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ABSTRACT

A myriad of MOFs reported in the literature are made up of transition metal ions (nodes),
single or in clusters, braced by organic supports or ligands. But there are other MOFs in which the
central metal are non-transition elements. MOFs are prepared by the combination of inorganic and
organic building units to give materials with high porosity, and other unique properties. Due to MOFs
unique structural topographies, they find applications in diverse areas such as gas adsorption,
gas purification and separation, catalysis, and in drug delivery. In this review article, the design
and methods for MOFs synthesis, MOFs- activation, characterization, as well as organic linkers
used for the making of MOFs are discussed. Furthermore the shortage of MOFs research based
on silicon-containing aryl building units as well as boron-containing building units in comparison to
carbon-containing building units are highlighted. We hope that this review will help researchers,

industrialists and academics.

Keywords: Metal-Organic Frameworks, MOFs, Synthesis,
Activation, Characterisation, Organic linkers.

INTRODUCTION

Metal-Organic Frameworks (MOFs)'-3
are ordered structures consisting of inorganic and
organic components. Unlike Covalent Organic
Frameworks (COFs)*, most MOFs reported in
the literature consist of transition metal ions
(node), single or in clusters, interconnected by
organic struts or ligands. A successful approach
to obtaining a MOF depends on the choice of the

building units which have significant influence
on the topological structure and functionality of
MOFs. Bridging ligands are important building
units in the construction of MOFs. Hence, to
control the structure of a MOF material, the
selection of rigid, organic linkers is one of the
most crucial decisions. For this reason, most of
the organic linkers used in the construction of
MOFs are usually molecules containing aromatic
groups that give rigidity to the MOF network.
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The aromatic groups are in turn terminated or
contain functional groups which are capable of
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coordinating with metal ions to give 1-, 2-, or 3-D
networks as shown in Figure 1.

Organic linkers

Fig. 1. Examples of metal ions and linkers used to give 1-,2- or 3D structures with porosity for gas adsorption

The functional groups in the aromatic
organic ligand could be carboxylic acid,>"
heterocyclic aromatic rings containing N atoms
(pyridine)"'-"® or other coordinating functional groups
such as phosphonates' ' and sulfonate.?>?* The
nodes are usually made of one or more metal ions
such as Zn?, Fe®, Mg? Ca?*, Zr*, Ni?*, Co*, AP+
or Cu?*. A good number of MOFs display nanoscale
porosity, high SBET and high thermal stability. One
unique feature of MOFs over other solid porous
adsorbents is that MOF materials can be tuned to
carry out task specific jobs by varying of the pore
size using judicious selection of the building blocks
used in their synthesis.

Synthesis of Metal-Organic Frameworks (MOFs)

New MOF materials may be obtained when
diverse influencing factors such as preservation of
structural framework of the building units, optimal
conditions of reaction, and metal ion type, as well as
the type of organic ligand are considered. In a bid to
prepare novel MOFs, significant attention has been
devoted to the synthesis of new organic ligands for
linkers and optimal conditions for the development
of metal-organic ligand linkages. The structure of a
MOF material as well as the geometry attained by
a metal ion in a given MOF is greatly influenced by
the characteristic features of the ligand such as its
length, the number of connecting units on the ligand
and their relative positions (linear, bent, trigonal or
tetrahedral), bulkiness and any chirality present.?
As well as trial-and-error methods, many systematic
studies involving hydro (solvo) thermal, microwave,
sonochemical, electrochemical, mechanochemical,

slow diffusion, solvent evaporation/ionothermal
synthetic methods have all been reported.?-2¢

Hydro (solvo) themal methods

In general, the formation of a crystalline
structural MOF material depends on factors such
as solvent/solvent mixture, types of metal ion
centres, ligand type as well as reaction temperature.
Variations in solvent/solvent mixtures can result
in the formation of different framework materials
due to templating effects of the solvent molecule
which have the capability of occupying the pores
within the synthesised MOFs. Solvents usually
used for the synthesis MOF materials include: DMF
(dimethylformamide), DMA (dimethylacetamide),
and DEF (diethylformamide). These solvent
have relatively high boiling points and are also
thermally stable. Hence, they are frequently used
for the preparation of MOFs under extreme thermal
conditions. Lower boiling point solvents such as
water, methanol, and ethanol have also been
used. However, if the heating of such solvents is
anticipated to take place at temperatures above
their boiling point, then the reactant solution is
put in specially designed high pressure vessels
such as a Parr autoclave. These solvents can also
coordinate with metal centres and be incorporated
in MOF structures.?” In solvothermal methods
of MOFs synthesis the heterogeneous reaction
takes place in sealed containers with autogenous
pressure and temperature higher than the boiling
point of the solvent.?2 Thus, when making a choice
for the reaction vessel (typically a screw-top vial),
the scale of the reaction and the volume of solvent
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needed as well as the anticipated temperature
range of the reaction are given consideration to
ensure that sufficient headspace is left to give room
for potential pressure build-up. In some situations,
for example when the metal-ligand bond energies
are relatively high, a modulator is used to hinder
the rapid precipitation of amorphous material.3*-34
Modulators are non-structural mono-topic linkers
such as acetic acid, benzoic acid and hydrochloric
acid which can form dynamic bonds with the metal
precursor and assist in slowing down the formation
of structural bonds by competing with the linkers
for metal coordination sites. Modulators have been
essential for the preparation of Zr-MOFs which
contain strong Zr(lV)-O bonds. The concentration
and chemical composition of a modulator influence
defect corrections in the MOF structure as well as
playing key a role on the MOF crystal size, habit
and topology.®® Solvothermal MOFs synthesis is
appealing for two reasons: (a) the problems of
solubility of large organic molecules under these
solvothermal experimental conditions are minimised
and (b) the process of nucleation can be initiated
more rapidly for the formation of complexes under
the same conditions.®8%” The sealed reaction mixture
is usually put in electrically heated ovens. The oven
heating and cooling temperatures are controlled in
order allow crystal growth defects to be resolved
as the organic ligand continues to bind reversibly
in a MOF thus promoting the growth and size of the
crystals formed. The size of the crystals formed is
very important for the purpose of characterization,
as very small crystals may be unsuitable for single
crystal X-ray crystallographic study. Although, this
method enables the growth of bigger crystals the
heating is usually done over hours or days, and thus
is quite time consuming.

Microwave (MW) Assisted Methods

The application of electromagnetic
radiation such as MW in synthetic organic and
inorganic chemistry is well known.®-4" MOFs such
as IRMOF-2, IRMOF-3, MOF-5 and HKUST-1
have been synthesised within seconds to minutes
under microwave assisted conditions.*?>-** The
surface area of HKUST-1 obtained through this
method was reported to be 1820 m?/g, which is
higher than that reported for the same HKUST-1
obtained via solvothermal synthetic route (1550
m2/g).** The MW method relies on the interaction
of electromagnetic radiation with polar molecules in
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a solvent or conducting ions in a solid. In contrast
to solvothermal methods, where thermal energy is
transferred from the source of heat to the solution
through the reaction container, in MW synthesis the
interaction is directly with the reactants. The direct
interaction of radiation with polar solvents develops
hot spots which result in more efficient and faster
heating. Furthermore, in MW assisted MOF
synthesis crystallisation happens at the hot spots
that form as a result of the direct heating of the
solvent, as opposed to the wall of the reactor vessel
associated with conventional heating methods.
The precursors for the MOF synthesis are putin a
microwave oven and heated, this results in rapid
heating and short time for the formation of the
MOF ranging between seconds to a few minutes.
Consequently, MW assisted synthesis is much
faster and results in a smaller particle size.? Other
than time saving benefits, microwave-assisted
MOF synthesis also affords the synthesis of MOF
crystals under variable reaction conditions.34¢
However, microwave—assisted MOF synthesis
does not give good crystals large enough to obtain
good structural data.*042

Sonochemical method

This method of MOF synthesis is facile,
efficient and inexpensive. Ultrasound in the
frequency range of 20 kHz—10 MHz,24%" causes
changes in pressure which generate cavities (small
bubbles) in the solvent. Over time, these bubbles
grow and collapse (cavitation). Thus, the formation
and collapse of bubbles (cavitation) leads to local
pressures and temperatures in excess of 1000 atm
and 5000 K within the liquid. The hot spots which
evolve lead to superior heating and cooling rates
which accelerate the formation of MOFs. Examples
of small crystalline MOFs that had been made by
this method include Mg-MOF-74,4% MOF-177,4°
MOF-5%°5! and MIL-53(Fe).52 One advantage of
this method over solvothermal synthesis is the
avoidance of long reaction times as well as high
heating temperatures.5® However, this method of
MOFs synthesis usually produces materials with
small crystal size that are unsuitable for single crystal
crystallographic studies.

