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The precise control of molecular building blocks (MBBs) permits access to various types of tailor-made
functional materials. The best example of this is in the assembly of metal–organic frameworks (MOFs)
comprising many types and arrangements of pre-designed organic and inorganic MBBs. A MOF platform
that has garnered particular attention, given its utility and fidelity in many different environments, is the
fcu-MOF – a three-dimensional structure that is constructed from linking 12-coordinated face-centered
cubic MBBs together. Since the discovery of the first Zr6 oxocluster-based fcu-MOF, known as UiO-66,
there has been substantial progress in the synthesis of structures with varying metrics, but with the same
underlying fcu topology. This family of fcu-MOFs has later evolved to incorporate isostructural, hexanu-
clear non-zirconiummetal clusters, including rare earth, actinide and other transition metals as inorganic
MBBs. Additionally, the versatility of the fcu-MOF platform for design has also attracted researchers to go
beyond in situ generated hexanuclear metal clusters to transition metal-based non-hexanuclear metal
oxocluster MBBs and metal–organic polyhedra (MOP) supermolecular building blocks (SBBs). All in all,
reported fcu-MOFs are endowed with a wide range of porosity and framework chemistry, which has
led to their applicability across energy and environmental sustainability issues of societal importance.
In this review, a comprehensive assessment will be directed toward the synthesis and applications of
fcu-MOFs with particular focus on the chemistry of the MBBs/SBBs and their resulting structure–property
relationships. The synthetic and structural characterization challenges will be detailed with future oppor-
tunities becoming clear in the process.
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1. The fcu topology

Metal-organic frameworks (MOFs), a burgeoning class of porous
solid-state materials, are constructed via the self-assembly of inor-
ganic and organic building blocks. As compared to other conven-
tional porous solids, such as zeolites and porous carbon, MOFs
have attracted immense research interest from the viewpoint of
design, synthesis, properties and application [1]. This is highlighted
by the fact that, according to information available in the Cam-
bridge Structural Database, over 100,000 MOF structures have
been synthesized, structurally characterized and reported to date
[2].

The amenability of MOFs for topology-directed design from pre-
selected inorganic and organic molecular building blocks (MBBs)
has fueled research in the field. MBBs are the basis for one of the
most commonly employed conceptual approaches for the rational
design and assembly of functional MOFs. In this approach, metal
clusters and polyatomic organic linkers of a particular geometry
and directionality are selected prior to the assembly process. MOFs
with highly connected MBBs are usually suitable targets since
highly connected MBBs limit the number of possible topological
outcomes leading to a greater degree of predictability in the end
MOF structure. A vast library of MBBs that can serve as potential
targets to construct highly connected MOFs does exist [3]. Indeed,
there are many examples of MOFs that have been rationally
designed and assembled by employing this concept [4,5].

One of the most common structures found in reticular chem-
istry is one based on an underlying fcu net (termed hereafter as
a ‘fcu-MOF’). The fcu-MOF contains the face-centered cubic
close-packing of 12-connected (12-c) metal oxocluster MBBs
(cuboctahedron secondary building unit; SBU) linked together by
linear linkers [6] (Fig. 1A). This structure is the only edge transitive
net (nets with one kind of edge) for the assembly of cuboctahedron
SBUs. A given structure’s transitivity is used by researchers to cat-
egorize the networks that comprise them [7]. Transitivity of a
structure is represented by pqrswhere there are p types of vertices,
q types of edges (links), r types of tile faces, and s types of tiles.
Structures with transitivity of 11rs (unimodal, edge transitive)
are most likely to form when one kind of SBU is joined by one kind
of link. The most realistic targets for designed reticular synthesis
are structures with just one type of edge and, therefore, the most
significant from a design perspective [6–8]. A structure that adopts
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a fcu net has a transitivity of 1112, whereby the two types of tiles
defined correspond to two types of empty space (tetrahedra and
octahedra shapes sharing triangular faces) found in the structure
and occurring in a 2:1 ratio (Fig. 1A) [6].

