some of the
earliest molecular modeling studies of developing porous adsorbents for natural gas
storage identified that the ideal adsorbents with a maximum deliverable methane
capacity at 500 psig (35 bar) and 298 K should have a pore size of 11.4 Å, which is
corresponding to the optimal volumetric storage of at least three layers of methane
molecules.53
In this context, the understanding of the pore size or energy distribution in relation
with the shape/steepens of methane adsorption isotherms is critical to shed light on the
optimal metrics affording the best CH4 storage performances. Because the CH4 working
capacity is related to a complex interplay between the porosity (size, shape) and
functionality (energy of interactions), it is judicious to assume pore size distribution (PSD)
as more universal parameter. As shown in Figure 1.11., the shape of gas adsorption
isotherms could be directly connected to the size and the homogeneity of the pores.
Accordingly, increasing (corresponding to steep adsorption isotherm) or decreasing
(corresponding to less steep adsorption isotherms) of the unused methane could be
achieved by tuning the pore size or/and functionality and uniformity thereof (1 type cage
or channel, different types of cages and channels, different degree of heterofunctionality). This analysis is of extreme importance to help in selecting the right
dimension of the pores to decrease and increase the uptake below and above 5 and 35
bar, respectively.
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Figure 1.11. Establishing the relationship between the CH4 shape of the isotherms and the pore size main
metrics (a) Small uniform PSD equivalent to steep adsorption isotherm (b) non–uniform pore equivalent to
less steep adsorption isotherm (c) large pore or non-uniform large pores equivalent to almost linear
adsorption isotherm.

1.4.1.5.3 Open metal sites
Incorporation of open metal sites into porous MOFs has proven to be an effective
strategy to improve methane binding energy and enhance total methane uptakes in the
pressure range between 35 and 65 bar. Indeed, computational and experimental studies
have shown that the introduction of open metal sites increases CH4-MOF binding affinity
due to the enhancement of Coulomb attraction between the exposed metal ion and the
slightly polarized CH4 molecule, and subsequently leads to an increase in the isosteric heat
of adsorption.96-98 For example, HKUST-1, PCN-14 and Ni-MOF-74, all have open metal
sites with close degree of pore confinement , exhibited the highest volumetric methane
uptakes at RT and 65 bar (267, 239 and 251, respectively).93 It is worth mentioning that,
the variation of CH4 binding strength relative to different metals is very small due to the
larger size of the CH4 molecule in comparison to H2. In other words, the CH4-metal
distance is mainly constrained by the steric effect of CH4 geometry.98 However, some
studies showed that Ni has slightly higher binding strength than other metals.69, 98
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1.4.1.5.4 Ligand design and functionality
One of the attractive features of MOFs over other traditional porous materials is
the inherent modularity presented by this class of crystalline materials, in which the pore
metrics of MOFs can be modified and designed by employing various size and
functionality of the organic linkers while maintaining the overall structure topology. 34, 45,
99

In the context of methane storage, computational and experimental studies have

demonstrated that the incorporation of hydrophobic groups within the ligand design,
such as methyl, ethyl or aromatic groups led to enhancement in the electron density and
enrich methane interactions with the framework, which in turn increases the overall CH4
storage capacity.45, 100-101 Additionally, the introduction of these functional groups can
reduce the large size of the structure cavities/channels, which is beneficial to keep the
overall porosity at the micropore region.102
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Table 1.2. Net classification, specific surface area, pore volume, density and pore size of selected best solidstate materials for CH4 storage
Adsorbents

net

ABET,
m2/g

density,
g/cm3

PVexp,
cm3/g

Activated Carbons

AX-2169

n/a

n/a

0.49

1.64

Cu-nbo-MOFs

UTSA-76a103

nbo/fof

2820

0.699

1.09

10.2, 9.6 × 22.3

NOTT-101a104

nbo/fof

2805

0.68

1.080

10.2, 9.6 × 22.3

PCN-1469

nbo/fof

1984

0.829

0.83

14.3

DUT-49105

nbo/fcu

5476

0.311

2.91

12, 18, 26

HKUST-193

tbo

1850

0.883

0.78

5, 10, 11 cages

Cu-tbo-MOF5102

tbo

3971

0.595

1.22

16, 11

Cu-rht-MOFs

NU-11194

rht

4932

0.409

2.09

13, 13.5, 21.5

M-MOF-74

Ni-MOF-7493

etb

1350

1.206

0.51

11

Zn-MOFs

MOF-595

pcu

3480

0.605

1.4

12.8

MOF-17795

qom

4500

0.43

1.89

10.8

MOF-21095

toz

6240

0.25

3.60

20, 27 × 40

MOF-20595

ith-d

4460

0.38

2.16

5.0, 25.0

MOF-905106

ith-d

3490

0.549

1.34

6.0, 18.0

MAF-38107

3,6-c

2022

0.761

0.81

6.2 × 8.6, 9.0 × 14.2

Flexible-MOF

Co(BDP)72

oab

2911

1.02

2.6−8.0

Al-MOFs

MOF-519108

sum

2400

0.953

0.938

7.6

Al-soc-MOF-142

soc/edq

5585

0.34

2.3

14.3

pbz-MOF-1109

hxg

2415

0.66

0.99

13

Cu-tbo-MOFs

Zr-MOFs

Pore size, Å
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Table 1.3. CH4 storage capacities (total uptake and working capacities) of selected best solid-state materials for CH4 storage at RT and 35, 65 and 80 bar
Adsorbents

Total Uptake

Working
Capacity

@ 35 bar

Total Uptake
@ 65 bar

(5-35 bar)

g/g

AX-2169

cm3/cm3

Working
Capacity

g/g

153

cm3/cm3

Total Uptake
@ 80 bar

(5-65 bar)

g/g

cm3/cm3

Working
Capacity

g/g

cm3/cm3

(5-80 bar)

g/g

103

cm3/cm3

g/g

222

cm3/cm3

172

Cu-nbo-MOFs
UTSA-76a103

0.22

211

0.15

151

0.26

257

0.201

197

n/a

n/a

n/a

n/a

NOTT-101a104

0.20

194

0.143

138

0.246

237

0.189

181

n/a

n/a

n/a

n/a

PCN-1469

0.17

202

0.11

125

0.21

239

0.15

162

0.22

251

0.16

174

DUT-49105

0.26

113

0.21

91.2

0.41

178.5

0.36

156.7

0.46

200.3

0.41

178.5

HKUST-193

0.18

227

0.12

150

0.216

267

0.15

190

0.22

272

0.162

200

Cu-tbo-MOF5102

0.181

151

0.132

110

0.238

199

0.189

158

0.260

216

0.210

175

0.241

138

0.191

111

0.36

206

0.31

179

n/a

n/a

n/a

n/a

0.135

228

0.063

106

0.148

251

0.077

129

n/a

n/a

n/a

n/a

Cu-tbo-MOFs

Cu-rht-MOFs
NU-11194
M-MOF-74
Ni-MOF-7493
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Zn-MOFs
MOF-595

0.15

126

0.12

104

n/a

n/a

n/a

n/a

0.25

198

0.22

176

MOF-17775, 95

0.2

122

0.17

102

0.337

203

0.30

183

0.341

205

0.31

185

MOF-21095

0.24

83

0.21

71

0.41

143

0.38

131

0.47

166

0.44

154

MOF-20595

0.22

120

0.190

101

0.35

185

0.32

166

0.38

205

0.35

186

MOF-905106

0.189

145

0.156

120

0.279

214

0.246

189

0.297

228

0.264

203

MAF-38107

0.213

226

0.141

150

0.247

263

0.176

187

0.256

273

0.184

197

n/a

161

n/a

155

n/a

203

n/a

197

n/a

n/a

n/a

n/a

MOF-519108

0.15

200

0.11

151

0.196

262

0.156

213

0.209

279

0.172

230

Al-soc-MOF-142

0.27

128

0.22

107

0.41

197

0.37

176

0.47

222

0.422

201

0.152

140

0.122

110

0.21

194

0.18

164

0.23

210

0.2

180

Flexible-MOF
Co(BDP)72
Al-MOFs

Zr-MOFs
pbz-MOF-1109
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1.4.1.6 Evaluating MOFs for methane storage and delivery
As discussed in the previous section, all of the aforementioned parameters can
have a significant effect on the CH4 sorption properties of a material. However, our
analysis of the methane adsorption data available for MOFs in the literature revealed a
correlation between these parameters and the desired pressure, and operating
temperature. In other words, methane storage at different range of pressures and
temperatures would require materials with different specific structural characteristics,
i.e. surface areas, pore size distribution, functionality, etc.
In order to illustrate these relationships, selected examples of the best performing
MOFs for on-board CH4 storage are classified and briefly outlined based on their
performance at specific range of pressures and temperatures.
1.4.1.6.1 At ambient temperature (298 K) and relatively low pressure (35 and 65 bar),
(ARPA-E operation conditions)
Considerable research efforts have been conducted to develop and evaluate highperformance methane storage materials under practically relevant conditions, which
operate at room temperature and relatively low pressures using inexpensive single stage
or two-stage compressor (i.e. a pressure of around 35 or 65 bar). Importantly, analysis of
the literature on the potential best methane storage materials under these conditions
emphasizes the importance of optimizing the surface area and pore size of these
materials in order to achieve high gravimetric/volumetric methane storage capacity.
Hence, it is believed that the desired characteristics of the best performing relatively rigid
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MOFs with respect to the total uptakes at 298 K under moderate pressure of 35 and 65
bar are MOFs with high surface area in a micropore volume less than 3000 m2/g and
accessible pores with a diameter between 10 and 11 Å. With regards to working capacity,
the isosteric heats of adsorption (Qst), which represents the average binding energy of
methane molecule at a specific surface coverage, plays a decisive role in determining the
amount of CH4 that can actually be delivered by a certain material. In fact, high Qst will
eventually lead to significant decrease in the calculated working capacity, which is
undesirable for onboard methane application. An excellent example to illustrate the Qst
effect is represented by the total methane uptake and working capacity of Ni-MOF-74
(COP-27-Ni), the MOF built-up from rod-like SBU (Ni3(-O)3(-COO)3) ͚ and 2,5dihydroxyterephthalic acid and exhibiting infinite one dimensional honeycomb channel
with an estimated diameter of 11 Å.110 At 298 K and 65 bar, Ni-MOF-74 showing high total
volumetric uptake of 251 cm3(STP)/cm3, however, due to the high methane binding
energy (Qst of 21.4 kJ/mole) the corresponding working capacity between 65 and 5 bar
was calculated to be only 129 cm3(STP)/cm3.93
To illustrate the impact of surface area and pore size for methane adsorption in
microporous MOFs, the volumetric and gravimetric methane working capacity between
(35-5) and (65-5) bar at 298 K , for the best MOF materials reported to date under these
conditions, are plotted in Figure 1.12 and Figure 1.13 as a function of the pore size. In this
comparison, the pore size is considered to be the diameter of the biggest cage or channels
in a given material. Based on these analyses, HKUST-1 and UTSA-a with BET surface area
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and pore diameter of (1850 m2/g, 11 Å) and (2820 m2/g, 10 Å), respectively, showed the
best compromised volumetric and gravimetric methane working capacities for (5-35) and
(5-65) bar scenario at 298 K.

Figure 1.12. Volumetric and gravimetric methane working capacity between 35 and 5 bar at 298 K for the
best MOF materials reported to date under this condition.
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Figure 1.13. Volumetric and gravimetric methane working capacity between 65 and 5 bar at 298 K for the
best MOF materials reported to date under this condition.

In the following section, selected examples of the best materials performed at these
conditions are briefly discussed:
Copper based tricarboxylic ligand, HKUST-1 (tbo-MOF-1)
HKUST-1 (HKUST, Hong Kong University of Science and Technology), is a wellknown 3-periodic tbo-MOF structure (tbo: twisted boracite) constructed from the
inorganic 4-c copper paddlewheel MBBs [Cu2(RCO2)4] bridged by the 3-c BTC ligands
(H3BTC, 1,3,5-benzenetricarboxylic acid).111 Currently, HKUST-1 with BET surface area of
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around 1800 m2/g represents a benchmark material in the area of developing new porous
solid-state materials for methane storage applications, taking into consideration that this
material is also commercially available by BASF (Basolite C300).112 HKUST-1 is assembled
from three types of distinct cages (Figure 1.14a), the first cage is the small octahedral
cage, which is delimited by four copper paddlewheel and 4 organic linkers. The cage
diameter is approximately 5 Å (denoted as a purple sphere in Figure 1.14a). The second
cuboctahedral cage, which has a diameter of approximately 10 Å shown as a yellow
sphere, is encapsulated by 12 copper paddlewheel and 8 organic linkers. The third cage is
the large cuboctahedral cage, which is delimited by 12 copper paddlewheel and 24
benezenedicarboxylate units. The cage diameter is approximately 11 Å (denoted as a pink
sphere in Figure 1.14a), having accessible window with open copper coordination sites
directing into to the pore.73
Remarkably, the evaluation of high pressure methane sorption revealed that this
material exhibited high volumetric methane capacity at room temperature with an
uptake of 230 and 267 cm3 (STP)/cm3 at 35 and 65 bar, respectively (Figure 1.14b). It is
noteworthy that the uptake at 65 bar meets the current US DOE target, if potential
packing losses are neglected. However, the volumetric working capacity between (5-65
bar) for this material is calculated to be 190 cm3 (STP)/cm3, which is much lower than the
total uptake. Analysis of the CH4 adsorption using computational techniques showed that
this is due to the strong interaction between the methane adsorbed molecules at low
pressure and the strong primary adsorption sites in this material. The strongest sites were
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identified to be the exposed open metal copper coordination site and the window site of
the small octahedral cage.96 Furthermore, HKUST-1 showed a moderate total and working
gravimetric uptakes of 0.216 and 0.15 g/g, respectively at 56 bar and RT, which is
consistent with the other observed gravimetric uptakes for materials with a relatively
moderate surface area ( 2000 m/g).

Figure 1.14. (a) Crystal structure of HKUST-1. Hydrogen atoms are omitted for clarity. Color code: gray, C;
red, O; green, Cu (b) High-pressure methane sorption isotherms of HKUST-1. Reproduced with permission.93
Copyright 2014, American Chemical Society.

Copper based tetracarboxylic ligands, nbo-MOFs:
This 3-periodic neutral family of compounds are basically built up from solely 4connected nodes, where the 4-c copper paddlewheel inorganic MBBs [Cu2(RCO2)4] are
linked together through 4-c tetracarboxylate ligands, resulting in the formation of two
types of cages (octahedral and cuboctahedral cages).113 It is noteworthy to be mentioned
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that nbo frameworks can be regarded as a 3-periodic pillared MOFs constructed from 2periodic Kagomé layers that are pillared by covalently cross-linked pre-designed
diisophthalate tetracarboxylate organic ligands.33 The first example of this family, MOF505 was reported by Yaghi and co-workers, which is assembled from copper paddlewheel
MBBs and 3,3ʹ,5,5ʹ-biphenyltetracarboxylate and exhibited an exceptional H2 uptake
capacity.113 The modular nature afforded by this platform led to the development of a
series of isoretcular analogs with tunable pore dimensions and specific functionalities.101,
103-104, 114-117 In this context, PCN-14 (PCN, porous coordination network) reported by Zhou

and co-workers and composed of copper paddlewheel MBBs and 5,5ʹ-(9,10anthracenediyl)diisophthalate has been widely cited as one of the benchmark MOF for
methane storage with a total volumetric uptake of 230 cm3 (STP)/cm3 at 290 K and 35
bar.101 The presence of the two distinct enlarged cages having small window apertures
and coordinately unsaturated metal sites contributes to its high volumetric methane
capacity. It is worth mentioning that the methane adsorption properties of this material
have been re-evaluated and studied under a wide range of pressures and temperatures
and found to be ranged from (195-202 cm3 (STP)/cm3) under 35 bar and (230-239 cm3
(STP)/cm3) under 65 bar at 298 K, depending on the activation conditions and framework
densities utilized in each study.69, 93 However, for automobile fueling applications, PCN14 exhibited low volumetric working capacity around 125 and 162 cm3 (STP)/cm3 under
35 and 65 bar, respectively.
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In recent studies, the effect of introduction Lewis basic N sites into the pore
surface on the CH4 sorption energetics and uptake is reported.103, 118 The most prominent
examples of this strategy is UTSA-76, which has the same structure as that observed in
NOTT-101 MOF but in this case incorporates functional pyrimidine groups into organic
linkers showed a high total volumetric methane uptake of 257 cm3 (STP)/cm3 and a record
deliverable volumetric capacity of 197 cm3 (STP)/cm3 at 298 K and 65 bar (Figure 1.15).
Also, it exhibited an enhancement of total and working gravimetric CH4 capacity of 0.26
g/g and 0.2 g/g, respectively, at 65 bar and 298 K. In addition, computational studies and
the neutron scattering measurement revealed that the high uptakes of methane was
attributed to the central “dynamic” pyrimidine groups in the organic linkers.103

Figure 1.15. (a) Crystal structure of the two isoreticular nbo-MOFs, NOTT-101 and UTSA-76 showing the
two types of cages found in this type of structures; Hydrogen atoms are omitted for clarity. Color code:
gray, C; red, O; green, Cu; blue, N (b) High-pressure methane sorption isotherms of UTSA-76a, data of pure
methane gas stored in a high pressure gas tank is represented as dash black curve). Reproduced with
permission.103 Copyright 2014, American Chemical Society.
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Other MOFs
Chen and co-workers (2016) reported the synthesis and methane adsorption
study of new porous MOF (MAF 38) constructed from zinc and mixed linkers, 4-(1Hpyrazol-4-yl)pyridine and 1,3,5-benzenetricarboxylic acid.107 This framework exhibited
small octahedral cages and large quasi-cuboctahedral cages with an internal diameter of
6.2 × 8.6 Å and 9 × 14.2 Å, respectively. This material showed remarkable volumetric
methane capacity of 263 and 273 cm3 (STP)/cm3 under RT at 65 and 80 bar. The calculated
volumetric working capacity were 187 and 197 cm3 (STP)/cm3 when considering the
maximum pressure of 65 and 80 bar, respectively. Structural analysis and computational
studies demonstrated that this high volumetric working capacity of MAF-38 arises from
the confined pore space provided by suitable pore size/shape and the presence of strong
organic binding sites, which synergistically reinforce host–methane and methane–
methane interactions.
1.4.1.6.2 At ambient temperature (298 K) and relatively high pressure (80 bar)
Developing high-pressure ANG storage systems provides a promising pathway to
increase the capacity of natural gas storage, extend natural gas vehicle driving range and
occupy smaller thinner walled fuel tank containers compared to existing CNG fuel tanks.52,
106

In addition, the incorporation of highly porous materials in high pressure tanks would

regulate the tank temperature and methane desorption, which leads to a safer storage
technology and prevent the tank from spontaneously ignition. Currently, the integration
of high-pressure ANG vehicle system have already been achieved by BASF.106 119
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In this context, high surface area and pore volume are the prim key prerequisites
for the use of adsorbent in high-pressure ANG application, since the materials having
moderate surface area tend to be saturated at low pressure (65 bar or less). Indeed, a
large portion of MOF research is focused on the synthesis of highly porous MOFs,
including mesoporous MOFs, and studying their methane storage properties under high
pressure (80 bar or above). Based on the analysis of the structures reported, a trend can
be observed that there is a proportional relationship between the gravimetric
uptake/delivery and pore volume (surface area), while, volumetric uptake/delivery at 298
K is inversely related to the pore volume (e.g. MOF-210, DUT-49, and MOF-177). Also,
MOFs having high surface area together with mesopores showed a lower gravimetric
uptake than highly porous MOF in microporous region.42 112 As a result, controlling the
material pore size/shape is a crucial parameter to reduce the dead space in the pores and
fill the pores efficiently with enhancement in CH4-CH4 interaction at relatively high
pressures. Prominently, the rational design and synthesis of MOFs with optimized pore
diameters, high porosities and desired framework densities having compromised
(balanced) high volumetric and gravimetric storage or working capacity is a considerable
synthetic challenge.
To illustrate the impact of surface area and pore size in methane adsorption in
microporous MOFs under 80 bar and RT. The volumetric and gravimetric methane
uptakes/working capacity between (80-5) for the best MOF materials reported to date
are plotted in Figure 1.16 and 1.17 as a function of the pore size, which is considered to
be the diameter of the biggest cage or channels in a given material. Based on these
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analyses, Al-soc-MOF-1 with BET surface area and pore diameter of (5585 m2/g, 14.3 Å),
have the best compromise between the volumetric and gravimetric methane working
capacities at these conditions among all microporous MOFs (This structure will be
discussed in detail in Chapter 2) .

Figure 1.16. Total volumetric and gravimetric methane capacity under 80 bar and at 298 K for the best MOF
materials reported to date under this condition.
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Figure 1.17. Volumetric and gravimetric methane working capacity between 80 and 5 bar at 298 K for the
best MOF materials reported to date under this condition.

In the following section, selected examples of the best materials performed at these
conditions are briefly discussed:
Aluminum based tetracarboxylic ligands, soc-MOF platform
In an effort to overcome the limitations, Eddaoudi and co-workers (2015) reported
the design and synthesis of isoreticular Al-soc-MOF frameworks (soc: square-octahedral)
built up from the 6-c trigonal prismatic trinuclear aluminum(III) MBBs [Al3(μ3O)(H2O)3(O2C−)6], generated in situ, that were linked together using an expanded 4-c
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rectangular tetracarboxylate ligands (Figure 1.18).42 This platform showed exceptional
permanent porosity accessed through conventional activation protocol (solvent exchange
and vacuum), the BET specific surface areas, in the pressure range 0.015−0.0269 p/p 0,
were estimated and found to be ca. 5585, 5161 and 4849 m2/g for Al-soc-MOF-1, Al-socMOF-2, and Al-soc-MOF-3, respectively. (Methane storage in Al-soc-MOF platform is the
focus of Chapter 2 in this dissertation).

Figure 1.18. (a) Crystal structure of Al-soc-MOF-1 showing the assembly of the trinuclear Al (III) MBB [Al3(μ3O)(H2O)3(O2C−)6] with the organic ligand H4TCPT. (b) Topological analysis of Al-soc-MOF-1, where the 6connected trinuclear Al(III) MBB can be viewed as a trigonal-prismatic SBU, while the organic ligand can be
rationalized as a 4-connected building unit to give (4,6)-c soc-net. (c) Representation of the organic MBBs
used to construct isoreticular Al-soc-MOFs. (d) PXRD patterns and Nitrogen isotherms at 77 K for the
isoreticular Al-soc-MOFs. adopted with permission.27 Copyright 2015, American Chemical Society.
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From this platform, Al-soc-MOF-1, which is assembled from 3,3ʹʹ,5,5ʹʹtetrakis(4carboxyphenyl)-p-terphenyl) (H4TCP, H4L1) ligand, encloses two well-defined types of
infinite channels and cubic-shaped cages. Al-soc-MOF-1 exhibits an interesting pore
system comprised of cages and channels, where the relative size of these pores is nearly
identical and the estimated diameter of the channels and cages as calculated from the
crystal structure were approximately 14 and 14.3 Å, respectively, considering van der
Waals radii (vdW) of the nearest atoms.
High-pressure CH4 adsorption isotherms at variable temperatures revealed that Al-socMOF-1 exhibits an exceptional total CH4 gravimetric uptake of 0.27 g/g at 298 K and 35
bar, which is the highest reported among microporous materials. Markedly, a
simultaneous increase in both volumetric and gravimetric capacities at different working
temperatures and pressures is shown, in which the total gravimetric and volumetric
uptakes at 298 K under 65 and 80 bar are (0.41 g/g, 197 cm3/cm3) and (0.47 g/g, 222
cm3/cm3), respectively.42 (These results will be elaborated upon in Chapter 2.)

Expanded HKUST-1-like tbo-MOF platform
tbo-MOF platform represents an example of the successful implementation of
supermolecular building layers (SBLs) approach in the construction of functional 3periodic porous MOFs. SBL approach was first introduced by Eddaoudi and co-workers as
a rational design strategy that focuses on utilizing targeted 2-periodic MOF layers (SBLs)
as building blocks that are pillared by covalently cross-linked pre-designed organic
ligands.34 33
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Interestingly, the deconstruction of the crystal structure of HKUST-1 (tbo-MOF-1)
revealed that its structure is composed of 2-D sql (square lattice) layers that are crosslinked by a 4-c inorganic MBB (copper paddlewheels), which can be substituted by
quadrangular organic pillars (isophthalate-based octatopic ligands) and therefore permits
the formation of expanded/functionalized HKUST-analogous tbo-MOFs.34

35

From this

platform, Trikalitis, Eddaoudi and colleagues use a judiciously designed rigid octatopic
organic linker 3,6-dimetheyl-1,2,4,5-tetra-(biphenyl-3ʹ, 5ʹ-dicarboxylic acid)benzene (H8L)
for the deliberate construction of expanded and functionalized HKUST-1-like tbo-MOF,
namely Cu-tbo-MOF-5 that displayed an enhancement of the gravimetric and volumetric
surface area among the tbo-MOF family (Figure 1.19).102 The pillared layers in Cu-tboMOF-5 generate two types of cages (Figure 1.19c), the larger cage located between the
layers has a diameter of approximately 16 Å (denoted as a yellow sphere in Figure 12c).
The second cage, which exists within the layers and has a diameter of approximately 11
Å shown as a purple sphere in figure 1.19c. Notably, investigation of Argon adsorption at
87 K revealed that the present expanded Cu-tbo-MOF-5 analogue exhibits fully reversible
Type-I isotherm with the apparent BET surface areas estimated to be 3790 m2/g, which is
exceptionally high (a 115% enhancement) in comparison to HKUST-1 (BET area, 1850
m2/g). Furthermore, examination of high pressures total CH4 gravimetric and volumetric
uptakes confirmed that Cu-tbo-MOF-5 exhibits very high storage capacities reaching
0.266 g/g and 216 cm3 (STP)/ cm3 at 85 bar and 298 K. The gravimetric working capacity
between 5 and 80 bar at 298 K is 0.217 g/g, which placed this material among the best
performing MOFs for CH4 storage.
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Figure 1.19. (a) Highlight of the sql layer and the pillared strategy used to construct the expanded Cu-tboMOF-5. (b) High pressure CH4 adsorption isotherm at the indicated temperatures. (c) Crystal structure of
Cu-tbo-MOF-5 showing two types of cavities.

Zinc-MOF based on Acrylate Links
A systematic evaluation concerning the effect of pore size and functionality on
methane uptake was carried out by Yaghi and co-workers (2016) resulted in five new zinc
based MOFs made using organic linkers containing acrylate links.106 The approach here is
focused on replacing the peripheral phenylene ring of the benzene-1,3,5-tribenzoate
(BTB) linker, which is used previously to construct the highly porous MOF-177 and MOF205, with a double-bond moiety to generate a newly benzene-1,3,5-tri-β-acrylate linker
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(BTAC). Accordingly, it was demonstrated that the reaction between Zn ions and this new
shorter ligand as a single ligand or mixed ligand with other ditopic ligands indeed yielded
a series of Zn-MOFs exhibiting reduced pore diameters of the large cages showed before
in MOF-177 and MOF-205. From this family, MOF-905, which was synthesized from the
combination of a linear (biphenyl-4, 4ʹ-dicarboxylic acid), the shorter triangular BTAC
linker, and the octahedral 6-c Zn4O(-COO)6 building units resulted in a 3-periodic net with
ith-d topology. Two types of microporous cages were found in this structure, an
octahedral cage of 18 Å in diameter, and a tetrahedral cage of 6 Å in diameter. MOF-905
has a BET surface area of around 3490 m2/g and shows total methane uptakes of 228
cm3/cm3 (0.297 g/g) at 80 bar and 298 K. Its working capacity between 80 and 5 bar
reached 203 cm3/cm3 (0.264 g/g), which surpasses the volumetric working capacity of the
highly porous Zn-based MOFs with large pores such as MOF-177 (185 cm3/cm3) and MOF205 (186 cm3/cm3) under the same conditions.95, 106
1.4.1.7 At low temperature (270, 258 K) and different pressure of 65 and 80 bar
Thus far, the current (ARPA-E) DOE targets for CH4 storage have not been fully
achieved yet. Some computational studies suggest that these targets cannot be achieved
with current technologies.120 Therefore, scientists are exploring alternative storage
condition that can improve volumetric and gravimetric methane storage capacities.
Accordingly, one proposed strategy is to decrease the storage temperatures below 298 K.
However, the CH4 storage performances is varied under these conditions depending on
the materials pore volume and surface area. In fact, the total volumetric uptake at high
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pressure is directly proportional to the pore volume, while the uptake at 5 bar depends
on the pore size distribution. For example, in contrast to the other reported best MOFs
for CH4 storage, Al-soc-MOF-1 showed an enhanced CH4 storage working capacity as the
temperature was decreased.
Recently, a review article published by Chen and co-workers highlighted the effect
of reducing the methane storage temperature to 270 K by evaluating and comparing the
methane storage capacities at 298 and 270 K of reported MOFs having a wide range of
surface area and pore volume.75 This study supports the idea that lowering the storage
temperature is beneficial in order to improve volumetric and gravimetric methane
storage capacities.
In conclusion, in this sub-chapter we aimed to provide an overview of the progress
made on using MOFs in methane storage and delivery for on-board storage application.
Our main objective was to gain more insights into the structure-property relationships
that govern methane storage/delivery performance in MOFs. This understanding is
essential in order to design new materials or modifying existing ones with desired
features that would eventually meet DoE targets for methane storage in mobile
applications.

1.5 Outline of the Dissertation
This dissertation covers several aspects of the reticular synthesis and design of
new MOFs while exploring their potential as gas storage mediums for clean energy
applications. The main focus of this research was to apply the MBB approach as a
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powerful design strategy for the rational construction of highly porous MOFs based on
robust inorganic MBBs, namely MOFs based on trinuclear aluminum cluster or highlyconnected RE and Zr metal clusters. Therefore, low and high pressure gas sorption
analysis are reported for the majority of the structures. Single crystal X-ray diffraction
data and Powder X-ray Diffraction were used to determine and confirm the structure of
the materials presented in this dissertation.
In Chapter 2, the synthesis of the first series of a highly microporous aluminum
MOFs having the soc topology is reported, introducing the reaction conditions which
consistently led to the in situ formation of the trinuclear Al(III) cluster [Al3(μ3-O)(O2C−)6].
Importantly, this is the first study disclosing the assembly of the oxo-centered
aluminum(III) trimer with a quadrangular ligand, where their crystals structures were
determined and studied using single-crystal X-ray diffraction (SCXRD) studies. Extensive
gas adsorption studies were carried out on these isoreticular soc-MOFs with different
gases (N2, CO2, CH4, O2) at low pressures (cryogenic temperatures) and at high pressures.
The results highlight interesting gas storage properties for this platform, particularly, Alsoc-MOF-1 showed the highest-ever recorded CH4 uptake at pressures of 35 bar and
above, fulfilling the U.S. Department of Energy’s target for CH4 storage. Also, this MOF
exhibited high storage capacity for CO2 and O2.
In Chapter 3, the predetermined reaction conditions that consistently allow in situ
formation of the trinuclear Al(III) cluster, [Al3(μ3-O)(O2C−)6] acting as a 6-c MBB, were
employed to construct isoreticular Al-nia-MOFs based on 6-c octahedral shaped ligands.
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In addition, the use of less symmetrical ligand, 9-(4-carboxyphenyl)-9Hcarbazole-3,6dicarboxylic acid allows the formation of new Al-MOF with new topology.
Chapter 4 and 5 present the latest discoveries on our continuous quest for highly
connected nets based on highly connected symmetrical rare earth and zirconium MBBs.
Specifically, the modulator approach to synthesis using 2-FBA, following the success in
synthesizing fcu, ftw and gea-MOFs, was successfully applied in the presence of less
symmetrical 3-c carboxylate ligands and permitted for the first time the establishment of
a novel RE hexagonal prismatic SBU, a new 12-connected RE nonanuclear carboxylatebased cluster MBB and the formation of two highly connected MOF platforms, pek-MOF
and aea-MOF, based on two newly revealed minimal edge-transitive nets. On the other
hand, chapter 5 discusses the successful use of reticular chemistry as an appropriate
strategy for the design and deliberate construction of a zirconium-base MOF with the
intricate pbz underlying net topology.
Chapter 6 concludes this dissertation with a summary of the results, a discussion
of what was learned, and recommendations for future work.
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Chapter 2. Molecular Building Block Approach for Design and Synthesis
Isoreticular Aluminum Based soc-MOFs: A Promising Platform for Gas
Storage and Separation Applications1
2.1 Introduction
2.1.1 MBB approach for the design and synthesis of porous MOF with soc topology
The successful implementation of reticular chemistry towards the rational design
and construction of solid-state crystalline materials with specific functionalities has
significantly expanded over the past couple of decades.1-6 Numerous rational approaches
to target particular MOF structures have been developed and proven to facilitate the
rapid development of reticular chemistry.4-5 Specifically, the molecular building block
(MBB) approach has been applied to construct targeted functional MOFs, where desired
structural and geometrical information are incorporated into the MBBs prior to the
assembly process.3,

7-16

Essentially, identifying the proper reaction conditions that

consistently allow in situ formation of the requisite inorganic MBBs, in the presence of a
suitable organic linker, is vital for the successful implementation of the MBB approach
and the subsequent formation of the targeted MOF with the desired network topology.
Importantly, the MBB approach permitted the development of new functional materials

1

Portions of this chapter have been previously published: J. Mater. Chem. A 2017, 5, 3293-3303;
J. Am. Chem. Soc. 2015, 137, 13308-13318. Reproduced with permission of the Royal Society of
Chemistry and the American Chemical Society.
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with distinctive properties using isoreticular chemistry, i.e. deliberate alteration of a MOF
dimensionality and functionality without changing its underlying topology.3, 17-20
In the context of gas storage and separation applications, the selection of an
appropriate MOF platform with desired topological and chemical attributes can offer the
potential to access porous materials suitable to address the ongoing gas storage and
separation challenges. In fact, our group have isolated the first soc-MOF structure (soc:
square-octahedral) (Figure 2.1.) constructed from the rigid 6-connected µ3-oxygencentered trinuclear indium clusters, [In3(μ3-O)(H2O)3(O2C−)6], generated in situ, that
bridged by six 4-connected 3,3ʹ,5,5ʹ-azobenzenetetracarboxylate (ABTC4-) ligands to give
the extended (4,6)-connected MOF, denoted as In-soc-MOF-1a (for NO3−).21-22 In-socMOF-1a showed unique structural characteristics, which led to exceptional hydrogen (H2)
storage properties. Markedly, the soc-MOF platform offers several key requisite
parameters that make it attractive for other gas storage and separation applications,
these include:
1. Interesting pore system comprised of well-defined cavities and channels, which
can be fine-tuned in the micropore domain by judicious selection of the 4connected (planner) building unit;
2. Inorganic MBBs amenable to alteration with different metal cations (e.g. In, Al, Cr,
Mn, Fe, Ni, Ga, etc)23-25 and therefore generate similar nets that exhibit lower
densities and varying degrees of affinities and stabilities with different gasses (e.g.
H2, CH4, H2S, etc).
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3. High chemical and thermal stability associated with relatively high porosity;
4. Accessible unsaturated metal sites that are appropriate for enhancing the
strength of interactions with different gasses, particularly acid gases;
5. The presence of extra-framework counter ions within the cavities or bound in the
axial positions of the inorganic MBB (e.g. NO3-, Cl-, Br-, etc), suggesting further
tuning the adsorption properties of the soc-MOF adsorbent.

Figure 2.1. Structure of the soc-MOF: (left-top) Ball-and-stick representation of the µ3-oxygen-centered
trinuclear metal carboxylate clusters ([M3O(O2C–)6], where M (III) = In, Fe, Ga which can be rationalized as
a 6-connected node having a trigonal-prismatic geometry); (left bottom) representation of the organic
ligand (ABTC, which is shown as a 4-connected rectangular-planar geometry); (right) crystal structure of the
cuboidal cage-type soc-MOF. Color code: M = blue gray, C = gray, N = light blue, O = red. Hydrogen atoms,
Cl and NO3 ions are omitted for clarity.

Accordingly, we have conducted a systematic study to evaluate the impact of
metal ions in the trinuclear inorganic MBB and the extra-framework anions (NO3 vs. Cl)
on H2−MOF interactions by performing systematic gas adsorption studies. This study

96
revealed that Fe-based soc-MOFs exhibit stronger H2−MOF interactions at low H2 loading
compared to the Indium analogues, whereas the nature of extra-framework anions has a
negligible effect on enhancing H2−MOF interactions (Figure 2.2.).23

Figure 2.2. Comparison of the (a) H2 adsorption isotherms collected at 77 K and atmospheric pressures for
all soc-MOF analogues and (b) Qst for H2 for Fe-soc-MOF-1a and -1b compared to In-soc-MOF-1a.
Reproduced with permission.23 Copyright 2016, American Chemical Society.