Electrochemical method

Electrochemical synthesis is also an
alternative way of synthesising MOF materials
with precise process control.>* This method is fast
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and the purity of the products is high because
of the absence of counter ions such as nitrates,
perchlorate or chloride from metal salts.?* In this
method ions are placed at the anode while the
organic ligand is placed at the cathode and the
electrochemical cell is filled with a conducting
salt solution. Mueller and co-workers (BASF)
pioneered the use of this method to synthesis
Cu-MOF,%* which was made electrochemically
by the use of a copper plate as the anode and
1,3,5-benzenetricarboxylic acid dissolved in
methanol served as the cathode. The resulting
electrochemical process gave a greenish blue
precipitate of Cu-MOF (HKUST-1) within 150
min with a voltage and current of 12-19 V and
1.3 A respectively.®* BASF has also reported
in the literature Al-fum MOF (Basolite A520)
which can now be prepared in tonne-scale by
the use of a water-based reaction system.% This
method has been used to make other MOFs
such as [Cu,(BTC),(H,0),],%*® and [Cu,(BTC),].*
In the literature other researchers have applied
electrochemistry in the preparation of different
types of MOFs for varieties of applications.®-%In
addition, several review articles have described
the successes and shortcomings associated with
this synthesis method.25:26.66

Mechanochemical (Mechanosynthesis) Method

Contrary to the other methods so far
discussed above that involve the use of solvents
for the synthesis of MOFs, mechanochemical
synthesis of MOFs is a solvent free method.?*%” The
application of mechanical force on reactant species
is capable of inducing both physical and chemical
changes, which cause mechanochemical or solvent
free synthesis of MOFs. Although this technique is
well known in metallurgy and mineral processing
it has only recently expanded rapidly into diverse
areas of chemistry such as inorganic chemistry
and pharmaceutical synthesis.®®% In this method,
chemical reactions occur by milling or grinding solids
without any or with very little solvent.?>7°7" Thus with
this method, the conventional solvothermal MOF
reactors are substituted with mortar and pestle or
a mechanical process by automated ball mills.”?
In addition to no solvent wastes, this method MOF
allows precursors with low solubility such as oxides,
hydroxides and carbonates of metals to be used.?
Although, the method is a ‘solvent-free’ process, the
purification stage may, however still require solvent.
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The major limitation associated with mechano-
synthesis is scaling-up of the reaction, since the
process is fundamentally a batch handling technique
with a comparatively low rate of production.®”
Nevertheless, from a green chemistry view point,
this approach is an environmentally friendly means
of preparation MOFs with a significant reduction in
the cost of production.”™7#

Mechanosynthesis has three different
approaches for the synthesis of MOFs. These
approaches are: (1) Solvent-Free Grinding (SFG),
that avoid completely the use of solvent;>"° (2)
Liquid-Assisted Grinding, which is more versatile and
faster as it uses small amount of liquid phases that
enhance the mobility of the reagent,®*®%and (3) lon-
and-Liquid Assisted Grinding (ILAG),% that makes
use of a small liquid containing a small amount of
salt additives to enhance the formation of MOF.7287
One disadvantage of this method is that, crystals
obtained through this means are unsuitable for single
crystal X-ray diffraction studies.

Slow diffusion method

The mixing of solutions of metal salts and
organic ligands without heating does not usually give
MOF materials. However, there are some specific
cases where the mixing of metal ions and ligand
solution result in the formation of microcrystalline
powder, which is not good for single crystal X-ray
diffraction study. In a bid to solve the problem of
formation of polycrystalline powder materials, slow
diffusion of solvents is applied.2 The slow, gentle
and steady diffusion of two solutions (of metal ion and
of organic linker) in appropriate solvents generates
larger and better quality crystals that tend to be
suitable for single crystal X-ray diffraction analysis.
In a typical slow diffusion method, the formation of
the crystals occur in three different discrete layers
of the layered solvents. For instance, Bunz and co-
workers®' used this method to prepare a series of
interpenetrated MOFs with anisotopic pore structures
from a tetrahedral pyridine ligand. The bottom solvent
layer contained the organic layer, while the upper
solvent layer contained the metal ions. The middle
solvent layer separated the organic linker solution
from the metal ion solution for the slow diffusion to
occur. In course of the slow movement of solvents
from one layer into other layers, the actual growth of
the crystals occurs at the boundary of the layers.
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Solvent evaporation and ionothermal Method
In this synthetic method, crystals are
formed by slow increase in concentration of mother
liquor. The reactants are mixed in a suitable solvent
and stirred continuously until the formation of a clear
solution. The clear solution is thereafter transferred
into a beaker and sealed. The formation of MOF
crystals is usually initiated by either saturating the
solution, or by the cooling of the solution, or by the
removal of excess solvent. For example, Zheng
et al., used this method to synthesise a variety of
copper(ll)-lanthanide(lll) framework materials.®? In
addition, Liao and co-workers used an ionic liquid
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as solvent for the synthesis and crystallization of
a coordination polymer: [EMIM)[Cd(BTC)] [where
(EMIM) is 1-ethyl-3-methylimidazolium, and (BTC) is
1,3,5-Benzenetricarboxylate] through the application
of this method.®® This approach was also employed
by other researchers to synthesise 3-D MOFs.%*

In addition to these method discussed so
far above, other approaches found in the literature®
include, template, atomic layer deposition, spray
dryer, sol gel, supercritical®® and flow chemistry®®
as shown in Fig. 2., timeline for the most common
approaches used for the production of MOFs.

lonothermal
Sonochemical Spray Dryer Flow Chemistry
2007 |
' L ' |
~ 2010 2013~ 2016

Supercritical

Sol Gel

Atomic | ayer Deposition

Fig. 2. Timeline of the most common synthetic methods used for the synthesis of MOFs.?

Activation of Metal-Organic Frameworks (MOFs)

MOFs maybe categorized either as rigid or
flexible. Rigid MOF materials possess a comparatively
stable and robust porous framework with permanent
porosity comparable to that of zeolites. Flexible MOFs
are framework materials that respond to factors
such as temperature and pressure as well as guest
molecules.®®” The sensitivity of some MOFs toward
temperature or pressure makes them outstanding
for temperature/pressure molecular sieving which
other traditional adsorbent like zeolites and activated
carbons lack. Thus the intense current research
efforts towards the industrial application of MOFs in
gas separation and storage as well as catalysis can
be attributed to their robustness, unique structural
properties such as high thermal and chemical stability,
unprecedented internal surface areas of up to 5000
m?/g and above, high void volumes of 55-90%, as
well as low density from 0.21-1.00 g/cm?, which can
be sustained upon the removal of guest molecules
such as H,0 from the pores.