Being the only ‘quasiregular’ net (a net whose vertex figure is
a quasiregular polyhedron) [9] and the fact of the net’s high sym-
metrical nature with all the links between SBUs being the same,
the fcu net is the default net formed when cuboctahedron SBUs
are joined by linear links. When suitable metal ions and linear
organic linkers with the potential to generate cuboctahedron
SBUs are mixed under appropriate reaction conditions, the prob-
ability of the metal ions to organize themselves into highly sym-
metrical SBUs is very likely and the assembly of fcu-MOFs is
chemically reasonable. According to the fcu tiling, which contains
two polygons constructed exclusively from triangles, fcu-MOFs
contain distinct, yet interconnected octahedral and tetrahedral
cages in a 2:1 ratio, to which a triangular window (aperture) pro-
vides sole access to the internal pore environment (Fig. 1A). Con-
trolling the size and accessibility of this triangle window by the
length and functionality of the linker would therefore allow for
execution of desired applications. Because every tiling has a dual,
a second net (dual net) can be found that is the net of the natural
tiling’s dual with a transitivity of srqp [9]. The dual of the fcu net
is the flu net (the net of the fluorite or CaF2 structure) and has
transitivity of 2111. The concept of duality is used to explain
why certain nets tend to create interpenetrating pairs [9], with
self-dual nets having the highest probability of forming interpen-
etrated structures.

fcu-MOFs were developed for the first time in 2008 at the
University of Oslo (UiO). The first such structure, termed UiO-66,
remains one of the most popular examples of a fcu-MOF [10]
obtained by the MBB approach. The structure of UiO-66 is com-
prised of in situ generated Zr6O4(OH)4 cuboctahedra building units
that are 12-c to adjacent cuboctahedra through a 1,4-
benzenedicarboxylate (BDC) linker, resulting in a highly packed
face-centered cubic arrangement of metal cluster MBBs. The
archetypal structure of UiO-66 is featured by two types of cages,
one with octahedral and the other with tetrahedral shape display-
ing pore diameters of approximately 11 and 7.5 Å, respectively.
Since this first report, the assembly of MOFs based on the edge
transitive fcu net from in situ generated 12-c metal oxoclusters dis-
playing cuboctahedron SBUs (generated from one type of metal
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Fig. 1. (A) Representation of augmented fcu net and its tiling that exhibits interconnected tetrahedral and octahedral cages in a 2:1 ratio sharing triangular faces; (B)
Configuration of a cuboctahedron SBU which has 12 tetravalent SBUs joined by linear links; and (C) Representative examples of the MBB and SBB approaches to assemble fcu-
MOFs.
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cation or mixed-metal ions) and linear linkers (single linker or
mixed-linker) has attracted immense attention. This is due to the
various features of the MOF platform that will be highlighted in
the review. The relatively higher thermal, chemical, and mechani-
cal stability of most Zr-based fcu-MOFs, especially in comparison
with other MOFs, are usually reflected in the retention of crys-
tallinity and porosity even after immersing the fcu-MOF in boiling
water, after conducting water vapor sorption isotherms for many
cycles [11], heating in air to ca. 300 �C, soaking the materials in
harsh chemicals (solvents, acids, and bases), and exposing the
material to 10,000 kg/cm2 of external pressure [10]. Such
3

properties of fcu-MOFs have opened many opportunities for
exploration of these specific materials in different applications.
Zr-fcu-MOF in general, and UiO-66 in particular, is the progenitor
for a large family of zirconium and non-zirconium multinuclear
cluster-based MOFs synthesized by employing linkers having
specific geometrical and symmetrical features (i.e., the same
M6O4(OH)4 clusters found in fcu-MOFs serve as MBBs for a wide
range of MOF materials displaying different topologies) [12].
Following the discussions in this review, readers will realize that
the 12-c fcu-MOFs are among the most explored frameworks due
to their ease of design and assembly for a particular end function.



Table 1
Some representative isoreticular Zr-fcu-MOFs and their pore dimensions.

MOF Name Linker Cage/Aperture size (Å) Ref.

Octahedral cage Tetrahedral cage Pore aperture

Zr-Squa-fcu-MOF 5.6 4.7 2.4 [20]

Zr-fum-fcu-MOF (MOF-801) 7.4 5.6 4.7 [21]

UiO-66 11 7.5 6 [22]

UiO-67 16 11.5 8 [10,23]

UiO-68 25.6 – 10 [24]
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Aside from the MBB strategy, fcu-MOFs can be assembled via a
supermolecular building block (SBB) approach through metal–or-
ganic polyhedra (MOP) building units that resemble augmented
cuboctahedron SBU (Fig. 1C). In an augmented cuboctahedron
SBU, twelve 4-c nodes are joined by linear, ditopic linkers
(Fig. 1B). As represented in Fig. 1B (right), the linear connections
that join the vertices of a cuboctahedron are not straight linkers,
which is particularly important in the design and construction of
MOP-based fcu-MOFs. There are then two types of angles that
characterize the augmented cuboctahedron SBU: (i) the angle
between the links to the center of the tetravalent node (g); and
(ii) the angle between the links of a ditopic linker (h). If a metal
ion that can generate a 4-c square SBU (g = 90� between the links
to the center of the SBU as in a Cu paddle-wheel SBU) is used, the
ditopic linker must be bent at an angle close to 120� as in the case
of 1,3-benzenedicarboxylate linker [13]. One example of this strat-
egy is shown in Fig. 1C. It is noted that many different examples of
MOP-based fcu-MOFs will be discussed in the review.