Additionally, isostructural soc-MOF materials (In-, Ga-, and Fe-based soc-MOF)
revealed an exceptionally high gas storage density for CH4 despite their associated
moderate surface area and pore volume in comparison to the best storage MOF materials
(Figure 2.3.). They have also been extensively studied as adsorbents and thin-film
membranes for the separation-based production of high-quality hydrocarbons (CH4, C3H8
and n-C4H10) and olefins from H2S containing gas streams. They showed equilibrium-based
selectivity toward C2+ (C2H6, C2H4, C3H6 C3H8 and n-C4H10), specifically Ga-soc-MOF
analogue exhibited the desired chemical stability toward H2S.26
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Figure 2.3. Comparison of the volumetric CH4 high pressure data for all soc-MOF analogues.

2.1.2 Aluminum based MOFs
As mentioned above, the construction of a microporous MOF with a soc topology
requires the judicious selection of a rectangular organic linker that facilitates the in situ
formation of the targeted inorganic 6-c oxo-centered trinuclear M(III) cluster [M3(μ3O)(O2C−)6] (M = In, Ga, Fe, etc.). Targeting MOFs based on the trinuclear aluminum (III)
cluster will therefore permit the development of a relatively low cost material
characterized by high thermal and chemical stability.
The use of aluminum as an inorganic cation in MOF synthesis offers considerable
advantages. This light weight element leads to the generation of MOFs with a relatively
low framework density, it is relatively inexpensive, and one of the most abundant metallic
elements on earth’s crust (8.3% by weight).27 The combination of the trivalent charge (+3)
of the aluminum ion and the small ionic radius (0.675 Å for octahedral (CN=6)) results in

98
hard cation with a strong Lewis acid character, which display a strong reactivity toward
Lewis bases (OH-, F-, SO42-, R-O- and R-CO2-) and therefore plausibly leading to the
formation of stable materials with permanent porosity.27-28 Moreover, recent study have
analyzed the electronic structure of Group 13 element complexes (B, Al, Ga, In, Tl)
compared to those of trivalent transition metals. It concludes that the six coordinated
systems of the p elements exhibited electron-rich hypervalent bonding nature without
any role for the d-orbitals. Accordingly, the resulting compounds would be
thermodynamically more stable and kinetically more reactive than their trivalent
transition-metal based analogues.29
However, the inorganic trinuclear M (III) cluster is much more abundant in
Indium/Iron-MOFs than in Al-MOFs, which could be due to the longer M–O bonds for In
and Fe, that allow for a higher flexibility and less steric hindrance in the coordination
environment (calculated bond lengths In-O = 221.2 pm , Al-O = 194 pm).29 It is important
to be noted that MOFs based on the trinuclear Al(III) cluster [Al3(μ3-O)(O2C−)6], a 6connected MBB, are scarce, with only few examples reported in the literature due to
challenges in isolating reaction conditions that allow the in situ formation of the
aforementioned inorganic MBB.27, 30-34 However, chains of trans- and cis-corner-sharing
octahedral are more predominant and well known in Aluminum-MOF. It is noteworthy to
mention that the majority of Al-based MOFs have been reported by Férey and co-workers
from the University of Versailles, France (MIL-type materials, MIL=Matériaux de l’Institut
Lavoisier). Furthermore, the crystal structure determination for Al-MOFs is usually carried
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out from powder X-ray diffraction data since the Al-MOF are isolated usually as
microcrystalline powders and the growth of suitable size single crystals is often very
difficult.35-36
To date, the isostructural soc-MOF compounds based on H4ABTC ligand have been
reported for different metals including gallium, indium and Iron but not for aluminum.
Furthermore, there are no literature reports at present for the formation of Al-MOFs
based on the assembly of the oxo-centered trinuclear Al(III) cluster (oxo-centered
aluminum(III) trimer) [Al3(μ3-O)(O2C−)6] and a quadrangular ligands.
The work presented in this chapter is divided into two parts: First, synthesis of
isostructural Al-MOFs having “soc” topology based on H4ABTC ligand and the evaluating
of its adsorption properties. Second, isolation of expanded Al-soc-MOFs with relatively
larger surface areas and pore volumes via isoreticular chemistry, where the expansion
strategy is employed to construct isoreticular soc-MOFs based on selected/compatible
and expanded organic MBBs, and subsequently evaluating their performance for storage
of valuable commodities such as CH4, H2, CO2, and O2.

2.2 Experimental
2.2.1 Materials and Methods
All chemicals, unless mentioned otherwise, were used as received from Acros,
Fisher Scientific, Sigma Aldrich or TCI America.
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Powder X-ray Diffraction (PXRD) measurements were carried out at room
temperature on a PANalytial X’Pert Pro MPD X-ray diffractometer 45 kV, 40 mA for Cu Kα
(λ = 1.5418 Å), with a scan speed of 1.0° min-1 and a step size of 0.02° in 2θ.
Variable Temperature Powder X-ray Diffraction (VT-PXRD) measurements were
collected on a PANalytical X’Pert Pro MPD X-ray diffractometer equipped with an Anton
Parr CHC+ variable temperature stage. Measurements were collected at 45 kV, 40 mA for
CuKα (λ = 1.5418 Å) with a scan speed of 1.0° min-1 and a step size of 0.02° in 2θ. Samples
were placed under vacuum during analysis and the sample was held at the designated
temperatures for at least 15 minutes between each scan.
Variable Relative Humidity Powder X-ray Diffraction (VH-PXRD) measurements were
collected under different relative humidity levels. In order to regulate and control the
humidity, the variable temperature stage (mentioned earlier) was connected to a
Modulator Humidity Generator MHG-32, which is an added feature of this equipment.
The modular humidity generator consists of a central control unit and an external mixing
module. The mixing unit is used to monitor and regulate the flow rates of gases and
liquids, then sends the media to the mixer in separate lines. The Humidifier-Mixer module
is attached to the outer wall of the chamber to ensure closed loop regulation and a sensor
for humidity and temperature is needed. Nitrogen was used as the carrier gas, where it
was bubbled through a vessel of deionized water (DI-H2O) to humidify the stream as
determined. The total gas flow rate used throughout the experiment is 500 ml/min. Each
data point was given 2 h to reach equilibrium before a diffraction pattern is collected. The
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method begins with 0-5% RH whereby diffraction patterns are collected up until 95% RH.
Thehumidity is then reduced to 0% RH in order to monitor any changes.
Thermogravimetric analysis (TGA) was performed on a TA instruments hi-res TGA
Q5000IR with High Resolution TGA (Hi-Res TGA) capabilities. Experiments were carried
out under N2 with sample and balance purge flow rates of 25 ml min-1 and 10 ml min-1,
respectively. Samples were placed in 100 µl high temperature platinum crucibles and
heated in Hi-Res TGA mode with a heating rate of 1°C min-1 and a resolution index of 2
and a sensitivity index of 4.
Single Crystal X-ray Diffraction (SCXRD) Data were collected on a Bruker X8
Prospector APEX2 CCD diffractometer system equipped with a Cu Kα INCOATEC Imus
micro-focus source (λ = 1.54178 Å). APEX2 (Difference Vectors method) was used for
indexing. Data integration and reduction were performed using SaintPlus 6.01.
Absorption correction was performed by multi-scan method implemented in SADABS.
Space groups were determined using XPREP implemented in APEX2. The structure was
solved using SHELXS-97 (direct methods) and refined using SHELXL-97 and SHELXL-2013
(full-matrix least-squares on F2) contained in APEX2, WinGX v1.70.01 and OLEX2.
Pore Volume Calculation was calculated from the solvent free crystal structure by
creating a Connolly surface using “Atom Volume and Surfaces” module in Accelrys
Materials Studio v6.1, using a fine grid resolution and a Connoly radius of 1.2 Å.
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Low pressure gas adsorption studies for Ar and N2 were conducted on a fully
automated micropore gas analyzer Autosorb-IC (Quantachrome Instruments) at relative
pressures up to 1 atm. The temperature was controlled using a cryocooler system
(cryogen-free) having temperature control in the range of 20 to 320 K. The apparent
surface areas were determined from the nitrogen or argon adsorption isotherms
collected at 77 K or 87 K by applying the Brunauer-Emmett-Teller (BET) and Langmuir
models.
Low pressure gas adsorption studies for CO2, H2 and CH4 were conducted on a fully
automated micropore gas analyzer Autosorb-IC (Quantachrome Instruments) at relative
pressures up to 1 atm. The bath temperature for the CO2 and CH4 gases sorption
measurements was controlled using a recirculating bath containing an ethylene
glycol/H2O mixture, while the bath temperature for the H2 sorption was controlled using
liquid nitrogen and argon baths at 77 K and 87 K, respectively.
The determination of the isosteric heats of adsorption (Qst) for CO2, H2 and CH4 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 273, 283 and 288 K unless
otherwise noted.
1H NMR and 13C NMR spectra were recorded on a Bruker Avance III 600 MHz, chemical

shifts for 1H NMR spectra are reported in ppm (δ, relative to TMS) using DMSO residual
peak (δ= 2.50 ppm) in DMSO-d6 and CDCl3 residual peak (δ= 7.26) in Chloroform-d as
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internal standards, and for 13C NMR spectra with residual peaks for DMSO-d6 and CDCl3
observed at 39.52 and 77.16 respectively.
Solid state 27Al NMR spectra were recorded using WB AVANCE III 600 MHz SS NMR
spectrometer. The 27Al NMR spectra were recorded by collecting 4k transients with 1 s
recycle delay at 20 kHz spinning rates using a Double Resonance broadband BB/1H 3.2
mm Bruker CP/MAS probe. The duration of excitation pulse was set to 2.75 µs at
excitation power level of 120 Watt, and the spectral width was set to 480 ppm. Each
spectrum was induced by a nonselective one pulse using standard solid state one pulse
program from Bruker pulse library. Prior to Al acquisition, the Al chemical shift was
optimized using AlCl3.6H2O as external reference. The Bruker Topspin 3.0 software was
used for data collection and spectral analysis.
X-ray Photoelectron Spectroscopy (XPS): XPS spectrum was recorded a commercial
XPS system (Omicron NanoTechnology, Taunusstein, Germany) with a monochromatic Al
source (1486.7 eV) and a hemispherical energy analyzer EIS-Sphera (Omicron
NanoTechnology, Taunusstein, Germany), with a pass energy of 20 eV and a step size of
0.05 eV.
Fourier Transform InfraRed (FTIR) spectra were measured using Thermo Nicolet 6700
series spectrometer equipped with quantum Mercuric Cadmium Telluride (MCT-A)
detector operating at liquid nitrogen temperature. Each IR spectrum was the average of
128 spectra recorded in the 4000-650 cm-1 spectral range with a resolution of 4 cm-1.
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) experiments were
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performed using Praying Mantis module equipped with a dome sealed reaction chamber
(ZnSe window) allowing a controlled in situ environment. KBr powder was used to collect
the background spectrum. Sample was mixed with KBr (1 wt%) for sample spectrum
collection. KBr and KBr+sample powders were dried at 200°C under ultrahigh vacuum (1
torr) in the sealed reaction chamber.
Topos software packages were used to determine the coordination sequence, point
symbol and topology of all reported compounds based on their crystal structures.
Water vapor adsorption experiments were carried out on a VTI-SA vapor sorption
analyzer from TA Instruments (New Castle, DE, United States). The water vapor partial
pressure was controlled automatically by mixing wet vapor feed with a dry N2 line; hence,
N2 acts as a carrier gas for water vapor. In a typical experiment, the samples were predried at 125 °C in the presence of N2 dry carrier. The dry mass was measured under N2
and permitted to reach equilibrium (25 °C) before introducing water vapor into the
chamber. The adsorption isotherms were collected within a range of 0% - 95% RH.
High pressure adsorption equilibrium measurements of pure gases were performed
using a Rubotherm gravimetric-densimetric apparatus (Bochum, Germany) (Scheme S1),
equipped with a magnetic suspension balance (MSB) and a network of valves, mass flow
meters, and temperature and pressure sensors. The MSB overcomes the disadvantages
of other commercially available gravimetric instruments by separating the sensitive
microbalance from the sample and the measuring atmosphere, and is able to perform
adsorption measurements across a wide pressure range (i.e., from 0 to 20 MPa). The
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adsorption temperature may also be controlled within the range of 77 K to 423 K. In a
typical adsorption experiment, the adsorbent is precisely weighed and placed in a basket
suspended by a permanent magnet through an electromagnet. The cell in which the
basket is housed is then closed and vacuum or high pressure is applied. The gravimetric
method allows the direct measurement of the reduced gas adsorbed amount ().
Correction for the buoyancy effect is required to determine the excess and absolute
adsorbed amount using equations 1 and 2, where Vadsorbent and Vss and Vadorbed phase refer
to the volume of the adsorbent, the volume of the suspension system, and the volume of
the adsorbed phase, respectively.

Scheme S1: Representation of the Rubotherm gravimetric-densimetric apparatus.
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  mabsolute   gas (Vadsorbent  Vss  Vadsorbed phase)
  mexcess   gas (Vadsorbent  Vss )

(1)
(2)

The buoyancy effect resulting from the adsorbed phase may be taken into account via
correlation with the pore volume or with the theoretical density of the sample.
These volumes are determined using the helium isotherm method by assuming that
helium penetrates in all open pores of the materials without being adsorbed. The density
of the gas is determined using the Refprop equation of state (EOS) database and checked
experimentally using a volume-calibrated titanium cylinder. By weighing this calibrated
volume in the gas atmosphere, the local density of the gas is also determined.
Simultaneous measurement of adsorption capacity and gas-phase density as a function
of pressure and temperature is therefore possible.
The pressure is measured using two Drucks high pressure transmitters ranging from 0.5
to 34 bar and 1 to 200 bar, respectively, and one low pressure transmitter ranging from 0
to 1 bar. Prior to each adsorption experiment, about 200 mg of sample is outgassed at
473 K at a residual pressure of 10-6 mbar. The temperature during adsorption
measurements is held constant by using a thermostat-controlled circulating fluid.
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2.2.2 Experimental
Synthesis of Al-azo-phase one: To a 20ml Teflon liner 3, 3’, 5, 5’
azobenzenetetracarboxylic acid (H4ABTC) (12.9 mg, 0.036 mmol) and Al(NO3)3·9H2O (38.3
mg, 0.102 mmol) were mixed. The mixture was diluted with 2 ml N,N'-dimethylformamide
(DMF), 1 ml water (H2O), 0.5 ml chlorobenzene (ClBz) and 0.7 ml formic acid then the
autoclave was sealed and heated to 150°C for 3 days. After cooling down the reaction
mixture to room temperature, the resultant orange powder was collected, washed with
DMF followed by CH3CN and dried in air.
Synthesis of Al-azo-phase two: To a Pyrex vial with PTFE Lined Phenolic Cap
H4ABTC (100 mg) and Al(NO3)3·9H2O (221 mg) were mixed. The mixture was diluted with
5 ml Dimethyl sulfoxide (DMSO), 5 ml acetonitrile (CH3CN). The vial was sealed and placed
into a preheated oven at 130 °C for 3 days. After cooling down the reaction mixture to
room temperature, the resultant orange powder was collected, washed with DMF
followed by CH3CN and dried in air.
Synthesis of Al-soc-MOF-1d: To a Pyrex vial with PTFE Lined Phenolic Cap
containing H4ABTC (10 mg, 0.028 mmol) was added 0.54 ml 0.1 M AlCl3·6H2O in DMF
(0.054 mmol), and 2 ml DMF, 2 ml acetonitrile (CH3CN), and 1.0 ml acetic acid. The vial
was sealed and placed into a preheated oven at 150 °C for 3 days. Pure orange polyhedral
crystals were obtained.
Scale up Synthesis of Al-soc-MOF-1d: To a round-bottom pressure flask containing
H4ABTC (200 mg, 0.56 mmol) was added 10.8 ml 0.1 M AlCl3·6H2O in DMF (1.1 mmol), and
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40 ml DMF, 40 ml CH3CN, and 20 ml acetic acid. The flask was sealed and placed into a
preheated oven at 150 °C for 3 days. Pure orange crystals were obtained.
Synthesis of Al-soc-MOF-1: To a 23 ml glass scintillation vial containing 3,3'',5,5''tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT) (H4L1) (7.1 mg, 0.01 mmol) was added
0.15 ml 0.1 M AlCl3·6H2O in DMF (0.015 mmol), and 1 ml DMF, 1 ml CH3CN, and 0.5 ml
nitric acid (HNO3 in 3.5 M in DMF). The vial was sealed and placed into a preheated oven
at 130 C for 12-18 hours. Pure small colorless cube-shaped crystals were obtained.
Suitable single crystals were obtained using the same synthetic procedure, but with
increasing the amount of HNO3 to 1 ml. Crystals of Al-soc-MOF-1 were harvested, washed
with CH3CN and air-dried.
Synthesis of Al-soc-MOF-2: To a 23 ml glass scintillation vial 3',3'',5',5''-tetrakis(4carboxyphenyl)-1,4-diphenylnaphthalene (TCDPN) (H4L2) (7.6 mg, 0.01 mmol) was added
0.15 ml 0.1 M AlCl3·6H2O in DMF (0.015 mmol), and 1 ml DMF, 1 ml CH3CN, and 0.3 ml
nitric acid (3.5 M in DMF). The vial was sealed and placed into a preheated oven at 130 C
for 12-18 hours. Pure small colorless cube-shaped crystals were obtained. Suitable single
crystals were obtained using the same synthetic procedure, but with increasing the
amount of HNO3 to 1 ml. Crystals of Al-soc-MOF-2 were harvested, washed with CH3CN
and air-dried.
Synthesis of Al-soc-MOF-3: To a 23 ml glass scintillation vial 3',3'',5',5''-tetrakis(4carboxyphenyl)-9,10-diphenylanthracene (TCDPA) (H4L3) (8.1 mg, 0.01 mmol) was added
0.15 ml 0.1 M AlCl3·6H2O in DMF (0.015 mmol), and 1 ml DMF, 1 ml CH3CN, and 0.5 ml
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nitric acid (3.5 M in DMF). The vial was sealed and placed into a preheated oven at 130 C
for 12-18 hours. Pure microcrystalline yellow powder were obtained. Suitable single
crystals were obtained using the same synthetic procedure, but with increasing the
amount of HNO3 to 1 ml. Crystals of Al-soc-MOF-3 were harvested, washed with CH3CN
and air-dried.
Synthesis of Al-soc-MOF-4: To a 23 ml glass scintillation vial 3,3'',5,5''-tetrakis(4carboxyphenyl)-2'-(trifluoromethyl)-1,1':4',1''-terphenyl (H4L4) (7.78 mg, 0.01 mmol) was
added 0.15 ml 0.1 M AlCl3·6H2O in DMF (0.015 mmol), and 1 ml DMF, 1 ml CH3CN, and 0.5
ml nitric acid (3.5 M in DMF). The vial was sealed and placed into a preheated oven at 130
C for 24 hours. Pure small cube-shaped crystals were obtained. Suitable single crystals
were obtained using the same synthetic procedure, but with increasing the amount of
HNO3 to 1 ml. Crystals of Al-soc-MOF-4 were harvested, washed with CH3CN and air-dried.
Synthesis of Al-soc-MOF-5: To a 23 ml glass scintillation vial 3,3'',5,5''-tetrakis(4carboxyphenyl)-2',5'-bis(trifluoromethyl)-1,1':4',1''-terphenyl (H4L5) (8.5 mg, 0.01 mmol)
was added 0.15 ml 0.1 M AlCl3·6H2O in DMF (0.015 mmol), and 1 ml DMF, 1 ml CH3CN,
and 0.7 ml nitric acid (3.5 M in DMF). The vial was sealed and placed into a preheated
oven at 130 C for 24 hours. Pure small cube-shaped crystals were obtained. Suitable single
crystals were obtained using the same synthetic procedure, but with increasing the
amount of HNO3 to 1 ml. Crystals of Al-soc-MOF-5 were harvested, washed with CH3CN
and air-dried.
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Synthesis of Al-soc-MOF-6: To a 23 ml glass scintillation vial 3,3'',5,5''-tetrakis(4carboxyphenyl)-[1,1':4',1''-terphenyl]-2'-amine (H4L6) (7.3 mg, 0.01 mmol) was added
0.15 ml 0.1 M AlCl3·6H2O in DMF (0.015 mmol), and 1 ml DMF, 1 ml CH3CN, and 0.7 ml
nitric acid (3.5 M in DMF). The vial was sealed and placed into a preheated oven at 130 C
for 48 hours. Pure small yellow cube-shaped crystals were obtained. Suitable single
crystals were obtained using the same synthetic procedure, but with increasing the
amount of HNO3 to 1 ml. Crystals of Al-soc-MOF-5 were harvested, washed with CH3CN
and air-dried.
Synthesis of In-soc-MOF-1: To a 23 ml glass scintillation vial containing 3,3'',5,5''tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT) (H4L1) (7.1 mg, 0.01 mmol) was added
0.4 ml 0.1 M In(NO3)3·xH2O in DMF (0.04 mmol), and 3 ml DMF and 0.45 ml nitric acid (3.5
M in DMF). The vial was sealed and placed into a preheated oven at 85 C for 24 hours.
Pure colorless cube-shaped crystals were obtained. Crystals of In-soc-MOF-1 were
harvested, washed with CH3CN and air-dried.
Synthesis of Fe-soc-MOF-1: To a 23 ml glass scintillation vial containing 3,3'',5,5''tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT) (H4L1) (7.1 mg, 0.01 mmol) was added
0.3 ml 0.1 M FeCl3·6H2O in DMF (0.03 mmol), and 1 ml DMF, 1 ml CH3CN, and 1.5 ml nitric
acid (3.5 M in DMF).The vial was sealed and placed into a preheated oven at 115 C for 3
days. Pure orange cube-shaped crystals were obtained. Crystals of Fe-soc-MOF-1 were
harvested, washed with CH3CN and air-dried.
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Synthesis of Sc-soc-MOF-1: To a 23 ml glass scintillation vial containing 3,3'',5,5''tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT) (H4L1) (7.1 mg, 0.01 mmol) was added
0.4 ml 0.1 M ScCl3·6H2O in DMF (0.04 mmol), and 2 ml DMF and 0.5 ml nitric acid (3.5 M
in DMF).The vial was sealed and placed into a preheated oven at 130 C for 3 days. Pure
colorless cube-shaped crystals were obtained. Crystals of Sc-soc-MOF-1 were harvested,
washed with CH3CN and air-dried.

2.3 Results and Discussions
2.3.1 Synthesis of isostructural Al-MOF having “soc” topology based on 3, 3’, 5, 5’
azobenzenetetracarboxylic (H4ABTC)
Our attempts to isolate the isostructural Aluminum analogue, H4ABTC consisted
of reacting H4ABTC with a variety of aluminum salts such as Al(NO3)3.9H2O, AlCl3.6H2O
and Al(ClO4)3.9H2O. Two Al-MOFs were isolated as powder microcrystalline materials and
interestingly the PXRD pattern was found to be different from what was previously
obtained for other analogues, such as In-soc-MOF-1a.
The first phase was isolated by the reaction of H4-ABTC with Al(NO3)3·9H2O under
solvothermal conditions in an acidic solution containing DMF/H2O/ClBz/formic acid ,
which affords orange crystalline powder. PXRD measurements were performed and
compared to the calculated PXRD of Fe-soc-MOF (Figure 2.4.). The experimental PXRD
does not match the anticipated calculated PXRD.
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Figure 2.4. Al-azo-phase one PXRD in comparison to the calculated PXRD of Fe-soc-MOF.

Sample activation was performed by washing the as-synthesized sample in DMF,
then using traditional solvent exchange CH3CN exchange for 7 days (activation
temperature 240 °C). This protocol resulted in a pore volume of 0.32 cm3/g and a surface
area of approximately 780 m2/g (Figure 2.5). Further activation attempts were made in
order to remove any impurities or unreacted ligand in my compound. The sample was
washed with hot DMF (140 °C) or in other trial with warm water (85 °C) and then
exchanged with CH3CN. Also, the sample was washed and exchanged with CH3CN using
Soxhlet extraction for 7 days. Unfortunately, none of these activation techniques
improved the pore volume and total uptake.
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Figure 2.5. TGA and N2 isotherm at 77 K for the Al-azo-phase one.

The second phase was isolated by the reaction of H4-ABTC with Al(NO3)3·9H2O
under solvothermal conditions in a solution containing DMSO/CH3CN, which also yields
orange crystalline powder. PXRD measurements were performed and compared to the
calculated PXRD of Fe-soc-MOF (Figure 2.6.). The experimental PXRD shows a high degree
of crystallinity but also does not match the anticipated calculated PXRD.

Figure 2.6. Al-azo-phase two PXRD in comparison to the calculated PXRD of Fe-soc-MOF.
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Low pressure gas sorption studies were performed on exchanged and activated
samples of Al-azo-phase two. Prior to the experiment, the sample was washed thoroughly
with DMF to remove any unreacted reagents. Solvent exchange was subsequently
performed by washing the sample with CH3CN over the course of 5 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 340°C.
Investigation of Ar adsorption at 87 K showed that this phase exhibits fully
reversible Type-I isotherm (Figure 2. 7), which is representative of microporous materials.
The apparent BET was estimated to be 1260 m2/g and a pore volume of 0.52 cm3/g, which
are considerably close to the expected experimental values of the azo Al-soc-MOF
analogue. The pore size distribution (PSD) of this sample (Figure 2. 7.) was determined to
have two distinct pore sizes centered around 5 Å, and 6.4 Å.

Figure 2.7. Argon Isotherm (87 K) and Pore Size Distribution plot for Al-azo-phase two.
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To gain more insight into this phase, 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, 288 and 298 K.
The hydrogen sorption capacity for Al-azo-phase two, measured at 77 K and 87 K
and atmospheric pressures, was determined to be as high as 2 wt % of H2 (Figure 2.8a.)
and the Qst was determined to reach a maximum of 7.8 kJ/mol at low loading.
Interestingly, this value is comparable to the high Qst reported for Fe-soc-MOF-1a, but
notably it is maintained even at higher loadings.
On the other hand, the CO2 uptake (at atmospheric pressures) was determined to
be 7.8, 6.2, 4.5, and 3.8 mmol/g at 258, 273, 288 and 298 K, respectively (Figure 2.9a).
The Qst was calculated and found to be moderate value with around 24 kJ/mol at low
loading (Figure 2.9b). Further analysis and simulation studies are in progress in an effort
to solve the crystal structure or at lease determine the corresponding unit cell parameter.
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Figure 2.8. (a) Low pressure H2 sorption isotherms (77 K and 87 K) for Al-azo-phase two and (b) Qst of H2
adsorption calculated from the corresponding isotherms.

Figure 2.9. (a) Low pressure CO2 sorption isotherms (258 K, 273 K, 288 K and 298 K) for Al-azo-phase two
and (b) Qst of CO2 adsorption calculated from the corresponding isotherms.

Successful synthesis of the Al-soc-MOF-1d
After countless attempts using different conditions, the introduction of acetic acid
as a reaction modulator was found to be crucial for isolating the targeted Al-soc-MOF-1d
(Figure 2.10.). The reaction of H4-ABTC with AlCl3.6H2O under solvothermal conditions in
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an acidic solution containing DMF/CH3CN/acetic acid affords orange homogeneous
crystals with a polyhedral-shaped morphology (Figure 2.11.), characterized and
formulated by SCXRD as [Al3O(ABTC)1.5(OH)(H2O)2].

Figure 2.10. Synthetic scheme for synthesis of Al-soc-MOF-1d.

Figure 2.11. Optical image of Al-soc-MOF-1d single crystals.

Al-soc-MOF-1d crystallizes in the cubic P43n space group with a = 21.4934(5) Å
and has a unit cell volume of 9929.2(7) Å3. The crystal structure of Al-soc-MOF-1d reveals
a 3-periodic framework built up from μ3-oxo-centered trinuclear Al(III) inorganic MBBs
[Al3(μ3-O)(H2O)3(O2C−)6]. Each aluminum cation (Al3+) displayed an octahedral
coordination environment and coordinates to six oxygen atoms: namely, four bis-
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monodentate deprotonated carboxylate oxygen atoms from four independent ABTC 4−
ligands and one μ3-oxo anion, and a terminal aqua or hydroxo ligands to complete the
coordination sphere. The trinuclear Al(III) MBBs are bridged by six independent ABTC4−
ligands, resulting in the formation of a 3-periodic cationic framework, Al-soc-MOF-1d. The
charge balance is provided by the presence of the hydroxo group, which was confirmed
by in situ Fourier transform infrared (FTIR) study. The absence of chloride ions was
confirmed by energy-dispersive X-ray spectroscopy (EDX) (Figure 2.12.).

Figure 2.12. (a) EDX data on Al-soc-MOF-1d confirming the absence of chloride. (b) In-situ FTIR on dried Alsoc-MOF-1d confirming the presence of OH- as counter ion.
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Topological analysis reveals that Al-soc-MOF-1d has the anticipated edge
transitive (4,6)-connected net with the soc underlying topology. The trinuclear Al(III) MBB
[Al3(μ3-O)(O2C−)6] can be regarded as a trigonal-prismatic secondary building unit (SBU)
with the six points of extension corresponding to the carbon of the carboxylate moieties
matching the vertex figure of the 6-c node in the soc net. The 6-c inorganic MBBs are
joined by the rectangular organic ligand, 4-c node, into a primitive cubic system
arrangement (Figure 2.13a).37-38 Alternatively from a topological perspective, the 4-c
rectangular ligand can be regarded as comprised of two interconnected 3-c triangular
SBUs that are further linked through the 6-c trigonal-prismatic SBUs to afford a MOF
related to a (3,6)-c derived net edq (eddaoudi queer), with transitivity 2 2 (Figure 2.13b).39

Figure 2.13. Topological analysis of Al-soc-MOF-1d, where the 6-connected trinuclear Al(III) MBB can be
viewed as trigonal prismatic SBU, while the organic ligand can be rationalized as a 4-connected building unit
to give (4,6)-c soc-net (a), or can be viewed as 3-c SBUs resulting in a (3,6)-c derived net edq (b).
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As with the previously reported soc-MOFs, Al-soc-MOF-1d exhibited two welldefined types of intersecting infinite channels, i.e. hydrophobic and hydrophilic channels.
The estimated diameter of the channels in Al-soc-MOF-1d as calculated from the crystal
structure is approximately 5.3 Å, taking into considering van der Waals radii. The structure
also encloses cubic-shaped cages with 10.3 Å in diameter (considering van der Waals
radii). The cage is comprised of small window apertures that measure approximately 4.6
Å x 2.7 Å, taking into considering van der Waals radii.
The phase purity of as-synthesized and acetonitrile exchanged Al-soc-MOF-1d was
confirmed through comparison of experimental PXRD patterns with theoretical PXRD
patterns calculated from the crystal structure (Figure 2.14.).

Figure 2.14. Experimental and calculated PXRD patterns for Al-soc-MOF-1d, indicating the purity of the assynthesized and CH3CN exchanged samples.
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Variable temperature PXRD experiments were performed under vacuum on
CH3CN exchanged sample of Al-soc-MOF-1d. These experiments revealed a high degree
of thermal stability of this compound under vacuum in excess of 400°C (Figure 2.15.).

Figure 2.15. VT-PXRD of CH3CN exchanged Al-soc-MOF-1d and comparison to the PXRD calculated from the
single crystal structure.

Further studies were performed to assess the hydrolytic stability of Al-soc-MOF1d. Using in-situ variable-humidity stage, PXRD patterns were collected at room
temperature at various humidity levels (%RH) from 0% up to 95%. Markedly, the material
showed excellent stability and no loss of crystallinity was observed during the exposure
of the material to humidity from 5 to 95% and after immersion in liquid H2O (Figure 2.16.).
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Figure 2.16. Hydrolytic stability of Al-soc-MOF-1d: (a) PXRD after soaking Al-soc-MOF-1d in liquid water
for two weeks, (b) Variable humidity PXRD of Al-soc-MOF-1d.

The stability of the framework in different pH solutions was confirmed by soaking
Al-soc-MOF-1d in aqueous solutions at different pH values for 24 h and 6 days,
respectively (Figure 2.17.). Moreover, Al-soc-MOF-1d showed excellent tolerance to
hydrogen sulfide (H2S) as proven by the preservation of the material PXRD pattern after
exposure to H2S (Figure 2.18.).

Figure 2.17. PXRD after soaking Al-soc-MOF-1d in different pH solutions for 24h (a) and 6 days (b).
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Figure 2.18. PXRD after 24h exposure of Al-soc-MOF-1d to 10% H2S (5 bar).

Low pressure and high pressure gas sorption analysis was performed on an
activated sample of Al-soc-MOF-1d. The as-synthesized crystals were washed with 3 × 20
mL of DMF, followed by solvent exchange with acetonitrile for 6 days in a 65°C oven. The
adsorption studies were generally conducted on a freshly isolated MOF; typically, 30 to
40 mg of each activated sample was transferred (dry) to a 6 mm large bulb glass sample
cell. Then, the sample was evacuated at room temperature using a turbomolecular
vacuum pump (residual pressure below 10-7 mbar), kept at 25°C for 24 h, then gradually
heated to 220°C at a rate of 1°C min-1 , and Finally cooled to room temperature.
The potential accessible free volume for Al-soc-MOF-1d was estimated to be 58%
from analyzing the structure as obtained by SXRD studies. This value was obtained using
Accelrys Materials Studios ‘Atoms Volumes and Surfaces’ module. Nitrogen (N 2)
adsorption measurements at 77 K were conducted on the acetonitrile exchanged samples
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and generated a fully reversible Type-I isotherm representative of porous materials with
permanent microporosity (Figure 2.19.). The apparent Brunauer–Emmett–Teller (BET)
surface area and the pore volume were estimated and found to be 1500 m 2/g and 0.56
cm3/g (N2 isotherm at P/Po=0.95), respectively.

Figure 2.19. N2 adsorption at 77 K on Al-soc-MOF-1d.

Encouraged by the successful isolation of the Al analog of soc-MOF, we evaluated
the CO2 properties and compared them to our existing library of soc-MOF materials. Low
pressure gas adsorption measurements of CO2 (up to 1 bar and at various temperatures)
were performed on Al-soc-MOF-1d. The uptake at different temperatures and 1 bar was
found to be 3.9, 4.9, 6.99 & 8.8 mmol/g at 298, 288, 273 and 258 K respectively (Figure
2.20.). The Qst, for CO2 was calculated using the Clausius−Clapeyron equation and the CO2
adsorption data collected at 258, 273 and 298 K, which showed moderate Q st with a
maximum of 24 kJ/mol at low loading.
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Figure 2.20. (a) Low pressure CO2 sorption isotherms (258 K, 273 K, 288 K and 298 K) for Al-soc-MOF-1d and
(b) Qst of CO2 adsorption calculated from the corresponding isotherms.

As mentioned previously, the M-soc-MOF isostructural MOFs possess unique
structural/chemical showed promise in CH4 storage and hydrocarbon separations,
specifically equilibrium-based selectivity toward C2+ (C2H6, C2H4, C3H8 and n-C4H10). Al-socMOF-1d was therefore further examined as a promising sorbent for equilibrium-based
separation agents. Analysis of the single gas adsorption data of CH4, CO2 and C2+, using a
combination of a Toth model and ideal adsorbed solution theory (IAST) revealed that Alsoc-MOF-1d exhibits selective C2+/CH4 separation, as found for Ga-soc-MOF-1a (Figure
2.21. and Figure 2.22.).
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Figure 2.21. Adsorption of CH4, C2H6, C3H8, n-C4H10 and iso-C4H10 on Al-soc-MOF-1d.

Figure 2.22. C3H8/CH4 selectivity using Al-soc-MOF-1d predicted using IAST combined with Toth Model.

High pressure studies were performed to study methane (CH4) sorption of Al-socMOF-1d. The total gravimetric and volumetric uptakes found to be comparable to Fe-socMOF-1b (Figure 2.23.).
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Figure 2.23. Comparison of the volumetric CH 4 high pressure data for all soc-MOF analogues.