When MOFs are being synthesised, solvent
molecules or modulators used during the synthesis
or sometimes excess organic linkers for example
in the case of the synthesis of Cr-MIL-10198 may
be unavoidably trapped in the pores or coordinate

to the framework material.®® In order to access the
permanent porosity and high surface areas of many
framework structures, the trapped solvent molecules
or the excess linkers in the pores of the framework
materials must be removed. The process by which
these trapped solvents are evacuated from the pores
of the framework materials is termed activation. If
the aim of an activation process is to obtain a MOF
material with the highest possible surface area
and porosity, then care must be taken during the
activation of the MOF.100 Approaches used for the
careful activation of MOFs include: conventional
heating and vacuum; solvent-exchange; use of
supercritical CO, (scCO,); freeze-drying; and
chemical treatments.

Conventional activation

Conventional activation involves the
removal of solvent and other guest molecules in
the pores of MOFs by the application of heat and
vacuum. This means of activation of MOFs is similar
to the strategies used for the activation of zeolites
and carbons. For example MOFs Cr-MIL-101
([Cr,F(H,0),(bdc),]*® and UiO-66 [Zr (O),(OH)
(bdc),,]'°" have been activated successfully via this
approach, (bdc=benzene dicarboxylate). The surface
areas of Cr-MIL-101 and UiO-66 are 4100 m?g and
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1070 m?/g respectively. Both MIL-101 and UiO-66
have remarkable thermal and chemical stability that
permits the application of conventional activation to
them. But the application of this activation strategy
for the purpose of accessing the complete porosity of
many other MOFs is limited as a result of complete
loss of crystallinity or lack of porosity at the end of
the activation exercise.8100192 The |oss of crystallinity
and porosity maybe attributed to the fact that the
solvent within the MOF pore changes from a liquid
phase to a gaseous phase boundary, substantial
surface tension and capillary forces are generated
that cannot be counterbalanced by the moderate
coordination bond energies in many MOF. As a result
of this, other ways of MOFs activation are required in
order to fully access the large internal surface areas
of a large number of MOF materials.

Activation by Solvent-exchange
Solvent-exchange entails the swapping of a
high-boiling solvent such as DMF with a lower boiling
point solvent such as trichlomethane followed by a
milder activation under vacuum. Lower boiling point
solvents are known to have weaker intermolecular
interactions which results in the minimization of
surface tension and capillary forces in the course of
activation. Yaghi and co-workers were the first to use
this strategy for the activation of MOFs.5,'® The iconic
framework material, MOF-5(IRMOF-1),[Zn,O(BDC),]
was prepared in DMF-chlorobenzene. The structure
could be retained and subsequently activated after
switching the DMF-chlorobenzene for CHCI,. The
result of the solvent exchange gave a microporous
material with a Langmuir surface area of 2900
m?/g.5,'% Hupps and co-worker carried out further
studies on IRMOFs by using conventional activation
and solvent-exchanged activation.’® The IRMOF-3
activated conventionally displayed a surface area of
10 m2/g while the same study on IRMOF-16 showed
no N, uptake. However, when DMF was exchanged
for CHCI, or THF, the surface areas of IRMOF-3
and IRMOF-16 increased to 1800 m?/g and 470
m?/g respectively,'® although, higher surface areas
were expected for IRMOF-3 and IRMOF-16 based
on computational calculations.' Thus, even though
solvent exchange activation improves porosity, in
some cases it still leads to materials with porosity
less than expected from computational and single-
crystal structure estimation.' Solvent exchange with
acetone coupled with heating cycles under vacuum
was used to activate and increase the porosity of
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a series of isostructural MOFs NOTT-100, NOTT-
101, NOTT-102, NOTT-103, NOTT-104, NOTT-105,
NOTT-106, NOTT-107, NOTT-108 and NOTT-109
(NOTT=University of Nottingham)."” The S, of
8 of these MOFs (except those of NOTT-104 and
NOTT-108) after activation were reported to be:
1640, 2316, 2942, 2929, 2387, 1855, 1822 and 1718

m2/g, respectively.'”

The Use of ScCO,

The use of supercritical carbon dioxide
(8cCO,) for the activation of MOFs is an extension
of solvent-exchange; in that ScCO, is used for the
activation instead of solvent-switch such as CHCI,
or THF for DMF.?®* The use of ScCO, is a milder
activation approach compared to both conventional
activation and solvent exchange activation, both
of which may cause framework collapse.'*'% This
is true in that the use of ScCO, for activation of
MOFs circumvents the liquid-to-gaseous phase
change of guest solvent molecules and instead
goes through a supercritical phase directly which
bypasses the negative effect of surface tension
and capillary forces associated with liquid-to-
gaseous phase.' The surface tension of liquid
CO,, ethanol (EtOH), methanol (MeOH), acetone,
dichloromethane (DCM), N,N-dimethylformamide
(DMF), dimethyl sulfoxide (DMSQO) and water
are 0.6, 22.0, 22.1, 23.0, 27.8, 34.4, 42.9 and
72.7 dynes/cm respectively.108 Although Nelson
et al., were unable to obtain SBET for IRMOF-16
using conventional methods, when these MOFs
which contained Zn,0O nodes and carboxylic acid
organic linkers were activated with ScCO,, IRMOF-3
displayed an SBET of 2850 m2/g which represent a
258-fold increase over conventional activation and
1.6-fold increase over solvent-exchange. The SBET
observed for IRMOF-16 was reported as 1910 m2/g
which represent a 4-fold increase over the same
material when activated by solvent exchange.'®
Although, the use of ScCO, for activation has been
reported not to give the desired result in some
cases,?'"01"" 3 good number of successes have
been reported for the activation of MOFs."'2-""" The
driving force behind the intense interest in the use
of ScCO, for activation of MOF materials maybe due
to its low cost as well as the ease to scaling-up.
Table 1. below depicts interesting results obtained
via the use of ScCO, for activation. The MOFs are
reported to display the largest SBET, pore volume,
extreme pore and aperture sizes, encapsulated
reactive species and dynamic structural features.



BULL et al., Orient. J. Chem., Vol. 38(3), 490-516 (2022)

Table 1: Selected MOFs and some of their relevant
material characteristics enabled by ScCO,

activation
MOF SBET (m?/g)  Pore Volume (cm®g)  Ref.
Nu-110 7140 4.40 113
MOF-210 6240 3.60 118
SNU-70' 5290 217 119
[Coy(btb),(bp),] 5200 2.10 120
UMCM-9 4970 1.80 121
Bio-MOF-100 4300 4.30 122
FJI-1 4043 1.43 123
DUT-13 2532 1.98 124
IRMOF-74XI 1760 3.41 125
P11-16/1 1009 N/A 126

The concept of “flowing” ScCO, activation
has also been applied in columns containing MOF
samples.’! The ScCO, is made to pass through the
MOF sample in the column and effectively displaces
the guest solvent molecules. One benefit of this
“applied ScCO, flowing technique” is that guest
solvent molecules such as DMF in a MOF can be
removed with ease without exchange of the DMF
for CO, in the pores.™ EtOH has been reported as
a useful solvent used in the place of DMF because
DMF damages some equipment components. 104105

Activation by Freeze-drying

Although this approach is relatively new,?
several research groups have applied it to the
activation of MOF with various functionalities. '0412%-133
The technique involves the exchange of the guest
with another solvent following freezing-thaw cycles.
For example, Lin and co-workers use this technique
to activate two isoreticular Cu paddlewheel based
MOFs ([Cu,(L)(H,0),]) (L=methanetetra(p-benzoic
acid).'®® The guest solvent molecules were exchange
for benzene and the sample left in benzene.
Following this treatment, the sample was frozen at
0°C, and then put under vacuum, and then warmed
back to room temperature three times. At the end
of the freeze-thaw cycles, the samples were put
under vacuum at a temperature and pressure
lower than the triple point of the solvent. Finally
the sample was warmed under reduced pressure,
wherein the benzene sublimed. The sublimation
of the benzene by-passed the liquid phase and
avoided the detrimental effects of surface tension
and capillary forces.'® The resulting SBET values of
the two isoreticular ([Cu,(L)(H,0),]) MOFs after the
freeze-drying activation were reported to increase
significantly in comparison to the same MOF sample
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but subjected to solvent exchange activation. In
addition, it was also reported that the X-ray diffraction
pattern of the guest-solvent sample differed from the
benzene-freeze-dried sample.