Even though Zr6 oxocluster-based MOFs represent by far the
largest proportion of fcu-MOFs, 12-c building units of other ele-
ments do exist. One of the great achievements in the family of
fcu-MOFs is the discovery of the experimental conditions that
allow for the in-situ formation of hexanuclear actinide (An) and
rare earth (RE) metal oxoclusters to assemble M�fcu�MOFs,
which are isostructural to UiO-66(Zr). In this review, discussion
will cover the assembly of various isostructural and isoreticular
M�fcu�MOFs. The chemistry behind the linker size/functionality
and the effects of the variations in the metal ions on the structures
and properties of the respective fcu-MOFs will also be assessed and
explained. We note that in the literature, the terms ‘isostructural’
and ‘isoreticular’ are used interchangeably in an arbitrary way.
For this review, isostructural MOFs refer to MOFs with the same
topology obtained from the same linker but by substitution of
one metal ion with another, whereas isoreticular series refers to
MOFs of the same underlying topology assembled from different
linkers but possessing similar metal clusters. As will be illustrated,
the architectural stability, diversity and amenability of fcu-MOFs
for structural tunability either by pre-targeted design or by
4

post-synthetic modification and synthetic flexibility, with respect
to both the organic and inorganic components, make them materi-
als of great potential interest and importance for many applica-
tions relevant to energy and environmental sustainability. One of
the important structural features of fcu-MOFs is the presence of
triangular window apertures that serve as the only path in and
out of the interconnected tetrahedral and octahedral cages. This
feature, in turn, allows for the deployment of the MOF platform
for size- and/or shape-selective separation of different molecules
[14–18]. The review generally highlights the significant amounts
of research work that have been reported in order to understand
the overarching trends in the chemistry and application of fcu-MOFs.

2. Zr6 oxocluster-based fcu-MOFs: Synthetic and structure–
property relationships

Since the synthesis of UiO-66, tremendous progress has been
made in the assembly of isoreticular Zr-fcu-MOFs that exhibit
wide ranges of porosity and chemistry. One of the most useful
and powerful concepts in MOF chemistry, isoreticular chemistry,
enables the expansion, contraction, decoration, and functionaliza-
tion of a set porous material without disrupting the original topol-
ogy. After being proven by the successful assembly of a series of
IRMOFs having the same network topology to that of MOF-5
(IRMOF-1), with a wide range of pore volumes and chemistry
[19], the isoreticular concept was later expanded to different
MOF platforms. The pore expansion of UiO-6x, from its original link
of one phenylene ring (UiO-66) to 4 rings (UiO-69), and even to
linkers shorter due to a core unit smaller than a phenylene moiety,
has resulted in isoreticular Zr-fcu-MOFs structures displaying wide
ranges of pore dimensions (Table 1). The possibility to introduce
functional groups tethered to the backbone of the linkers as well
as on the metal cluster SBUs also expanded the family of Zr-fcu-
MOFs, creating many opportunities for their deployment in differ-
ent areas. In this section, a detailed discussion on the design, syn-
thesis, characterization, crystal structure description, and
representative applications of various isoreticular Zr-fcu-MOFs
will be made.



Fig. 2. Schematic showing dehydroxylation of l3–OH upon heating and reaction with Grignard reagent.
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2.1. The prototypical Zr-fcu-MOF, UiO-66