2.3.2 Isoreticular synthesis of Expanded Al-soc-MOF series for gas storage
applications
2.3.2.1 Al-soc-MOF-1
The soc-MOF platform offers interesting structural features where the pore
system comprised of cavities and channels can be fine-tuned in the micropore domain by
judiciously fine tuning the 4-connected building unit (i.e. the tetracarboxylate ligand).
Evidently, the construction of a highly microporous expanded MOF with a soc topology
requires the judicious selection of an expanded rectangular organic linker that facilitates
the in situ formation of the targeted inorganic oxo-centered trinuclear M(III) cluster
[M3(μ3-O)(O2C−)6] (M = In, Al, Fe, etc.).
Accordingly, we designed and synthesized the tetratopic ligand 3,3″,5,5″tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT) that can act as an expanded rectangular
organic MBB.18 Successfully, reactions between H4L1 and AlCl3·6H2O in acidic solution
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containing the mixture of DMF and CH3CN afforded colorless homogeneous crystals with
a

cube-shaped

morphology,

characterized

and

formulated

by

SCXRD

as

[Al3O(TCPT)1.5(H2O)3]·|Cl-|, denoted as Al-soc-MOF-1 (Figure 2.24).

Figure 2.24. (a) The assembly of the trinuclear aluminum (III) MBB, [Al 3(µ3-O)(H2O)3(O2C–)6], with organic
ligand (H4TCPT), (b) Optical image of Al-soc-MOF-1 single crystals. (c) Crystal structure of the extended
cuboidal cage-type soc-MOF. Color code: Al = blue gray, C = gray, O = red. Hydrogen atoms, Cl ions are
omitted for clarity.

Al-soc-MOF-1 crystallizes in the cubic Pm-3n space group with a = 35.9340(2) Å
and has a unit cell volume of 46400(3) Å3. The 3-periodic framework is built up from µ3oxo-centered trinuclear Al (III) inorganic MBB, [Al3(µ3-O)(H2O)3(O2C–)6]. Each aluminum
cation (Al3+) displayed an octahedral coordination environment and coordinates to six
oxygen atoms, four bis-monodentate deprotonated carboxylate oxygen atoms from four
independent TCPT4- ligands, one µ3-oxo anion and the coordination sphere was
completed by a terminal aqua ligand. The trinuclear Al(III) MBBs are linked together by
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six independent TCPT4- ligands resulting in the formation of a 3-periodic cationic
framework, Al-soc-MOF-1. The charge balance is provided by the presence of chloride
ions, which is confirmed by the X-ray photoelectron spectroscopy (XPS) experiment
(Figure 2.25a). Crystallographic analysis affirmed that the chloride ions are disordered
over six positions around the trinuclear Al(III) cluster with equal probability. This analysis
was also supported by 27Al solid state NMR spectroscopy experiment (Figure 2.25b).

Figure 2.25. (a) Cl 2p XPS spectrum of Al-soc-MOF-1, and (b) Solid state 27Al NMR spectrum for the same
structure.

The Al-soc-MOF-1 is an isoreticular analog of the Al-soc-MOF-1d compound based
on the azo ligand, thus the topology is also analogous (Figure 2.13.). As a (4,6)-connected
network, it can be interpreted as an edge transitive soc topology. When interpreting the
rectangular ligand as two 3-connected nodes the MOF is considered having a (3,6)-c
derived net edq.
Al-soc-MOF-1 structure encloses cubic shaped cages with 14.3 Å in diameter
delimited by six TCPT4- ligands, which occupy the faces of the cage, and eight inorganic
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trinuclear Al(III) clusters located on the vertices of the cuboidal cage. The cage is
accessible through apertures of approximately 5.6 × 8.4 Å taking van der Waals (vdW)
radius into consideration. The structure also encloses two well-defined 1D infinite
channels with estimated dimensions of 14 Å (vdW), which is approximately at the upper
limit of microporous materials. (Figure 2.26.).

Figure 2.26. Representation of the channels and cuboidal cage size found in Al-soc-MOF-1.

The phase purity of as-synthesized and acetonitrile exchanged Al-soc-MOF-1 was
confirmed through comparison of experimental PXRD patterns with theoretical PXRD
patterns calculated from the crystal structure (Figure 2.27.).
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Figure 2.27. Experimental and calculated PXRD patterns for Al-soc-MOF-1, indicating the purity of the assynthesized and CH3CN exchanged samples.

VT-PXRD experiments, performed under vacuum on the acetonitrile exchanged
sample, are consistent with the TGA measurements and indicate a high degree of thermal
stability (Figure 2.28. and Figure 2.29.).

Figure 2.28. VT-PXRD of acetonitrile exchanged Al-soc-MOF-1 sample from 25˚C to 400˚C. Blue lines are
representative of each 100°C step. Al-soc-MOF-1 retains its crystallinity up to the maximum reachable
temperature on the apparatus, i.e. 400˚C.
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Figure 2.29. TGA of the as-synthesized (black) and the acetonitrile exchanged (red) Al-soc-MOF-1.

Low pressure and high pressure gas sorption analysis was performed on an
activated sample of Al-soc-MOF-1. The as-synthesized crystals were washed with 3 × 20
mL of DMF, followed by solvent exchange with acetonitrile for 2-3 days. The adsorption
studies were generally conducted on a freshly isolated MOF; typically, 30 mg of activated
sample was transferred (dry) to a 6 mm large bulb glass sample cell. Then, the sample was
evacuated at room temperature using a turbomolecular vacuum pump (residual pressure
below 10-7 mbar), kept at 25°C for 24 h, then gradually heated to 120°C at a rate of 1°C
min-1 , and Finally cooled to room temperature.
The potential accessible free volume for Al-soc-MOF-1 was estimated to be 80.5%
by summing voxels more than 1.2 Å away from the framework using PLATON software.40
Nitrogen adsorption measurements at 77 K were carried out on the acetonitrile
exchanged samples, showing fully reversible type-I isotherm representative of porous
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materials with permanent microporosity (Figure 2.30a). The Langmuir and BET specific
surface area, in the pressure range (0.015-0.0269 P/P0), were estimated and found to be
ca. 6530 and 5585 m2/g, respectively. It is noteworthy to mention that the resultant high
microporosity (surface area and pore volume) is exceptional and yet to be observed, prior
to this work, using traditional activation method (drying under vacuum and heating). That
is, traditional activation methods for highly porous materials often leads to pore collapse.
Such a unique feature and framework robustness is of prime importance for the
deployment of this material as a gas storage media for onboard or stationary gas storage
applications. The successful use of the conventional activation method was confirmed
from the excellent agreement between the experimental and the optimal theoretical
pore volumes, PVexp= 2.3 cm3/g versus PVtheo= 2.3 cm3/g. Furthermore, Al-soc-MOF-1
preserved its optimal porosity after heating up to 340 °C under vacuum (Figure 2.30b),
another essential feature that is rarely observed for highly porous MOFs.

Figure 2.30. (a) Nitrogen sorption isotherm at 77 K and (b) evolution of the surface areas and pore volume
in Al-soc-MOF-1 depending on the activation temperature.
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2.3.2.2

Synthesis of Isoreticular Al-soc-MOF-1
In order to isolate other isoreticular analogs of Al-soc-MOF-1, the phenyl ring

located in the core of TCPT ligand was substituted by 1,4-naphthalenyl and 9,10anthracenyl cores to give the naphthalene and anthracene functionalized ligands,
3',3'',5',5''-tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene
3',3'',5',5''-tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene

(TCDPN)

(H4L2)

(TCDPA)

and

(H4L3),

respectively (Figure 2.31.).41 As anticipated, under similar reaction conditions, which were
used to isolate the Al-soc-MOF-1, cube-shaped crystals were obtained and characterized
using SCXRD and PXRD studies (Figure 2.32.), revealing the construction of two
isoreticular Al-soc-MOF compounds, naphthalene Al-soc-MOF-2 and anthracene Al-socMOF-3 with the following formula [Al3O(Ligand)1.5(H2O)3]·|Cl-|.

Figure 2.31. Representation of the organic MBBs used to construct isoreticular Al-soc-MOFs.
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Figure 2.32. PXRD patterns for the isoreticular Al-soc-MOFs.

The purity of the materials was confirmed by similarities between the calculated
and experimental PXRD patterns for as-synthesized and acetonitrile exchanged samples
(Figure 2.33. and Figure 2.34.). Furthermore, the two isoreticular MOFs showed a high
degree of stability to elevated temperatures, as evident by VT-PXRD studies and TGA
analysis (Figures 2.35., 2.36., and 2.37.).
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Figure 2.33. Experimental and calculated PXRD patterns for Al-soc-MOF-2, indicating the purity of the assynthesized and CH3CN exchanged samples.

Figure 2.34. Experimental and calculated PXRD patterns for Al-soc-MOF-2, indicating the purity of the assynthesized and CH3CN exchanged samples.
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Figure 2.35. VT-PXRD of acetonitrile exchanged Al-soc-MOF-2 sample from 25˚C to 400˚C. Blue lines are
representative of each 100°C step.

Figure 2.36. VT-PXRD of acetonitrile exchanged Al-soc-MOF-3 sample from 25˚C to 400˚C. Blue lines are
representative of each 100°C step.
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Figure 2.37. TGA of the as-synthesized (black) and the acetonitrile exchanged (red) of (a) Al-soc-MOF-2 and
(b) Al-soc-MOF-3.

The corresponding solvent accessible free volumes for Al-soc-MOF-2 and Al-socMOF-3 were estimated to be 79 % and 75 %, respectively, by summing voxels more than
1.2 Å away from the framework using PLATON software.40 The solvent activation protocol
carried out on Al-soc-MOF-2 and Al-soc-MOF-3 was similar to that used for the parent
compound, Al-soc-MOF-1, whereby the as-synthesized samples were exchanged in
CH3CN for 2-3 days and activated by conventional activation conditions (activation
temperatures 120°C). Gas adsorption studies conducted using Nitrogen as adsorbates,
which showed a fully reversible type-I isotherm representative of porous materials with
permanent microporosity. Based on the N2 adsorption isotherms, the Langmuir and BET
specific surface area, in the pressure range (0.015-0.0269 P/P0), were estimated and
found to be ca. (5976, 5161 m2/g) for Al-soc-MOF-2, and (5212, 4849 m2/g) for Al-socMOF-3. The calculated free pore volume (PVexp), based on the N2 isotherm at P/Po=0.95,
was estimated to be 2.1 and 1.8 cm3/g for Al-soc-MOF-2 and Al-soc-MOF-3, respectively.
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This is in good agreement with the free volume based on the crystal structure (PVtheo) 2.2
and 1.9 cm3/g. As observed in parent Al-soc-MOF-1, the isoreticular structures preserved
their optimal porosity after heating up to 340 °C under vacuum (Figure 2.38. and Figure
2.39.). A summary of the sorption data collected on the three isoretcular Al-soc-MOF is
provided in Table 2.1.

Table 2.1. Porosity data for Al-soc-MOFs compounds.
ABET

ALang

Compound

2

m /g

2

Density

m /g

g/cm

cm /g

cm3/g

Al-soc-MOF-1

5585

6530

0.34

2.3

2.3

Al-soc-MOF-2

5162

5976

0.36

2.2

2.1

Al-soc-MOF-3

4849

5212

0.38

1.9

1.8

3

PVtheo
3

PVexp

Figure 2.38. (a) Nitrogen sorption isotherm at 77 K and (b) evolution of the surface areas and pore volume
in Al-soc-MOF-2 depending on the activation temperature.
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Figure 2.39. (a) Nitrogen sorption isotherm at 77 K and (b) evolution of the surface areas and pore volume
in Al-soc-MOF-3 depending on the activation temperature.

2.3.2.3 Methane storage studies
The extremely open structure, exclusively concerted in the microporous range,
combined with the distinctive structural features (presence of cages and channels) place
Al-soc-MOFs as ideal adsorbent candidates for gas storage studies. Accordingly, CH4
adsorption on Al-soc-MOF-1, Al-soc-MOF-2 and Al-soc-MOF-3 was extensively studied
experimentally at variable temperatures and up to 80 bar as well as at low pressure and
112 K (boiling point of CH4). The methane adsorption isotherms at 112 K for Al-soc-MOF1, Al-soc-MOF-2 and Al-soc-MOF-3 revealed significant CH4 uptakes near saturation
pressures, that is 1336, 1205 and 1055 cm3 (STP)/g at P/P0 = 0.95, respectively (Figures
2.40). The total pore volumes calculated at P/P0 = 0.95 using CH4 as a probe molecule are
2.26, 2.04 and 1.78 cm3/g for Al-soc-MOF-1, Al-soc-MOF-2 and Al-soc-MOF-3,
respectively, and are in excellent agreement with both the experimental value obtained
from N2 isotherms (2.3, 2.1 and 1.8 cm3/g) at 77 K, indicating that the pore space in the
isoreticular Al-soc-MOF-1 are fully accessible by CH4 molecules.
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Figure 2.40. Methane sorption isotherm at 112 K showing very high saturation uptakes for (a) Al-soc-MOF1, (b) Al-soc-MOF-2 and (c) Al-soc-MOF-3.
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High-pressure CH4 adsorption isotherms at variable temperatures, shown in
Figure 2.41., revealed that Al-soc-MOF-1 exhibits an exceptional total CH4 gravimetric
uptake of 0.27 g/g (361 cm3 (STP)/g) at 298 K and 35 bar, which is the highest reported
among microporous materials. Mesoporous MOF-21042 and DUT-4943 displayed an
uptake around 210 and 364 cm3 (STP)/g at the same conditions. Interestingly, the DOE
CH4 gravimetric uptake target of 700 cm3 (STP)/g (0.5 g/g) was addressed and reached for
relatively high pressures at temperatures below 298 K, e.g. 50 bar at 258 K and 85 bar at
288 K.

Figure 2.41. Single component gas adsorption isotherms for CH4 at different temperatures for Al-soc-MOF1, showing total CH4 gravimetric uptakes surpassing the DOE target at particular pressures and
temperatures.

Markedly, a simultaneous increase in both volumetric and gravimetric capacities
at different working temperatures and pressures is shown, in which the total gravimetric
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and volumetric uptakes at 298 K under 65 and 80 bar are (0.41 g/g, 197 cm 3/cm3) and
(0.47 g/g, 222 cm3/cm3), respectively. This notable and rare compromise between the
gravimetric and the volumetric capacities for Al-soc-MOF-1 is attributed to the high
surface area and micropore volume, associated with the appropriate pore size/shape,
resulting in the efficient use of the pore space and enhance CH4-CH4 interactions at high
pressure. The calculated Qst for CH4 was found to be low around 11 kJ/mol at low loading
(Figure 2.42.), and subsequently affording a reduction in the unused CH 4 uptake below 5
bar. Therefore, the combination of all aforementioned effects in Al-soc-MOF-1 afforded
the exceptional compromise between gravimetric and volumetric CH4 working capacities
observed in this framework, namely, 0.42 g/g and 201 cm3 (STP)/cm3 at 298 K and 5−80
bar working pressure range.

Figure 2.42. (a) Fully reversible VT CH4 isotherms for Al-soc-MOF-1 and (b) Qst of CH4 adsorption calculated
from the corresponding isotherms.
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A comprehensive comparison of absolute CH4 uptakes and working capacities for
Al-soc-MOF-1 with various best MOF materials reported so far at different temperature
and pressure conditions is presented in Figure 2.43.

Figure 2.43. Total and working CH4 gravimetric and volumetric uptakes for Al-soc-MOF-1 as compared to
the best MOF materials reported to date at specific temperature and pressure conditions.
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Additional analysis of the volumetric CH4 adsorption isotherms, using the Al-socMOF-1 crystal density, revealed an enhancement in the volumetric CH4 storage working
capacity when the temperature was decreased (Figure 2.44.). Specifically, the volumetric
CH4 storage working capacity for Al-soc-MOF-1 increased from 201 cm3 (STP)/cm3 to 264
cm3 (STP)/cm3 when the temperature was decreased from 298 K to 258 K at working
pressures between 80 bar (adsorption) and 5 bar (desorption). This attribute, unique to
Al-soc-MOF-1, is unprecedented as the other best reported MOFs for CH4 storage showed
the conventional decrease in the volumetric CH4 storage working capacity with the
decrease in temperature as illustrated in Figure 2.43. for HKUST-144-45, Ni-MOF-7444, 46-47,
and PCN-14.44, 48

Figure 2.44. (a) Effect of reducing the storage temperature on the volumetric and gravimetric working
capacity between (5-80 bar) in Al-soc-MOF-1. (b) Comparison of the CH4 volumetric working capacities
(5−80 and 5−65 bar) at different temperatures (258, 273, and 298 K) for Al-soc-MOF-1 with the best
microporous MOF materials reported to date.

Furthermore, Al-soc-MOF-1 showed excellent tolerance to H2S, an important
feature for the implementation of porous material in natural gas related applications. This
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is evidenced by the preservation of the material PXRD pattern after exposure to H 2S and
by performing H2S adsorption isotherm (Figure 2.45.)

Figure 2.45. (a) H2S sorption isotherms at 298 K and (b) PXRD patterns experimental, after sorption and
after H2S exposure for Al-soc-MOF-1.

The two synthesized isoreticular Al-soc-MOFs (Al-soc-MOF-2 and Al-soc-MOF-3)
also exhibited high gravimetric and volumetric total and working CH4 uptakes that were
only slightly lower than the uptake values derived for Al-soc-MOF-1. The experimental
results for 2 and 3 are summarized below in Table 2.2. and Figure 2.46.
Table 2.2. Experimental methane uptakes for isoretcular Al-soc-MOFs compounds at 298 K.
CH4 uptake at 298 K
(mmol/g)
5 bar

35 bar

60 bar

Parent Al-soc-MOF-1

2.6

16.1

23.7

Naphthalene Al-soc-MOF-2

2.67

15.6

22.4

Anthracene Al-soc-MOF-3

2.88

14.9

21.5
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Figure 2.46. Methane uptakes for Al-soc-MOF-1, Al-soc-MOF-2 and Al-soc-MOF-3 at 298 K.

2.3.2.4 Oxygen, Carbon dioxide and Hydrogen Storage Studies
The exceptional methane storage capabilities of Al-soc-MOF-1 have inspired us to
extend this study to other important commodities, namely O2, CO2 and H2. Accordingly,
we recorded various O2, CO2 and H2 adsorption isotherms for Al-soc-MOF-1. Noticeably,
the amounts of O2 and CO2 adsorbed in Al-soc-MOF-1 near saturation pressures (0.95
P/P0), derived from adsorption isotherms at 90.2 K and 195.15 K for O2 and CO2
respectively, were found to be remarkably high (1757 cm3 (STP)/g and 1236 cm3 (STP)/g,
respectively)(Figure 2.47.).
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Figure 2.47. (a) Oxygen sorption isotherm at 92.2 K and (b) Carbon dioxide sorption isotherm at 195.3 K
for Al-soc-MOF-1, showing very high saturation uptakes for Al-soc-MOF-1.

Markedly, the combination of experimentally accessible low pressure (at 90.2 K)
and high pressure O2 adsorption data up to 115 bar (at 298 K) (combined with Toth model)
revealed that Al-soc-MOF-1 exhibits a record of 29 mmol/g absolute gravimetric O2
uptake at 140 bar that is much higher than HKUST-1 (13.2 mmol/g) and NU-125 (17.4
mmol/g)49, reference materials for the application (Figure 2.48.). Additionally, Al-socMOF-1 displayed a record deliverable capacity between 5 and 140 bar of 27.5 mmol/g Vs.
11.8 and 15.4 mmol/g for HKUST-1 and NU-125 respectively.
Consequently by neglecting the effect of packing density and the void space
occupied by the material, a 1 L cylinder filled with Al-soc-MOF-1 will potentially enhance
the volumetric O2 storage capacity (172 cm3/cm3) by 70% at 100 bar as compared to a
conventional empty cylinder (Figure 2.49.)50. It is to note that if we assume a prospective
25% loss associated to packing density, the Al-soc-MOF-1 volumetric O2 storage capacity
still offers a 25% enhancement over an empty cylinder.
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Figure 2.48. Single component gravimetric gas adsorption isotherm for O 2 at 298 K showing that Al-socMOF-1 exhibits the highest deliverable uptake reported so far.

Figure 2.49. Volumetric O2 adsorption isotherm compared to the storage capacity in pressurized container.
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Analysis of the O2 adsorption recorded at variable temperatures indicated that Alsoc-MOF-1 exhibits a relatively low O2 heat of adsorption (10 kJ/mol at low loading) in
the whole O2 loading range, slightly higher than the O2 latent heat of evaporation (Figure
2.50.).

Figure 2.50. (a) Fully reversible VT O2 isotherms for Al-soc-MOF-1 and (b) Qst of O2 adsorption calculated
from the corresponding isotherms.

Additionally, the CO2 adsorption studies revealed that Al-soc-MOF-1 exhibits an
exceptional absolute gravimetric CO2 uptake at 40 bar of 2 g/g (1020 cm3 (STP)/g) vs. 1.5
g/g for MOF-177, establishing a new record among microporous MOFs (Figure 2.51.).
Markedly, Al-soc-MOF-1 displayed the uppermost working capacity between 5 and 40 bar
of 1.75 g/g (891 cm3 (STP)/g) vs. 1.28 g/g (652 cm3 (STP)/g) for MOF-177.42
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Figure 2.51. Gravimetric CO2 adsorption uptake for Al-soc-MOF-1 in comparison to MOF-177.

The analysis of variable temperature CO2 adsorption data showed that Al-socMOF-1 exhibits a relatively low CO2 heat of adsorption (17 kJ/mol at low loading) in the
whole CO2 loading range (Figure 2.52.). It is important to note that the mesoporous MOF210 exhibits the highest absolute gravimetric CO2 uptake at 50 bar (2.8 g/g).43

Figure 2.52. (a) Fully reversible VT CO2 isotherms for Al-soc-MOF-1 and (b) Qst of CO2 adsorption calculated
from the corresponding isotherms.
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Finally, Al-soc-MOF-1 exhibits also an excellent H2 storage capacity at 77 K (ca. 11
wt %) (Figure 2.53.) at high pressure (30 bar) in comparison to other highly porous
materials.

Figure 2.53. Gravimetric absolute and excess H2 uptake for Al-soc-MOF-1 at 77 K.

Similarly, O2 and CO2 adsorption studies were performed for the two isoreticular
Al-soc-MOFs (Al-soc-MOF-2 and Al-soc-MOF-3) and revealed that the naphthalene and
anthracene analogues exhibit only a slightly lower O2 and CO2 adsorption uptakes under
the same condition as compared to Al-soc-MOF-1 (Figures 2.54.-2.56.).
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Figure 2.54. Oxygen sorption isotherm at 90.2 K for (a) Naphthalene Al-soc-MOF-2 and (b) Anthracene Alsoc-MOF-3 showing very high saturation uptakes.

Figure 2.55. O2 uptake for Al-soc-MOF-1, Al-soc-MOF-2 and Al-soc-MOF-3 at 298 K.
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Figure 2.56. CO2 uptake for Al-soc-MOF-1, Al-soc-MOF-2 and Al-soc-MOF-3 at 298 K.

2.3.2.5 Hydrocarbons Storage studies
High pressure adsorption studies of relatively larger and highly polarizable probe
molecules such as C2H6, C3H8 and n-C4H10 and iso-C4H10 (C2+) was investigated using Alsoc-MOF-1 as a sorbent material.

Figure 2.57. High pressure adsorption isotherms for Al-soc-MOF-1 at 298 K for hydrocarbons.
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As depicted in Figure 2.57., this MOF showed exceptional uptakes of 25.6 and 21.3
mmol/g at 8 and 1.5 bar for propane and n-butane, respectively, setting a new record
among microporous MOFs.
It is worth mentioning that the data on hydrocarbon storage, more specifically
propane and butane storage is very scarce. To date the best performing reported MOFs
for n-butane storage at 298K are represented in Figure 2.58.51

Figure 2.58. Crystal Structures and the corresponding building units for the best materials reported to date
for n-butane storage at 1 bar and 298K.

Accordingly, a comparison of n-butane uptakes for isoreticular Al-soc-MOFs
(Figure 2.59.) compared to the best MOF materials reported to date under RT and 1 bar
is presented in Figure 2.60. Interestingly, Al-soc-MOF-1 and Al-soc-MOF-2 have the
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highest n-butane uptakes ever reported for any microporous MOF materials, 21.3 and
19.5 mmol/g, respectively.

Figure 2.59. n-butane uptakes for Al-soc-MOF-1, Al-soc-MOF-2 and Al-soc-MOF-3 at 298 K.

Figure 2.60. Comparison of n-butane uptakes of isoreticular Al-soc-MOFs with the best materials reported
to date at 1 bar and 298K.
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2.3.3 Further Studies
2.3.3.1 Water stability
The objective of this section is to assess the hydrolytic stability of Al-soc-MOF-1
and explore this material for water vapor related applications, such as dehumidification,
moisture control, adsorption desalination and adsorption heating/cooling pumps. 52-53
Accordingly, the in-situ VH-PXRD patterns were collected at room temperature at various
humidity levels (%RH) from 0% up to 95%. Al-soc-MOF-1 shows hydrolytic stability up to
at least 50% relative humidity. However, few water applications require different levels
of water stability.52 In other words, this material has demonstrated great potential to be
utilized in natural gas application as it retained its crystallinity even after sorption studies
as evidenced by in the post sorption PXRD pattern collected under air exposure (Figure
2.45).

Figure 2.61. VH-PXRD patterns of Al-soc-MOF-1.

158
To evaluate the stability of Al-soc-MOF-1 in water, the material was soaked in
water for 24 h followed by solvent-exchanged (acetone) and vacuum activation.
Interestingly, this compound retained its optimal porosity as evidenced by N2 sorption
experiment at 77 K (Figure 2.62.). This is supported by the study reported study by Hupp,
Farha and coworkers, where they demonstrated that solvent-framework intermolecular
forces are significant in driving channel collapse for Zr6-based MOFs when activated
directly from H2O.54

Figure 2.62. N2 adsorption isotherms for Al-soc-MOF-1 before and after water immersion with acetone
exchange.

2.3.3.2 Ligand Modification
The incorporation of hydrophobic fluorinated and alkyl functional groups on the
ligand design has been proven to be a successful strategy for improving the MOF stability
under humid conditions.52, 55-58 Two mechanisms have been in fact been proposed and
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studied. In the first case, the hydrophobicity of the pores inhibit water from adsorbing
into the pores which can be confirmed from the water vapor adsorption isotherms. 59-60
In the second case, the material is still capable of adsorbing water but the hydrophobic
groups shield the metal center, as such the water cannot interact with the metal center
and react.55
Accordingly, the core of the parent ligand (H4L1) was functionalized with one and
two hydrophobic groups, in this case -CF3 groups (Figure 2.63.).

Figure 2.63. Pathway to modify the organic linkers in Al-soc-MOF platform.

As anticipated, under similar reaction conditions, which were used to isolate the
parent Al-soc-MOF-1, cube-shaped crystals were obtained and characterized using SCXRD
(KME-913 in case of one CF3) and powder X-ray diffraction (PXRD), revealing the two new
isoreticular compounds, Al-soc-MOF-4 and Al-soc-MOF-5 with the following formula
[Al3O(Ligand)1.5(H2O)3]·|Cl-|.
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The phase purity of Al-soc-MOF-4 and Al-soc-MOF-5, were confirmed by
similarities between the experimental and calculated PXRD patterns (Figure 2.64).

Figure 2.64. Experimental and calculated PXRD patterns for (a) Al-soc-MOF-4 and (b) Al-soc-MOF-5,
indicating the purity of the as-synthesized and acetonitrile exchanged samples.

The solvent activation protocol carried out on Al-soc-MOF-4 and Al-soc-MOF-5
was similar to that used for the parent compound, Al-soc-MOF-1. Nitrogen adsorption
isotherm recorded at 77 K showed that Al-soc-MOF-4 and Al-soc-MOF-5 exhibit fully
reversible Type-I isotherm (Figures 2.65.), which is indicative of a porous material with
permanent microporosity. The Langmuir and BET specific surface area, in the pressure
range (0.015-0.029 P/P0), were estimated and found to be ca. (5970, 5780 m2/g) for Alsoc-MOF-4 and (4560, 4150 m2/g) for Al-soc-MOF-5. The experimentally obtained total
pore volumes are in excellent agreement with the associated theoretical values derived
from SCXRD data. (PVexp= 2.1 and 1.6 cm3/g, PVtheo= 2.1 and 1.9 cm3/g for Al-soc-MOF-4
and Al-soc-MOF-5, respectively).
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Figure 2.65. Nitrogen isotherms at 77 K for (a) Al-soc-MOF-4 and (b) Al-soc-MOF-5, indicating the purity of
the as-synthesized and acetonitrile exchanged samples.

VH-PXRD studies were performed to assess if the functionalized ligands bearing
hydrophobic groups can help to enhance the hydrolytic stability of the resultant MOFs
(Figure 2.66. and Figure 2.67.). As illustrated in Figure 2.66., the Al-soc-MOF-4 showed
similar stability to the parent Al-soc-MOF-1, i.e. stable up to at least 50% relative
humidity.
On the other hand, Al-soc-MOF-5 showed higher stability than other analogues
(maintaining some degree of crystallinity up to 80% relative humidity, Figure 2.67.).
Furthermore, the intensity of the peaks in case of Al-soc-MOF-5 were increased when the
humidity decreased to 0 % RH (Figure 2.68). It will, therefore be necessary to study this
structure in more detail to determine if this MOF retains crystallinity after water vapor
exposure or if there is a partial degradation and loss of crystallinity and this will be
regained after many cycles of water adsorption experiment. Future studies are required
to confirm the stability by water vapor and Nitrogen adsorption isotherms.
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Figure 2.66. VH-PXRD pattern for acetonitrile exchanged Al-soc-MOF-4

Figure 2.67. VH-PXRD pattern for acetonitrile exchanged Al-soc-MOF-5.
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Figure 2.68. Increasing the intensity of the peaks in Al-soc-MOF-5 sample when the relative humidity
decreased to 0%.

Finally, another version of the ligand to be explored is with carbon next to the
carboxylate (ortho) are functionalized by fluoro- groups, which might help in shielding the
metal clusters and increase the framework’s stability.
2.3.3.3 Isostructural series of soc-MOF analogues: Indium, iron and scandium socMOFs
Isostructural analogs were successfully obtained using metals which are known to
readily form the trinuclear M(III) MBB (In3+, Fe3+, Cr3+and Sc3+) or trinuclear M(II) MBB
(Mn2+, Ni2+, 3+and Mg2+). Further attempts were successful using the M(III) metals In 3+,
Fe3+ and Sc3+ to synthesize soc-MOF-1 isostructures, namely In-soc-MOF-1, Fe-soc-MOF1 and Sc-soc-MOF-1. SCXRD and PXRD was used to confirm the structure of these
compounds.
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The solvothermal reaction of H4TCPT with In(NO3)3·xH2O or FeCl3·6H2O under
acidic conditions lead to the formation of two isostructural MOFs with soc topology, Insoc-MOF-1 and Fe-soc-MOF-1. The as synthesized compounds were characterized by
SCXRD

studies

and

formulated

as

[In3O(TCPT)1.5(H2O)3]·|NO3-|,

and

[Fe3O(TCPT)1.5(H2O)3]·|Cl-|, respectively. The former compound was determined to
crystallize in the P-43n space group with a = 36.257 (6) Å. Similarly, Fe-soc-MOF-1
crystallizes in the Pm-3n space group with a = 35.875 (2) Å. It is noteworthy to mention
that the measured unit cell in the case of Fe analogue found to be smaller than the unit
cell in case of Al analogue despite Fe has larger cationic radius than Al. The reason is that
the organic ligand molecule is bended and disordered over two positions in the Fe
analogue crystal structure. PXRD study was used to analyze the Scandium isostructural
analogue.

Figure 2.69. Calculated and experimental PXRD patterns for In-soc-MOF-1 analogue.
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Figure 2.70. Calculated and experimental PXRD patterns for Fe-soc-MOF-1 analogue.

Figure 2.71. Calculated and experimental PXRD patterns for Sc-soc-MOF-1 analogue.
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Preliminary sorption screening based on nitrogen adsorption iaotherms at 77 K
revealed that indium and iron analogues do not have the same degree of stability as
compared to the parent Al-soc-MOF-1, and thus far do not show optimal porosity. In this
case, the samples were activated using traditional solvent exchange methods.
Accordingly, ongoing studies are underway to explore alternative solvent activation
methods such as the use of supercritical CO2 activation.

Figure 2.72. N2 screening isotherm for In-soc-MOF-1.

Figure 2.73. N2 screening isotherm for Fe-soc-MOF-1.
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2.4 Conclusions
In summary, the MBB approach was employed to effectively synthesize a
comprehensive series of aluminum soc-MOF isoreticular materials. Specifically, reaction
conditions that consistently permit the in-situ generation of the [Al3(μ3-O)(H2O)3(O2C−)6]
MBB were isolated and used for the construction of the isostructural Al-soc-MOF-1d
based on H4ABTC ligand, where the introduction of a modulator, acetic acid, was found
to be critical for isolating the targeted Al analogue. The resulting Al-soc-MOF-1d showed
exceptional thermal, chemical and hydrolytic stability. Interestingly, initial attempts to
scale-up the soc-MOF synthesis have afforded Al-soc-MOF-1d in gram quantities.
The rational discovery of a series of novel isoreticular, expanded, highly porous
and stable Al-soc-MOF was outlined in the second part of this chapter. In this instance,
the selection of a suitable expanded rectangular ligand (H4TCPT), coding for the targeted
topology, soc topology, is a key for the in situ formation of the desired inorganic oxocentered trinuclear Al(III) cluster and subsequently the formation of a highly porous Alsoc-MOF-1 , with more than 6000 m2/g Langmuir specific surface area. Furthermore, the
use of similar reaction conditions, which afforded the synthesis of the parent Al-soc-MOF1, in the presence of functionalized tetracarboxylate linkers (with naphthalene or
anthracene replacing the phenyl core in the parent ligand) resulted in two new
isoreticular structures, i.e. the naphthalene species Al-soc-MOF-2 and the anthracene
species Al-soc-MOF-3.
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Importantly, the tedious activation using dry supercritical CO2 is not required in
order to activate the Al-soc-MOF-1 and its naphthalene and anthracene analogues.
Particularly, the conventional activation technique, i.e. simple combination of heating and
vacuum (or N2 flushing), is sufficient for the full activation prior gas adsorption/desorption
cycles.
Extensive gas adsorption studies were carried out on the Al-soc-MOF platform
with different gases (N2, CO2, CH4, O2, C2+, etc.) at low pressures (cryogenic temperatures)
and at high pressures.
Table 2.3. Selected Experimental CH4, O2 and CO2 data for Al-soc-MOFs compounds at 298 K.
CH4 uptake at 298 K

O2 uptake at 298 K

CO2 uptake at 298 K

(mmol/g)

(mmol/g)

(mmol/g)

5 bar

35 bar

60 bar

50 bar

25 bar

Parent Al-soc-MOF-1

2.6

16.1

23.7

13.2

38.6

Naphthalene Al-soc-MOF-2

2.67

15.6

22.4

12.7

35.8

Anthracene Al-soc-MOF-3

2.88

14.9

21.5

12.3
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Notably, it was found that Al-soc-MOF-1 have one of the highest ever total and
working gravimetric CH4 uptake at 35 bar and higher pressures at any given temperature.
This MOF showed a notable and rare compromise between the gravimetric and the
volumetric capacities at different working temperatures and pressures, plausibly
attributed to the high surface area in micropore volume and the appropriate pore size
and shape. In the contrast to all other best MOFs reported to date in the open literature
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for CH4 storage, the parent Al-soc-MOF-1 sorption studies revealed an enhancement in
the volumetric CH4 storage working capacity when the temperature was decreased.
Particularly, at 258 K and 80 bar, the Al-soc-MOF-1 fulfilled the Department of Energy
(DOE) targets (both gravimetric and volumetric) and exhibited the highest working
volumetric capacity of 264 (cm3(STP)/cm3). Furthermore, to the best of our knowledge,
Al-soc-MOF-1 showed the highest gravimetric total capacity for CO2, O2, C3H8 and n-C4H10
among microporous MOFs.
In conclusion, the research presented in this chapter has introduced a novel family
of Al-MOF based on soc-topology allows for exceptional porosity and gas storage
properties. This platform offers further horizons for additional studies in terms of
chemical functionality, in which targeted functionality (e.g. –NH2, -CF3, -F) can be added
to the organic linkers thus allowing for specific enhancements to gas sorption properties
or post synthetic modification for targeted applications. Also, the inorganic MBBs can be
tuned via judicious substitution of the metal ions yielding a series of functional MOFs for
specific applications, e.g. catalysis and/or or sensing applications.
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Chapter 3. Default versus Non-Default Structures in MOF Chemistry:
Utilization of Aluminum Trinuclear Cluster toward the Synthesis of New
Highly Porous MOFs
3.1 Introduction
Metal-organic Frameworks (MOFs) are widely recognized as a unique class of
solid-state crystalline materials. The crystalline nature of MOFs offers the ability to
analyze their structures and derive/correlate their associated properties to their
respective structural features; gaining insights on the structure-property relationship. The
crystal structure information allows for the precise analysis of these materials and most
importantly comprehend the connectivity of their basic building units. Indeed, the
topology, defined as the underlying connectivity of a material, is nowadays of prime
importance in MOF chemistry as it enables the successful practice of reticular chemistry
and the subsequent construction of the targeted MOF with the desired structural
features.1-2 In this context, knowledge regarding known topologies plays an essential role
for top-down design strategy, where these nets provide a blueprint for the rational design
of new materials or modify available reported structures.3 The transitivity of a network is
a valuable property that, in principle, can be used to classify nets and polyhedra.4 For a 3periodic network, the net transitivity is defined by four characteristic parameters,
denoted as pqrs. A given transitivity pqrs specifies the number of unique vertices (p), the
number of different types of edges (q), the number of faces (r), and the number of
different types of tiles(s) in a 3-periodic network. From a design perspective, kind of the
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vertices and the edges (pq) are the most important parameters in order to determine the
required number and types of building blocks for a targeted structure (net). In this
instance, each vertex in a net can be translated into a geometrical building unit by
replacing a single vertex with a group of vertices (augmentation) by connecting the points
of extension to reveal the corresponding vertex figure (Figure 3.1).