Benzene is known to be carcinogenic,
as a result, Zhang and co-workers'* used
cyclohexane (non-carcinogenic) in the place
benzene for the activation of MOF [Zn,L(Im)]+7(DMF)
(FIR-3; L=Tris((4-carboxyl)-phenylduryl)amine,
Im=imidazole; FIR denotes Fujian Institute of
Research). The conventionally activated material
gave an SBET of 24 m?/g, while the cyclohexane-
freeze-dried material exhibited an S of 497 m?/g.

Li et al.,’® reported the use of a gel-
like freeze-drying strategy for the synthesis of
hierarchically porous polyoxometalate-based MOFs
(NENU-(HP-I), NENU-(HP-II), NENU-(HP-III),
NENU-(HP-IV) and NENU-(HP-V) catalyst. It was
reported that the freeze-drying process enabled the
preparation of the material with high stability, large
mesopore sizes as well as high pore volume.

Activation by chemical treatment

MOFs are also activated by treatment
with chemicals (acid treatment). All the activation
techniques discussed above are centred on guest
solvent molecules that are neutral species. However,
if the guest solvent molecules are ionic species or
high boiling point solvents such as DMF, DEF or
DMSO, ¢ then such molecules cannot be removed
from a cavity or a coordination site of an evacuated
MOF by mere heating since they have low volatility
or, in the case of ions, they are not volatile.%%137-13°
Hence, in cases where solvent molecules such as
benzoic acid or other ionic species are coordinated in
MOFs during synthesis (for example as modulators)
then chemical treatment maybe the best option.
For example, some Zr,-based node MOFs are
known to possess excellent stability both in
aqueous and acid solution.'" However, in most
cases during synthesis a copious amount of acid
(benzoic acid) is used to enhance and modulate
the nucleation and growth into MOFs. At the end
of the synthesis, the acid is removed via rigorous
washing or by chemical treatment. It has been
observed,'® that for a tetracarboxylate-porphyrin-
based MOF such as PCN-222 (also referred to
as MOF-545)" that treatment with concentrated
HCI followed by activation under vacuum and heat
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resulted in the formation of material with increased
pore volume.138 However, the specific function
of the concentrated HCI was not given. Similarly,
tetracarboxylate-pyrene-and Zr-containing MOF
(NU-1000) studied by Hupp and co-workers revealed
that HCI cleaved the coordinated benzoate from
the Zr, node. The resulting effect of the cleavage
was a material with meso-porosity. Jeong and co-
workers used chemical treatment dichloromethane
for the activation of open metal sites in the copper-
containing MOF materials (HKUST-1 and Cu-
MOF-2).% However, it was reported that strongly
coordinated solvent molecules, such as DMF, were
difficult to evacuate completely by the activation with
DCM.38.14° Following this observation, Bae et al.,'®
applied this approach for the activation of open-metal
sites in MOFs. They used a multiple coordination
exchange (CE) process starting with acetonitrile
(MeCN), MeOH, EtOH and finally with DCM to
obtain complete activation of open coordination sites
(OCSs). In addition, MOF-74 (Ni) was also activated
with a multiple CE process. 3

Characterisation of Metal-Organic Frameworks
MOFs)

The most important means for the
characterisation of MOFs are: (1) single crystal
X-ray diffraction (XRD) which provides absolute
structural information about the MOF; (2) powder
X-ray diffraction (PXRD) to establish crystallinity
and phase purity of the bulk; (3) elemental analysis
(4) thermogravimetric analysis (TGA) for the
determination of the thermal behaviour of MOF and
in some cases for the estimation of pore volume;
(5) surface area measurement which provides
information about the capability of a porous material
for gas adsorption; (6) gas adsorption study which
estimates the sum of the pore volume of MOFs;
(7) infra-red spectroscopy which can be employed
to determine the presence or absence of IR active
functional group in the frame works; (8) scanning
electron microscope (SEM) which measures the
crystal size and morphology which can be coupled
with energy dispersive X-ray spectroscopy (EDX);
and (10) inductive coupled plasma optical emission
spectroscopy (ICP-OES).

Single crystal X-ray Diffraction (XRD)

X-ray Diffraction is the best and most
effective single method of characterisation of
MOF materials to determine unambiguously its
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structure, i.e. information about the identity and
arrangement of atoms in a single crystal. However,
some major limitations are associated with XRD.
For example, the collection of reliable data which
is a function of the size (50 um and above) and
quality of the crystal. This can be challenging
as the general procedures used to obtain large
and high quality MOF crystals may not be
adequate.?®'* |n addition, MOF crystals usually
have large amount of disordered solvents in their
pores. SQUEEZE is the commonly used software
for the processing of data due to disordered
solvent in the pores of MOF structures.'#?
Although, the collection of data for MOFs is better
at low temperature, the presence of disordered
solvent means that the collection of data at
higher temperature can sometimes yield better
diffraction data as disordered solvent freely tumble
(i.e. become highly disordered) and contributes
less to the diffraction peaks.®'"'3 Furthermore,
un-activated MOFs tend to diffract better than
activated ones. Symmetry mismatches are
another major challenge associated with MOF
refinement. That is the symmetry mismatches
between lattice of metal nodes (usually higher
symmetry) and those of lattice of organic
connectors (usually lower symmetry). Thus,
MOF structures with higher symmetry linkers
are less troublesome to refine than those with
low symmetry organic connectors. In addition,
interpenetration in MOF structures may also pose
problems in the crystallographic characterisation
of MOFs even though, interpenetrated MOF
materials frequently display better diffraction
patterns because they are more dense and
possess less empty space.43-14%

Powder X-ray Diffraction (PXRD)

Powder X-ray Diffraction is used for the
characterisation of MOFs, principally if the crystals
are too small for single-crystal X-ray diffraction.
The powder X-ray diffraction patterns provide
information about the crystallinity of MOFs (since
sharp diffraction peaks are indicators of crystallinity
of the bulk MOFs material) and can be used to obtain
unit cell parameters and determination of the bulk
crystallinity after de-solvation. Powder patterns can
be predicted from the single crystal structure and
compared with experimental powder patterns or
through the use of computational modelling'#¢-'“¢ to
verify product identity.
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One common method for the preparation
of sample for PXRD analysis involves the loading of
finely ground powdered sample onto a flat plastic,
glass or aluminium disc sample holder. The sample
can either be dry-loaded onto the sample holder or
attached using oil or volatile solvents. This method
of sample preparation works well for most MOF
samples but sometimes plate or needle morphology
crystals tend to deposit with preferred orientation
when MOF samples are prepare by this way. The
calculation of simulated powder patterns is based
on the assumption that crystallites are randomly
oriented.® Based on this assumption, there may be
significant differences in peak intensities between
simulated and experimental PXRD patterns.
To circumvent problems linked with preferred
orientation, MOF samples are usually rotated
continually during data collection in a conventional
sample holder or in a capillary tube. The spinning of
the sample enables the orientation of the crystallites
to align in a nearly random with respect to the
detector. Overly broad diffraction peaks are features
of undersized crystallites and associated Scherer
broadening instead of poor crystallinity. It is difficult
to solve a structure from powder data although it has
been done in some cases.#1:149.150

Elemental analysis

Elemental analysis is also a very useful
tool for the determination of the composition/purity
of MOF frameworks. It measures the percentage of
carbon, hydrogen and nitrogen in a sample which
can then be compared with the molecular formula
of the MOF provided by the single-crystal X-ray
diffraction. Thus the experimentally determined
elemental analysis result can be compared with
expected result based on the molecular formula
generated from the single-crystal X-ray diffraction.
This comparison gives an indication of the purity of
the MOF in terms of composition and the possible
presence of additional solvent molecule(s).

Thermogravimetric Analysis (TGA)
Thermogravimetric Analysis is used
to determine the thermal stability as well as the
decomposition characteristics of a given MOF by
observing its weight loss as a function of temperature,
usually from room temperature to several hundreds
of degrees centigrade until the organic component
is lost.2103151-158 The weight loss can be used to
determine the amount of solvent in the pores and how
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the MOF decomposes at different temperatures. With
this information the percentage weight loss of different
components and stages can be calculated. Thus, in
a typical TGA trace one will see several “segments”
which correspond to the loss or decomposition of
different components of the MOF framework. The
mass that remains after the heating is usually the
oxidized metal species such as the carbonate or the
metal-oxide if air is used.'%®1%.152 Although the loss
mass does not necessarily mean structural changes.
Complementary measurements are worth taking to
verify the thermal stability of a MOF with temperature
variation including in situ PXRD?31541% and/or sorption
measurement carried out on samples subjected to
changing temperatures.'®

Surface Area Measurements (N, Adsorption &
Desorption Isotherms)

Adsorption isotherms for inert gases
at cryogenic temperatures can be used for the
determination/estimation of apparent surface areas
of MOFs. Surface area measurement is a vital
means of estimating the gas storage capability of
porous materials.'®'%® For example MIL-101 and
MOF-177 have SBET of 4100 m?/g and 4500 m?/g
respectively based on N, adsorption isotherm while
zeolite Y and activated carbons have surface areas
of 904 m2/g and 2000 m?/g respectively.'®® Adsorption
of gases by MOFs is primarily due to interactions of
guest gas molecules with atoms of the adsorbent
wall. Therefore it is logical that a large surface area
either per unit mass or per unit volume is desirable
for high gas uptake. The gas adsorption of different
MOFs falls into three regimes according to Frost
et al.,'®%; (i) at low pressure a MOF’s adsorption
of H, or CO, correlate with heat of adsorption (ii)
at intermediate pressure gas uptake by MOFs
correlates with a MOF’s surface area and (iii) at high
pressure a MOF’s uptake of H, or CO, correlates with
the void volume available in the MOF.'%%'¢" But some
MOFs show exceptions in that at low pressure the
pores are filled thereby shifting the MOF volume to
the high pressure regime.

The N, gas adsorption at 77 K is the most
commonly used strategy for the estimation of the
surface area of MOFs. The measurement starts
with the activation of the MOF material before the
isotherm can be collected. If the MOF material is
not properly activated, then the information obtained
from the N, desorption isotherm may not be reliable.
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Information about the quantity of sample used for the
analysis is vital in that, as a rule-of thumb, the amount
of sample (mass) multiplied by the specific surface
area (m?/g) of the sample should be equal to 100
m2 or more in order to obtain data that are reliable.%
In addition, the choice of data analysis protocol can
also contribute to obtaining reliable data from a N,
desorption isotherm. An incorrect data analysis may
either overestimate or underestimate the apparent
surface areas of a given MOF sample.35:162-164

Two general methods commonly applied
for calculating the surface area of porous materials
are the Langmuir surface area equation method'®®
and the BET theory method.'®® The interaction of
the gas molecules with MOFs is dependent upon
the metal atoms as well as the organic strut. The
Langmuir surface area measurement equation is
usually applied to porous materials with (i) uniform
surfaces, (ii) surfaces in which there is no interaction
between the adsorbate and adsorbed molecules
as well as (iii) surfaces which form a monolayer
with adsorbates and as a result, tends to overvalue
the apparent surface areas of most MOFs (in
some cases by 50% or more).® Whereas the BET
surface area measurement takes into considerations
porous materials that have multilayer interactions.
Adsorption surface area measurements by Langmuir
equation and BET surface area measurements differ
a bit in that the calculation from the former is usually
larger than that from the latter.

Currently the BET theory is used for apparent
surface area calculations of MOF materials because
the pore size of most MOFs supports multilayer
adsorption.® Thus using the BET equation below:

PP, 1 C-1

= +

PP
n(1-P/Po) NmC n,C < ‘;

Where n=amount of N, gas adsorbed,
P=pressure of N,, P_=saturation pressure of N,
C=BET constant and nm=monolayer capacity.

/Po

n(1-P/Po)

A plot of (PIPo)

will give @ straight line graph With intercept = 1/nmC, and slope = C-1/nyC-

The apparent surface area of a MOF can
then be estimated using the plot. A linear region is
selected based on Rouquerol et al.,'®” proposed
criteria which are (a) the “C” must be positive, (b)
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n(1-P/P ) should increase in a monotonic manner
with (P/P ), the monolayer capacity (nm) should
correspond to pressure within the limit of the data,
and (d) the calculated value for the monolayer
formation [1/(VC +1)] should be approximately equal
to (P/P,) at the monolayer capacity.

Thus from such a plot, the intercept and
slope from the linear region as well as the BET area
(apparent surface area), n_ and “C” can be obtained.
In some publications, the empirical explanation for
the application of BET theory with MOF has been
detailed, including some computationally made
isotherms for flawless (in silico) MOF structures in
which absolute S, can be independently calculated
or estimated.®5162-164.168

Information such as pore volume and pore
size distribution of a MOF can also be obtained from
such an isotherm although with some caution. 35158169
The pore volume and pore size distribution of a
MOF can be analysed using models such as density
functional theory (DFT) or the Barrett-Joyner-
Halenda method'”® amongst others.

Nuclear Magnetic Resonance Spectroscopy
Nuclear Magnetic Resonance spectroscopy
can also be utilized for the determination of
the purity of MOF, linker-metal ratio, unused
modulators a well as the presence or absence
of solvent after activation.®® Many MOFs are
known to be insoluble in common NMR solvents
and so for the analysis of a MOF sample,
the sample must first be digested before a
spectrum can be obtained.'”" The conventionally
used approach for the digestion of a MOF
for the purpose of NMR analysis involves
the addition of D,SO, (5-10 drops) to the sample
(1-2 mg) followed by sonication of the mixture
until the sample disperses in the acid. Following
the sample digestion process, about 0.5 mL of
DMSO-d, can be added to the mixture to dilute
and completely dissolve the sample. Sometimes
sonication and heating may be required after
the addition of DMSO-d,. For the analysis of
the data collected to have meaning, the sample
must be completely dissolved.'” However, if
poor dissolution of MOF sample is observed
following the procedure described, then less MOF
sample and more acid can be used as necessary.
Alternatively, instead of using D,SO,, 0.1 MNaOD
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(dilution of 40 wt% NaOD with D,0), hydrofluoric acid
diluted with D,O can be used also for the digestion
of MOF materials for NMR spectroscopy analysis.'”

Solid-State NMR (SS-NMR) spectroscopy
has also been utilized for the analysis of MOFs,
especially in a bid to investigate the local chemical
environment in a MOF."74175 The SS-NMR technique
has been successfully used for the qualitative
analysis of the chemical state of some functional
group such as the oxidation state of phosphorus
atom inside a MOF."7¢-'% The method can also
be used to gain insight about the supramolecular
interactions as well as kinetics of small molecular
species docking inside a MOF.'®!

Gas Adsorption Measurements

One problem associated with carbon
capture and storage (CCS) is that the saturated
adsorption measurement of CO, near room
temperature or at room temperature and high
pressure are directly connected to the maximum
capacity of adsorption of MOFs for CO,.® The
sum of the pore volume of MOFs is fundamentally
proportional to the volume of CO, that can be
adsorbed at high pressure which strongly correlates
with the SBET of MOFs as discussed above.