Figure 3.1. View of the nbo net and its augmented form derived by replacing the vertices of the nbo net by
squares.

MOF structures based on nets that possess lower transitivities have a higher
degree of regularity and they are regarded as highly feasible targets in crystal chemistry.
Experimentally, they can be accessed when combining preselected building blocks having
the desired structural and geometrical attributes. These topologies having high degrees
of symmetry and low transitivity are referred to as the “default nets”. These default nets
and other low transitivity nets are classified based on their transitivity numbers, from the
lowest transitivity (most symmetric) to those of higher transitivity as follows: a) regular
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nets (1111), (b) quasi regular nets (1112), (c) semi regular nets (11rs), (d) edge-transitive
binodal Nets (21rs). The most regular nets with a transitivity of 1111 have one type of
vertex, edge, face, and tile. There are only five regular 3-periodic default nets: srs (3-c,
vertex figure triangle), dia (4-c, vertex figure tetrahedron), nbo (4-c, vertex figure square),
pcu (8-c, vertex figure octahedron), and bcu (8c, vertex figure cube).4 Alternatively, there
is a single “quasiregular net”, fcu net with a transitivity of 1112, which is comprised of a
quasiregular polyhedron (cuboctahedron) connected by single edge and single type of
face that encloses space to form two different tiles, tetrahedron and octahedron.
Semiregular nets (14 nets) are defined as nets that are vertex- and edge-transitive,
represented by a transitivity of 11rs with r > 1.
Finally, the most relevant to the work presented in this chapter are the edgetransitive binodal nets (Table 3.1.).5 These nets assembled from two types of vertices
linked together through a common edge. According to RCSR there are only 59 known
edge-transitive binodal nets.6
Synthetically, binodal edge-transitive net can be targeted in MOF crystal chemistry
by selecting suitable MBBs, prior the assembly process, that offer the requisite geometry
that matches the vertex figures (or SBUs) in targeted topology. In this instance, each of
the metal cluster and the polyfunctional ligand (has more than 2-c) act as nodes.
Alternatively, a ditopic linker could be used in the presence of two types of metal clusters
having different connectivity or geometries.
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Table 3.1. Select examples of binodal edge-transitive nets.5
Coord. Number

Vertex Figure

Symbol

Space group

transitivity

3,4

triangle; square

pto

Pm-3n

2122

3,4

triangle; rectangle

tbo

Fm-3m

2123

3,4

triangle; tetrahedron

bor

P-43m

2122

3,4

triangle; tetrahedron

ctn

I-43d

2122

3,6

triangle; octahedron

pyr

Pa-3

2112

3,8

triangle; tetragonal prism

the

Pm-3m

2123

3,24

triangle; rhombicuboctahedron

rht

Fm-3m

2123

4,4

rectangle, tetrahedron

pts

P42/mmc

2132

4,6

square, hexagon

she

Im-3m

2122

4,6

rectangle, trigonal prism

stp

P6/mmm

2133

4,8

tetrahedron; cube

flu

Fm-3m

2111

4,12

tetrahedron; icosahedron

ith

Pm-3n

2122

6,6

octahedron; trigonal prism

nia

P63/mmc

2122

6,12

trigonal prism ; hexagonal prism

alb

P6/mmm

2134

The overall objective of this chapter is to synthesis rigid architectures based on
rigid MBBs that support permanent porosity and potentially explored for various
applications such as gas storage. In the first study, the reaction conditions that formerly
allowed the isolation of trinuclear Al(III) cluster and the formation of Al-soc-MOF7-8 are
used in the presence of 6-connected octahedral hexacarboxylate ligands with the aim to
construct isoreticular MOFs based on the binodal edge-transitive (6,6)-c NiAs (nia) net.
The second study reveals that reducing the symmetry of the ligand affords the
deviation from the formation of default nets9-11 and promotes the discovery of a new
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topology that is more suited for ligands with lower symmetry. Here, 3-c (9-(4carboxyphenyl)-9H carbazole-3,6-dicarboxylic acid) ligand with reduced symmetry is used
in combination with the 6-c trinuclear Al(III) cluster. This resulted in the successful
synthesis of novel Al-MOF having a new (3, 6)-c net with novel topology.

3.2 Experimental
3.2.1 Materials and Methods
All materials and methods are described in Chapter 2, Section 2.2.1, unless otherwise
noted.
3.2.2 Experimental
Synthesis of Al-nia-MOF-1: To a Pyrex vial with PTFE Lined Phenolic Cap containing
1,3,5-tris(3,5-di(4-carboxy-phenyl-1-yl)phenyl-1-yl)benzene (H6TCDPB) (10 mg, 0.009
mmol) was added 0.54 ml 0.1 M AlCl3·6H2O in DMF (0.054 mmol), and 2 ml DMF, 2 ml
acetonitrile (CH3CN), and 1.0 ml acetic acid. The vial was sealed and placed into a
preheated oven at 150 °C for 6 days. Pure colorless crystals were obtained.
Synthesis of Al-nia-MOF-2: To a Pyrex vial with PTFE Lined Phenolic Cap containing
5',5'''',5'''''''-((1,3,5-triazine-2,4,6-triyl)tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''
dicarboxylic acid)) (H6TTTD) (10 mg, 0.009 mmol) was added 0.54 ml 0.1 M AlCl3·6H2O in
DMF (0.054 mmol), and 2 ml DMF, 2 ml acetonitrile (CH3CN), and 1.0 ml acetic acid. The
vial was sealed and placed into a preheated oven at 150 °C for 6 days. Pure colorless
crystals were obtained.
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Synthesis of Fe-nia-MOF-2: A solution of FeCl3·6H2O in DMF (0.1 M, 0.54 mL, 0.054
mmol) was added to a mixture of H6TTTD (10 mg, 0.009 mmol), DMF (2 mL), acetonitrile
(2 mL) and Acetic acid (0.5 ml) in a Pyrex vial with PTFE Lined Phenolic Cap. The clear
orange-yellow solution was subsequently placed into a preheated oven at 150 °C for 2
days to give pure orange-brown rhombus -shaped crystals. Crystals were washed 4-5
times with DMF.
Synthesis of Al-carbazole-MOF: A solution of AlCl3·6H2O in DMF (0.1 M, 0.54 mL,
0.054 mmol) was added to a mixture of (9-(4-carboxyphenyl)-9Hcarbazole-3,6dicarboxylic acid), (H3L) (10 mg, 0.027 mmol), DMF (2 mL), acetonitrile (2 mL) and Acetic
acid (0.5 ml) in a Pyrex vial with PTFE Lined Phenolic Cap. The clear colorless solution was
subsequently placed into a preheated oven at 150 °C for 3 days to give pure colorless
rhombus -shaped crystals. Crystals were washed 4-5 times with DMF.
Synthesis of Fe-carbazole-MOF: A solution of FeCl3·6H2O in DMF (0.1 M, 0.54 mL,
0.054 mmol) was added to a mixture of H3L (10 mg, 0.027 mmol), DMF (2 mL), acetonitrile
(2 mL) and Acetic acid (0.5 ml) in a Pyrex vial with PTFE Lined Phenolic Cap. The clear
orange-yellow solution was subsequently placed into a preheated oven at 150 °C for 2
days to give pure orange-brown rhombus -shaped crystals. Crystals were washed 4-5
times with DMF.
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3.2.3 Results and Discussions
3.2.3.1 Al-nia-MOF Platform
Dendritic hexacarboxylate ligands (branched organic building blocks) have been
synthesized and explored for their potential to construct highly connected and functional
3-periodic MOFs.12-16 It is to be noted that these ligands can adopt different geometrical
confirmations such as planner, octahedral or trigonal prismatic tertiary building units
(TBUs), which could be prompted by the presence of inorganic building units having
suitable geometrical features, favoring the assembly of ideally MOFs possessing low
transitivity network topologies.
In this chapter two dendritic hexacarboxylate ligands (Figure 3.2.) are employed
as the requisite 6-connected octahedral building units in combination with the 6connected trigonal prismatic [Al3(μ3-O)(O2C−)6] clusters in order to direct the formation
of the (6,6)-c MOFs with the targeted nia underlying topology.

Figure 3.2. 6-connected hexacarboxylate organic ligands employed in this study.
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3.2.3.1.1 Al-nia-MOF-1
In order to isolate the first Al-nia-MOF-1, a dendritic hexacarboxylate ligand 1,3,5tris(3,5-di(4-carboxy-phenyl-1-yl)phenyl-1-yl)benzene (H6TCDPB) was used in this study.
This ligand has shown to afford the requisite octahedral conformation as found in the
previously isolated nia-MOFs based on trinuclear In(III),17 Mn(II)17and Yb(III)18 MBBs.
However, to the best of our knowledge, there is no reported nia-MOF based on trincular
Al(III) cluster due to faced challenges in isolating reaction conditions that allow the in situ
formation of the aforementioned Al based inorganic MBB.
As anticipated, under reaction conditions similar to those used to isolate the Alsoc-MOF-1d,8 colorless block-shaped crystals were obtained and characterized using
SCXRD and PXRD studies (Figure 3.3.), revealing the construction of isostructural Al-niaMOF-1 with the formula of [Al3O(Ligand)(H2O)3].|Cl−|.

Figure 3.3. Experimental and calculated PXRD patterns for Al-nia-MOF-1, indicating the purity of the assynthesized sample.
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Al-nia-MOF-1 encloses two types of trigonal bipyramid cages. The large cage has
a diameter of approximately 14 Å, when taking into account the van der Waals radii of
the framework (denoted as a yellow sphere in Figure 3.4.). The second cage is delimited
by three aluminum trimers and has a diameter of approximately 10 Å (denoted as a pink
sphere in Figure 3.4.).

Figure 3.4. The two types of cages found in Al-nia-MOF-1.

Gas-sorption studies were conducted on an activated sample of Al-nia-MOF-1. To
activate the sample, conventional activation method was used, where the acetonitrile
exchanged sample (3 days) was placed under dynamic vacuum and subsequently heated
at a rate of 1˚C per minute and held at 120 ˚C for 24 hours. The permanent porosity was
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confirmed by the argon (Ar) sorption isotherm collected at 87 K (Figure 3.5.). It revealed
a fully reversible Type I isotherm, which is characteristic of microporous materials. The
apparent BET surface area was estimated to be 4100 m2/g with a corresponding
experimental pore volume of 1.4 cm3/g. This value agrees very well with the theoretical
value of 1.6 cm3/g.

Figure 3.5. Argon sorption isotherm at 87 K for Al-nia-MOF-1.

Gas sorption properties of Al-nia-MOF-1 were evaluated in order the potential of
this highly porous adsorbent for the storage of CO2 and/or CH4 at high pressures. Indeed,
this MOF adsorbent shows a high CO2 storage capacity (22.2 mmol.g-1, 227.7 cm3.cm-3) at
25 bar and 25 °C (Figure 3.6).
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Figure 3.6. High pressure gravimetric CO2 adsorption uptake for Al-nia-MOF-1

High pressure methane (CH4) sorption studies (Figure 3.7.) for the Al-nia-MOF-1
revealed moderate uptakes of 417 cm3(STP)g-1 (190 cm3(STP)cm-3) at 80 bar and 25°C, 373
cm3(STP) g-1, (170 cm3(STP) cm-3) at 25°C 65 bar. The corresponding working capacities
between 80 bar and 5 bar and 65 and 5 bar were calculated and found to be 371
cm3(STP)g-1 (169 cm3(STP)cm-3) and 327 cm3(STP)g-1 (149 cm3(STP)cm-3), respectively.
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Figure 3.7. The CH4 sorption isotherms for Al-nia-MOF-1 at 298, and up to 80 bar.

3.2.3.1.2 Al-nia-MOF-2
To further explore the tunability of this platform and increase the porosity of the
resultant materials. Expansion of the “arms” of the ligand was accomplished by utilizing
a triazine core having amines covalently linking to three expanded isophthalic acid
moieties (Figure 3.2.).
A solvothermal reaction of H6TTTD with AlCl3·6H2O in a DMF/CH3CN solution and
in the presence of acetic acid resulted in the isolation of colorless block-shaped crystals.
The as-synthesized material was characterized and formulated using SCXRD studies as
[Al3O(Ligand)(H2O)3]·|Cl-|, denoted as Al-nia-MOF-2 (Figure 3.8.). Al-nia-MOF-2
crystallizes in the hexagonal P3c1 space group with a = 31.847 Å and b = 28.532 Å with a
unit cell volume of 25061.1 Å3. The crystal structure of Al-nia-MOF-2 revealed a 3-periodic
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framework built up from μ3-oxo-centered trinuclear Al(III) inorganic MBBs [Al3(μ3O)(H2O)3(O2C−)6]. As observed previously, each Al3+ displays an octahedral coordination
environment and coordinates to six oxygen atoms: four bis-monodentate deprotonated
carboxylate oxygen atoms from four independent TTTD6− ligands and one μ3-oxo anion,
and a terminal aqua ligand to complete the Al coordination sphere. The trinuclear Al(III)
MBBs are bridged by six independent TTTD6− ligands, resulting in the formation of a 3periodic cationic framework, Al-nia-MOF-2. The charge balance is provided by the
presence of the chloride ions, which was confirmed by EDX study (Figure 3.9.).

Figure 3.8. Crystal structure of Al-nia-MOF-2 showing the assembly of the trinuclear aluminum(III) MBB
[Al3(μ3-O)(H2O)3(O2C−)6] with the organic ligand H6TTTD.
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Figure 3.9. EDX data on Al-nia-MOF-2 confirming the presence of chloride.

Topological analysis revealed that Al-nia-MOF-2 has the anticipated binodal edgetransitive (6, 6)-connected net with the nia underlying topology. The trinuclear Al(III) MBB
[Al3(μ3-O)(O2C−)6] can be regarded as a trigonal-prismatic SBU with the six points of
extension corresponding to the carbon of the carboxylate moieties matching the vertex
figure of the one of 6-c nodes in the nia net. The 6-c inorganic MBBs are joined by the
octahedral Tertiary building unit (TBU) organic ligand, the second 6-c node, into a
primitive hexagonal system arrangement (Figure 3.10a). It is to be stated that Al-nia-MOF2 as well as Al-nia-MOF-1, from a topological perspective, can be alternatively described
by deconstructing the 6-c octahedral ligands into four 3-connected triangular SBUs that
are further linked through the 6-c trigonal-prismatic SBUs to afford a MOF related to a (3,
3, 6)-c derived net jjt, with minimal transitivity 3 2 (Figure 3.10b).

189

Figure 3.10. Topological analysis of Al-nia-MOF-2, where the 6-connected trinuclear Al(III) MBB can be
viewed as trigonal prismatic SBU, while the organic ligand can be rationalized as a 6-connected TBU to give
(6,6)-c nia-net (a), or the ligands can be viewed as 3-c SBUs resulting in a (3, 3, 6)-c derived net jjt (b).

The phase purity of as synthesized and acetonitrile exchanged Al-nia-MOF-2 was
confirmed through comparison of experimental PXRD patterns with theoretical PXRD
patterns calculated from the crystal structure (Figure 3.11.).

Figure 3.11. Experimental and calculated PXRD patterns for Al-nia-MOF-2, indicating the purity of the assynthesized and CH3CN exchanged samples.
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Figure 3.12. The two types of cages found in Al-nia-MOF-2.

Al-nia-MOF-2 encloses two types of trigonal bipyramid cages. The first cage is
delimited by three aluminum trimers and two ligands. 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 11.7 Å (denoted as a pink
sphere in Figure 3.12.). The second cage is delimited by five aluminum trimers and six
ligands situated on the faces of the cage. The cage diameter is approximately 15 Å
(denoted as a yellow sphere in Figure 3.12.).
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Gas-sorption studies were conducted on an activated sample of Al-nia-MOF-2. To
activate the sample, conventional activation method was used, where the acetonitrile
exchanged sample (3 days) was placed under dynamic vacuum and subsequently heated
at a rate of 1˚C per minute and held at 150 ˚C for 24 hours. The permanent porosity was
confirmed by the argon (Ar) sorption isotherm collected at 87 K (Figure 3.13.). It revealed
a fully reversible Type I isotherm, which is characteristic of microporous materials. The
apparent BET surface area was estimated to be 4100 m2/g with a corresponding
experimental pore volume of 1.58 cm3/g. This value agrees very well with the theoretical
value of 1.6 cm3/g.

Figure 3.13. Argon sorption isotherm at 87 K for Al-nia-MOF-2.

In light of high porosity of Al-nia-MOF-2, high-pressure CH4, CO2, H2 and
hydrocarbons adsorption studies were investigated. High-pressure adsorption studies
were performed for Al-nia-MOF-2 using CO2 as the adsorbate (Figure 3.14.). The Al-nia-
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MOF-2 was found to offer a higher capacity for CO2 (23.7 mmol.g-1) at 25 bar and 25°C.
The capacity at this conditions is higher mesoporous MOF Cr-MIL- 100 ( ̴13 mmol.g-1) and
comparable to the mesoporous MOF Cr-MIL- 101 ( ̴25 mmol.g-1).19 However, this uptake
is surpassed by other highly porous MOFs, such as MOF-177,20 NU-11121 and Al-soc-MOF1,7 which is the current record holder for CO2 storage capacity at high pressures.

Figure 3.14. High pressure gravimetric CO2 adsorption uptake for Al-nia-MOF-2

Further high pressure adsorption studies were performed to assess the Oxygen
(O2) storage capacity of Al-nia-MOF-2. Notably, O2 adsorption measurements at 90.2 K,
showed a reversible type-I isotherm (Figure 3.15a), from which the total pore volume at
0.99 P/P0 was calculated to be 1.58 cm3 g−1, indicating that the full available pore space in
the Al-nia-MOF-2 is readily accessible by O2 molecules. High pressure study revealed that
Al-nia-MOF-2 exhibits high absolute O2 uptake of 14.7 mmol.g-1 at 85 bar and 25 °C (Figure
3.15b).
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Figure 3.15. (a) Oxygen sorption isotherm at 92.2 K and (b) Single-component gravimetric gas adsorption
isotherm for O2 at 298 K for Al-nia-MOF-2.

Due to the scarcity of experiments evaluating oxygen storage in MOFs, we
compared O2 uptake in Al-nia-MOF-2 with only 3 other MOFs reported in the literature.
NU-12522 (12 mmol.g-1 at 50 bar), HKUST122 (8 mmol.g-1, at 50 bar) and Al-soc-MOF-17
(13.2 mmol.g-1, at 50 bar) and with 9.7 mmol.g-1 (at 50 bar) Al-nia-MOF-2 is ranked among
the highest MOFs after NU-12522 and Al-soc-MOF-1 which offers the highest capacity for
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O2 storage (Figure 3.16a). Prominently, by neglecting the effect of packing density and the
void space occupied by the material, a 1 L cylinder filled with Al-nia-MOF-2 will potentially
enhance the volumetric O2 storage capacity (151 cm3.cm-3) by 68 % at 85 bar, in
comparison to a conventional empty cylinder (figure 3.16b).23

Figure 3.16. (a) Absolute O2 gravimetric uptake (mmol /g) up to 60 bar at 298 K for Al-nia-MOF-2 compared
to NU-125, HKUST-1 and the best performing MOF Al-soc-MOF-2. (b) Volumetric O2 adsorption isotherm
compared to the storage capacity in a pressurized container.
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High pressure CH4 adsorption measurements were carried out at different
temperatures up to 80 bar (Figure 3.17., Table 3.2. and Table 3.3.). The observed
gravimetric and volumetric uptake at 80 bar and 298 K is 0.3 g g−1 and 198 cm3 (STP) cm−3,
placing Al-nia-MOF-2 among the high-performing MOFs for CH4 storage. The
corresponding CH4 capacities at 273 and 258 K are 0.36 g g−1/232 cm3 cm−3 and 0.4 g
g−1/263 cm3 cm−3, respectively. The gravimetric and volumetric working capacity between
5 and 80 bar and at 298 K is estimated to be 0.27 g g-1 and 172 cm3cm−3, respectively.
Table 3.2. Summary of total and working gravimetric methane uptake for Al-nia-MOF-2.

T (K)

CH4 uptake

CH4 uptake at

CH4 uptake

Working capacity

Working capacity

Working capacity

at 35 bar

65 bar

at 80 bar

(5-35 bar)

(5-65 bar)

(5-80 bar)

3

3

3

3

3

3

cm /g

cm /g

cm /g

cm /g

cm /g

cm /g

258

411

521

571

292

403

452

273

345

453

504

266

375

426

298

277

378

432

221

322

376

Table 3.3. Summary of total and working volumetric methane uptake for Al-nia-MOF-2.

T (K)

CH4 uptake

CH4 uptake

CH4 uptake

at 35 bar

at 65 bar

at 80 bar

3

cm /cm

3

3

cm /cm

3

3

cm /cm

3

Working capacity Working capacity
(5-35 bar)
3

cm /cm

3

(5-65 bar)
3

cm /cm

3

Working capacity
(5-80 bar )
3

cm /cm

258

189

240

263

135

186

209

273

158

208

232

123

173

196

298

127

174

198

102

148

172

3
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Figure 3.17. CH4 sorption isotherms for Al-nia-MOF-2 at 298, 273, and 258 K, up to 80 bar.

Encouraged by the highly accessible pore volume as illustrated by the high
CH4/O2/CO2 observed uptake for Al-nia-MOF-2, we investigated the adsorption of larger
and relatively highly polarizable C2+ probe molecules such as C2H6, C3H8 and n-C4H10. As
depicted in Figure 3.18., the Al-nia-MOF-2 MOF showed high uptakes of 14.5 and 11.7
mmol.g-1 at 8 and 1.5 bar for propane and n-butane, respectively.
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Figure 3.18. High pressure adsorption isotherms for Al-nia-MOF-2 at 298 K for hydrocarbons.

3.2.3.2 (3, 6)-c Al-MOF based on carbazole ligand (KME-1036)
The work presented in the previous chapter corroborates the successful synthesis
of a series of robust Al-MOFs based on trinuclear Al(III) clusters and highly symmetrical 4c and 6-c ligands. Accordingly, Accordingly, we opted to extend this work to the
asymmetric carbazole-based ligand (9-(4-carboxyphenyl)-9Hcarbazole-3,6-dicarboxylic
acid), (H3L), which has 90° angle between carboxylate groups on the carbazole moiety,11,
24

in an attempt to employ the trinuclear Al(III) clusters as a 6- c trigonal prism MBB and

plausibly access a highly porous MOF with a novel network topology.
The reaction of the 3-c carbazole ligand (H3L) and AlCl3·6H2O in acidic solution
containing the mixture of DMF, CH3CN and acetic acid afforded colorless homogeneous
crystals with a rhombus-shaped morphology, characterized and formulated by SCXRD as
[Al3O(Ligand)2(H2O)3]·|Cl-|, denoted as Al-carbazole-MOF (Figure 3.19.).
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Figure 3.19. Optical image of Al-carbazole-MOF single crystals.

The SCXRD study discloses that this compound crystallizes in the hexagonal P3221
space group with a = 15.8430 Å and c = 32.8816 with a unit cell volume of 7147.57 Å3. The
crystal structure of Al-carbazole-MOF revealed a 3-periodic MOF constructed from μ3oxo-centered trinuclear Al(III) inorganic clusters [Al3(μ3-O)(H2O)3(O2C−)6] arranged in
chain-like building units, where each trinuclear cluster is connected to each of four
neighboring others via four carbazole dicarboxylate moieties (Figure 3.20.). These units
are linked via benzoate moieties to afford a 3-periodic (3, 6)-c MOF. Al-carbazole-MOF
exhibits two types of infinite channels having an estimated diameter of 9 Å and 6 × 3.3 Å,
taking vdW radius into consideration.
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Figure 3.20. Synthetic scheme for the synthesis of Al-carbazole-MOF.

From a topological analysis perspective, there are two types of nodes, the metal
cluster (6-connected) and the ligand (3-connected) (Figure 3.21.). Topological analysis
using the software package TOPOS25 and SYSTRE6 revealed that this compound exhibits a
binodal (3, 6)-connected net having a new topology with transitivity 2 3 (Figure 3.22.).
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Figure 3.21. Topological analysis of Al-carbazole-MOF.

Figure 3.22. SYSTRE output for Al-carbazole-MOF as (3,6)-connected net.
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The phase purity of as-synthesized and acetonitrile exchanged Al-carbazole-MOF
was confirmed through comparison of experimental PXRD patterns with theoretical PXRD
patterns calculated from the crystal structure (Figure 3.23.).

Figure 3.23. Experimental and calculated PXRD patterns for Al-carbazole-MOF, indicating the purity of the
as-synthesized and CH3CN exchanged samples.

Variable temperature PXRD experiments were performed under vacuum on
CH3CN exchanged sample of Al-carbazole-MOF. These experiments revealed a high
degree of thermal stability for this compound under vacuum up to 250°C at which point
the intensity of the peaks started to decrease with a small shift in PXRD patterns (Figure
3.24.).
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Figure 3.24. VT-PXRD of the CH3CN Exchanged Al-carbazole-MOF.

High and low pressure gas sorption studies were performed on samples of Alcarbazole-MOF. 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 with acetonitrile over the course of 3 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 and then gradually heated to 250°C
(increasing at a rate of 1 °C/min), held for 15 h and cooled to room temperature.
Investigation of N2 adsorption at 77 K showed that Al-carbazole-MOF exhibits fully
reversible Type-I isotherm (Figure 3.25.), which is representative of microporous
materials. The apparent BET surface area for Al-carbazole-MOF was estimated to be 2860
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m2/g and a pore volume of 1.12 cm3/g, which is in good agreement with the theoretical
value (1.16 cm3/g) based on crystallographic data.

Figure 3.25. Nitrogen isotherm (77 K) for Al-carbazole-MOF.

In light of the resultant high porosity of Al-carbazole-MOF, high-pressure CH4 and
CO2 adsorption studies were conducted for this adsorbent. Examination of absolute CH4
gravimetric (cm3 (STP) g−1) and volumetric (cm3 (STP) cm−3) (Figure 3.26.) uptakes at
intermediate and high pressures showed that the Al-carbazole-MOF exhibits high CH4
volumetric adsorption capacity. It adsorbs 171, 218 and 233 cm3 (STP) cm−3 of CH4 at 35,
65 and 80 bar, respectively. Consequently, the resulting CH4 working storage capacities,
assuming 35, 65 and 80 bar as the highest adsorption pressure and 5 bar as the lowest
desorption pressure, are 126, 172 and 186 cm3 (STP) cm−3, respectively. The recorded
value for the 5-80 bar range is comparable to MOF-17720 and the mesoporous MOF-205,20
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and higher than MOF-520 and PCN-14.26 However, this value is still lower that the
benchmark material for methane storage, such as Al-soc-MOF-1,7 HKUST-1,27 and MOF905.28

Figure 3.26. Total CH4 sorption isotherms of Al-carbazole-MOF at 298, 273, and 258 K, up to 80 bar.

Table 3.4. Summary of total and working gravimetric methane uptake for Al-carbazole-MOF

T (K)

CH4 uptake
at 35 bar
3

CH4 uptake
at 65 bar
3

CH4 uptake
at 80 bar
3

Working capacity Working capacity
(5-35 bar)
3

(5-65 bar)

Working capacity
(5-80 bar )
3

cm /g

cm /g

cm /g

cm /g

cm /g

3

cm /g

258

374

449

475

240

315

342

273

337

410

438

232

306

334

298

285

363

388

209

287

312

205
Table 3.5. Summary of total and working volumetric methane uptake for Al-carbazole-MOF

T (K)

CH4 uptake at CH4 uptake
35 bar
at 65 bar
3

cm /cm

3

3

cm /cm

3

CH4 uptake
at 80 bar
3

cm /cm

Working capacity Working capacity
(5-35 bar)

3

3

cm /cm

3

(5-65 bar)
3

cm /cm

3

Working capacity
(5-80 bar )
3

cm /cm

258

224

269

285

144

189

205

273

202

246

263

139

183

200

298

171

218

233

126

172

186

3

Total and working CH4 gravimetric and volumetric uptakes for Al-carbazole-MOF
in comparison to Al-soc-MOF-1 at 298, 270, and 240 K were shown in figure 3.27.

Figure 3.27. Comparison of the CH4 volumetric and gravimetric capacity at different temperatures for Alcarbazole-MOF with Al-soc-MOF-1.

Analysis of CO2 adsorption for this compound at high pressure (Figure 3.28.) shows
a high CO2 volumetric uptake at 25 bar of 21.4 mmol.g-1 (288 cm3 (STP) cm-3). The
observed CO2 volumetric uptake represents one of the highest volumetric CO2 adsorption
uptake reported in the literature (Figure 3.29.).
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Figure 3.28. Gravimetric CO2 adsorption uptake for Al-carbazole-MOF

Figure 3.29. CO2 volumetric uptake of Al-carbazole-MOF in comparison to the best material reported to
date at 298 K.
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3.3 Conclusion
The studies reported in this chapter further corroborates the importance of edgetransitive nets as appropriate blueprints for the rational design and synthesis of functional
MOFs. The reaction conditions that consistently permit the in situ generation of the
[Al3(μ3-O)(H2O)3(O2C−)6] MBBs were used in the presence of two 6-connected
hexacarboxylate ligands affording the appropriate geometry and connectivity for the
deliberate synthesis of new MOFs based on the binodal edge-transitive (6, 6)-c nia net.
Al-nia-MOF-1 was first targeted based on the 6-c (H6TCDPB) ligand reported in the
literature. The resulting Al isostructural analogue showed higher degree of stability and
porosity compared to the previously reported Mn and Yb-analogues, where the
conventional activation method (heating and vacuum) was sufficient for full activation
prior to gas loading−unloading cycles.
To further explore the tunability of this platform and increase the porosity of the
resulting materials. Expansion of the ligand through the use of a modified ligand, bearing
a triazine core and amines groups that covalently linked to the three expanded isophthalic
acid moieties (H6TTTD), resulted in the synthesis of an isoreticular nia-MOF, Al-nia-MOF2. This MOF showed a high degree of porosity with an apparent BET surface area of 4200
m2/g and experimental pore volume of 1.6 cm3/g. Markedly, Al-nia-MOF-2 showed
promise in gas storage, particularly oxygen high pressure adsorption studies revealed a
higher absolute uptake of 14.7 mmol.g-1 at 85 bar and 25 °C. Advantageously, a 1 L
cylinder filled with Al-nia-MOF-2 will potentially enhance the volumetric O2 storage
capacity by 68 % at 85 bar, in comparison to a conventional empty cylinder. To the best
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of our knowledge, this is the first report disclosing the assembly of the oxo-centered
trinuclear aluminum(III) clusters [Al3(μ3-O)(O2C−)6], with hexacarboxylate ligands into a
given MOF, namely the highly microporous isoreticular Al-nia-MOFs.
Finally, our aim in the studies presented in this chapter was also to deviate from
the default structures by means of using the less symmetrical carbazole-based ligand. In
this study, the reaction of the tricarboxylate ligand (H3L), which has 90° angle between
carboxylate groups on the carbazole moiety, and Al(III) metal ions afforded the formation
of a new (3,6)-c MOF with an unprecedented underlying topology. Markedly, this latest
study suggests the potential of using other less symmetrical ligands in combination with
established inorganic MBBs for the discovery of various new MOFs with distinct
connectivities.
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Chapter 4. Quest for Highly Connected MOFs: Novel Net Topologies
Constructed from Highly-Connected Rare Earth polynuclear clusters2
4.1 Introduction
As clearly evidenced in the previous chapters, the ability to rationally design and
construct novel functional materials with distinctive properties has been proven
successful using MBB approach, where the desired functionality and properties can be
introduced in preselected MBBs at the design stage prior to the assembly process.1-7
It is to be mentioned that the key step for the successful implementation of the
MBB approach, for the rational design and construction of targeted MOFs, is the isolation
of reaction conditions that consistently permit the in situ formation of the desired
inorganic MBBs in the presence of a suitable organic linker. The points of extension of the
resultant MBB is plausibly matching the vertex figure of the targeted net, augmenting the
net basic node, and envisioned as a secondary building unit (SBU).
Evidently, highly connected and minimal-edge transitive nets are of a prime
interest in crystal chemistry, and can be regarded as ideal blueprints for the rational
design and construction of MOFs.1, 8-10 Reasonably, the assembly of highly-connected
building blocks offer prospective to limit/reduce the number of plausible resultant
networks with at least one n-connected node where n ≥ 12, representing only 7.7% of the
nets reported in the RCSR database.11 The occurrence of the said highly-connected MBBs

2

Portions of this chapter have been previously published: J. Am. Chem. Soc. 2015, 137, 5421-5430.
Reproduced with permission of the American Chemical Society.
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(n-connected where n ≥ 12) in the open literature remains elusive, mainly due to the fact
that MBBs with corresponding high-connectivity are often too intricate to be attained as
polynuclear clusters.12-15
Given this critical limitation and considering recent contributions by Eddaoudi’s
group on highly connected RE-MOFs,8, 12, 16 where they unveiled the versatility of RE
polynuclear clusters leading in the presence of given polytopic ligands to the construction
of 12-c and unprecedented 18-c porous RE-MOFs, on the basis of distinctive highly
coordinated RE hexanuclear and nonanuclear carboxylate-based clusters, respectively.
It is to be denoted that the deliberate construction of RE-MOFs remains an
ongoing challenge due to the RE hard sphere behavior and the high affinity for hard donor
ligands containing oxygen, which offers only limited possibilities to control the
directionality and dimensionality of coordinated carboxylate-based ligands.17 Markedly,
our group has succeeded in controlling the directionality of RE based inorganic MBBs by
pioneering the use of fluorinated ligands and/or a modulator such as 2-fluorobenzoic acid
(2-FBA) (Figure 4.1.). This strategy is not only used to promote the crystallization of the
resultant MOF materials, but most importantly to isolate unprecedented highly
connected porous RE-MOFs, based on the in situ formation of highly coordinated
hexanuclear

and

nonanuclear

carboxylate-based

clusters.8,

12-13

Prominently,

multifunctional MOF materials constructed from rare earth (RE) metal ions and/or
clusters have the potential to be used in a variety of important applications such as gas
separation, catalysis and luminescence.18-22
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The objective of the present study is to further exploit this unforeseen induced
adaptability of RE polynuclear clusters by the geometry and connectivity of linkers as a
route for the discovery of highly connected MBBs and/or new highly connected nets.
Initially, predetermined reaction conditions that consistently allow in situ
formation of the RE hexanuclear cluster, [RE6(µ3-OH)8(O2C–)12] acting as a 12-c MBB, were
employed to construct: i) isoreticular fcu-MOFs12, 23-24 when linear ligands are bridging the
resultant 12-c cuboctahedron (cuo) secondary building units (SBUs), and ii) isoreticular
ftw-MOFs when the 12-c cuo SBUs were linked by 4-c square shaped tetracarboxylate
ligands.8

Figure 4.1. Schematic showing the synthetic strategy to obtain RE fcu-MOFs and the role of using of
fluorinated ligands and/or a 2-fluorobenzoic acid (2-FBA).

Interestingly, our comprehensive analysis of the RCSR11 database revealed the
absence of any enumerated minimal-edge transitive net for the assembly of 12-c MBBs
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(points of extension matching the vertices of the cuo) and 3-c triangular ligand.
Subsequently, reaction conditions that formerly allowed the isolation of fcu-MOFs, now,
in the presence of the symmetrical triangular 1,3,5-benzene(tris)benzoate (BTB) ligand
(triangular SBU), have permitted the introduction for the first time of: i) a novel RE
nonanuclear carboxylate-based cluster [RE9(µ3-OH)8(µ2-OH)3(O2C–)18] generated in situ,
serving as an 18-connected MBB (eto SBU) and ii) an unprecedented gea-MOF based on
the assembly of the subsequent 18- and 3-connected SBUs (Figure 4.2.).13

Figure 4.2. Employment of a symmetrical 3-c ligand prompted the formation of a novel 18-c nonanuclear
cluster and its reticulation into a new highly connected (3,18)-c gea net.

Careful examination of the resultant (3,18)-c net revealed the necessity to employ
definite triangular organic building units, where the carbon of the carboxylate moieties
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as points of extension match the vertices of an equilateral triangle, in order to effectively
space and arrange the 18-c MBBs in the requisite ABA hexagonal close-packing and
subsequently construct the anticipated isoreticular gea-MOFs. Presumably, distortion of
the gea-a requisite symmetrical triangular building unit, i.e. expansion of the symmetrical
triangular gea vertex figure in one direction via employing a relatively less symmetrical
triangular organic building unit, where the carbon of the carboxylate moieties match the
vertices of an isosceles triangle (two equal sides and two equal angles), will disrupt the
ABA hexagonal close-packing necessary for the attainment of the pertinent (3,18)-c
isoreticular gea-MOFs. Therefore, this will potentially promote the adaptability of the
resultant RE polynuclear carboxylate-based cluster to match the distinct imposed 3connected ligand geometrical attributes and the subsequent construction of a
cooperative highly connected RE-MOF.
The work presented in this chapter focuses on a systematic exploration by using
of RE metal salts in combination with relatively less symmetrical 3-c tricarboxylate ligands
instead of the parent symmetrical tricarboxylate ligand, 1,3,5-benzene- (tris)benzoic acid
(H3BTB) with the aim to synthesize new highly connected MOF platforms (Figure 4.3.).
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Figure 4.3. Asymmetrical 3-connected carboxylate ligands used in the synthesis of highly connected REMOFs.

4.2 Experimental
4.2.1 Materials and Methods
All materials and methods are described in Chapter 2, Section 2.2.1, unless
otherwise noted.
4.2.2 Experimental
Synthesis of Tb pek-MOF-1: A solution of Tb(NO3)3.5H2O (29 mg, 0.068 mmol),
[1,1'-biphenyl]-3,4',5-tricarboxylic acid (H3L1) (3.4 mg, 0.012 mmol), 2-fluorobenzoic acid
(285 mg, 2.04 mmol) in DMF (3 mL), H2O (2 mL) and chlorobenzene (1 mL), was prepared
in a 20-mL scintillation vial and subsequently heated to 105˚C for 72 h to give pure
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colorless hexagonal crystals. Crystals of Tb pek-MOF-1 were harvested, washed with
MeOH and air-dried. FT-IR (4000 - 650 cm-1): 3349 (br), 1611 (vs), 1574 (vs), 1438 (s), 1400
(vs), 1297 (w), 1252 (w), 1100 (w), 1018 (w), 871 (w), 776 (s), 761 (s), 713 (s). Elemental
Analysis: C=28.2% (theo: 29.9%), H=3.0% (2.7%), N=2.3% (1.9%).
Synthesis of Y-pek-MOF-1: A solution of Y(NO3)3.6H2O (39 mg, 0.102 mmol), H3L1
(5 mg, 0.018 mmol), 2-fluorobenzoic acid (428 mg, 3.06 mmol) in DMF (4.5 mL), H2O (3
mL) and chlorobenzene (1.5 mL), was prepared in a 20-mL scintillation vial and
subsequently heated to 105˚C for 72 h to give pure colorless hexagonal crystals. Crystals
of Y-pek-MOF-1 were harvested, washed with MeOH and air-dried. FT-IR (4000 - 650 cm1): 2818 (br), 1612 (s), 1487 (w), 1465 (w), 1454 (w), 1407 (vs), 1305 (vs), 1225 (s), 1162
(w), 1135 (w), 1088 (w), 1033 (w), 918 (w), 869 (w), 844 (w), 793 (w), 751 (s), 714 (w), 687
(w). Elemental Analysis: C=35.1% (theo: 36.5%), H=3.5% (3.3%), N=2.2% (2.3%).
Synthesis of Tb-pek-MOF-2: A solution of Tb(NO3)3.5H2O (44 mg, 0.102 mmol), 5(4-carboxybenzyloxy)isophthalic acid (H3L2) (5.6 mg, 0.018 mmol), 2-fluorobenzoic acid
(336 mg, 2.4 mmol) in DMF (4.5 mL), H2O (3 mL) and chlorobenzene (1.5 mL), was
prepared in a 20-mL scintillation vial and subsequently heated to 105˚C for 72 h to give
pure colorless hexagonal crystals. Crystals of Tb-pek-MOF-2 were harvested, washed
MeOH and air-dried. FT-IR (4000 - 650 cm-1): 3331 (br), 1593 (s), 1557 (s), 1449 (s), 1379
(vs), 1322 (s), 1265 (w), 1179 (w), 1129 (w), 1100 (w), 1036 (w), 1019 (w), 996 (w), 961
(w), 918 (w), 859 (w), 811 (w), 775 (s), 709 (s). Elemental Analysis: C=29.5% (theo: 29.9%),
H=2.5% (2.8%), N=1.9% (1.8%).
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Synthesis of Y-pek-MOF-2: A solution of Y(NO3)3.6H2O (26 mg, 0.068 mmol), H3L2
(2 mg, 0.006 mmol), 2-fluorobenzoic acid (224 mg, 1.6 mmol) in DMF (2.15 mL), H2O (2
mL) and chlorobenzene (1 mL), was prepared in a 20-mL scintillation vial and
subsequently heated to 105˚C for 5 days to give pure colorless hexagonal crystals. Crystals
of Y-pek-MOF-2 were harvested, washed with MeOH and air-dried. FT-IR (4000 - 650 cm1):

3422 (br), 2931 (w), 1621 (s), 1565 (s), 1496 (w), 1437 (w), 1407 (s), 1407 (s), 1386 (vs),

1320 (w), 1255 (s), 1178 (w), 1129 (w), 1096 (s), 1060 (w), 1020 (w), 995 (w), 962 (w), 890
(w), 865 (w), 812 (w), 780 (s), 709 (s). Elemental Analysis: C=32.2% (theo: 36.6%), H=3.4%
(3.4%), N=2.3% (2.2%).
Synthesis of Tb-pek-MOF-3: A solution of Tb(NO3)3.5H2O (29 mg, 0.068 mmol), 3'fluoro-[1,1'-biphenyl]-3,4',5-tricarboxylic acid (F-H3L1) (3.4 mg, 0.012 mmol), 2fluorobenzoic acid (336 mg, 2.4 mmol) in DMF (3 mL), H2O (2 mL) and chlorobenzene (1
mL), was prepared in a 20-mL scintillation vial and subsequently heated to 105˚C for 72 h
to give pure colorless hexagonal crystals. Crystals of Tb-pek-MOF-3 were harvested,
washed MeOH and air-dried.
Synthesis of Y-pek-MOF-3: A solution of Y(NO3)3.6H2O (39 mg, 0.102 mmol), F-H3L1
(5 mg, 0.018 mmol), 2-fluorobenzoic acid (428 mg, 3.06 mmol) in DMF (4.5 mL), H2O (3
mL) and chlorobenzene (1.5 mL), was prepared in a 20-mL scintillation vial and
subsequently heated to 105˚C for 72 h to give pure colorless hexagonal crystals. Crystals
of Y-pek-MOF-3 were harvested, washed with MeOH and air-dried.
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Synthesis of Y-aea-MOF: A solution of Y(NO3)3.6H2O ( 21.5 mg, 0.056 mmol), 9-(4carboxyphenyl)-9H-carbazole-3,6-dicarboxylic acid (H3L3) (3.8 mg, 0.01 mmol), 2fluorobenzoic acid (420 mg, 3 mmol) in DMF (4 mL), H2O (2 mL) and chlorobenzene (1
mL), was prepared in a 20-mL scintillation vial and subsequently heated to 105˚C for 2
days to give pure colorless hexagonal crystals. Crystals of Y-aea-MOF were harvested,
washed with methanol and air-dried. FT-IR (4000 - 650 cm-1): 1591 (s), 1545 (s), 1496 (w),
1398 (vs), 1277 (s), 779 (s), 709 (w). Elemental Analysis: C=36.4% (theo: 36.4%), H=2.4%
(2.1%), N=1.9% (3.2%)
Synthesis of Y-H3-CPEIP: A solution of Y(NO3)3.6H2O ( 39 mg, 0.102 mmol), 5-((4carboxyphenyl)ethynyl)isophthalic acid (H3-CPEIP) (H3L4) (5.6 mg, 0.018 mmol), 2fluorobenzoic acid (2.8 mmol) in DMF (4.2 mL), H2O (3 mL) and chlorobenzene (1.5 mL),
was prepared in a 20-mL scintillation vial and subsequently heated to 105˚C for 5 days to
give white precipitate.
Synthesis of KME-1034: To a 23 ml glass scintillation vial containing Tb(NO3)3.5H2O
(15.66 mg, 0.036 mmol) was added 2.4 ml 0.05 M 4'-fluoro-[1,1'-biphenyl]-3,3',5tricarboxylic acid (H3L4) in DMF (0.12 mmol), 0.3 ml 4 M 2-FBA (1.2 mmol) in DMF and 1.0
ml DMF, 1 ml H2O and 0.5 ml chlorobenzene. The vial was sealed and placed into a
preheated oven at 105 °C for 3 days. Colorless cubic block shaped crystals were obtained.
Crystals of KME-1034 were harvested, washed with methanol and air-dried.
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4.2.3 Results and Discussions
4.2.3.1 pek-MOF Platform
Existing reports of H3L1 with lanthanides consist of relatively dense MOF
structures, with modest porosity, based on the restrained assembly of low-connectivity
Ln-MBBs (i.e. less than 8-connected) or on the rod-packing of Ln-extended building units
(chains), regulated by lanthanide ions high coordination numbers and associated hard
acid character.25-29 Nevertheless, our recent reports on RE-MOF chemistry revealed the
ability to readily access highly-connected RE-MOFs, widely open porous structures, based
on a unique methodology involving the use of 2-FBA as a modulator and a directing agent
for the in situ formation of highly connected polynuclear carboxylate-based clusters.
Reasonably, the systematic re-exploration of previously studied rare earth metal/ligand
systems in the presence of 2-FBA offer prospective for the discovery of novel highly
connected RE-MOFs
The reaction of H3L1 with RE(NO3)3 RE (Tb or Y) in DMF/water/chlorobenzene
solution and in the presence of a certain amount of 2-FBA generates transparent
hexagonal shaped crystals, characterized and formulated by single-crystal X-ray
diffraction (SCXRD), elemental microanalysis, NMR and water adsorption studies (Figure
4.4.) as
|(DMA)7|[(Tb9(μ3-OH)12(μ3-O)2(H2O)9)(Tb6(μ3-OH)8(2-FBzoate)2
(HCO2)2(H2O)4.5)3(L1)12].(solv)x and |(DMA)7|[(Y9(μ3-OH)12(μ3-O)2(H2O)9)(Y6(μ3-OH)8(2FBzoate)2 (HCO2)2(H2O)4.5)3(L1)12].(solv)x ;
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(DMA = dimethylammonium cations, solv = solvent, L1 = C15H7O6, 2-fluorobenzoate (2FBzoate) = C7H4FO2).
The SCXRD study reveals that pek-MOF-1 compound crystallizes in a primitive
hexagonal space group, P6/mmm. The crystal structure of Tb-pek-MOF-1 (Y-pek-MOF-1)
reveals a novel 3-periodic highly connected MOF consisting of two highly connected and
distinct RE-polynuclear carboxylate-based clusters, namely an 8-c RE-hexanuclear cluster
and a 12-c RE- nonanuclear cluster, which are generated in situ and linked by the fully
deprotonated tricarboxylate ligands (L1).

Figure 4.4. (a) 1H NMR (600 MHz) spectrum of Y-pek-MOF-1 digested in DCl/DMSO-d6. (b) Water adsorption
isotherm of Y-pek-MOF-1.
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Analysis of the RE hexanuclear cluster reveals that two RE ions are each
coordinated to nine oxygen atoms; namely, four carboxylates from four separate L1
ligands, four μ3-OHs and one terminal water molecule. The remaining four RE ions are
each coordinated to eight oxygen atoms; that is, four from carboxylates of four
independent L1 ligands, and the other four coordination sites are completed by oxygen
atoms from bridging μ3-OHs and disordered terminal ligands (i.e., 2-FBzoate, formate and
water). Concisely, the resultant hexanuclear cluster, [RE6(μ3-OH)8(O2C–)8(O2C–
C6H4F)2(O2C–H)2(H2O)4.5], is capped by 8 carboxylates from 8 different L1 ligands (Figure
4.5.) and 4 carboxylates from four terminal ligands (two 2-FBzoate and two formate
anions) to give an 8-connected MBB, [RE6(μ3-OH)8(O2C–)8], with points of extension
corresponding to carbons of the carboxylate moieties from eight separate tricarboxylate
ligands and matching the d4R vertex figure of a fully symmetrical 8-connected node.
Similarly, inspection of the Tb nonanuclear cluster unveils that six Tb ions are
coordinated to eight oxygen atoms (that is, two from carboxylates of two separate L1
ligands, four μ3-OH, two μ3-O and one from a terminal water molecule), and that the
remaining three Tb ions are coordinated each to nine oxygen atoms (namely, four from
carboxylates of four separate L1 ligands, four μ3-OH and one from a terminal water
molecule). Distinctly, the nonanuclear cluster, [Tb6(μ3-OH)8(μ3-O)2(O2C–)12(H2O)9], is
capped by 12 carboxylates from 12 different L1 ligands (Figure 4.4 ) to give a new 12connected MBB, [Tb9(μ3-OH)12(μ3-O)2(O2C–)12], with points of extension corresponding to
carbons of the carboxylate moieties from twelve distinct tricarboxylate ligands and
providing the hexagonal prism arrangement, matching the d6R vertex figure of a 12-
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connected node with a 6-fold symmetry. Markedly, the combination of the
aforementioned 12-c MBB,

[Tb9(μ3-OH)12(μ3-O)2(O2C–)12], and 8-c MBB, [Tb6(μ3-

OH)8(O2C–)8], with the 3-c tricarboxylate ligand resulted in the formation of an
unprecedented highly connected Tb-MOF with a (3,8,12)-connected net and pek
underlying topology, Tb-pek-MOF-1 (Figure 4.5.).
Topological analysis performed using TOPOS software reveals in fact that pekMOF exhibits an unprecedented (3, 8, 12)-connected topology. Interestingly, the new
trinodal pek net has the transitivity [3244], a minimal edge transitive net with only two
edges. This net has been therefore added to the RCSR database, including all topological
details.

Figure 4.5. Synthetic scheme for synthesis of RE pek-MOF-1; novel highly connected (3,8,12)-c pek net.
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The isolation of new clusters in the pek-MOF-1 platform, namely the 8-c
hexanuclear and 12-c nonanuclear clusters demonstrates the fascinating features of the
versatility of RE polynuclear clusters. Specifically, in the hexanuclear cluster four of the
twelve carboxylate moieties from the bridging ligands, originally connecting and acting as
points of extension in the fcu-MOFs, are substituted by carboxylates from terminal ligands
(2-FBzoate and formate anions), thus affording the remaining eight connecting
carboxylates’ arrangement in a cube-like fashion, d4R. The d4R building unit, commonly
occurring in conventional inorganic zeolites, was employed effectively to target and
construct zeolite-like MOFs (ZMOFs).2 Interestingly, in the pek-MOF-1 nonanuclear
cluster all the twelve coordinating carboxylate moieties, capping the cluster and arranged
in an hexagonal prism fashion (d6R), belong solely to the 3-connected bridging ligands
and thus suggesting the plausible occurrence of the nonanuclear and its rearrangement
to accommodate only twelve coordinating carboxylates, in contrast to nonanuclear 18-c
MBB observed in the gea-MOF-1 where the 18 coordinating carboxylate moieties capping
the polynuclear cluster are from bridging ligands (Figure 4.6.).
The successful isolation of the pek-MOF-1 has permitted the enclosure of two
additional RE-MBBs (d4R and d6R building units) in the list of highly connected RE-MBBs.
To the best of our knowledge, based on the open literature search and the Cambridge
Structural Database (CSD) analysis,30 the aforementioned hexagonal prism building unit
(d6R) has never been observed in MOFs as a nonanuclear carboxylate-based cluster.

225

Figure 4.6. Illustration of the rare earth hexa- and nonanuclear carboxylate-based cluster MBBs and the
arrangement of their peripheral points of extension (carbons of the carboxylate moieties) into relevant
polyhedron.

The phase purity of compounds Tb-pek-MOF-1 and Y-pek-MOF-1 was confirmed
through comparison of the experimental and calculated PXRD patterns (Figure 4.7.).
Further studies were performed to investigate the thermal and water stability of Tb-pekMOF-1 and Y-pek-MOF-1, where both compounds maintained crystallinity and showed
favorable water (Figure 4.8.) and thermal stability (Figure 4.9. and Figure 4.10.).

Figure 4.7. (a) Experimental and calculated PXRD patterns for Tb-pek-MOF-1 and (b) Y-pek-MOF-1,
indicating the purity of the as-synthesized and MeOH exchanged samples.
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Figure 4.8. Experimental and calculated PXRD patterns for RE-pek-MOF-1 after soaking in water at room
temperature and 85 °C.

Figure 4.9. VT-PXRD for the MeOH exchanged samples: (a) Tb-pek-MOF-1 and (b) Y-pek-MOF-1. RE-pekMOF-1 retained their crystallinity up to 400˚C.
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Figure 4.10. Thermal gravimetric analysis of pek-MOFs.

The pek-MOF-1 structure encloses a truncated hexagonal pyramidal-like cage
measuring 13.8 Å (height) by 9.8 Å (width) (in the case of Tb-pek-MOF-1), which is
accessible via two different apertures 4.9 Å and 7.6 Å. This cage is derived from the
hexagonal arrangement, in the equatorial plan, of six hexanuclear clusters and the
capping by two nonanuclear clusters, in the two axial positions. The structure has three
intersecting infinite square channels with a kagomé like motif, with an estimated
diameter of 14.5 Å, by taking into account van der Waals (vdW) radius (Figure 4.11.). The
corresponding solvent accessible free volumes for Tb-pek-MOF-1 and Y-pek-MOF-1 were
estimated to be 58.6% and 59.4%, respectively, by summing voxels more than 1.2 Å away
from the framework using PLATON software.31
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Figure 4.11. (a) Truncated hexagonal pyramidal-like cage and (b) Kagomé-like arrangement of the
intersecting one-dimensional channels (shown along the z-axis) found in pek-MOF-1.

Further structural analysis of the pek-MOF-1, revealed that each hexanuclear
cluster is surrounded by four neighboring hexanuclear clusters to afford their subsequent
arrangement in a 2-periodic kagomé layer. The resultant kagomé-like layers are further
intercalated by a periodic array of nonanuclear clusters arranged in a hexagonal layer
manner where each nonanuclear cluster superimposes with the two adjacent kagome
hexagonal rings (Figure 4.12.). Correspondingly, the pek-MOF structure can regarded as
built form pillared layers. Specifically, when considering only the isophthalate moiety of
the 3-c ligand, the structure now represents a regular AAA stacking of layers, made from
8-c hexanuclear clusters, bridged to four neighboring ones through two isophthalate
ligands each time, and representing a well-known kagome (kgm) pattern. This can be
related to the ubiquitous copper isophthalate sql and kgm layers found in many MOFs,1,
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32-35

but in this case with a doubled connectivity of the MBBs (8 for the RE hexanuclear

versus 4 for the Cu paddle wheel) resulting in doubly cross-linked kgm layers. The
resultant doubly cross-linked kgm layers are then pillared on top and bottom direction by
the 12-c MBB, d6R, to form the overall (3,8,12)-c pek net. This unique pillaring feature
found in pek net offers a great potential to extend the Supermolecular building layer (SBL)
approach to doubly cross-linked layers in general and to the doubly cross-linked kgm layer
in particular.

Figure 4.12. Schematic showing the newly unveiled pek pillaring type observed in pek-MOF-1. Reproduced
with permission.36 Copyright 2015, American Chemical Society.
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In order to assess the porosity of the resultant pek-MOFs, and subsequently
explore their potential for gas storage and separation, adsorption isotherms were
collected using several probe molecules at various temperatures and pressures.
Homogenous microcrystalline samples of (Tb, Y)-pek-MOF-1 were activated by washing
the as-synthesized crystals with 3 x 20 mL of DMF followed by solvent exchange in
methanol for 3 days. The solution was refreshed several times daily during this time
period. In a typical experiment, 30 to 40 mg of each activated sample was transferred
(dry) to a 6-mm large bulb glass sample cell and firstly evacuated at room temperature
using a turbo molecular vacuum pump and then gradually heated to 160 °C for (Tb, Y)pek-MOF-1 (increasing at a rate of 1 °C/min), held for 16 h and cooled to room
temperature. The Ar adsorption isotherm recorded at 87 K showed that pek-MOF-1
analogues exhibit fully reversible Type-I isotherm (Figure 4.13.), indicative of a porous
material with permanent microporosity. The apparent BET surface area and associated
total pore volume were estimated to be 1330 m2/g and 0.47 cm3/g for Tb-pek-MOF-1,
and 1608 m2/g and 0.58 cm3/g for Y-pek-MOF-1. The experimentally obtained total pore
volumes are in excellent agreement with the associated theoretical values derived from
SCXRD data, i.e. 0.47 cm3/g for Tb-pek-MOF-1 and 0.58 cm3/g for Y-pek-MOF-1. The pore
size distribution (PSD) for Tb-pek-MOF-1 was assessed using the Ar adsorption data
(Figure 4.14.) and revealed two type of pores with average sizes centered around 10 Å
(cage) and 16.8 Å (channels), which are in good qualitative agreement with the theoretical
values derived from the associated crystal structure (8 and 13.5 Å, respectively).

231

Figure 4.13. Ar adsorption isotherms for compounds Tb-pek-MOF-1 and Y-pek-MOF-1 collected at 87 K.

Figure 4.14. Pore size distribution analysis from Ar adsorption isotherm at 87 K (spherical /cylindrical NLDFT
model, ads.) for Tb-pek-MOF-1 (a) and (b) Y-pek-MOF-1.

In the light of our findings regarding the permanent porosity of pek-MOFs, we
directed our efforts to the evaluation of the potential use of pek-MOF-1 in a number of
energy relevant applications, such as CH4 storage, CO2 capture and light hydrocarbon
separation. Examination of excess and absolute CH4 gravimetric (cm3 (STP) g−1) and
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volumetric (cm3 (STP) cm−3) uptakes at intermediate and high pressures (Figure 4.15.)
showed that compound Y-pek-MOF-1 and Tb-pek-MOF-1 adsorbed around 150, 175 (RE
= Y) and 140, 166 (RE = Tb) cm3 (STP) cm−3 at 35 and 50 bar, respectively. The resulting
CH4 working storage capacities, assuming 35 bar (following the US Department of Energy
standard) or 50 bar as the highest adsorption pressure limit and 5 bar as the lowest
desorption pressure limit, are estimated to be 110, 135 and 97, 123 cm3 (STP) cm−3 for Ypek-MOF-1 and Tb-pek-MOF-1, respectively. It is worth noting that for the volumetric
uptakes calculation, the density of pek-MOFs was assumed to be constant and equivalent
to the theoretical density derived from the fully evacuated associated crystal structure
(1.02 and 1.25 g cm-3 for the Y and Tb analogues, respectively). A comparative tabulated
data for the best performing CH4 storage MOFs is reported in Table 4.1.

Figure 4.15. Absolute CH4 adsorption isotherms for compounds Y-pek-MOF-1 (blue) and Tb-pek-MOF-1
(red) at 298 K and up to 50 bar.
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Table 4.1. Volumetric CH4 working capacity calculated in the range between 5-35 bar and 5-50 bar for Tbpek-MOF-1 and Y-pek-MOF-1 in comparison to other selected MOFs.

Adsorbent

Crystallographic
density
g.cm-3

Estimated
absolute
CH4
adsorption
uptake at
5 bar
cm3
(STP).cm-3

Estimated
absolute
CH4
adsorption
uptake at
35 bar
cm3
(STP).cm-3

Estimated
absolute
CH4
adsorption
uptake at
50 bar
cm3
(STP).cm-3

Working
storage
uptake
(5-35 bar)
cm3
(STP).cm-3

Working
storage
uptake
(5-50 bar)
cm3
(STP).cm-3

gea-MOF-113

0.864

40

140

162

100

122

HKUST-137

0.889

75

225

250

150

175

NU-12537

0.578

50

170

220

120

170

Y-pek-MOF-1

1.02

40

150

175

110

135

Tb-pek-MOF-1

1.25

43

140

166

97

123

MOF-51938

0.953

49

200

240

151

191

UTSA-7639

0.699

60

211

240

151

180

Figure 4.16a., displaying the volumetric CO2 uptake for pek-MOFs in comparison
with various relevant MOFs, showed that Y-pek-MOF-1 and Tb-pek-MOF-1 exhibited a
relatively very high volumetric CO2 uptake at 25 bar and 298 K. Specifically, the Y-pekMOF-1 exhibited a CO2 uptake of 288 cm3 (STP) cm-3 that is slightly higher than MOF-177
(273 cm3(STP)cm-3),40 HKUST-1 (276 cm3(STP) cm-3),41 Mg-MOF-74 (285 cm3 (STP) cm-3),42
MOF-5 (225 cm3 (STP) cm-3),40 gea-MOF-1 (224 cm3 (STP) cm-3),13 MOF-210 (127 cm3 (STP)
cm-3),40 MOF-200 (112 cm3 (STP) cm-3)40 but lower than Al-soc-MOF-1 ( 294 cm3 (STP) cm-
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3),43

rht-MOF-amide (N,N,N˝-tris(isophthalyl)-1,3,5-benzenetricarboxamide, TPBTM)

(325 cm3 (STP) cm-3)44 and rht-MOF-9 (343 cm3 (STP) cm-3) (Figure 4.16b.).45 Tb-pek-MOF1 was found to uptake a relatively lower CO2 (261 cm3 (STP) cm-3). These outstanding CO2
volumetric uptakes for the RE-pek-MOF-1 at 25 bar could be explained by the
combination of high porosity and high localized charge density, induced by the presence
of both the nonanuclear and hexanuclear clusters, and the pending 2-fluorobenzoate
moieties in the cavities. This combined effect led to moderate CO 2-framework
interactions in the range of 38-32 kJ.mol-1 at low CO2 loading (Figures 4.17. and 4.18.) but
a relatively high uptakes/density of CO2 in the framework of RE-pek-MOF-1.

Figure 4.16. (a) Absolute adsorption isotherms of CO2 at 298 K and up to 25 bar for Y-pek-MOF-1 and Tbpek-MOF-1, (b) Comparison of CO2 uptake at 25 bar and 298 K for pek-MOFs and the best performing MOFs
available in the literature.
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Figure 4.17. (a) Fully reversible VT CO2 isotherms for Tb-pek-MOF-1 and (b) Qst of CO2 adsorption calculated
from the corresponding isotherms using the Clausius-Clapeyron equation.

Figure 4.18. (a) Fully reversible VT CO2 isotherms for Y-pek-MOF-1 and (b) Qst of CO2 adsorption calculated
from the corresponding isotherms using the Clausius-Clapeyron equation.

With the particular open structure of RE-pek-MOF-1 and its associated low
uptakes of H2, and CH4 at low pressures, indicative of reasonably weak sorbateframework interactions/affinity, (Figures 4.19. and 4.20. ) as compared to larger and
highly polarizable probe molecules (Figure 4.21a.), we found it compelling to explore the
potential of Tb-pek-MOF-1 for the removal of hydrocarbons from relevant gas streams.
Condensable gases such as C3H8 and n-C4H10 present in gas streams containing valuable
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commodities such as H2 and CH4 are undesirable and need to be subsequently removed.
Accordingly, in addition to CO2, single gas adsorption properties of C2H6, C3H8 and n-C4H10
were investigated at 298 K and compared with the corresponding properties of H 2 and
CH4.

Figure 4.19. (a) Fully reversible VT H2 isotherms for Tb-pek-MOF-1 and (b) Qst of H2 adsorption calculated
from the corresponding isotherms.

Figure 4.20. (a) Fully reversible VT H2 isotherms for Y-pek-MOF-1 and (b) Qst of H2 adsorption calculated
from the corresponding isotherms.
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Interestingly, the CO2, C2H6, C3H8 and n-C4H10 adsorption isotherms were
reasonably much steeper at low pressures than those for CH4 and H2, indicative of the
preferential adsorption affinity for Tb-pek-MOF-1, particularly to C3H8 and n-C4H10 vs. H2
and CH4. Examination of single gas adsorption data using Ideal Adsorption Solution Theory
(IAST) confirmed that Tb-pek-MOF-1 exhibits high adsorption selectivity for various gas
pair systems such as C3H8/CH4 and n-C4H10/CH4 (Figure 4.21b.). Due to the insignificant
uptakes of H2 on Tb-pek-MOF-1 at 298 K, adequate prediction of C3H8/H2, n-C4H10/H2 and
CO2/H2 was not possible. Nevertheless, the less selective adsorption of H2 when
compared to CH4 presents the pek-MOF platform as an excellent candidate for H2
separation/purification. Therefore, pek-MOFs can be employed as separation agents for
the production of these valuable commodities (H2 and CH4) from many gas streams
relevant to natural gas, biogas and petrochemical industry.

Figure 4.21. (a) CO2, CH4, H2, C2H6, C3H8 and n-C4H10 single gas adsorption at 298 K for Tb-pek-MOF-1, (b)
separation factor of C3H8 (5%) and n-C4H10 (5%) in binary mixture with CH4 (95%).
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4.2.3.2 Further studies into RE pek-MOF platform
One of the particularly attractive features of MOFs, compared to traditional
porous materials, is the inherent modularity presented by this class of crystalline
materials, in which the MOF associated pore system metrics and functionality can be
designed and fine-tuned by employing organic linkers with predefined size and
functionality, while maintaining the overall structure topology. The successful synthesis
of the novel porous pek-MOF-1 prompted us various pathways for modification of this
interesting MOF platform (Figure 4.22.). Subsequently, two pathways were envisioned,
deployed and permitted to affirm the tunability of this novel platform.

Figure 4.22. Pathways to obtain isoreticular pek-MOFs.

4.2.3.2.1 RE-pek-MOF-2
In order to affirm the advocated SBL approach based on the doubly cross-linked
kgm layer and associated pek topology, we designed and synthesized a suitable expanded
ligand, 3-c tricarboxylate ligand, namely the 5-(4-carboxybenzyloxy)isophthalic acid
(H3L2). In contrast to the original ligand, H3L1, the isophthalate moiety believably
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responsible for the formation of the doubly cross-linked kgm layer is maintained while
the 5-position of the isophthalate moiety is functionalized, providing a further elongated
3-c ligand than H3L1 (Figure 4.22.).
As anticipated, reactions of H3L2 with Tb or Y nitrate salts, under similar conditions
as pek-MOF-1, afforded colorless hexagonal crystals formulated by SCXRD studies as
|(DMA)7|[(Tb9(μ3-OH)12(μ3-O)2(H2O)9)(Tb6(μ3-OH)8(2-FBzoate)2
(HCO2)2(H2O)3)3(L2)12].(solv)x and
|(DMA)7|[(Y9(μ3-OH)12(μ3-O)2(H2O)9)(Y6(μ3-OH)8(2-FBzoate)2(HCO2)2(DMF)1.66
(H2O)3)3(L2)12].(solv)x, respectively.
(L2 =C16H9O7, 2-FBzoate = C7H4FO2).
As envisioned, compounds Tb-pek-MOF-2 and Y-pek-MOF-2 are isoreticular
analogues of pek-MOF-1, named pek-MOF-2, constructed from the identical double kgm
layers but at present connected together through elongated pillars, resulting in an
increased spacing between the layers along the c-axis as evident by the observed increase
in the c parameter (21.1 Å versus 26.4 Å in pek-MOF-1 and pek-MOF-2, respectively);
(Figure 4.23.).
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Figure 4.23. The pek-MOF-1 and pek-MOF-2 isoreticular structures showing the interlayer distance increase
via ligand expansion.

The phase purity of compounds Tb-pek-MOF-2 and Y-pek-MOF-2 was confirmed
through comparison of the experimental and calculated PXRD patterns (Figure 4.24.).
In order to assess the porous features of Tb-pek-MOF-2 and Y-pek-MOF-2, the assynthesized samples were exchanged in a variety of volatile solvents. To date, we were
not able to render the pek-MOF-2 porous, as the solvent exchanged samples did not show
any noticeable porosity under a variety of screened activation procedures (Figure 4.25.)
and as such. In addition, The PXRD pattern collected on these samples after sorption did
not show any peaks, indicating a loose of crystallinity and the plausible collapse of the
framework. The lack of stability of Tb-pek-MOF-2 and Y-pek-MOF-2 compounds could be
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correlated to the high degree of flexibility in the ligand, resulting in collapse of the pore
system and loss of crystallinity upon loss of guest molecules.

Figure 4.24. Experimental and calculated PXRD patterns for RE-pek-MOF-2 (compounds 3 and 4), indicating the purity
of the as-synthesized samples.

Figure 4.25. PXRD pattern of Y pek-MOF-2 after solvent exchange with various solvents.

4.2.3.2.2 RE-pek-MOF-3
We synthesized the fluorinated H3L1 ligand, namely 3'-fluoro-biphenyl 3, 4’, 5tricarboxylic acid (F-H3L1), to investigate the effect of incorporating the fluorine
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functionality into pek-MOF platform, as a mean to promote the interactions of CO2 with
the framework. Initially, through use of fluorinated ligand, several attempts to isolate the
reaction conditions that consistently allow for the in situ formation of the desired RE
polynuclear clusters were unsuccessful. However, introduction of a fluorinated
modulator, 2- fluorobenzoic acid, permitted the successful construction of the desired REclusters and the isoreticular pek-MOF-3 (Figure 4.26).

Figure 4.26. Synthetic scheme for synthesis of RE pek-MOF-3.

As anticipated, reactions of F-H3L1 with Tb or Y nitrate salts, under similar
conditions as pek-MOF-1, afforded colorless hexagonal crystals formulated by SCXRD as
|(DMA)7|[(Tb9(μ3-OH)12(μ3-O)2(H2O)9)(Tb6(μ3-OH)8(2-FBzoate)2
(HCO2)2(H2O)4.5)3(L1)12].(solv)x and

|(DMA)7|[(Y9(μ3-OH)12(μ3-O)2(H2O)9)(Y6(μ3-OH)8(2-

FBzoate)2 (HCO2)2(H2O)4.5)3(L1)12].(solv)x ;
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(DMA = dimethylammonium cations, solv = solvent, L1 = C15H7O6F, 2-fluorobenzoate (2FBzoate) = C7H4FO2).
PXRD experiments also confirmed that Tb-pek-MOF-3 and Y-pek-MOF-3 are
isostructural to pek-MOF-1 compounds (Figure 4.27).

Figure 4.27. PXRD patterns of the as-synthesized Tb-pek-MOF-3 and Y-pek-MOF-3 as compared to pekMOF-1 compounds.

Ar adsorption studies at 87 K showed that Tb-pek-MOF-3 and Y-pek-MOF-3 exhibit
fully reversible Type-I isotherm (Figure 4.28.), which is representative of microporous
materials. The apparent BET area for Tb-pek-MOF-3 and Y-pek-MOF-3 were estimated to
be 1260 m2/g, 1540 m2/g, respectively. The experimental pore volumes were calculated
from the Ar adsorption isotherms and found to be 0.44 cm3/g and 0.54 cm3/g for Tb and
Y, respectively, which are lower than the corresponding pore volume of pek-MOF-1
analogues due to the presence of the fluorine functional group in pek-MOF-3 structures.
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Figure 4.28. Ar adsorption isotherms (87 K) for (a) Tb-pek-MOF-3 and (a) Y-pek-MOF-3.