Gravimetric and volumetric methods can
both be used for the measurement of gas adsorption
in MOFs.1%6:160.182-184 The gravimetric method involves
calculation in terms of mass differences between the
mass of adsorbed gas in MOFs by means of highly-
sensitive balances''8.18 whereas the volumetric
technique entails the measurement of pressure
changes as the MOF adsorbs gases in a fixed
volume.'®18 Both techniques have their pros and
cons. For example, the result from the gravimetric
technique can be affected drastically by impurities
stemming from the gas source whereas the volumetric
method suffers mostly from accumulative errors. 84185
However, the volumetric method has the advantage
of easy operation as well as availability of equipment.

Organic linkers

The synthesis of MOFs requires the
presence of an organic ligand that coordinates with
metal ions. The organic connectors are typically
carboxylate (ditopic, tritopic, tetratopic, hexatopic or
octatopic), heterocyclic-pyridyl linkers (ditopic and
polytopic)'® or phosphonate linkers.2°

Ditopic carboxylate linkers

Ditopic carboxylate connectors have
been used extensively for the synthesis of MOFs
because of their ready accessibility and well defined
structures in combination with secondary building
units (SBUs). Ditopic carboxylate linkers can form
a variety of structural units such as 4-connected
paddle-wheel clusters, octahedral clusters, trigonal-
prismatic clusters, 12-connected clusters, and
infinite chain clusters.

The same reaction starting materials (metal
ions and organic linkers) can give rise to different
crystal structures due to variations in reaction
conditions. For example, MOF-5 [Zn,O(BDC),.
(DMF),(C,H,CI)] was solvothermally synthesised
by the reaction of a ditopic organic linker—1,4-
benzenedicarboxylate (BDC) with zinc nitrate-
Zn(NQ,),.6H,0.% But when trimethylamine-toluene
was slowly allowed to diffuse at room temperature
into an N,N’-dimethylformamide (DMF)-toluene
solution containing Zn(NQO,)?, and BDC, colourless
prism-shaped crystals of Zn(BDC)(DMF)(H,0) was
obtained instead of MOF-5.% The Zn(BDC).(DMF)
(H,0) is a 2-D sheet whereas MOF-5 is a 3-D
framework structure.

Examples of a ditopic linker incorporated
into 4-connected paddle wheel clusters are found
in MOF-118 and MOF-601.188 MOF-118 is a 2-D
sheet synthesised by the use of a ditopic linker-
4,4'-biphenyldicarboxylate (BPDC) and copper
(Il) acetate [Cu,(CH,COO),] as the source of
the metal ion. Copper acetate has the capability
to assume the paddle-wheel structure with two
solvent molecules completing its coordination
sphere. MOF-601 is a 3-D MOF obtained
using 2,2'-dicyano-4,4'-biphenyldicarboxylate
(CNBPDC). Furthermore, 2,2'-dihydroxy-1,1'-
binaphthalene-5,5-dicarboxylate (5,5 -BDA)
was used by Tanaka and co-workers90 for the
preparation of a chiral MOF [Cu,(5,5-BDA),(H,0),].
MeOH.2H,0, using Cu(NO,), in aqueous MeOH
solution by the slow diffusion method of MOF
synthesis as shown below in Scheme 1.

Some of the ditopic ligands used in the
literature for the synthesis of MOFs are shown in
Figure 3.
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Fig. 3. Some ditopic carboxylate linkers used for the synthesis of MOFs

Tritopic Carboxylate Linkers solvothermally using the octahedral Zn,0(CO,),

A variety of tritopic carboxylate linkers  cluster with the 1,3,5-benzenetricarboxylate (BTC)
such as those shown in Fig. 4 have been used linker."® While MIL-100(Cr) was assembled with
for the synthesis of MOFs. For example, MOF-  Cr,0(CO,), cluster and BTC."™ The network of
177 with SBET of 4,500 m?/g was synthesised MIL-100 was reported to possess two kinds of
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mesoporous cages with accessible cage diameters
of 25 and 29 A. HKUST-1 (also known as MOF-
199)190 with S__,=692.2 m?/g was also synthesised
with BTC and a dicopper paddle wheel SBU as
the metal node.'™ A good number of isoreticular
MOFs have also been prepared using elongated
tritopic carboxylate linkers. For example, meso-
MOF-1 was synthesised using 4,4',4"-s-triazine-
1,3,5-triyltri-p-aminobenzoate (TATAB) as linker."!
PCN-6 was prepared with Cu(NO,),.2.5H,0 and
4,4' 4"-s-triazine-2,4,6-triyl-tribenzoate (TATB).'¢2
MOF-399 has a void fraction of (94%) and density
of (0.126 g/cm?®) the second lowest after (NU-1301 =
0.124 g/cm?),'3 was prepared by the use of a tritopic
carboxylate linker (BBC) and Cu,(CO,), cluster.'®
MOF-143 and MOF-338 were synthesised with
BTB and TAPB respectively using the Cu,(CO,),
cluster.’ Furthermore, MOF-180 (porosity=89%)

1,3,5-benzene-
tricarboxylate
(BTC)

"o o

%

4,4',4"-(benzene-1,3,5-triyl
tris(ethyne-2,1-diyl))tribenzoate

(BTE)

tribenzoate

N

4.,4',4"-(benzene-1,3,5-triyl
tris(ethyne-4,1-diyl))tribenzoate

(BBC)

P

and MOF-200 (porosity=90%) were prepared by
the use of BTE and BBC respectively.® Biphenyl-
3,4',5-tricarboxylate (BHTC) has been used for
the synthesis of UMCM-150 (UMCM=University
of Michigan crystalline material) with Cu,(CO,),
cluster as the source of metal node.'** The UMCM-
150 was reported to have an apparent S, of 2300
m?/g and Langmuir surface area of 3100 m?/g as
well as a CO, uptake of 4.68 mmol/g at 273 K/1
bar.'®* Duan et al., prepared NJU-Bai*'® by the use
of 5-(4-carboxybenzoylamino)-isophthalate (CAIA)
as a tritopic carboxylate linker and CuCl,.2H,0 as
the source of metal ion. It was reported that the
presence of the amide group in CAIA extended the
length of the cell as well as providing amide groups
on the surfaces of the pores of NJU-Bai3, which
enhanced the uptake (6.21 mmol/g at 273 K/1 bar)
and selectivity of CO, over other flue gas molecules.

&

4,4',.4"-(benzene-1,3,5-triylt65 (4-carboxylatophenyl)-[1,1':3',1"-terphenyl]-4,4"-dicarboxylate
(azanediyl))tribenzoate
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azaphenalene-2,5,8-triyl)tribenzoate

Fig. 4. Some tritopic carboxylate linkers used for the preparation of MOFs

Tetratopic Carboxylate Linkers
Tetratopic carboxylate connectors are good
building units used for the construction of many

MOFs, particularly those with tetrahedral geometry.
Tetrahedral linkers are becoming more popular in
the construction of MOFs because they possess full
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T, symmetry, the highest symmetry in a linker that
is currently attainable through organic synthesis.'®”
High-symmetry, building units are preferred in the
construction of MOFs for several reasons. Some
of these reasons are: (I) they expedite the packing
process of repeating units during the formation of
crystallites, 8719619 (I) tetrahedral connectors may

WA AA

assume the geometry of any Td subdivision such
as T, C,, C,, C, and C,'®' as shown in Fig. 5,
and as such give diversity in the structures of MOF
materials, (III) the tetrahedral linkers by nature are
3-dimensional; hence, when they are used in the
construction of framework materials, wide channels
and/or large pores are likely to form.