In order to assess the effect of the fluorine functional group on the adsorption
properties of Tb-pek-MOF-3 and its plausible enhancement of adsorbate-MOF
interactions, low pressure gas adsorption measurements of CO2 (up to 1 bar and at 258
273 and 298 K) were performed and compared to the CO2 adsorption results obtained for
Tb-pek-MOF-1 (Figure 4.29.). The uptake at different temperatures and 1 bar was found
to be slightly higher for pek-MOF-3 than pek-MOF-1 (2.4, 2.8 & 3.6 mmol/g for pek-MOF3 vs. 2.1, 2.4 & 3.3 mmol/g for pek-MOF-1 at 298, 273 and 258 K respectively) (Figure
4.27.). The isosteric heat of adsorption, Qst, for CO2 was calculated using the
Clausius−Clapeyron equation and the CO2 adsorption data collected at 258, 273 and 298
K. The Qst for CO2 at low loading were also slightly higher for Tb-pek-MOF-3 than for Tbpek-MOF-1 (i.e. 36 vs. 34 kJ/mol at lowest loading). Unfortunately, the introduction of the
fluorine group didn’t significantly enhance the CO2-MOF interaction compared to those
results obtained for the original tetrazolate based fcu-MOFs,24 and this is likely associated
to the absence of the conical pockets observed in fcu-MOFs where the fluorine, tetrazole
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and open metal centers act concurrently to enhance the CO2-framework interactions at
low loading.

Figure 4.29. Low pressure CO2 sorption isotherms for Tb-pek-MOF-1 and Tb-pek-MOF-3 and the Qst of CO2
adsorption calculated from the corresponding isotherms using the Clausius-Clapeyron equation.

4.2.3.3 aea-MOF platform
The interesting structural features of the pek-MOF platform, namely the evident
association of the pek-MOF structure with the kgm layer, prompted us to explore other

246
3-c ligands that might disturb the formation of the required kgm layer and prospectively,
promote the effect of the ligand geometrical attributes on the resulting topology.
Purposely, we opted to explore the carbazole-based ligands due to their
associated contracted angle between the two carboxylate moieties, namely a 90˚ angle
as compared to 120˚ in the isophthalate moiety.46 Accordingly, the 9-(4-carboxyphenyl)9H-carbazole-3,6-dicarboxylic acid (H3L3) tricarboxylate ligand, which has 90˚ angle
between carboxylate groups on the carbazole moiety, was designed and synthesized
(Figure 4.3). Indeed, reactions of H3L3 with Y(NO3)3.6H2O, in the presence of the cluster
directing agent 2-FBA, resulted in the formation of colorless hexagonal crystals,
characterized and formulated by SCXRD and elemental microanalysis studies as
|(DMA)1.3(Y9(μ3-OH)12(μ3-O)2(Y1.2)(H2O)9(2-FBzoate)12)0.33|[Y9(Y0.28)(μ3-OH)12(μ3O)2(H2O)9(Y9(μ3-OH)12(μ3-O)2(H2O)9)2(L3)12].(solv)x.
(L3 = C15H7O6, 2-FBzoate = C7H4FO2).
The SCXRD study discloses that compound Y-aea-MOF-1 crystallizes in a primitive
hexagonal space group P6/mmm. Analysis of the resultant crystal structure of Y-aeaMOF-1 revealed the formation of a novel 3-periodic highly connected Y-MOF based solely
on nonanuclear Y carboxylate-based clusters, formed in situ, and similar to the 12-c
nonanuclear RE cluster observed in the pek-MOF platform. Specifically, the structure
encloses three crystallographically independent nonanuclear clusters, each built by nine
yttrium (Y) ions and capped by 12 carboxylate moieties, but only two of the nonanuclear
clusters are copolymerized by the fully deprotonated tricarboxylate ligands (L3) to form a

247
3-periodic MOF hosting the third discrete nonanuclear cluster, capped by 12 carboxylate
moieties from terminal 2-fluorobenzoate ligands, in its porous system.
From a topological analysis perspective, the two nonanuclear clusters, 12connected MBBs, have the same d6R vertex figure as observed in the pek-MOF, but are
topologically distinct and thus their assembly with the 3-c ligand reveals the discovery of
a novel highly connected Y-MOF with a trinodal (3,12,12)-c net and aea underlying
topology, Y-aea-MOF-1 (Figure 4.30.). Analogous to the pek net, the new trinodal aea net
is a minimal edge transitive net, transitivity [3244], and is an appropriate target for MOF
crystal chemistry. Accordingly, this net has also been added to the RCSR database,
including all topological details.

Figure 4.30. Synthetic scheme for synthesis of RE aea-MOF-1; novel highly connected (3, 12, 12)-c aea
net.

The aea-MOF-1 structure encloses a rhombic-like cage with estimated diameters
of 9.2-13.7 Å (height) and 14.8 Å (width), taking vdW radius into consideration, having
two separate apertures with relative dimensions of 5.2 × 3.5 Å and 10 × 5.4 Å. In addition,
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the structure possesses three intersecting infinite square channels with an estimated
diameter of 12.5 Å (Figure 4.31).

Figure 4.31. (a) Rhombic-like cage and (b) the intersecting channels (shown along the z-axis) found in aeaMOF-1.

Interestingly and similarly to the pek-MOF platform, the structure of aea-MOF-1
can be deconstructed into 2-periodic layers pillared by 12-c nonanuclear clusters. The
layers are composed of one kind of nonanuclear clusters where each nonanuclear cluster
is surrounded by three neighboring nonanuclear clusters, and linked in the plane, to
afford their subsequent arrangement in a 2-periodic sheet reminiscent of a honeycomb
(hcb) lattice. The resultant hcb layers are further intercalated by a periodic array of the
second and distinct nonanuclear clusters arranged in a hexagonal layer manner where
each nonanuclear cluster superimposes with the two adjacent hexagonal rings (Figure
4.32.). The aea-MOF structure can also be regarded as built from pillared layers.
Specifically, when considering only the carbazole dicarboxylate part of the 3- c ligand (i.e.
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discounting the connectivity via the benzoate moieties), it is possible to isolate some
bidimensional layers, where each nonanuclear cluster is quadruply connected to each of
three neighboring others via four carbazole dicarboxylate moieties (Figure 4.32.).
Topological simplification of the resultant 2-periodic arrangement reveals the occurrence
of an hcb layer, considered in this case as a quadruply cross-linked hcb. We envision the
newly unveiled (3,12,12)-c aea net and the quadruply cross-linked hcb layer as promising
blueprints for the directed assembly of highly connected and pillared MOFs using the SBL
approach.

Figure 4.32. Schematic illustration of the aea-MOF showing the newly unveiled aea pillaring type
encountered in Y-aea-MOF-1. Reproduced with permission.36 Copyright 2015, American Chemical Society.
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PXRD measurements were performed to confirm phase purity of Y-aea-MOF-1 by
similarities between the experimental and calculated PXRD patterns (Figure 4.33). The
corresponding solvent accessible free volume for Y-aea-MOF-1 was estimated to be 55%,
by summing voxels more than 1.2 Å away from the framework using PLATON software.31

Figure 4.33. Experimental and calculated PXRD patterns for Y-aea-MOF-1, indicating the purity of the assynthesized and MeOH exchanged samples.

Gas sorption analysis was performed on the solvent exchanged and activated
sample. Firstly, homogenous microcrystalline sample of Y-aea-MOF-1 was activated by
washing the as-synthesized crystals with 3 x 20 mL of DMF followed by solvent exchange
in methanol for 3 days. The solution was refreshed several times daily during this time
period. In a typical experiment, 30 to 40 mg of each activated sample was transferred
(dry) to a 6 mm large bulb glass sample cell and firstly evacuated at room temperature
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using a turbo molecular vacuum pump and then gradually heated to 55 °C (increasing at
a rate of 1°C/min), held for 16 h and cooled to room temperature.
Subsequently, porosity study based on Ar adsorption at 87 K adsorption was
performed on Y-aea-MOF-1 (Figure 4.34a.) and presented an apparent BET surface area
and a total pore volume of 1435 m2 g−1 and 0.49 cm3 g−1 respectively. The PSD showed
two distinct pores with diameters around 16 Å (cage) and 11 Å (channels) (Figure 4.34b.),
in good quantitative agreement with the theoretical values derived from the associated
crystal structure (14, 12.5 Å, respectively).

Figure 4.34. (a) Ar adsorption isotherm (87 K) and (b) Pore size distribution from Ar sorption isotherm at
87 K (spherical /cylindrical NLDFT model, ads.) for Y-aea-MOF-1.

4.2.3.4 Various RE-MOFs
In order to further explore the impact of the ligand geometry on the evolution of
the polynuclear rare-earth cluster, several other 3-c less symmetrical ligands were
employed with the aim to plausibly unveil new highly-connected nets.
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4.2.3.4.1 Y-CPEIP
The primary objective of using this ligand is to further explore the pek-MOF
platform and increase the porosity of the resulting materials. Initially, the reaction of H 3CPEIP (H3L4) with Y(NO3)3.6H2O, in the presence of the cluster directing agent 2-FBA,
resulted in the formation of white precipitate. PXRD experiments were performed on the
as synthesized sample to allow comparison with the experimental PXRD patterns
corresponding to Y-pek-MOF-1 (Figure 4.35.). The PXRD patterns are in fact reasonably
matching with the pek-MOF-1 structures, with the exception of a slight shift in the peaks
position, which is plausibly due to the expected increase in the associated unit cell as a
result of a relatively expanded linker.

Figure 4.35. PXRD patterns of Y H3-CPEIP in comparison to Y-pek-MOF-1 PXRD.
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Work is in progress to isolate reaction conditions allowing for the synthesis of
single crystal suitable for solving the single crystal structure. In parallel, high resolution
PXRD patterns will be recoded in attempt to resolve the structure from powder and
confirm the unit cell.
4.2.3.4.2 KME-1034
Solvothermal reactions of Tb(NO3)3 and H3L5 in the presence of 2-fluorobenzoic
acid (2-FBA), as a reaction modulator in water and chlorobenzene (ClBz) solution, yielded
colorless cube-shaped crystals (Figure 4.36.). The single crystal X-ray diffraction studies
revealed that the higher possible solution is in the cubic Im-3 space group with cell
parameter a = 25.1591(4) Å. Initial model suggests that this structure has a similar
framework as ftw-MOF, where the tetratopic ligand coordinates through all four
carboxylates to crystallographically related 12-connected hexanuclear RE-clusters.
However, in the present structure only three carboxylates are coordinating and acting as
a three-connected ligand. It is to be noted that the actual R-factor is above 33% and
systematic absences violations and shapes of reflexes suggest twinning by merohedry.
The twin law transformation proposed by PLATON’s TwinRotMat procedure (when m-3
simulates m-3m) reduced the R factor up to 29%, which is still too high. In order to confirm
the resultant structure, further investigation are underway to explore other space group
with lower symmetry, different twin law(s), and the possibility of missing ligands that can
result in the presence of defects.
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Figure 4.36. Synthetic scheme for synthesis of KME-1034.

Figure 4.37. PXRD of the as synthesized and exchanged sample of KME-1034, with comparison to the
calculated PXRD based on the single crystal data.
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PXRD analysis was performed to confirm bulk purity of the As-synthesized and
exchanged samples by comparison of the experimental and calculated PXRD patterns
(Figure 4. 37).
VT-PXRD experiments were performed under vacuum on the MeOH exchanged
sample of KME-1034. A high degree of thermal stability was observed for this compound
under vacuum in excess of 300°C (Figure 4.38.).
Further studies were performed to investigate the hydrolytic stability of KME1034. Using an in-situ variable-humidity (VH) stage, PXRD patterns were collected at room
temperature at humidity levels (%RH) ranging from 0% up to 95%. The material showed
excellent stability with no observed loss of crystallinity upon exposure of the material to
humidity (Figure 4.39.).

Figure 4.38. VT-PXRD for exchanged sample of KME-1034
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Figure 4.39. VH-PXRD for exchanged sample of KME-1034.

In order to assess the porosity of KME-1034, and subsequently explore its
potential for gas separation applications, adsorption isotherms were collected using
several probe molecules at various temperatures and pressures. Prior to the experiment,
homogenous microcrystalline samples of KME-1034 were activated by washing the assynthesized crystals with 3 x 20 mL of DMF followed by solvent exchange in methanol for
3 days. The solution was refreshed several times daily during this time period. In a typical
experiment, 30 to 40 mg of each activated sample was transferred (dry) to a 6-mm large
bulb glass sample cell and firstly evacuated at room temperature using a turbo molecular
vacuum pump and then gradually heated to 160 °C. The Ar adsorption isotherm recorded
at 87 K showed that KME-1034 exhibit fully reversible Type-I isotherm (Figure 4.40.),
indicative of a porous material with permanent microporosity. The apparent BET surface
area and associated total pore volume were estimated to be 750 m2/g and 0.28 cm3/g,
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respectively. The experimentally obtained total pore volume is in excellent agreement
with the associated theoretical value derived from the initial SCXRD structure, i.e. 0.29
cm3/g.

Figure 4.40. (a) Ar adsorption isotherm (87 K) and (b) Pore size distribution from Ar sorption isotherm at 87
K NLDFT model for KME-1034.

Low pressure CO2 sorption experiments (up to 1 bar and different temperatures)
were performed on KME-1034 (Figure 4.41a). The uptake was moderate and determined
to be 4.8, 3.9, 3, and 2.4 mmol/g for 258, 273, 288 and 298 K respectively. The ClausiusClapeyron 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 33.8 kJ/mol, which drops
rapidly to a plateau around 26 kJ/mol (Figure 4.41b).
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Figure 4.41. (a) Fully reversible VT CO2 isotherms for KME-1034 and (b) Qst of CO2 adsorption calculated
from the corresponding isotherms using the Clausius-Clapeyron equation.

Adsorption of relatively larger and highly polarizable probe linear/mono-branched
paraffins such as n-butane (n-C4H10) and isobutane (iso-C4H10) at 295 K can also be
employed to gain meaningful structural information pertaining to pore-aperture size and
cluster connectivity (Figure 4.42). In fact, n-C4H10 and iso-C4H10, with kinetics diameter of
4.5 and 5 Å, respectively were adsorbed by KME-1034 and showed aa characteristic type
I adsorption-desorption isotherms with a adsorbed amounts at 1 bar of 2.5 and 2.3
mmol.g-1 (Figure 4.42). Analysis of Kinetic data showed that equilibrium adsorption and
desorption of n-C4H10 and iso-C4H10 is achieved quickly without apparent major diffusion
barriers. Accordingly, the pore size aperture of KME-1034 is expected to be higher than 5
Å. Further studies are underway using relatively larger probe molecules, plausibly
allowing cut-off adsorption, such as benzene, xylene isomers in order to assert the poreaperture size of the KME-1034.
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Notably, the combination of the high thermal and hydrolytic stability as well as
the presence of the low connectivity cluster (less than 12-c) , with large number of
plausible uncoordinated sites, is anticipated to offer interesting properties in gas/vapor
sensing applications such as H2S or ammonia sensing.

Figure 4.42. Low pressure isotherms of hydrocarbons (298 K) for KME-1034.

4.3 Conclusion
The studies reported in this chapter asserts to the ability of controlling the
assembly of highly porous rare-earth based MOFs and the access to highly connected REMOFs, based on a unique approach involving the use of 2-fluorobenzoic acid (2-FBA) as a
modulator and a directing agent for the in situ formation of highly connected polynuclear
carboxylate-based clusters.
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In this study the use of triangular 3-c tricarboxylate ligands, having reduced
symmetry, led to the discovery of two fascinating and highly connected minimal edgetransitive nets, pek and aea (Figure 4.44). The reduced symmetry of the employed
triangular tricarboxylate ligand successfully directed the simultaneous occurrence of
nonanuclear

[RE9(μ3-OH)12(μ3-O)2(O2C–)12]

and

hexanuclear

[RE6(OH)8(O2C–)8]

carboxylate-based clusters as 12-connected and 8-connected MBBs to form novel 3periodic pek-MOFs with a novel (3,8,12)-c trinodal net. Subsequently, the use of a
tricarboxylate ligand with modified angles between carboxylate moieties, carbazolebased ligands with 90˚ angle between carboxylate, led to the formation of a second MOF
containing solely nonanuclear clusters and exhibiting once more a novel and a highly
connected (3,12,12)-c trinodal net with aea topology (Figure 4.44.). Tb and Y pek-MOF-1
with specific surface area of 1330 and 1608 m2/g, respectively, show promise in CH4 and
CO2 storage properties as well as potential for hydrocarbon separations such as C3H8/CH4,
n-C4H10/CH4, which are relevant to natural gas upgrading.
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Figure 4.43. Schematic showing the topological exploration path followed from the discovery of the 12-c
RE hexanuclear cluster to the formation of fcu and ftw-MOFs (top), then using topologically non-compatible
3-c ligands to unveil novel highly connected clusters compatible with (3,18)-c gea net (bottom, middle),
(3,8,12)-c pek net (bottom left) and (3,12,12)-c aea net (bottom right). Nets are represented as augmented
nets (net-a) for better illustration and understanding. Reproduced with permission. 36 Copyright 2015,
American Chemical Society.
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To date, pek-MOF and aea-MOF platforms are the first examples in the literature
of RE-MOFs containing d6R MBBs, which are exceptionally promising building units for
the practice of reticular chemistry and subsequently the design of new highly connected
MOFs. The pek-MOF and aea-MOF platforms are also the first examples of pillar-based
MOFs where pillars display a relatively high connectivity (12-c), a unique feature that offer
potential for the practice of the SBL approach for the design and directed assembly of
highly connected MOFs. Accordingly, two isoreticular pek-MOFs were synthesized and
analyzed. pek-MOFs-2 was successfully synthesized based on expanded 3-c tricarboxylate
ligand (H3L2), where the isophthalate moiety that responsible for the formation of the
doubly cross-linked kgm layer was maintained while the 5-position of the isophthalate
moiety was functionalized to provide an elongated 3-c ligand than H3L1. Unfortunately,
due to the ligand flexibility Tb and Y-pek-MOF-2 did not show any permanent porosity
upon removal of the guest molecules and collapsed under vacuum. The pek-MOF-3
compounds was based on the functionalized version of H3L1 ligand, where the fluorine
functionality was directed towards the channels and cages. However, this modification
did not result in significant enhancement in the CO2-MOF interactions as compared to
relatively enhanced interactions in the case of the original fcu-MOF.
The successful synthesis of the pek-MOF and aea-MOF platforms paves the way
to using the SBL approach for design and development of finely tailored isoreticular pek
and aea that could offer enhanced gas storage and gas/vapor separation properties, and
other prospective applications such as catalysis and sensing.
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Chapter 5. MOFs Derived From Highly Connected Symmetrical Zirconium
Hexanuclear Clusters3
5.1 Introduction
Edge-transitive nets are of special interests in crystal chemistry and are regarded
as ideal targets for the successful practice of reticular chemistry.1-3 The targeted edgetransitive nets can be classified and divided into four subclasses depending on the level
of the requisite information (i.e. structural and connectivity) that needs to be embedded
in the preselected organic and/or inorganic building blocks. In principle, the feasibility of
rationally designing a MOF depends on the availability of the organic and inorganic
molecular building blocks (MBBs), and subsequently the design complexity increases
proportionally depending on the requisite control of the MBBs connectivity and their
positioning. For simplicity, we refer to the design complexity levels on a scale of 1 through
4 where level 1 is relatively simple and level 4 being more intricate.


Level 1, basic level, the targeted MOF is mainly based on readily accessible building
blocks and their subsequent connectivity with no specific requirement for their vis-àvis positioning. The common example is diamond (dia) topology, the most abundant
topology in MOF chemistry, which is composed of one type of tetrahedral nodes that
are connected through linear links.4

3

Portions of this chapter have been previously published: J. Am. Chem. Soc. 2016, 138, 12767-12770.
Reproduced with permission of the American Chemical Society.
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Level 2, the medium level, a specific positioning of the building units is required and
an illustrative example is the nbo-type network (Niobium Oxide, nbo), MOF-101
structure.5 Here, o-Br-BDC (2-Bromo-1,4-benzenedicarboxylate) was deliberately
used, in a reaction with copper slat at room temperature, to link the paddle wheel
units (square SBUs) at 90° angles into the targeted nbo structure.



Level 3, elaborate level, the limiting step is the ability to access highly-connected
building units (e.g. 8 and 12-connected clusters) and the illustrative example is UiO66, fcu-MOFs and ftw-MOFs.6-10



Level 4, the intricate level, requires the use of scarce and well-defined building units
and their subsequent precise/particular positioning in order to achieve the targeted
structure.

In this chapter, we will address the significance and versatility of the highly connected
hexanuclear Zr clusters, which can be readily formed and deliberately connected.11

Figure 5.1. The reported MBBs based on Zr hexanuclear clusters and their corresponding augmented forms
(SBUs).
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Using judiciously designed polytopic organic linkers, these MBBs can be rationally
assembled into a given uninodal and/or binodal 3-perioidc MOFs. This diversity originates
from the fact that these hexanuclear MBBs, [Zr6(µ3-OH)8(O2C–)12-n (O2C)n], where n is the
number of terminal ligands, can be employed as a 12-6, 10-12, 8-13 or even 6-connected14
building units. For example, the 12-connected MBB, [Zr6(µ3-OH)8(O2C–)12], can form the
fcu6, 12 and ftw15-16 topologies, while the 8-connected MBB, [Zr6(µ3-OH)8(O2C–)8 (O2C)4] ,
forms csq,13 flu17, and scu18 networks (Figure 5.2.).

Figure 5.2. (a) Linking of 12-c MBBs with either linear (two-connected) or square (four-connected) MBBs
results in the formation of fcu or ftw nets, respectively. (b) Linking of 8-c MBBs with either tetrahedral
(four-connected) or square (four-connected) MBBs results in the formation of a flu net or a scu net,
respectively.
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Markedly, the 6-connected Zr hexanuclear cluster, [Zr6(µ3-OH)8(O2C–)6(O2C)6] can express
either a trigonal antiprism14 or hexagonal planar19 depending on the position of the 6points of extension (Figure 5.1.). Furthermore, the inorganic hexagonal building unit has
been observed only in few cases, one of them being PCN-224 with the underlying she
topology.19
The work presented herein focuses on the synthesis of highly connected Zr-MOFs
based on a new 6-connected hexagonal and 4-connected rectangular/square ligands.
Specifically, the 6- connected hexagonal organic building block is judiciously selected
which can offer a means to synthesize the awaited and looked-for hypothetical
polybenzene (pbz) or “cubic graphite” structure, described 70 years ago.
Furthermore, the use of Zr metal salts in combination with less symmetrical 3-c
tricarboxylate ligands will be discussed in this chapter.

5.2 Experimental
5.2.1 Materials and Methods
All materials and methods are described in Chapter 2, Section 2.2.1, unless otherwise
noted.
5.2.2 Experimental
Synthesis of pbz-MOF-1: A solution of ZrCl4 (8 mg, 0.034 mmol), hexakis(4-(4carboxylphenyl)phenyl)benzene (H6L1) (6 mg, 0.005 mmol), in DMF (3 mL) and acetic acid
(1 mL), was prepared in a 20-mL scintillation vial and subsequently heated to 120 ˚C for
36 h to give pure colorless octahedral crystals. Crystals of pbz-MOF-1 were harvested,
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washed with CH3CN and air-dried. Elemental Analysis: C=46.06% (theo: 50.03 %), H=3.5
% (3.04 %).
Synthesis of KME-1091 (stp-MOF): A solution of ZrCl4 (8 mg, 0.034 mmol),
hexakis(4-carboxyphenyl)-benzene (H6L2) (12 mg, 0.015 mmol), in DMF (3 mL) and acetic
acid (2 mL), was prepared in a 20-mL scintillation vial and subsequently heated to 120 ˚C
for 7 days to give pure colorless crystals.
Synthesis of Zr-she-MOF: A solution of ZrCl4 (15 mg, 0.064 mmol), (H4L1) (6 mg,
0.01 mmol), in DMF (2 mL) and acetic acid (1 mL), was prepared in a 20-mL scintillation
vial and subsequently heated to 120 ˚C for 36 h to give pure colorless cube-shaped
crystals. Crystals of she-MOF-1 were harvested, washed with DMF followed by CH3CN and
air-dried.
Synthesis of KME-988: A solution of ZrCl4 (5 mg, 0.02 mmol), (H4L1) (6.6 mg, 0.01
mmol), in DMF (2 mL) and formic acid (1 mL), was prepared in a 20-mL scintillation vial
and subsequently heated to 130 ˚C for 2-3 days to give pure rods crystals, which were
purified through repeated washings with DMF and finally soaked overnight in DMF before
solvent exchanged and sorption experiment.
Synthesis of KME-956: A solution of ZrCl4 (9.2 mg, 0.04 mmol), (H3L2) (10 mg, 0.03
mmol), in DMF (4 mL) and formic acid (2 mL), was prepared in a 20-mL scintillation vial
and subsequently heated to 130 ˚C for 3 days to give pure colorless crystals. Crystals of
KME-956 were harvested, washed with DMF and Acetone before sorption experiment.
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Synthesis of KME-1066: A solution of ZrCl4 (8 mg, 0.034 mmol), 5-((4carboxyphenyl)ethynyl)isophthalic acid (H3CPEIP) (10 mg, 0.03 mmol), in DMF (3 mL) and
FORMIC acid (1.5 mL), was prepared in a 20-mL scintillation vial and subsequently heated
to 130 ˚C for 3 days to give pure colorless crystals.
5.2.3 Results and Discussions
5.2.3.1 pbz-MOF Platform
Polybenzene (pbz) or “cubic graphite”20 is a hypothetical structure proposed by
Gibson et al. in 194621 and described as a plausible very stable polymorph of threecoordinated (sp2) carbon. In 1992 this structure was predicted to be by far more stable
energetically than C60 and can be best viewed as aromatic C6 rings linked by single bonds
(Figure 5.3).22 Therefore, there is a great effort to synthesize this unique material as well
as augmented analogues described with the general term, “polyphenylenes”.

Figure 5.3. Part of the polybenzene (pbz) structure emphasizing the tetrahedral cavities (a) and the
connectivity of adjacent phenyl rings (b).

273
In MOF chemistry, the pbz net has been described as a very rare example of a
structure that its construction would require a true design, where the dictated particular
and directional information of the organic and inorganic building blocks will permit the
assembly of this looked-for and specific predetermined structure which is based on the
only edge-transitive and possible outcome for the linking of the 6-c hexagonal building
units.23 In others words, the deliberate construction of a pbz- MOF displaying the 6-c hxg
topology, requires the utilization of building units that codes specifically and solely for the
singular pbz net. Valuably, the successful synthesis of this intricate pbz-MOFs will provide
access to a topologically very distinct pore system, allowing its exploration in gas sorption
storage and gaining insights on the topology-property relationship. It is to note that hxg
topology has been observed in the case of NH4[Cu3-(μ3-OH)(μ3-4-carboxypyrazolato)3],24
[Cu3(μ3-OH)-(4-pyridyltetrazolato)3(OH)2(DMF)4]25 and NJU-Bai926 MOFs, but do not
represent a pbz net as their organic and inorganic building units are not hexagons.
Interestingly, the 6-connected hexanuclear Zr cluster, having the perfect D6
symmetry and the points of extension matching the 6 vertices of a hexagonal planar SBU,
is an ideal inorganic building unit to target the synthesis of MOFs with the intricate
underlying 6-c hxg topology, in which case the augmented hxg-net matching the pbz-net
(polybenzene type structure). Accordingly, the work presented here will report the
successful implementation of reticular chemistry, where the 6-c hexagonal zirconium
cluster was used for the construction of a porous Zr-MOF based on an edge-transitive hxg
net. To the best of our knowledge, this represents the first example of the assembly of
the 6-c hexagonal Zr-clusters with 6-c hexagonal organic linker into the default 6-c hxg-
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MOF, in which case the augmented hxg-net matching the pbz-net (polybenzene type
structure).
Geometrical and structural analysis revealed the dihedral angle between the two
phenyl rings in the pbz-structure is 70.5°,22 while the neighboring rings attached to the
same ring have complementary dihedral angles of 70.5° and 109.5° (Figure 5.4.),
resembling the blades in contra-rotating propellers.27

Figure 5.4. (a) The dihedral angles between adjacent phenyl rings in the hypothetical structure of
polybenzene. (b) contra-rotating propellers.

Markedly, careful structural analysis of the hexagonal hexanuclear Zr cluster and
taking into the hexagon formed by the carbon atoms of the six equatorial carboxylate
groups, a very similar propeller-like arrangement is observed. However, in this case the
complementary dihedral angles are 49.6° and 130.4°. These simple geometrical
considerations infer that in order for the looked-for pbz-MOF to be formed, using the
hexagonal hexanuclear Zr cluster as the inorganic building unit, it is necessary to employ
a hexagonal 6-connected carboxylate-based organic linker that will be able to provide and

275
accommodate the additional twist in the dihedral angle and afford the 70.5° found in the
pbz type structure.
Based on this analysis, we designed and synthesized the rigid hexatopic
carboxylate-based organic ligand hexakis(4-(4-carboxylphenyl)phenyl)benzene (H6L1)
that can act as a hexagonal MBB. Successfully, the solvothermal reaction of H6L with ZrCl4
in DMF and in the presence of acetic acid afforded colorless octahedral-like single crystals,
suitable for structural determination. The resultant MOF, denoted here as pbz-MOF-1,
crystallizes in the cubic system, space group Fd-3m with a large unit cell, a = 44.856(2) Å,
V = 90252(9) Å3. The crystal structure of pbz-MOF reveals a 3-periodic framework built up
from linking the 6-c hexanuclear Zr clusters and the fully deprotonated hexacarboxylate
ligands L6-(Figure 5.5.). Each hexanuclear Zr clusters encompasses six crystallographically
equivalent μ3-O2- anions (Zr-O3 bond length, 2.133 Å), placed at the equatorial positions
of the hexagon which are located 0.682(6) Å above the plane containing the three, Zr
atoms. In addition, there are two crystallographically equivalent μ3-ΟΗ- anions (Zr-O2
bond length, 2.187 Å) at the faces of the hexagon, placed 0.840(1) Å above the plane of
the adjacent, three Zr atoms. The Zr atoms at the faces of the hexanuclear Zr hexagon
complete their coordination sphere with acetate anions (Ac-), OH- and H2O species. 1H
NMR measurements in acetone exchanged samples, digested with NaOH, showed that
the Ac:L ratio is around 5 (Figure 5.6). Accordingly, the proposed charge balanced
chemical formula for the pbz-MOF-1 is [Zr6(μ3-Ο)6(μ3-ΟΗ)2(Ac)4(H2O)4(L)]. Interestingly,
the observed chemical formula, [Zr6(μ3-Ο)6(μ3-ΟΗ)2]10+, representing the Zr core, is
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different from the previously reported hexagonal Zr clusters, formulated as [Zr6(μ3ΟΗ)8]16+ (PCN-224), [Zr6(μ3-Ο)4(μ3-ΟΗ)4]12+ and [Zr6(μ3-O)8(OH)2(H2O)10]6+.

Figure 5.5. The combination of hexanuclear clusters (a), with the hexatopic H6L ligand (b), both with
hexagonal planar linking topology, lead to the construction of pbz-MOF-1 (c), displaying the augment hxga net, originally described in the structure of polybenzene (pbz). Reproduced with permission.28 Copyright
2016, American Chemical Society.
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Figure 5.6. 1H NMR spectrum of evacuated pbz-MOF-1 after digesting the sample in NaOH, DCl/DMSO-d6
solution.

Further structural analysis of the pbz-MOF-1, revealed that the observed dihedral
angle between the central phenyl ring of the organic linker and the hexagonal plane of
the Zr cluster is 70.53° (Figure 5.7.), as expected and imposed by this topology. In point
of fact, given that there are no preassembled Zr6 clusters as a starting entity in the initial
reaction mixture, it is conceivable to regard the organic ligand as a directing-cluster agent
and a template for the in situ formation of these clusters, prompted by the suitable
geometrical features of the ligand favoring the assembly of the stable pbz-MOF.
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Figure 5.7. The dihedral angle between the central phenyl ring of the organic linker and the hexagonal plane
of the Zr cluster.

The phase purity of the as-synthesized and the exchanged samples were
confirmed by comparison of the experimental and calculated PXRD patterns (Figure 5.8.).

Figure 5.8. PXRD of pbz-MOF-1 as synthesized, acetone exchanged and comparison to the PXRD calculated
from the single crystal structure.

pbz-MOF-1 is comprised of tetrahedral cavities of approximately 13 Å in diameter,
delimited by four ligands, occupying the faces of the tetrahedron, and the carboxylates
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coordinate to the twelve 6-c Zr clusters. These cavities are interconnected through
triangular-like windows of approximately 6.5 Å, running along the [110] crystallographic
direction (Figure 5.9. and 5.10.).
The corresponding solvent-accessible free volume in the pbz-MOF-1, determined
using the PLATON software,29 is estimated to be 69 %. Low-pressure gas sorption analysis
was performed on an activated sample of pbz-MOF-1. To activate the sample, through
the removal of guest solvent molecules, the acetone exchanged sample was placed under
dynamic vacuum for 24 hours at RT.

Figure 5.9. Description of the window and tetrahedral cage size found in pbz-MOF-1.
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Figure 5.10. Representation of the triangle widow found in pbz-MOF-1.

Argon adsorption isotherm recorded at 87 K showed a fully reversible type-I
isotherm characteristic of a microporous material and confirmed the permanent porosity
of this compound (Figure 5.11.). Based on the Ar isotherm, the apparent BET and
Langmuir surface area for pbz-MOF-1 were estimated to be 2415 m2/g and 2556 m2/g,
respectively. The calculated free pore volume (PV), based on the Ar isotherm at
P/P0=0.95, is calculated to be 0.99 cm3/g, which is in excellent agreement with the
crystallographically determined value of 1.0 cm3/g.
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Figure 5.11. Low pressure fully reversible argon adsorption isotherm at 87 K for the pbz-MOF-1.

In light of the interesting structural features containing a high density of phenyl
rings per accessible volume, combined with defined microporosity and high surface area,
we found it compelling to further explore the CH4 storage properties of pbz-MOF-1.
High-pressure CH4 sorption measurements were carried out at different
temperatures up to 80 bar (Figure 5.12.). Examination of total CH4 gravimetric and
volumetric uptakes at 80 bar and 298 K showed that pbz-MOF-1 adsorbs 0.23 g/g and
210.4 cm3(STP)/cm3, respectively, placing pbz-MOF-1 among the high performing MOFs
for CH4 storage. The corresponding CH4 capacities at 273 K and 258 K are 0.27 g/g (246
cm3(STP)/cm3) and 0.29 g/g (267 cm3(STP)/cm3), respectively.
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Figure 5.12. CH4 sorption isotherms for pbz-MOF-1 at 298 K, 273 K and 258 K, up to 80 bar.

Further analysis of the adsorption uptakes at different pressures and room
temperature showed that pbz-MOF-1 exhibits one of the largest increase in the CH4
adsorbed phase density between 35 and 65 bar (38.3 %), as compared to other wellperforming MOFs for CH4 storage (Figure 5.13.). It is worth mentioning that the adsorbed
phase density is defined as the gravimetric uptake divided by the pore volume.
Reasonably, this enhanced CH4 density in the pbz-MOF-1 could be associated with
the favorable and very high efficiency in filling the available space in the pore network.
Equivalent values for other existing MOFs such as HKUST-1 (17.4 %),30 Al-soc-MOF-1 (62.8
%),31 PCN-14 (16.6 %),32 MOF-520 (38.7 %)33 and MOF-905 (44.6 %)34 supports and affirms
the high degree of CH4 packing in the pbz-MOF-1 between 35 and 65 bar. The gravimetric
and volumetric working capacity at 80 bar (5 bar for desorption) and 298 K is estimated
to be 0.22 g/g and 180 cm3/cm3, respectively.

283

Figure 5.13. Percent increase of adsorbed phase density for representative MOFs.

Interestingly, in contrast to other MOFs with intermediate porosity such as PCN14,32 HKUST-130 and Ni-MOF-7432 the decrease of the storage temperature to 273 K led
to an increase in the CH4 working capacity. For instance in the case HKUST-130 and when
going from 298 K to 273 K, the volumetric working capacity between 5-65 bar decreased
from 190 cm3/cm3 to 155 cm3/cm3. Whereas for pbz-MOF-1 under the same conditions,
the opposite occurred and an increase from 162 cm3/cm3 to 185 cm3/cm3 was observed.
This unique feature in the microporous pbz-MOF-1 could be attributed to the favorable
synergistic effect between the pore system dimension and the localized high density of
aromatic rings per accessible unit volume.
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5.2.3.2 KME-1091: Zr-stp-MOF
Markedly, a crystallographic analysis along the [100] direction of pbz-MOF-1
revealed that the distance between opposite Zr clusters is ∼3.8 Å, measured from the
methyl carbon atoms of the coordinate acetate anions and without taking into account
the hydrogen atoms (Figure 5.14.). Therefore, it is highly likely that the size of the
hexagonal ligand in the pbz-MOF-1 represents a size cutoff for this type of linkers, below
which the pbz net cannot be formed due to steric effects.