A\

Fig. 5. Symmetry elements of a T, symmetry

The porosity, stability and the possibility
of interpenetration in MOF materials are closely
related to their topology.'%20020t MOFs constructed
by the combination of tetrahedral linkers, square
planar linkers and (SBUs) such as hexagonal
bipyramid clusters of metals are usually associated
with network topologies such as fluorite (flu),
platinum sulfide (pts) and alb/p as shown in
Fig. 6'® These network topologies have the
possibility of high porosity. The flu topology
represents the combination of a tetrahedral linker
with 8-connected cubic SBUs in the ratio of 2:1. The
flu topology is potentially useful in MOFs because
of its large cavity and non-interpenetrating nature.2°?
A framework containing flu topology does not suffer
from self-interpenetration even when extended
organic linkers are used.87:203
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Fig. 6. Pictorial representation of some topologies
associated with MOFs by the combination of
tetrahedral linkers and SBUs'®’

The pts topology on the other hand is
by default the preferred topology formed by the
combination of a 4-connected tetrahedral linker
and a 4-connected square planar SBU in a 1:1
ratio. For example, the combination of a dinuclear
paddle-wheel SBU and a rigid tetrahedral connector
generally leads to the formation of framework
materials with pts topology.'®”:'% The alb/p topology
involves the combination of 4-connected tetrahedral
linker and 8-connected hexagonal bipyramidal
SBUs."®® Unlike the flu topology, frameworks
containing alb/p topology usually suffer from self-
interpenetration. 0187

The combination of tetratopic carboxylate
linkers such as 4,4'4",4""-methanetetrayl-
tetrabiphenyl-4-carboxylate (MTBC) and
8-connected Zr, clusters as SBU gave (M- TMBC
M=Zr or Hf)), 204 and PCN-521,22 The S_.; o
PCN-521 was reported to be 3411 m?qg and are
amongst the most porous MOFs assembled
from tetratopic carboxylate linkers.22 MOF-11
[Cu,(ATC).6H,0] was prepared by Yaghi and
co-workers via hydrothermal reaction of Cu(NO,), and
atetrahedral carboxylate linker, 1,3,5,7-adamantane
tetracarboxylate (ATC).2® MOF-11 was reported
to possess a permanent porosity as well as a
Langmuir surface area and pore volume of 650
m2/g and 0.20 cm?/g respectively. However, when
4,4',4" A"-methanetetrayltetrabenzoate (MTB) which
is a longer tetrahedral connector was solvothermally
reacted with a di-zinc paddle-wheel as SBU, MOF-
36 [Zn,(MTB)(H,0)2.(DMF),(H,0),] was formed.?%
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A tetratopic carboxylate linker based with
silicon as the central atom has also been used for the
synthesis of MOFs. For example, IMP-8Cd [Cd,(L)
(H,0),].(DMA), IMP 8Mn [Mn,(L)(H,0),].(DMA), ., IMP9
[Cu,(L)(H,0),].(DMA),,,,IMP10[Me,NH,][Cd,(L),(H,0),].
(DMA),(H,0),, IMP-11 [Me,NH,],[Zn.(L),].(DMF),, and
IMP-12 [Me,NH,],[Zn.(L),].(DMF), were prepared
solvothermally by Davies and co-workers® by the use
of 4,4' 4" 4"-tetrakis-carboxylatephenylsilane (L=TCPS)
with appropriate SBUs and solvent combination. In
addition, PCN-512was prepared by solvothermal method
using TCPS and copper nitrate [Cu(NO,),*2.5H,0].%
The PCN-512 was reported to exhibit 72.7% calculated
solvent accessibility volume and an S, of 601 m?/g.
Furthermore, TCPS also reacted solvothermally
with zinc nitrate in DEF at 85°C to give PCN-511,
Zn,(HTCPS3-)2' with an S, of 702 m?/g and a
solvent accessible volume of 45.6%. PCN-511/IMP-11
were reported to possess a solvent accessible volume
and SBET of 48.4% 9 and 1284 m?/g'® respectively
after activation using a freeze-drying approach. A semi-
rigid tetratopic carboxylate linker N,N,N',N'-tetrakis(4-
carboxyphenyl)-1,4-phenylenediamine (TCPPDA)
also reacted under solvothermal conditions with
Cu(NO,),.2.5H,0indimethyl sulfoxide (DMSO) resulting
in the formation of a MOF with pts topology.2” The
Langmuir surface area of this MOF was reported to be
627 m?/g and to have a hydrogen storage capacity
of 14 mg/g at 77 K/1 bar. Furthermore, PCN-46
was synthesised using 5,5'-(buta-1,3-diyne-1,4-diyl)
diisophthalate (BDIP) and a copper salt.®® The S,
and pore volume of PCN-46 were reported to be 2500
m?/g and 1.012 cm®/g respectively. MOF PCN-14 was
synthesised with another tetratopic carboxylate linker
[5,5(anthracene-9,10-diyl)diisophthalate (ADIP)] and
a dicopper paddlewheel cluster.2®2'° The PCN-14 was
reported to possess an S, and density of 2000 m?/g and
0.829 g/cm? respectively.?'" PCN-12 was synthesised
under solvothermal reaction conditions by Wang et al. 21
using a tetratopic carboxylate linker 5,5'-methylene-di-
isophthalate (MDIP) with Cu(NO,),.2.5H,0 in DMA.
PCN-12 was reported to possess a hydrogen uptake
of 3.05 wt.% at 77 K and 1 bar. Furthermore, Wenzel
et al,, also used 5,5'-(dimethylsilanediyl)diisophthalate
(DMSDIP) a tetratopic carboxylate linker for the
construction of UHM-3 (PCN-12-Si).2' The PCN-12-Si
was reported to have a SBET of 2430 m?(g as well
as a H, uptake of 2.6 wt at 77K and 1 bar. In addition,
Frahm et al., used an extended silicon-based tetratopic
linker 4',4"-(dimethylsilanediyl)bis([1,1'-biphenyl]-3,5-
dicarboxylate) (SBBIP) and a copper paddle-wheel
motif for the synthesis of UHM-6.213 MOF UHM-6 was
reported to possess a SBET and specific microporous
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volume of 1200 m2/g and 0.48 cm?®/g respectively. In
addition, UHM-6 was reported to show a CO, uptake of
3.3 mmol/g at 273 K and 1 bar after activation.

Some tetratopic carboxylate connectors
used for the synthesis of MOFs are depicted in
Figure 7.

Hexatopic and Octatopic Carboxylate Linkers

Hexa-topic, octa-topic and other carboxylate
linkers have been also used for the synthesis of
MOFs.187 For example, a semi-rigid hexatopic linker
5,5',5"[1,3,5-Benzene-triyltris(carbonylimino)ltris-1,3-
benzenedicarboxylate was used in the construction
of a MOF consisting of a (3, 24)-network topology.2'*
In addition, a series of isoreticular MOFs such as
(PCN-61, -66, -69 and -610) were constructed using
hexatopic carboxylate linkers [5,5,5"'- benzene-
1,3,5-triyltris(1-ethynyl-2-isophthalate) (BTEI) and
5,5',5""-(4,4" 4" -nitrilotris(benzene-4,1-diyl)tris(ethyne-
2,1-diyl))triisoph-thalate (NTEI)] and other similar
linkers with a dicopper paddle-wheel precausors.2'%-217
MOF NU-110E was constructed solvothermally by the
reaction of 5,5’,5''-(((benzene-1,3,5-triyl-tris(ethyne-
2,1-diyl))-tris(benzene-4,1-diyl))tris(ethyne-2,1-diyl))
trisophthalate (TTEI) and Cu(NQ,), in DMF-EtOH-HCI
at 75°C."8 The NU-110E was reported to show a high
experimental SBET of 7140 m?/g."3