Figure 5.14. The distance between opposite Zr clusters, Viewing along the [100] crystallographic direction

In order to validate this analysis, a 6-connected contracted ligand, hexakis(4carboxyphenyl)-benzene (H6L2) (Figure 5.15.), was synthesized and reacted with Zr metal
salts under similar reaction condition used to isolate the pbz-MOF-1 structure.
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Figure 5.15. Comparison of the size of the two 6-connected organic linkers.

As expected, a solvothermal reaction of ZrCl4 and H6L2 with excess acetic acid, as
a reaction modulator, yields a new 3-periodic MOF composed of 6 and 4-connected
building blocks; this MOF has the stp underlying topology (Figure 5.16.). Single crystal Xray diffraction reveals that this compound, Zr-stp-MOF, crystallized in the primitive
hexagonal P63/m space group having cell parameters of a = 32.474(1) Å; c = 26.504(1) Å.
The crystal structure of this compound reveals a 3-periodic (4,6)-connected MOF
constructed from 6-connected hexanuclear Zr clusters that are bridged by the six
independent hexacarboxylate ligands (H2L4-), in which each ligand coordinates through
only four of the carboxylates in a monodentate and a bidentate fashion (Figure 5.17.).
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Figure 5.16. Synthetic schematic for the synthesis of Zr-stp-MOF.

Figure 5.17. Coordination mode of the H6L2 in Zr-stp-MOF structure.

Analysis of the Zr hexanuclear cluster reveals the in situ formation of the Zr6(µ3O)4(µ3-OH)4 core, i.e. there are four μ3-O2- anions (Zr-O bond length, 2.045(2)–2.077(6) Å)
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and four μ3-ΟΗ- anions (Zr-O bond length, 2.191(3)–2.272(7) Å) (Figure 5.18a). In this
structure, there are two types of crystallographically independent Zr ions. Three Zr ions
are each coordinated to eight oxygen atoms in a square-antiprismatic coordination
geometry; namely, two carboxylates from two separate ligands, one carboxylate from
one terminal acetate ligand, two μ3-Os, two μ3-OHs and one terminal water/DMF
molecule. The remaining three Zr ions are also each coordinated to eight oxygen atoms
in a square antiprismatic coordination geometry; that is, one monodentate oxygen from
carboxylate of one independent ligand, one carboxylate from one terminal acetate ligand,
two μ3-Os, two μ3-OHs and the other two coordination sites are completed by oxygen
atoms from water and terminal OH- group (Figure 5.18b). Accordingly, the proposed
charge

balanced

chemical

formula

for

Zr-stp-MOF

is

[Zr6(μ3-O)4(μ3-

OH)4(O2C−)6(O2C−CH3)3(OH)3(H2O)4(DMF)2].

Figure 5.18. The observed Zr cluster and its coordination in the stp-MOF, the C of the acetate ions are black
colored.
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From a topological perspective, the resultant hexanuclear cluster is capped by 6
carboxylates from 6 different ligands to give a 6-connected distorted trigonal prismatic
SBU, while each ligand coordinates through four carboxylate coordinating groups forming
a square shaped SBU. The combination of the aforementioned 6-c MBB and 4-MBB
resulted in the formation of (4,6)-connected net with stp underlying topology (Figure
5.19.).

Figure 5.19. Topological analysis of Zr-stp-MOF.

Zr-stp-MOF encloses well-defined 1D hexagonal channels running along the Z-axis
with estimated dimensions of 21.8 Å (vdW) (Figure 5.16.). The phase purity of the assynthesized Zr-stp-MOF was confirmed by similarities between the experimental and
calculated PXRD patterns (Figure 5.20.).
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Figure 5.20. PXRD comparison of the as-synthesized Zr-stp-MOF with the calculated powder pattern.

Sample activation was performed by washing the as-synthesized sample in DMF,
then using traditional solvent exchange method, CH3CN exchange for 3 days.
Unfortunately, N2 sorption experiments at 77 K show Zr-stp-MOF- revealed limited
degree of porosity (Figure 5.21.). The experimental pore volume (0.4 cm 3/g) does not
match the expected crystallographic pore volume (1.2 cm3/g). Attempts are underway to
explore alternative solvent activation methods such as employing supercritical CO 2
activation/drying. Furthermore, post-synthetic linker installation strategy could be
performed on this MOF, where the terminal OH−/H2O ligands of adjacent Zr clusters are
replaced by a secondary ligand having suitable size and functionality.
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Figure 5.21. Nitrogen sorption isotherm of Zr-stp-MOF.

5.2.3.3 Other Zr-MOFs based on square tetracarboxylic ligands
During the course of this research, several other new tetracarboxylic ligands
(Figure 5.22.) were synthesized and reacted with different zirconium salts resulting in new
compounds, which are analyzed by SCXRD. Preliminary activation and sorption studies
are highlighted below.

Figure 5.22. Tetracarboxylate ligands used in the synthesis of Zr-MOFs.
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5.2.3.3.1 KME-988: Zr-csq-MOF
A solvothermal reaction of ZrCl4 and H4EBTD with excess acetic acid as a reaction
modulator, yielded a 3-periodic MOF having csq underlying topology (Figure 5.32.). The
SCXRD study reveals that Zr-csq-MOF crystallized in the orthorhombic Cmm2 space group
with cell parameters of a = 40.3314 Å; b =69.8737 Å; c = 17.9111 Å; α=β=γ= 90°.
This MOF is an isoreticular analogue of MOF-54535 and NU-100013 built up from 8connected hexanuclear Zr cluster [Zr6(μ3-O)4(μ3-OH)4(OH)4(H2O)4] that are bridged by 8
carboxylates from 8 different ligands. The topology of csq-MOF can be also described as
a neutral 3-periodic pillared Kagomé MOF, in which the hexanuclear cluster MBBs arrange
to form 2-periodic Kgm layers that are connected by covalently cross-linked L4- pillars;
thus forming uniform triangle and hexagonal mesopore channels along z axis, having a
diameter of 8 and 31 Å, respectively.
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Figure 5.23. Crystal structure of Zr-csq-MOF showing the assembly of the hexanuclear Zr cluster [Zr6(μ3OH)4(μ3-OH)4 (O2C−)8] with the organic ligand H4L1. and topological analysis of Zr-csq-MOF, where the 8connected Zr-cluster can be viewed as a 8- connected cube SBU, while the organic ligand can be rationalized
as a 4-connected building unit to give (4,8)-c csq-net.

The phase purity of the as-synthesized and the exchanged samples were
confirmed by comparison of the experimental and calculated PXRD patterns (Figure
5.24.).
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Figure 5.24. PXRD of KME-988 as synthesized, acetone exchanged and comparison to the PXRD calculated
from the single crystal structure.

The gas sorption analysis was performed on the activated KME-988 sample;
activation of the sample was accomplished by thorough washing of the sample in DMF
for 24 hours and exchange with acetone for 3 days, followed by room temperature
evacuation for 24 hours and subsequent heating to 55 °C for 6 hours. Low pressure gas
sorption experiments (Ar at 87 K) were performed (Figure 5.25.), which revealed an
apparent BET surface area of 3200 m2/g. A steep uptake and inflection between P/P0 of
0.2-0.3 was observed, as indicative of mesoporous cavities that are consistent with the
crystal structure. The experimental pore volume was calculated to be 1.6 cm 3/g, which is
slightly lower than the calculated pore volume from the crystal structure (2 cm 3/g).
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Advantageously, this highly porous MOF characterized by mesoporous channels
and high density of exposed open metal sites offers great promise for many applications,
including but not limited to gas storage, sensing and catalysis applications.

Figure 5.25. Argon Isotherm at 87 K for KME-988.

5.2.3.3.2 KME-1089: Zr-she-MOF
Evidently, Zirconium based hexanuclear MBBs have shown a high degree of
structural versatility, permitting the formation of 12-, 8- and 6-connected building units.
To date, the majority of Zr-hexanuclear clusters reported in the literature have the
connectivity of 12 or 8, resulting in MOFs with fcu (12-c), ftw (4,12-c), scu and csq (4,8-c)
topology. Interestingly, MOFs based on she topology (linking square with hexagon) are
rare with only a few examples reported in the literature19, 36 due to, in part, the challenges
in isolating reaction conditions that allow the in situ formation of the 6-c inorganic

295
clusters, points of extension matching the 6 vertices of a hexagonal planar SBU.
Alternatively, this topology can be targeted based on square inorganic MBB (e.g. copper
paddlewheel) and hexagonal organic linkers.37
In an attempt to deviate from the most reported csq and scu structures, a methyl
functionalized version of the rectangular benzene,1,2,4,5- tetrabenzoic acid (BTEB)
ligand, benzene,1,4-dimethyl-2,3,5,6- tetrabenzoic acid (CH3-BTEB), was synthesized. The
addition of this bulky group to the central benzene of this rectangular ligand offers a
possibility to force the formation of a different topology than the (4, 8)-c csq and scu
network topology.
The solvothermal reaction of CH3-BTEB with ZrCl4 in DMF and in the presence of
acetic acid successfully afforded colorless cube-shaped single crystals, suitable for single
crystal structural determination. The SCXRD study discloses that this compound
crystallizes in the cubic Pm-3m space group with a unit cell, a = 32.2581 Å and V = 33567
Å3. Analysis of the resultant crystal structure reveals the in situ formation of 6-c Zrhexanuclear that copolymerized by the fully deprotonated tetracarboxylate ligands L4resulting in a MOF having the edge transitive she topology (Figure 5.26.). Analysis of the
Zr hexanuclear cluster reveals the in situ formation of the Zr6(µ3-O)4(µ3-OH)4 core, i.e.
there are four crystallographically equivalent μ3-O2- anions (Zr-O bond length, 1.963 2.116 Å) and four crystallographically equivalent μ3-ΟΗ- anions (Zr-O bond length, 2.1732.231 Å). The Zr atoms at the faces of the hexanuclear Zr hexagon complete their
coordination sphere with acetate anions (Ac-), OH- and H2O species.

1H

NMR

measurements in acetone exchanged activated sample, digested with NaOH, showed that
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the Ac:L ratio is around 2 (Figure 5.27.). Accordingly, the proposed charge balanced
chemical formula for the Zr-she-MOF is [Zr6(μ3-Ο)4(μ3-ΟΗ)4(Ac)3(OH)3(H2O)3(L)1.5].

Figure 5.26. Crystal structure of Zr-she-MOF showing the assembly of the 6-c Zr hexanuclear cluster
[Zr6(μ3-OH)4(μ3-OH)4 (O2C−)6] with the organic ligand CH3BTEB.

Figure 5.27. 1H NMR spectrum of evacuated she-MOF after digesting the sample in NaOH, DCl/DMSO-d6
solution.
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The topological analysis reveals that this framework has the anticipated edge
transitive 4,6-connected net with the she underlying topology. In this structure, the
organic linker and the Zr6 cluster are simplified as a square and hexagonal SBUs,
respectively with the six points of extension corresponding to the carbon of the
carboxylate moieties, which match the vertex figure of the 4-c and 6-c node in the she
net, respectively (Figure 5.28.).

Figure 5.28. Topological analysis of Zr-she-MOF

Zr-she-MOF encloses two well-defined intersecting channels (Figure 5.26.) with
estimated dimensions of 16 Å and 9.4 Å, taking vdW radii into consideration. The purity
of this compound was confirmed by similarities between the experimental (assynthesized; exchanged) and calculated PXRD patterns (Figure 5.29.). The high thermal
stability was also confirmed using VT-PXRD experiments (Figure 5.30.).
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Figure 5.29. PXRD of Zr-she-MOF as synthesized, exchanged and comparison to the PXRD calculated from
the single crystal structure.

Figure 5.30. VT-PXRD patterns on exchanged Zr-she-MOF sample.
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Preliminary sorption screening of nitrogen adsorption at 77 K was performed on
the activated Zr-she-MOF sample. Activation of the sample was first prepared by
thorough washing the sample with DMF and exchanged with acetone for 3 days, followed
by room temperature evacuation for 6 hours and subsequent heating to 120 °C for 24
hours. The permanent porosity was confirmed by the nitrogen sorption isotherm (77 K)
(Figure 5.31.), which revealed an apparent BET and Langmuir surface area of 1325 m 2/g
and 1860 m2/g respectively. However, the experimental pore volume calculated from N 2
isotherm does not match the expected crystallographic pore volume (0.65 cm3/g versus
to 1 cm3/g). Accordingly, further activation attempt using dilute acid solution was made
based upon the reported method by Hupp and Zhou groups.13, 38 In this method, ~20-40
mg of the sample was placed in a vial containing 12ml of DMF, to which 0.5ml 8M HCl (in
DMF) was added. The sample was then heated for 12h at 85 °C. Finally, the sample was
cooled and exchanged with acetone over a period of 24-48 h. Before performing the
nitrogen sorption experiment, the stability of the sample was evaluated by PXRD (Figure
5.32.). 1H NMR was recorded on HCl treated sample to assign any residual modulator
(Acetic acid) and it showed the almost complete removal of acetic acid (Figure 5.33.).
Nitrogen sorption experiments at 77 K show a slight increase in the experimental pore
volume (0.73 cm3/g) and a BET specific surface area of 1430 m2/g (Figure 5.31.). Ongoing
studies are directed towards investigating this platform for gas storage and catalysis
application.
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Figure 5.31. Nitrogen isotherm at 77 K for Zr-she-MOF before and after HCl treatment.

Figure 5.32. PXRD of Zr-she-MOF after HCl treatment and comparison to the calculated PXRD.
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Figure 5.33. 1H NMR spectrum of the acid washed she-MOF after digesting the sample in NaOH, DCl/DMSOd6 solution.

5.2.3.4 Zr-MOFs based on asymmetric tricarboxylate ligands
The work herein was carried out after the previously mentioned results related to
RE-MOFs and the discovery of the novel pek and aea-MOFs.39 Markedly, the implemented
relatively lower symmetry of the 3-c tricarboxylate ligand was presumably responsible for
driving the occurrence of 12-c RE nonanuclear (d6R SBU) and 8-c RE hexanuclear
carboxylate-based clusters (d4R SBU). Accordingly, we opted to expand the scope of this
work using asymmetric carboxylate-based ligands used previously with RE in an attempt
to target Zr analogous MBBs and plausibly enable the discovery of new highly connected
MOFs with novel network topologies (Figure 5.34.).
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Figure 5.34. Asymmetric tricarboxylate ligands used in the synthesis of Zr-MOFs

Studies aimed at isolating isostructural pek-MOFs using the rigid H3L1 ligand were
not successful. The reason for this stems from the fact that the size of the d6R SBU in the
case of hexanuclear Zr is different from the observed nonanuclear RE clusters, thus
plausibly creating a mismatch between the building units and prohibits the construction
of the targeted Zr based isostructural pek-MOF. However, no other crystalline materials
were obtained with this ligand.
On the other hand, reactions between H3L4 ligand and Zr salt (ZrCl4) afforded the
formation of a crystalline white precipitation, as evidenced by PXRD (Figure 5.35.).
Despite many attempts, no suitable single crystals were isolated yet with H 3L4 and
different zirconium salts.
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Figure 5.35. PXRD pattern resulting in the reaction of Zirconium and H3L4.

5.2.3.4.1 KME-956
The reaction of H3L2 with ZrCl4 in a DMF/formic acid solution generated
homogeneous crystals with square shape. Single crystal X-ray diffraction revealed that
this compound, KME-956, crystallized in the primitive tetragonal P42/mnm space group
having cell parameters of a = 30.2910 Å, c = 36.8080 Å. Analysis of the resultant crystal
structure revealed the formation of a novel 3-periodic highly connected Zr-MOF based
solely on hexanuclear Zr carboxylate-based clusters (Figure 5.36.). Specifically, the
structure encloses two crystallographically independent hexanuclear clusters (Figure
5.37.), the first cluster (MBB1) is 8-connected cube cluster [Zr6(μ3-O)4(μ3-OH)4(O2C)8(OH)4(H2O)4] that is similar to the 8-c cluster observed in the csq or scu-MOFs. The
second cluster is 12-connected hexanuclear cluster composed of [Zr6(μ3-O)4(μ3-OH)4]
core, four of which are linked together through four format anions and 8 carboxylates
from 4 different isophthalates moieties of the 3-c ligands (L2) to form a 32-c
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supermolecular building block (SBB). Each SBB is linked to the neighbors SBBs and MBBs1
(cube BU) by 32 carboxylate resulted in the formation of an unprecedented highly
connected Zr-MOF.
From a topological analysis perspective, there are three types of nodes, the first
metal cluster (8-connected), SBB (32-connected) and the ligand (3-connected) (Figure
5.38). Alternatively, KME-956 can be simplified as pillared honeycomb (hcb) layers (Figure
5.39).

Figure 5.36. Synthetic scheme for synthesis KME-956.
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Figure 5.37. The two types of inorganic MBBs found in KME-956 and the corresponding SBUs.
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Figure 5.38. Systre output for KME-956 viewed as 3, 8 and 32-connected nodes.
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Figure 5.39. Illustration of the pillaring of hcb layers in KME-956.

The phase purity of the as-synthesized compound was confirmed by comparison
of the experimental and calculated PXRD patterns (Figure 5.40.). Preliminary sorption
screening of nitrogen adsorption at 77 K showed a fully reversible type I isotherm,
characteristic of microporous materials (Figure 5.41.). The estimated BET and the
calculated pore volume are 1230 m2/g and 0.53 cm3/g, respectively, which is in good
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agreement with the theoretical pore volume calculated from the associated crystal
structure.

Figure 5.40. PXRD comparison of the as-synthesized KME-956 with the calculated powder pattern.

Figure 5.41. Nitrogen isotherm at 77 K for KME-956.
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5.2.3.4.2 KME-1066
The reaction of H3L4 with ZrCl4 in a DMF/formic acid solution generated
homogeneous crystals having a square morphology. Single crystal X-ray diffraction
revealed that this compound is isoreticular analogue to KME-956, and it crystalizes in the
primitive tetragonal P42/mnm space group having cell parameters of a = 30.3896 Å c =
38.3750 Å. This MOF was only quickly screened by SXRD and detailed
characterization/studies are in progress.

5.3 Conclusions
The study reported in this chapter demonstrated for the first time the successful
use of reticular chemistry and the MMB approach for the construction of a highly
connected Zr-based MOF with the intricate pbz topology. The judicious selection of the
prerequisite hexagonal building units, six connected organic and inorganic building
blocks, allowed for the formation of the pbz-MOF-1. The synthesis of the pbz-MOF-1
represents the first example of a crystalline solid-state material displaying the binary 6-c
hxg-a net, matching the unique edge transitive pbz net. High-pressure CH4 adsorption
measurements on the highly porous pbz-MOF-1 revealed a high storage capacity of 0.23
g/g and 210.4 cm3 (STP)/cm3 at 80 bar. Moreover, pbz-MOF-1 exhibits one of the highest
enhancements in the adsorbed phase density when going from 35 to 65 bar.
Evidently, the size of the hexagonal ligand in the pbz-MOF-1 (H6L1) represents a
size restriction for this type of linker, below of which the pbz net cannot form due to steric
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effects. Therefore, the employment of a 6-c organic linker with a smaller size relative to
H6L1, resulted in the formation of new Zr-MOF based on (4, 6)-c stp network topology.
In the second part of this chapter, the reaction condition that previously allowed
the construction of pbz-MOF was used with a rectangular tetracarboxylate ligand, where
the central benzene of the ligand was modified by bulkier group (-CH3), and resulted in
the formation of a porous Zr-based MOF having the rarely observed edge transitive she
network topology. The interesting pore system afforded by this Zr-she-MOF suggests its
plausible potential applications pertaining to catalysis and sensing.
In the last part of this chapter, the use of Zr metal salts in combination with less
symmetrical 3-c tricarboxylate ligands yielded isoreticular compounds with a novel and
unpredicted topology. To the best of our knowledge, these compounds represent the only
examples of Zr-MOFs based on asymmetrical 3-c ligands. Therefore, suggesting additional
studies in order to gain more control over the resultant materials.
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Chapter 6.

Summary and Future Outlook

The rapid development of reticular chemistry has given rise to a large class of
MOFs with fine tunable properties to address a plethora of applications in areas such as
gas storage and separation, catalysis, sensing, and more. The work conducted in this
dissertation focused on the rational construction and discovery of rigid and highly porous
MOFs and investigated their gas storage properties. In particular, CH4 storage capacities
were evaluated under a wide range of pressure and temperature conditions for onboard
ANG application.
Herein, we successfully employed the MBB approach to design and synthesize the
first aluminum soc-MOF isoreticular materials. Specifically, reaction conditions that
consistently permit the in situ generation of the [Al3(μ3-O)(H2O)3(O2C−)6] MBB were
isolated and used for the construction of a highly porous (4,6)-connected aluminum based
soc-MOF, Al-soc-MOF-1, with more than 6000 m2/g Langmuir specific surface area. This
platform shows exceptional permanent porosity accessed through conventional
activation protocol (solvent exchange and vacuum), the BET specific surface areas were
estimated and found to be ca. 5585, 5161 and 4849 m2/g for Al-soc-MOF-1, Al-soc-MOF2, and Al-soc-MOF-3, respectively. Al-soc-MOF-1 exhibits an interesting pore system
comprised of cages and channels, where the relative size of these pores is nearly identical
and the estimated diameter of the channels and cages as calculated from the crystal
structure are approximately 14 and 14.3 Å, respectively. Accordingly, these interesting
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structural and chemical features of Al-soc-MOF-1 place this compound as ideal adsorbent
candidate for methane storage studies.
Indeed, high-pressure CH4 adsorption isotherms at variable temperatures
revealed that Al-soc-MOF-1 exhibits an exceptional total CH4 gravimetric uptake of 0.27
g/g at 298 K and 35 bar, which is the highest reported among microporous materials.
Markedly, this MOF exhibited a simultaneous increase in both volumetric and gravimetric
capacities at different working temperatures and pressures, in which the total gravimetric
and volumetric uptakes at 298 K under 65 and 80 bar are (0.41 g/g, 197 cm 3/cm3) and
(0.47 g/g, 222 cm3/cm3), respectively. This notable and rare compromise between the
gravimetric and the volumetric capacities for Al-soc-MOF-1 is attributed to the high
surface area and micropore volume, along with the appropriate pore size/shape exhibited
by this framework that leads to efficient use of the pore space and enhance CH 4-CH4
interactions at high pressure. Therefore, the combination of all aforementioned effects in
Al-soc-MOF-1 afforded the exceptional compromise between gravimetric and volumetric
CH4 working capacities observed in this framework, namely, 0.42 g/g and 201
cm3(STP)/cm3 at 298 K and 5−80 bar working pressure range. In contrast to the other
reported best MOFs for CH4 storage, Al-soc-MOF-1 showed enhanced CH4 storage
working capacity as the temperature was decreased. Particularly, at 258 K and 80 bar, Alsoc-MOF-1 fulfils the DoE target and exhibits the highest working volumetric capacity of
264 cm3 (STP)/cm3. Furthermore, Al-soc-MOF-1 exhibited the highest total gravimetric
and volumetric uptake for CO2 and the utmost total and deliverable uptake for O2 at
relatively high pressures among all microporous MOFs.
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In summary, the research presented in Chapter 2 offers further horizons for
additional studies to design materials tailored for specific properties, where specific
functionalities can be introduced pre- or postsynthetically to the organic building blocks.
Furthermore, the versatility of this platform can also be demonstrated through finetuning the choice of metal cations in the trinuclear inorganic MBBs.
Further experimental work, targeting the use of the 6-c trigonal prismatic
trinuclear Al(III) clusters, [Al3(μ3-O)(O2C−)6], to construct new stable MOFs has been
investigated in Chapter 3. Highly porous isoreticular MOFs based on the binodal edge
transitive (6, 6)-c nia net have been targeted and successfully synthesized. To the best of
our knowledge, these structures represent the first example of nia-MOFs based on Al
clusters. Gas sorption analysis further showed that the Al-nia-MOF-2 compound shows
potential for gas storage applications, particularly in the case of high pressure oxygen
storage.
An exploratory study of MOF structures based on a new less symmetrical ligand,
9-(4-carboxyphenyl)-9Hcarbazole-3,6-dicarboxylic acid (H3L) was performed and resulted
in the formation of a new (3, 6)-c Al-MOF. This MOF exhibited high thermal and chemical
stability with a remarkable CO2 volumetric storage capacity. Nevertheless, the area of less
symmetrical ligands has been less investigated and many ligands with different
connectives remain to be explored. Remarkably, the work presented in Chapter 2 and 3
has introduced the use of acetic acid as a reaction modulator in Al-MOF synthesis. Under
mild conditions (150 °C) it allows to slow down the crystal growth and control the
nucleation of Al-MOF crystals resulted in the formation of big single crystals, which
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facilitates the structure determination using single-crystal X-ray diffraction (SCXRD)
studies and ensuring the high purity of the materials.
The research presented in Chapter 4 and 5 presented our recent contributions
on highly connected MOFs based on highly connected symmetrical rare earth and
zirconium MBBs.
Specifically, Chapter 3 reported the discovery of two fascinating and highlyconnected minimal edge-transitive nets, namely pek and aea topologies via a systematic
exploration on the use of RE metal salts in combination with relatively less symmetrical
3-c tricarboxylate ligands in the presence of 2-FBA as a cluster directing agent. The
reduced symmetry of the employed triangular tricarboxylate ligand, as compared to the
prototype highly symmetrical 1,3,5-benzene-(tris)benzoic acid guided the concurrent
occurrence of nonanuclear and hexanuclear carboxylate-based clusters as 12-connected
d6R and 8-connected d4R building units to form the pek-MOFs with a novel (3,8,12)-c
trinodal net. Subsequent use of another 3-c tricarboxylate ligand with further contracted
angles between the carboxylates (from 120° to 90°) led to the formation of a second
highly connected net, (3,12,12)-c with an unprecedented aea topology. Gas sorption
studies further showed excellent volumetric CO2 and CH4 uptakes at high pressures.
Notably, it is the first time that RE-MOFs with double six-membered ring (d6R)
SBUs are isolated, representing therefore a critical step forward toward the design and
discovery of novel and highly connected RE-MOF platforms based on the logical
reticulation of d6R building blocks. The deconstruction of pek and aea structures into 2periodic layers pillared by 12-c nonanuclear clusters offer potential for the practice of the
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SBL approach for the design and directed assembly of isoreticular/functionalized or new
highly connected MOFs.
Finally, relevant to the work presented in Chapter 4, Chapter 5 focused on the
synthesis of new MOFs based on highly-connected hexanuclear Zr clusters. Particularly,
we described the design and construction of a zirconium-based MOF incorporating the
awaited and looked-for hypothetical polybenzene (pbz) network, which was predicted for
carbon 70 years ago. The judicious selection of the perquisite hexagonal building units,
six connected organic and inorganic building blocks, allowed the formation of the pbzMOF-1, the first example of a Zr(IV)-based MOF with pbz topology. Based on this careful
and insightful geometrical analysis, the size of the designed and synthesized hexagonal
ligand in the pbz-MOF-1 (H6L1) represents a size cutoff for this type of linkers, below
which the pbz net cannot be formed due to steric effects.
Experiments utilizing less symmetrical 3-c tricarboxylate ligands were also
discussed and some of the ligands used resulted in 8-connected hexanuclear clusters with
new unpredicted topologies. However, our initial objective was to explore this area and
try to isolate isostructural MOFs having pek and aea topologies based on Zr-clusters. A
plausible explanation to account for this result could be associated with the size of 12-c
Zr-hexanuclear cluster, which is smaller than the 12-c RE-nonanuclear cluster (d6R SBU).

Future Outlook
The emergence of MOFs promise to advance research towards the development
of functional porous solid-state materials tailored to address many enduring challenges
pertaining to energy and environmental sustainability. Evidently, highly porous MOFs
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have received considerable attention as potential methane storage medium that can
offer safe and efficient storage at room temperature and reasonable pressures. The
above research findings revealed that the rational design and synthesis of MOFs with an
appropriate combination of a high porosities and optimized pore metrics are essential to
achieve the desired enhanced CH4 storage uptake and the practical working capacity at a
set pressure and temperature. However, the current DOE technical targets for methane
storage have not been fully achieved at room temperature and 65 bar. Therefore, we
anticipate that future studies directed towards exploring different storage conditions or
developing new storage systems will be exciting and practically relevant. In this context,
concerted efforts in multidisciplinary areas around methane storage (chemistry,
simulation, thermodynamics, etc.) are necessary to achieve advanced concepts for the
storage of natural gas in porous materials.
Finally, the versatility of RE polynuclear clusters, assembled in situ in the presence
of fluorinated ligands and/or a modulator such as 2-fluorobenzoic acid (2-FBA), resulted
in a wide range of 3-periodic frameworks in the presence of various linker. This chemistry
has opened a new trajectory as a route for the discovery of highly connected MBBs
gaining immense interest as it leads to the formation of highly connected nets.
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Appendix A. Crystal Structure Tables
Table A.1. Crystal data and structure refinement for Al-soc-MOF-1d

Identification code

Al-soc-MOF-1d

Empirical formula

C24H17Al3N3O17.5

Formula weight

708.34

Crystal system, space group

Cubic, P4̄3n

Unit cell dimensions

a = 21.4934(5) Å

Volume

9929.2(7) Å3

Z, calculated density

8, 0.948 Mg m-3

F(000)

2888

Temperature (K)

100.0(1)

Radiation type

Cu Kα

Absorption coefficient

1.18 mm-1

Absorption correction

Multi-scan

Max and min transmission

0.653 and 0.753

Crystal size

0.01 × 0.02 × 0.02 mm

Shape, color

Square pyramid, yellow

 range for data collection

5.0–66.5°

Limiting indices

-22 ≤ h ≤ 21, -25 ≤ k ≤ 24, -25 ≤ l ≤ 23

Reflection collected / unique /
observed with I > 2σ(I)

34324 / 2916 (Rint = 0.041) / 2806

Completeness to max = 40.0°

99.3 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2916 / 3 / 154

Final R indices [I > 2σ(I)]

R1 = 0.033, wR2 = 0.089

Final R indices (all data)

R1 = 0.034, wR2 = 0.090

Weighting scheme

[2(Fo2) + (0.0644P)2 + 1.4289P]-1*

Goodness-of-fit

1.02

Largest diff. peak and hole
*
P = (Fo2 + 2Fc2)/3

0.32 and -0.25 e Å-3
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Table A.2. Crystal data and structure refinement for Al-soc-MOF-1

Identification code

Al-soc-MOF-1

Empirical formula

C69 H42 O16 Al3 Cl

Formula weight

1243

Temperature

250(2) K

Wavelength

1.0402 Å

Crystal system, space group
Unit cell dimensions
Volume
Z, Calculated density
Absorption coefficient
F(000)

Cubic, Pm-3n
a = 35.9340(2) Å
46400(3) A3
8, 0.378 Mg/m3
0.430 mm-1
5456

Crystal size

0.1 x 0.1 x 0.1 mm

Theta range for data collection

2.35 to 80.88 deg.

Limiting indices

-44<=h<=44, -24<=k<=34, -35<=l<=44

Reflections collected / unique

247684 / 8139 [R(int) = 0.0946]

Completeness to theta = 66.33

99.0 %

Refinement method
Data / restraints / parameters
Goodness-of-fit on F2

Full-matrix least-squares on F2
8139 / 0 / 143
1.515

Final R indices [I > 2sigma(I)]

R1 = 0.1494, wR2 = 0.4034

R indices (all data)

R1 = 0.2083, wR2 = 0.4365

Largest diff. peak and hole

0.859 and -1.112 e.A-3
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Table A.3. Crystal data and structure refinement for Al-soc-MOF-2

Identification code

Naphthalene Al-soc-MOF-2

Empirical formula

C75 H45 O16 Al3 Cl

Formula weight

1318.5

Temperature

293(2) K

Wavelength

1.0402 Å

Crystal system, space group

Cubic, Pm-3n

Unit cell dimensions

a = 35.7316(2) Å

Volume

45620.2(4) A3

Z, Calculated density

8, 0.384 Mg/m3

Absorption coefficient

0.430 mm-1

F(000)

5432

Crystal size

0.05 x 0.05 x 0.05 mm

Theta range for data collection

5.28 to 80.88 deg.

Limiting indices

-44<=h<=35, -44<=k<=36, -34<=l<=26

Reflections collected / unique

250519 / 8042 [R(int) = 0.1886]

Completeness to theta = 66.33

98.8 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

8042 / 9 / 157

Goodness-of-fit on F2

1.251

Final R indices [I > 2sigma(I)]

R1 = 0.1498, wR2 = 0.3979

R indices (all data)

R1 = 0.2242, wR2 = 0.4287

Largest diff. peak and hole

0.676 and -0.547 e.A-3
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Table A.4. Crystal data and structure refinement for Fe-soc-MOF-1

Identification code

Fe-soc-MOF-1

Empirical formula

C69H43ClFe3O15

Formula weight

1315.03

Crystal system, space group

Cubic, Pm-3n

Unit cell dimensions

a = 35.875 (2) Å

Volume

46171(7)Å3

Z, calculated density

8, 0.378 Mg m-3

F(000)

5376

Temperature (K)

100.0(1)

Radiation type

Cu K

Absorption coefficient

1.75 mm-1

Absorption correction

Multi-scan

Max and min transmission

0.051 and 0.122

Crystal size

0.05 × 0.05 × 0.05 mm

Shape, color

Cube, yellow

 range for data collection

4.3–37.4°

Limiting indices

-28 ≤ h ≤ 14, -24 ≤ k ≤ 22, -5 ≤ l ≤ 29

Reflection collected / unique /
observed with I > 2(I)

17519 / 2495 (Rint = 0.088) / 1653

Completeness to max = 40.0°

99.4 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2495 / 254 / 235

Final R indices [I > 2(I)]

R1 = 0.114, wR2 = 0.351

Final R indices (all data)

R1 = 0.143, wR2 = 0.372

Weighting scheme

[2(Fo2) + (0.2P)2]-1*

Goodness-of-fit

1.39

Largest diff. peak and hole

0.23 and -0.40 e Å-3

*

P = (Fo2 + 2Fc2)/3
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Table A.5. Crystal data and structure refinement for Al-carbazole-MOF

Empirical formula

C42H28Al3ClN2O20

Formula weight

997.05

Crystal system, space group

Trigonal, P3221

Unit cell dimensions

a = 15.8430(7) Å, c = 32.882(2) Å

Volume

7147.6(7) Å3

Z, calculated density

3, 0.695 Mg m-3

F(000)

1530

Temperature (K)

100.0(1)

Radiation type, 

Cu K, 1.54178 Å

Absorption coefficient

0.97 mm-1

Absorption correction

Multi-scan

Max and min transmission

0.097 and 0.050

Crystal size

0.05 × 0.05 × 0.09 mm

Shape, colour

Block, yellowish

 range for data collection

3.2–67.5°

Limiting indices

-18 ≤ h ≤ 17, -18 ≤ k ≤ 18, -38 ≤ l ≤ 39

Reflection

collected

/

unique

/ 88940 / 8472 (Rint = 0.028) / 8328

observed with I > 2(I)
Completeness to max = 67.5°

98.6 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

8472 / 385 / 406

Final R indices [I > 2(I)]

R1 = 0.029, wR2 = 0.087

Final R indices (all data)

R1 = 0.029, wR2 = 0.090

Weighting scheme

[2(Fo2) + (0.0581P)2 + 1.1126P]-1*

Goodness-of-fit

1.11

Largest diff. peak and hole

0.27 and -0.28 e Å-3

Absolute structure parameter

0.044(5)

*

P = (Fo2 + 2Fc2)/3
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Table A.6. Crystal data and structure refinement for Al-nia-MOF-1

Empirical formula

C66H46Al3ClO18

Formula weight

1243.42

Crystal system, space group

Trigonal, P31c

Unit cell dimensions

a = 18.4905(7) Å, c = 28.238(1) Å

Volume

8361.2(7) Å3

Z, calculated density

2, 0.494 Mg m-3

F(000)

1284

Temperature (K)

100.0(1)

Radiation type, 

Cu K, 1.54178 Å

Absorption coefficient

0.58 mm-1

Absorption correction

Multi-scan

Max and min transmission

0.150 and 0.050

Crystal size

0.10 × 0.10 × 0.30 mm

Shape, colour

Hexagonal prism, colourless

 range for data collection

2.8–67.3°

Limiting indices

-20 ≤ h ≤ 21, -21 ≤ k ≤ 17, -32 ≤ l ≤ 32

Reflection

collected

/

unique

/ 66829 / 9623 (Rint = 0.0.53) / 7688

observed with I > 2(I)
Completeness to max = 67.3°

97.5 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

9623 / 3 / 269

Final R indices [I > 2(I)]

R1 = 0.027, wR2 = 0.066

Final R indices (all data)

R1 = 0.036, wR2 = 0.069

Weighting scheme

[2(Fo2) + (0.0333P)2 + 0.0178P]-1*

Goodness-of-fit

0.98

Largest diff. peak and hole

0.07 and -0.11 e Å-3

Absolute structure parameter

0.08(2)

*

P = (Fo2 + 2Fc2)/3
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Table A.7. Crystal data and structure refinement for Tb-pek-MOF-1

Identification code

Tb-pek-MOF-1

Empirical formula

C228H108F6O186.5Tb27

Formula weight

10235.98

Temperature/K

100(2)

Crystal system

hexagonal

Space group

P6/mmm

a/Å

26.445(2)

b/Å

26.445(2)

c/Å

21.080(2)

Volume/Å3

12767(2)

Z

1

ρcalcg/cm3

1.331

μ/mm-1

18.541

F(000)

4777.0

Crystal size/mm3

0.19 × 0.19 × 0.02

Radiation

CuKα (λ = 1.54178)

2 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

3.858 to 133.012
-30 ≤ h ≤ 31, -21 ≤ k ≤ 31, -21 ≤ l ≤ 24
53769
4263 [Rint = 0.0433, Rsigma = 0.0192]
4263/79/281
1.096

Final R indexes [I>=2σ (I)]

R1 = 0.0587, wR2 = 0.1795

Final R indexes [all data]

R1 = 0.0673, wR2 = 0.1948

Largest diff. peak/hole / e Å-3

1.51/-1.17
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Table A.8. Crystal data and structure refinement for Y-pek-MOF-1

Identification code

Y-pek-MOF-1

Empirical formula

C261H195F6N12O168Y27

Formula weight

8701.85

Temperature/K

99.65

Crystal system

hexagonal

Space group

P63/mcm

a/Å

25.9989(15)

b/Å

25.9989(15)

c/Å

42.656(3)

Volume/Å3

24970(3)

Z

2

ρcalcg/cm3

1.157

μ/mm-1

4.596

F(000)

8592.0

Crystal size/mm3
Radiation
2 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

0.21 × 0.2 × 0.02
CuKα (λ = 1.54178)
8.882 to 134.992
-29 ≤ h ≤ 31, -25 ≤ k ≤ 24, -48 ≤ l ≤ 50
97625
7856 [Rint = 0.0417, Rsigma = 0.0188]
7856/173/469
1.124

Final R indexes [I>=2σ (I)]

R1 = 0.0730, wR2 = 0.2067

Final R indexes [all data]

R1 = 0.0816, wR2 = 0.2170

Largest diff. peak/hole / e Å-3

2.03/-1.82
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Table A.9. Crystal data and structure refinement for Tb-pek-MOF-2.

Identification code

Tb-pek-MOF-2

Empirical formula

C240H132F6O168.5Tb27

Formula weight

10116.29

Temperature/K

99.65

Crystal system

hexagonal

Space group

P6/mmm

a/Å

26.3169(12)

b/Å

26.3169(12)

c/Å

26.3903(16)

Volume/Å3

15828.7(17)

Z

1

ρcalcg/cm3

1.061

μ/mm-1

14.927

F(000)

4729.0

Crystal size/mm3

0.14 × 0.14 × 0.02

Radiation

CuKα (λ = 1.54178)

2 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

7.742 to 135.294
-31 ≤ h ≤ 27, -31 ≤ k ≤ 25, -26 ≤ l ≤ 31
56083
5332 [Rint = 0.1004, Rsigma = 0.0488]
5332/141/241
1.086

Final R indexes [I>=2σ (I)]

R1 = 0.0859, wR2 = 0.2293

Final R indexes [all data]

R1 = 0.1049, wR2 = 0.2472

Largest diff. peak/hole / e Å-3

2.88/-1.11
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Table A.10. Crystal data and structure refinement for Y-pek-MOF-2

Identification code

Y-pek-MOF-2

Empirical formula

C270H209F6N11O187.5Y27

Formula weight

9122.04

Temperature/K

100.15

Crystal system

hexagonal

Space group

P6/mmm

a/Å

26.1763(9)

b/Å

26.1763(9)

c/Å

26.3956(11)

Volume/Å3

15663.1(13)

Z

1

ρcalcg/cm3

0.967

μ/mm-1

3.706

F(000)

4513.0

Crystal size/mm3

0.15 × 0.15 × 0.01

Radiation

CuKα (λ = 1.54178)

2 range for data collection/°

10.288 to 135.202

Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

-29 ≤ h ≤ 20, -30 ≤ k ≤ 31, -17 ≤ l ≤ 31
70671
5367 [Rint = 0.0433, Rsigma = 0.0223]
5367/203/344
1.144

Final R indexes [I>=2σ (I)]

R1 = 0.0681, wR2 = 0.2147

Final R indexes [all data]

R1 = 0.0711, wR2 = 0.2183

Largest diff. peak/hole / e Å-3

1.18/-1.04
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Table A.11. Crystal data and structure refinement for Y-aea-MOF-1

Identification code

Y-aea-MOF-1

Empirical formula

C316H220F4N24O203.27Y30.68

Formula weight

10409.23

Temperature/K

100.15

Crystal system

hexagonal

Space group

P6/mmm

a/Å

29.3518(16)

b/Å

29.3518(16)

c/Å

21.1634(16)

Volume/Å3
Z

15790(2)
1

ρcalcg/cm3

1.095

μ/mm-1

4.167

F(000)

5143.0

Crystal size/mm3

0.14 × 0.14 × 0.01

Radiation

CuKα (λ = 1.54178)

2 range for data collection/°
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

6.022 to 136.606
-27 ≤ h ≤ 34, -34 ≤ k ≤ 27, -25 ≤ l ≤ 23
92092
5394 [Rint = 0.1034, Rsigma = 0.0353]
5394/179/353
1.107

Final R indexes [I>=2σ (I)]

R1 = 0.0997, wR2 = 0.2859

Final R indexes [all data]

R1 = 0.1308, wR2 = 0.3214

Largest diff. peak/hole / e Å-3

1.32/-1.98
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Table A.12. Crystal data and structure refinement for pbz-MOF-1

Identification code

pbz-MOF-1

Empirical formula

C94H68O32Zr6

Formula weight

2256.80

Crystal system, space group

Cubic, Fd-3m

Unit cell dimensions

a = 44.856(2) Å

Volume

90252(9) Å3

Z, calculated density

16, 0.664 Mg m-3

F(000)

18048

Temperature (K)

100.0(1)

Radiation type

Cu Kα

Absorption coefficient

2.48 mm-1

Absorption correction

Multi-scan

Max and min transmission

0.265 and 0.171

Crystal size

0.06 × 0.06 × 0.08 mm

Shape, color

Octahedron, colorless

 range for data collection

4.3–56.0°

Limiting indices

-33 ≤ h ≤ 47, -36 ≤ k ≤ 48, -48 ≤ l ≤ 48

Reflection collected / unique /
observed with I > 2(I)

30106 / 2761 (Rint = 0.079) / 1755

Completeness to  max = 56.0°

99.1 %

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2761 / 47 / 112

Final R indices [I > 2(I)]

R1 = 0.080, wR2 = 0.248

Final R indices (all data)

R1 = 0.101, wR2 = 0.270

Weighting scheme

[2(Fo2) + (0.2P)2]-1*

Goodness-of-fit

1.00

Largest diff. peak and hole

1.20 and -0.53 e Å-3
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Appendix B. Organic Chemistry
B.1.

Synthesis of 3, 3’, 5, 5’ azobenzenetetracarboxylic acid (H4ABTC)

H4ABTC was synthesized according to published procedures.1

B.2. Synthesis 3,3'',5,5''-tetrakis(4-carboxyphenyl)-p-terphenyl (H4TCPT)
(H4L1)

H4L1 was synthesized according to published procedures.2

B.3. Synthesis 3',3'',5',5''-tetrakis(4-carboxyphenyl)-1,4-diphenylnaphthalene
(H4TCDPN) (H4L2)
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H4L2 was synthesized according to published procedures.2

B.4. Synthesis 3',3'',5',5''-tetrakis(4-carboxyphenyl)-9,10-diphenylanthracene
(H4TCDPA) (H4L3)

H4L3 was synthesized according to published procedures.2

B.5. Synthesis 3,3'',5,5''-tetrakis(4-carboxyphenyl)-2'-(trifluoromethyl)1,1':4',1''-terphenyl (H4L4)

1,4-(2-trifluoromethylbenzene)diboronic acid bis(pinacol) ester
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The compound was synthesized according to the reported general borylation procedure.3
Dried DMF (over CaH2, 25 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. 1,4-Dibromo-2-trifluoromethylbenzene (1.52 g; 5 mmol), bis(pinacolato)diboron
(3.05 g; 12 mmol), [1,1ʹ-bis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.366 g;
0.5 mmol) and anhydrous potassium acetate (2.94 g; 30 mmol) were added, the flask was
evacuated/backfilled with argon 3x and heated at 90 °C for 23 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 (deionized) water. The phases were filtered through paper,
separated and the water phase was back-extracted with 50 ml EtOAc. The combined
organics were washed with 2x 50 ml brine 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 1.13 g (57%) of the product as a light solid. 1H NMR (600 MHz, CDCl3) δ = 8.07 (s, 1H),
7.91 (d, J=7.3, 1H), 7.69 (d, J=7.3, 1H), 1.37 (s, 12H), 1.35 (s, 12H) ppm. 13C NMR (150 MHz,
CDCl3) δ = 136.9, 133.9, 133.2 (m, Cq), 131.3 (m), 124.7 (m, Cq), 84.7 (Cq), 84.4 (Cq), 25.0,
24.8 ppm.
3,3'',5,5''-Tetrakis(4-carboxyphenyl)- 2'-(trifluoromethyl)-1,1':4',1''-terphenyl:

General procedure for Suzuki coupling under aqueous conditions4: A mixture of DMF (70
ml) and aq. potassium carbonate (7.1 g, 50 mmol in 20 ml H2O) was placed in a 250 ml
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round-bottom flask sealed with septum, the flask was evacuated/backfilled with argon
3x, then bubbled with argon for 0.5 h. To the mixture were added 1,3-bis(4-carboxyphenyl)-5-iodobenzene (1.63 g; 3.65 mmol), (2-(trifluoromethyl)-1,4-phenylene)diboronic acid bis(pinacol) ester (0.73 g; 1.83 mmol) and tetrakis(triphenylphosphine)palladium (0) (0.423 g; 0.37 mmol), the flask was evacuated/backfilled with argon 3x 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, the filtrate washed with 2x70 ml ethyl acetate
(discarded). Then it was acidified with 2N HCl to pH 4 and the precipitate collected by
centrifugation (6000 rpm). It was washed several times by the repeated centrifugation
with water (2x), then with ethanol and acetone (2x). Finally it was suspended in ethanol,
which was removed by evaporation and the residue was dried in vacuum at 65 °C.
3,3'',5,5''-Tetrakis(4-carboxyphenyl)-2'-(trifluoromethyl)-1,1':4',1''-terphenyl was obtained as an off-white powder, 1.2 g, 85% yield. 1H NMR (400 MHz; DMSO-d6): δ 13.07 (s, 4H),
8.37 (s, 1H), 8.33 (d, J = 8.1 Hz, 1H), 8.17 (d, J = 1.3 Hz, 2H), 8.15 (s, 1H), 8.12 (s, 1H), 8.09
(s, 7H), 8.07 (d, J = 4.2 Hz, 2H), 8.06 (s, 3H), 8.00 (s, 2H), 7.98 (s, 1H), 7.77 (d, J = 9.4 Hz,
3H). 13C NMR (101 MHz; DMSO-d6): δ 167.18, 167.13, 162.3, 143.8, 143.6, 140.9, 140.5,
140.05, 139.89, 139.7, 139.4, 130.13, 130.02, 129.91, 127.5, 127.3, 125.7. 19F NMR (377
MHz; DMSO-d6): δ -54.8.

B.6. Synthesis 3,3'',5,5''-tetrakis(4-carboxyphenyl)-2',5'-bis(trifluoromethyl)1,1':4',1''-terphenyl (H4L5)
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1,4-dibromo-2,5-bis(trifluoromethyl)benzene
F3C
Br

Br
CF3

The compound was synthesized according to the reported procedure.5 1,4Bis(trifluoromethyl)benzene (1.9 g, 8.9 mmol) was stirred in trifluoroacetic acid (15 ml)
and sulfuric acid (5 ml) at 60 °C for 10 min. Then, N-bromosuccinimide (4.74 g, 26.6 mmol)
was added portionwise for 2 min, and the mixture was stirred for 52 h at the same
temperature. Then it was cooled, and poured on ice with stirring. The solid was filtered,
washed thoroughly with water and dried at suction. The product was obtained as light
yellow solid, 2.4 g (73%). 1H NMR (CDCl3, 400 MHz): δ = 8.01 (s, 2H) ppm. 19F NMR (CDCl3,
377 MHz): δ = -63.6 ppm.
1,4-[2,5-Bis(trifluoromethyl)benzene]diboronic acid bis(pinacol) ester
F3C
O

O
B

B

O

O
CF3

The compound was synthesized following the general borylation procedure 6 for 1,4dibromo-2,5-bis(trifluoromethyl)benzene, on 6 mmol scale, and purified by column
chromatography (hexane to 30% ethyl acetate in hexane), followed by recrystallization
from hexane to give 1 g (36%) of brown solid.6 1H NMR (500 MHz, CDCl3) δ = 7.99 (s, 2H),
1.37 (s, 24H) ppm. 13C NMR (125 MHz, CDCl3) δ = 136.0 (m), 131.6 (m), 127.1-120.6 (m),
85.1, 24.8 ppm.
3,3'',5,5''-Tetrakis(4-carboxyphenyl)-2',5'-bis(trifluoromethyl)-1,1':4',1''-terphenyl:
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The compound was synthesized according to the general procedure for Suzuki coupling
under aqueous conditions4: A mixture of DMF (70 ml) and aq. potassium carbonate (6.38
g, 46 mmol in 20 ml H2O) was placed in a 250 ml round-bottom flask sealed with septum,
the flask was evacuated/backfilled with argon 3x, then bubbled with argon for 0.5 h. To
the mixture were added 1,3-bis(4-carboxyphenyl)-5-iodobenzene (1.46 g; 33 mmol), (2,5bis(trifluoromethyl)-1,4-phenylene)diboronic acid bis(pinacol) ester (0.77 g; 1.65 mmol)
and tetrakis(triphenylphosphine)palladium(0) (0.381 g; 0.33 mmol), the flask was
evacuated/backfilled with argon 3x 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, the filtrate washed with 2x70 ml ethyl acetate
(discarded). Then it was acidified with 2N HCl to pH 4 and the precipitate collected by
centrifugation (6000 rpm). It was washed several times by the repeated centrifugation
with water (2x), then with ethanol (2x) and acetone (2x). Finally it was suspended in
ethanol, which was removed by evaporation and the residue was dried at 65 °C.
3,3'',5,5''-tetrakis(4-carboxyphenyl)-2',5'-bis(trifluoromethyl)-1,1':4',1''-terphenyl

was

obtained as an off-white powder 0.86 g, 62% yield. 1H NMR (400 MHz; DMSO-d6): δ 13.06
(s, 4H), 8.20-7.85 (m, 24H). 13C NMR (101 MHz; DMSO-d6): δ 167.1, 143.5, 139.8, 139.0,
130.0, 127.4, 125.9, 121.9. 19F NMR (377 MHz; DMSO-d6): δ -55.8

B.7. 3,3'',5,5''-tetrakis(4-carboxyphenyl)-[1,1':4',1''-terphenyl]-2'-amine
(H4L6)
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Preparation of 2,5-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline:

DMF (80 ml) was placed in a 250 ml round-bottom flask sealed with septum, the flask
was evacuated/backfilled with argon 5x, potassium acetate (4.7 g, 50 mmol), 2,5dibromoaniline (2.0 g, 8 mmol ), bis(pinacolato)diboron (4.46 g, 17.6 mmol), and [1,1ʹbis(diphenylphosphino)ferrocene]dichloropalladium(II) (0.6 g, 0.82 mmol) were added in
one portion. Reaction mixture was sealed with septum and evacuated/backfilled with
argon 5x and heated at 90 °C for 48 h with vigorous stirring. The mixture was cooled to
room temperature, filtered through the pad of celite and sorbent was washed with 200
ml of ethyl acetate. Solvent was evaporated on rotavap to give brown viscous oil, which
was diluted with 200 ml of water and extracted with ethyl acetate (5x50 ml). The
combined organic extracts were washed with water (2x50 ml) and brine and dried over
magnesium sulfate. Solvent was removed on rotavap, and the residue was recrystallized
from ethanol to provide 1.3 g off-white solid with 46% yield. 1H NMR (700 MHz; CDCl3): δ
7.69 (d, J = 7.3 Hz, 1H), 7.40 (s, 1H), 7.34 (d, J = 7.1 Hz, 1H), 1.36 (s, 12H), 1.33 (s, 12H). 13C
NMR (176 MHz; CDCl3): δ 136.05, 135.92, 130.99, 130.84, 126.9, 123.9, 84.42, 84.30,
84.10, 25.05, 25.00.
3,3'',5,5''-Tetrakis(4-carboxyphenyl)-[1,1':4',1''-terphenyl]-2'-amine:
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The compound was synthesized according to the general procedure for Suzuki coupling
under aqueous conditions4: A mixture of DMF (80 ml) and aq. potassium carbonate (10.05
g, 73 mmol in 25 ml H2O) was placed in a 250 ml round-bottom flask sealed with septum,
the flask was evacuated/backfilled with argon 3x, then bubbled with argon for 0.5 h. To
the mixture were added 1,3-bis(4-carboxyphenyl)-5-iodobenzene (2.32 g; 5.2 mmol), (2amino-1,4-phenylene)diboronic acid bis(pinacol) ester (0.9 g; 2.6 mmol) and tetrakis(triphenylphosphine)palladium(0)

(0.601

g;

0.52

mmol),

the

flask

was

evacuated/backfilled with argon 3x 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, the filtrate washed with 2x60 ml ethyl acetate
(discarded). Then it was acidified with 2N HCl and the precipitate collected by
centrifugation (6000 rpm). It was washed several times by the repeated centrifugation
with water (2x), then with ethanol (2x) and acetone (2x). Finally it was suspended in
ethanol, which was removed by evaporation (rotavap) and the residue was dried at 65 °C
overnight to yield 1.75 g (93 %) of the product as a white solid in sufficient purity. 1H NMR
(500 MHz; DMSO-d6): δ 8.07 (t, J = 7.9 Hz, 8H), 7.98 (td, J = 13.1, 8.0 Hz, 13H), 7.84 (s, 2H),
7.35 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 7.8 Hz, 1H). 13C NMR (126 MHz; DMSO-d6): δ 167.9,
146.0, 143.4, 142.2, 140.96, 140.87, 140.2, 132.8, 132.5, 131.3, 130.0, 127.2, 125.0, 116.0,
114.2.
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B.8.

Synthesis [1,1'-biphenyl]-3,4',5-tricarboxylic acid (H3L1)

H3L1 was synthesized according to published procedures.7

B.9.

Synthesis 5-(4-carboxybenzyloxy)isophthalic acid (H3L2)

H3L2 was synthesized according to published procedures.7

B.10. Synthesis 3'-fluoro-[1,1'-biphenyl]-3,4',5-tricarboxylic acid (F-H3L1)



3'-Fluoro-[1,1'-biphenyl]-3,4',5-tricarboxylic acid triester: This compound was
synthesized according to our reported procedure.8 A solution of 18-crown-6 (0.33 g,
1.25 mmol) in THF (50 ml) and EtOH (20 ml) was degassed by bubbling argon through
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for 60 minutes. Then, dimethyl 5-bromoisophthalate (1.365 g, 5 mmol), 3-fluoro-4(methoxycarbonyl)phenylboronic

acid

(1.09

g,

5.5

mmol),

[1,1'-

bis(diphenylphosphino) ferrocene]dichloropalladium(II) (0.091 g, 0.125 mmol), 2dicyclohexylphosphino-2',6'-dimethoxybiphenyl (SPhos, 0.103 g, 0.25 mmol) and
finely grounded K3PO4 (2.12 g, 10 mmol) were added, and stirred under argon
atmosphere at 80 °C for 27 h. The reaction mixture was then filtered through Celite®
and the solvent evaporated. The residue was subjected to column chromatography
(100% hexane to 30% ethyl acetate in hexane) to yield the product as a yellowish oil
(1.3 g), consisting of a mixture of ethyl/methyl esters. It was taken into the next step
without further purification.


3'-Fluoro-[1,1'-biphenyl]-3,4',5-tricarboxylic acid: The intermediate triester (1.3 g) was
dissolved in 3:1 THF/MeOH mixture (40 ml). An aqueous NaOH solution (1.19 g in 30
ml H2O, 30 mmol) was added to this mixture and then stirred at rt for 18 h. The
solution was diluted with 1:1 water/diethyl ether (100 ml), phases were separated,
and then the aqueous phase was acidified using 2N HCl. The precipitate was separated
by filtration, washed thoroughly with water and dried at 65 °C to yield 1.1 g (67% in 2
steps) of white solid. 1H NMR (600 MHz, DMSO-d6): δ = 13.4 (bs, 3H), 8.50 (t, J=1.8,
1H), 8.43 (d, J=1.8, 2H), 8.00-7.97 (t, J=7.8, 1H), 7.76-7.74 (dd, J=1.8, 12.0, 1H), 7.717.69 (dd, J=1.8, 8.4, 1H). 19F NMR (376 MHz, DMSO-d6): δ = - 109.4 (t, J=8.6, 1F).
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B.11. Synthesis 9-(4-carboxyphenyl)-9H-carbazole-3,6-dicarboxylic acid (H3L3)

H3L3 was synthesized according to published procedures.7

B.12. Synthesis 5-((4-carboxyphenyl)ethynyl)isophthalic acid (H3-CPEIP) (H3L4)



5-((4-Carboxyphenyl)ethynyl)isophthalic acid, trimethyl ester: Prepared according to
the modified procedure.9 A solution of dimethyl 5-ethynylisophthalate10 (1.77g, 8.12
mmol) in dry toluene (40 ml)/triethylamine (10 ml) was degassed by bubbling argon
through

for

30

min.

Methyl

4-iodobenzoate

(2.34

g,

8.93

mmol),

bis(triphenylphosphine)palladium(II) chloride (347 mg, 0.494 mmol) and CuI (157 mg,
0.824 mmol) were added, and the mixture was stirred at 50 °C for 24 h. After cooling,
it was diluted with AcOEt (60 ml), washed sequentially with diluted ammonia (3 x 60
ml), 0.5 N HCl (2 x 50 ml), brine (50 ml) and dried with Na 2SO4. After filtration and
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removal of the solvent, the residue was chromatographed on silica using 100% hexane
to 100% dichloromethane as an eluent. A cream solid was obtained (1.86 g, 65 %). 1H
NMR (700 MHz, CDCl3): δ = 8.64 (t, J=1.4, 1H), 8.37 (d, J=1.4, 2H), 8.05-8.04 (d, J=8.4,
2H), 7.61-7.60 (d, J=8.4, 2H), 3.97 (s, 6H), 3.93 (s, 3H). 13C NMR (175 MHz, CDCl3): δ =
166.6, 165.6, 136.7, 131.8, 131.2, 130.6, 130.1, 129.7, 127.2, 123.9, 90.5, 90.2, 52.8,
52.5.


5-((4-Carboxyphenyl)ethynyl)isophthalic acid11: The intermediate triester (1.84 g, 5.23
mmol) was dissolved in 1:1 THF/MeOH mixture (60 ml). An aqueous NaOH solution
(2.1 g in 30 ml H2O, 52.3 mmol) was added to this mixture and then heated at 50 °C
for 19 h. The solution was concentrated, residue diluted with water, washed with
ethyl acetate (50 ml, discarded), then acidified to pH=1 using aq. HCl. The precipitate
was separated by filtration, washed thoroughly with water, then sequentially with
MeOH, THF, CH2Cl2 and dried at 65 °C to yield 1.5 g (92 %) of grey solid. 1H NMR (500
MHz, DMSO-d6): δ = 13.4 (bs, 3H), 8.46 (t, J=1.5, 1H), 8.28 (d, J=1.5, 2H), 7.99-7.98 (d,
J=8.5, 2H), 7.76-7.74 (d, J=8.5, 2H). 13C NMR (125 MHz, DMSO-d6): δ = 166.8, 165.9,
135.9, 132.2, 132.0, 131.0, 130.2, 129.7, 126.1, 123.0, 90.2, 90.0.
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B.13. Synthesis 5',5''''-(ethyne-1,2-diyl)bis(([1,1':3',1''-terphenyl]-4,4''dicarboxylic acid))



5',5''''-(Ethyne-1,2-diyl)bis(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic

acid))

dimethyl

diethyl ester: Prepared according to the modified procedure.12 A mixture of dry THF
(20 ml) and triethylamine (5 ml) was degassed by bubbling argon through for 30 min.
Dimethyl 5'-ethynyl-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate8 (0.37 g, 1 mmol) and
diethyl 5'-iodo-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate8 (0.525 g, 1.05 mmol) were
added under argon, followed by bis(triphenylphosphine)palladium(II) chloride (42 mg,
0.06 mmol) and CuI (19 mg, 0.1 mmol), and the mixture was stirred at 50 °C for 40 h.
After cooling, it was diluted with CH2Cl2 (100 ml), washed with 0.5 N HCl (50 ml), brine
(50 ml) and dried with Na2SO4. After filtration and removal of the solvent, the residue
was chromatographed on silica using 100% hexane to 100% dichloromethane,
followed by 5% MeOH in dichloromethane as an eluent. An orange-brown solid was
obtained (0.6 g, 81 %). 1H NMR (600 MHz, CDCl3): δ = 8.16-8.15 (dd, J=3.0, 7.8, 8H),
7.85 (bs, 4H), 7.83 (bs, 2H), 7.75-7.73 (d, J=3.0, 7.8, 8H), 4.44-4.40 (q, J=7.2, 4H), 3.96
(s, 6H), 1.44-1.42 (t, J=7.2, 6H).
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5',5''''-(Ethyne-1,2-diyl)bis(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic

acid)):

The

intermediate tetraester (0.6 g, 0.81 mmol) was dissolved in 5:1 THF/MeOH mixture
(60 ml). An aqueous NaOH solution (0.75 g in 30 ml H2O, 18.75 mmol) was added to
this mixture and then heated at 50 °C for 17 h. The solution was concentrated, filtered
through Celite® washing with water, the filtrate was washed with ethyl acetate
containing few drops of ethylenediamine (2 x 60 ml, discarded), then acidified using
2N HCl. The precipitate was separated by centrifugation (6000 rpm), and collected
using fine fritted funnel, washed thoroughly with water and dried at 65 °C to yield 0.5
g (94 %) of brown solid. 1H NMR (600 MHz, DMSO-d6): δ = 13.1 (bs, 4H), 8.12 (bs, 1H),
8.08-8.07 (d, J=8.4, 8H), 8.03 (d, J=1.8, 4H), 8.01-8.00 (d, J=8.4, 8H).

13C

NMR (150

MHz, DMSO-d6): δ = 167.1, 143.0, 140.5, 130.3, 130.0, 129.6, 127.3, 126.2, 123.8, 89.8.

B.14. 1,3,5-tris(3,5-di(4-carboxy-phenyl-1-yl)phenyl-1-yl)benzene (TDCPB)

TDCPB was synthesized according to published procedures.13
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B.15. Synthesis of 5',5'''',5'''''''-((1,3,5-triazine-2,4,6triyl)tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid))

Diethyl 5'-amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate:

The solution of 18-crown-6 (1.32 g, 0.5 mmol) in ethanol (30 ml) and tetrahydrofuran (50
ml) mixture was degassed by bubbling Ar for 30 min. Starting 3,5-dibromoaniline
hydrochloride (2.87 g, 10 mmol), (4-(ethoxycarbonyl)phenyl)boronic acid (4.27 g, 22
mmol, 2.2 eq), Sphos (0.41 g, 1 mmol, 0.1 eq), [1,1'-bis(diphenylphosphino)ferrocene]palladium(II) dichloride (0.37 g, 0.05 mmol, 0.05 eq), and potassium phosphate (10.6 g, 50
mmol, 5 eq) were added to the degassed solution and the reaction mixture was evacuated
and backfilled with Ar 5 times. The reaction mixture was sealed at the Schlinck tube in
inert atmosphere and was heated at 80oC for 24 h with vigorous stirring. Then the reaction
mixture was cooled to room temperature and filtered through the pad of celite; the
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sorbent was washed with ethyl acetate (200 ml) and the filtrate was concentrated on
rotavap. The residue after evaporation was purified by column chromatography, eluting
with hexane – ethyl acetate mixture with gradient 20% to 80% to yield 3.64 g (94%) of the
product as a light solid. 1H NMR (400 MHz; DMSO-d6): δ 8.03 (d, J = 8.4 Hz, 4H), 7.81 (d, J
= 8.4 Hz, 4H), 7.15 (t, J = 1.4 Hz, 1H), 6.96 (d, J = 1.5 Hz, 2H), 5.45 (s, 2H), 4.33 (q, J = 7.1
Hz, 4H), 1.33 (t, J = 7.1 Hz, 6H). 13C NMR (101 MHz; DMSO-d6): δ 165.6, 149.9, 145.3, 140.5,
129.7, 128.6, 126.9, 113.5, 112.3, 60.7, 14.2.
5'-Amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid:

The solution of starting diethyl 5'-amino-[1,1':3',1''-terphenyl]-4,4''-dicarboxylate (3.64 g,
0.94 mmol) in methanol (20 ml) and THF (20 ml) mixture was treated with aq. sodium
hydroxide (2.25 g, 5.6 mmol of NaOH in 20 ml of water). The reaction mixture was heated
overnight at 40oC and then was cooled to room temperature. The volatiles were
evaporated on the rotavap and the aqueous layer was diluted with 150 ml of water and
washed with ethyl acetate (3x30ml). Organic layers were discarded and the aqueous layer
was acidified with 2N hydrochloric acid to pH 3. While slow addition of the acid, white
precipitate was obtained. The precipitate of the product was filtered through a paper,
washed with water to neutral pH and dried on air to provide 2.5 g (80 %) of white solid.
1H

NMR (500 MHz; DMSO-d6): δ 8.02 (d, J = 8.1 Hz, 4H), 7.79 (d, J = 8.2 Hz, 4H), 7.15 (s,

1H), 6.95 (s, 2H). 13C NMR (101 MHz; CDCl3): δ 167.3, 149.9, 145.0, 140.6, 129.9, 129.7,
126.8, 113.5, 112.3.
5',5'''',5'''''''-((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))tris(([1,1':3',1''-terphenyl]-4,4''dicarboxylic acid)):
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The compound was obtained by modification of the published technique14: 5'-Amino[1,1':3',1''-terphenyl]-4,4''-dicarboxylic acid (2.65 g, 0.79 mmol, 4 eq.), water (16 ml) and
aq. sodium hydroxide (5M, 2.7 ml) were mixed together until transparent solution was
obtained. Sodium hydrogencarbonate (0.57 g) was added the solution and the reaction
mixture was cooled to 10oC with an ice bath. A solution of cyanuric chloride (0.36 g, 0.198
mmol) in acetone (2 ml) was dropwicely added to the reaction mixture upon cooling and
then the mixture was placed into an oil bath at 105oC and refluxed under vigorous stirring
for 24 h followed by cooling of the reaction to room temperature. The reaction mixture
was filtered through a fritted funnel and filtrate was concentrated on rotavap to
approximately 15 ml volume. The residue from the rotavap was dropwicely added to
vigorously stirred abs. ethanol (20 ml) to form white precipitate, which was collected by
filtration, washed with 70% aq. ethanol, abs. ethanol and diethyl ether and dried on air.
The sodium salt of the product was dissolved in water (20 ml) while stirring and brought
to pH 10 by slow addition of 5M aq. sodium hydroxide. The solution was left with stirring
for 1 h and subsequently filtered. Transparent filtrate was dropwicely added to vigorously
stirred abs. ethanol (100 ml) to form white precipitate, which was collected by filtration,
washed with 70% aq. ethanol, abs. ethanol and dried on air to give off-white or slightly
brown solid material.
The sodium salt of the product was dissolved in water (20 ml) and the solution was
acidified by dropwice addition of 2N hydrochloric acid to pH 4 to give white precipitate,
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which was collected by filtration, washed with water to neutral pH, followed by acetone
and dried on air to provide 1.60 g (75%) of the target product as white powder.
1H

NMR (600 MHz; DMSO-d6): δ 12.98, (s, 6H), 9.57 (s, 3H), 7.98 (m, 24H), 7.58 (s, 12H).

13C

NMR (125 MHz; DMSO-d6): 206.5, 167.1, 164.4, 144.1, 140.1, 129.8, 126.9, 120.0.

HRMS (ESI) m/z: [M+Na]+ Calcd. for C63H42O12N6Na 1098.27865; Found 1098.28060.

B.16. Synthesis of hexakis(4-carboxyphenyl)benzene15



Hexakis(4-bromophenyl)benzene16: Prepared according to the modified procedure. To
a 50 ml 2-neck round-bottom flask (equipped with fume trap containing aq. NaOH)
containing neat bromine (15 ml, 293 mmol), hexaphenylbenzene was added with
stirring (3 g, 5.6 mmol). Suspension was stirred vigorously for 1 h. Then EtOH (50 ml)
was carefully added (strongly exothermic reaction) and the mixture was stirred for 1
h, allowing to cool. The solid was filtered, washed with aq. Na2S2O3, then thoroughly
with DI water, followed by EtOH (2 x 15 ml). It was dried on air to give a cream solid,
5.5 g, 97% yield. 1H NMR (500 MHz, CDCl3): δ = 7.06-7.04 (d, J=8.5, 12H), 6.62-6.60 (d,
J=8.5, 12H). 13C NMR (125 MHz, CDCl3): δ = 139.6, 138.5, 132.7, 130.6, 120.4.



Hexakis(4-cyanophenyl)benzene17: Prepared according to the modified procedure. A
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mixture of CuCN (3.05 g, 34.1 mmol) and hexakis(4-bromophenyl)benzene (4 g, 3.97
mmol) in DMF (dried over CaH2, 30 ml) was stirred in a 100 ml round-bottom pressure
flask at 160 °C for 75 h. It was diluted with EtOAc (250 ml), followed by water (250 ml)
and ethylenediamine (10 ml). The mixture was stirred vigorously until most of the
solids dissolved, filtered, organic phase was separated, aq. phase extracted with
EtOAc (2 x 90 ml). Combined organic extracts were washed with brine (4 x 90 ml),
dried over Na2SO4. After filtration, the mixture was concentrated to small volume and
diluted with diethyl ether to precipitate the product in two crops as a green solid,
overall 2.38 g, 88% yield. 1H NMR (700 MHz, CD3CN): δ = 7.30-7.29 (d, J=7.7, 12H),
7.05-7.04 (d, J=7.7, 12H). 13C NMR (175 MHz, CD3CN): δ = 144.6, 140.0, 132.8, 132.0,
119.2, 111.0.


Hexakis(4-carboxyphenyl)benzene15: A mixture of KOH (5.27 g, 94 mmol) and
hexakis(4-cyanophenyl)benzene (2.38 g, 3.48 mmol) in ethylene glycol (50 ml) was
heated at 190 °C for 45 h under air atmosphere. It was cooled, diluted with water (250
ml) and washed with EtOAc (80 ml, discarded). The aq. phase was acidified with conc.
HCl, the precipitate was separated by filtration, washed thoroughly with water and
air-dried to yield an off-white to grey solid (2.46 g, 88%). 1H NMR (700 MHz, DMSOd6): δ = 12.9 (bs, 6H), 7.45-7.44 (d, J=7.7, 12H), 7.04-7.03 (d, J=7.7, 12H). 13C NMR (175
MHz, DMSO-d6): δ = 166.9, 143.7, 139.3, 131.1, 128.3, 127.9.
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