MOFs constructed using octatopic carboxylate
linkers are rare as a result of synthetic challenges.
Frameworks constructed with long linkers often prefer
to forminterpenetrated structures, '®”'% but construction
using octahedral connectors seems to discourage
interpenetration possibly as a result of connectivity.
Irrespective of these observations, MOFs such as
UTSA-33a,2'® and UTSA-33b,?'° were constructed
by octatopic carboxylate linkers (4',5'-bis(3,5-
dicarboxylatophenyl)-[1,1":2',1"-terphenyl]-3,3",5,5"-
tetracarboxylate) (BDPPC) and zinc and dicopper
paddle-wheel clusters respectively. In addition, Fang
and co-workers®® used an octadentate carboxylate
linker 5,5',5",5"-silanetetrayltetraisophthalate (STIP)
with different metal ions to give three different MOFs
which possessed interesting structures and properties.
Furthermore, Tan et al.,??' used extended tetrahedral
octatopic carboxylate linkers 4',4".4"" .4"""-methan
etetrayltetrakis(([1",1"-biphenyl]-3,5-dicarboxylate))
(MTBPC) to construct MOF NOTT-140.22" The
estimated apparent S, of NOTT-140 was reported to be
2620 m?/g. Some hexatopic and octatopic carboxylate
linkers used for the construction of MOFs are shown
in Figures 8 and 9.
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Fig. 9. Some octatopic carboxylate linkers used for the construction of MOFs

N-Heterocyclic Linkers

The strength of the bond formed between
nitrogen and transition metal ions is strong.??
Thus, organic linkers containing N donor(s) (azole
and pyridine) derivatives have been employed in
the synthesis of MOFs. The N-heterocyclic linkers
may be ditopic, tritopic, tetratopic or polytopic.
Azole-based linkers are used for the construction
of MOFs because of their ability to bind strongly
with metal ions. The azoles are five-membered
aromatic N-heterocycles such as imidazoles,
pyrazoles, 1,2,4-triazole, 1,2,3-triazole and
tetrazole. The deprotonation of azoles through the
decomposition of amide solvents such as N,N-
dimethylformamide (DMF) or N,N-diethylformamide
(DEF) used in solvothermal reactions gives rise
to azolates.'®:22322¢ \When metal ions react with
azolates, Metal-Azolate-Metal bonds are formed.?
Metal-Imidazolate Frameworks (also known as
Zeolitic Imidazolate Frameworks (ZIFs), ZIF-1,

ZIF-2, ZIF-3 to ZIF-12 series are examples of
MOFs obtained from N-heterocyclic linkers with
metal ions.?? Many ZIFs have been constructed
with metal ions such as Fe?, Co?, Cu?, or Zn®*
which resulted in the formation of frameworks that
are topologically isomorphous to zeolites.?®® For
example, it has been reported that when two metal
ions react with imidazolates (Ims) to form (M-Im-M),
the bridging angle between the imidazolate and
the metals is coincidentally similar to the Si-O-Si
angle found in zeolites (145°) aluminosilicate-based
materials,??*22 as shown in Figure 10.

- 0
// :/f N /<_/\ .
M~ 1450 M Si 145° Si
M-Im-M Si-O-Si

(a) (b)

Fig. 10. The bridging angles in (a) metal Im (b) zeolites*?



BULL et al., Orient. J. Chem., Vol. 38(3), 490-516 (2022)

For example, ZIF-8 [Zn(Melm),] and
ZIF-11 [Zn(PIm),] were constructed by the use
of 2-methylimidazolate and benzimidazolate
respectively. These two ZIFs were reported
to display permanent porosity and exceptional
thermal stability up to 500°C. In addition, ZIF-
8 was reported to show outstanding chemical
stability at reflux in organic solvents as well
as in aqueous alkaline solutions.?2* ZIF-95
[Zn(cblm),] and ZIF-100 [Zn, (cbIm)(OH)],
(cbIM=chlorobenzimidazolate) are also
MOFs obtained from N-heterocyclic linkers.??5
ZIF-95 and ZIF-100 were reported to have
permanent porosity as well as Langmuir surface
areas of 1240 and 780 m?/g respectively.
3,3,5,5-Tetramethyl-4,4-bipyrazolate (Me,Bpz)
was utilized for the construction of MOF
Ag,(Me, bpz)?*® which was reported to show
reversible sorption properties as well as
possess an S, of 240 m?/g.

One of the limitations associated with
the use of azolates for the construction of MOFs
is their short bridging lengths. Thus, longer
pyrazole-based linkers are also used in the
construction of MOF materials. For example,
four pyrazolate-bridged MOFs M, (btp),, where
M=Ni, Cu, Zn and Co have been constructed
using 1,3,5-tris(1H-pyrazol-4-yl)benzene as
a source of N-heterocyclic linker.2?” it was
reported that the S, of these four MOFs after
activation were 1650, 1860, 930 and 1027
m?/g respectively. In addition, Zn (btp), was
reported to show high thermal stability up to
500°C as well as chemical stability in boiling
aqueous solution. The Tritopic tetrazolate linker
1,83,5-benzenetristetrazolate (BTT) has also
been employed for the construction of a series
of MOF materials.??6-23° |n these MOFs, the
BTT coordinated with the metal ions through
its two middle N atoms. Furthermore, Long and
co-workers, treated CuCl, with a tetrahedral
N-heterocyclic linker tetrakis(4-tetrazolylphenyl)
methane) (ttpm) which resulted in the formation
of MOF Cu,(ttpm)2.0.7CuCl,, which upon
activation using solvent exchange approach
exhibited an S,., of 2506 m?/g.?*' Davies and
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co-workers have also used tetrahedral tetrakis
(4-tetrazolylphenyl)silane ligand (H,TTPS)
and CuCl,*2H,0 for the synthesis of [H(Cu,Cl)
(ttps),(DMF),]-18DMF (IMP-16).2%

Dipyridyl linkers have also been used in
the literature for the synthesis of MOF materials.
However, as they are neutral components, another
anionic ligand or counterion is required to balance
out the positive charge on the metal centres. For
example, Bunz and co-workers constructed a
series of MOFs using the tetrahedral pyridine linker
[tetrakis(4-(pyridin-4-ylethynyl)phenyl)silane].® This
series of MOFs was reported to show a variety of
topologies, interpentrations as well as porosities.
Mandal and co-workers used a carboxylate silicon-
based linker, 4,4’-bipyridine as a co-connector and
Mn(ll) paddle-wheel subunit to construct {{Mn,(O
,CCH,Si(CH,),C.H,CO,),(4,4-bpy)]}n.*** Mocanu
et al.,'® used 1,3,5,7-tetrakis{4-(4-pyridyl)phenyl}
adamantane) and copper (ll) ions to construct a
3-D MOF [CuL,(H,0),](BF,),*8H,0. This MOF was
reported to show a 4-fold interpenetration with a pts
topology. A zinc(ll) MOF [Zn.(l 4-0-pda),(I-abpy)]n
based on flexible o-phenylenediacetate and rigid
4,4'-azobis(pyridine) ligands was constructed by
Tabak and co-workers.'® This MOF was reported to
be thermally stable up to 300°C. Fig. 11, shows some
of the N-heterocyclic linkers used for the synthesis
of MOF materials.

Most of the carboxylate and N-heterocyclic
linkers used for the construction of MOF
materials are based on carbon centres as well as
commercially available connectors. Silicon-based
connecting units are scarce compared to their
carbon analogues but silicon-centred linkers are
more convenient to prepare through metathesis
compared to their carbon analogues.?* To this
end, it is still desirable to design novel linkers with
tailored dimensionality or pendant functional groups
so as to have a control of the physicochemical
properties of the resultant framework materials.
Several synthetic routes have been employed for
the syntheses of varieties of rigid aryl systems
based on silicon or boron centres with carboxylate
or pyridyl pendants.69:240-244,17.21,199,235-239
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