The breakthrough discovery in the assembly of zirconium hex-
anuclear cluster-based MOFs with underlying fcu topology (named
as UiO-66), Zr6(l3–O4)(l3–OH)4(BDC)6, was made in 2008 by
Cavka and co-workers who synthesized the MOF by solvothermal
reaction between ZrCl4 and H2BDC in N,N’-dimethylformamide
(DMF) [10]. The detailed structure of UiO-66 was validated by a
combination of experimental and theoretical characterizations
including X-ray diffraction (XRD), extended X-ray absorption fine
structure spectroscopy (EXAFS), calorimetry, Fourier-transform
infrared spectroscopy (FT–IR) and/or diffuse reflectance infrared
Fourier–transform (DRIFT) spectroscopy, and ab initio combined
structure refinement [22,25,26]. The Zr6(l3–O4)(l3–OH)4(CO2)12
building units consist of Zr6 octahedra, the edges of which are
bridged by organic linkers and the eight triangular faces of which
are capped alternately by four l3–O and four l3–OH ligands. The
identity of the l3–OH/l3–O groups in Zr6(l3–O4)(l3–OH)4(CO2)12
cluster was validated by quantitative determination of the chemi-
cally accessible l3–OH groups using FT–IR spectroscopy, thermo-
gravimetric analysis (TGA), and chemical titration with CH3MgBr
[26,27]. The FT–IR spectroscopically measured OH content,
2.2 mmol/g (37 mgOH/g), was in good agreement to the calculated
value (1.9 mmolOH/g or 32 mgOH/g) obtained from the expected
molecular formula, Zr6O4(OH)4(linker)6. The information obtained
by FT–IR spectroscopic studies shows the complete transformation
of the hydrated forms of UiO-6x, [Zr6(l3–O)4(l3–OH)4(linker)6],
into the dehydroxylated form, [Zr6(l3–O)6(linker)6], at � 250 �C
(Fig. 2). The stability of the dehydroxylated phase, up to 450 �C,
then allowed for the estimation of the l3–OH content by TGA
[10,22,27]. The bulk OH content, 1.6 mmol OH/g (27 mg OH/g),
estimated from TGA traces by extrapolation of the measured
weight loss between 250 and 400 �C, is in close agreement with
the calculated value (1.9 mmolOH/g or 32 mgOH/g). The bulk OH
content in the Zr6 oxocluster of Zr-fcu-MOFs was further con-
firmed by chemical titration with excess methyl magnesium bro-
mide (CH3MgBr) in dry diethyl ether that reacts quantitatively
with the surface hydroxyl groups of the MOF to yield methane
(CH4) (Fig. 2). The gas chromatography (GC) determination of the
methane evolved during the Grignard reaction corresponded to
1.8 mmol OH/g (31 mgOH/g), which was in good agreement with
the theoretically estimated value (1.9 mmolOH/g or 32 mgOH/g).

Aside from the permanent porosity observed for UiO-66, the
material was reported to possess remarkable chemical and hydro-
lytic stability as confirmed by the maintenance of powder XRD
(PXRD) peaks after soaking the MOF in water and different organic
solvents [10]. The high stability of the framework with respect to
water and, thus, the complete reversibility of the dehydration/hy-
dration phenomenon was further confirmed by FT–IR data [22].
Moreover, temperature-dependent PXRD, TGA and TGA/mass spec-
trometry (MS) measurements provided evidence for the thermal
stability of the MOF with a decomposition temperature reaching
above 500 �C [22]. The high chemical and thermal stability of the
MOF has been attributed to the highly connected nature of the
5

individual Zr ions as well as the resultant inorganic MBBs. The
strong Zr–O coordination bonds between the high valence, oxophi-
lic Zr(IV) ions and the carboxylate functional groups (Zr–O bond
dissociation energy is � 766 kJ/mol)[28] and the inner Zr6 oxoclus-
ter allows for reversible dehydroxylation or rehydration of l3–OH
groups without compromising the dicarboxylate bridges’ stabilities
[22]. In recent years, the notable stability of the MOF sparked
research focused on deploying the material for the adsorption of
different molecules under harsh aqueous phases with the adsorp-
tion of dyes from aqueous solutions being an example [29].

The chemical and thermal stability of UiO-66 also extends to
mechanical stability. The MOF was found to retain its PXRD pat-
terns upon applying high pressures (up to 10,000 kg/cm2) on pow-
der samples [10]. This property is an important factor for
deployment of MOFs in industrial applications since materials
often need to be mechanically stable to avoid structural distortion
or framework collapse under hydrostatic compression during the
shaping steps. Gas storage and separation are among the applica-
tions of porous MOFs that require dense packing of the powders
without collapse of the pores under mechanical compression. In
UiO-66, the highly connected nature of the Zr6 cluster and the high
Zr–O coordination were suggested to be major contributors to the
enhanced shear resistance of the MOF under mechanical stress by
effectively restricting the freedom of the coordination bond
stretching and/or compression [30].

Though, in a more general sense, UiO-66 has been claimed to be
chemically stable, the chemical stability in aqueous media of dif-
ferent pH is a relative term that requires very sensitive analytical
techniques to detect MOF degradations at very small levels. For
example, high performance liquid chromatography (HPLC) and
inductively coupled plasma mass spectrometry (ICP–MS) data
demonstrated the release of terephthalate linkers from UiO-66 to
different degrees at 25 �C when the material was immersed in
aqueous solutions containing 2-amino-2-(hydroxymethyl)-1,3-pro
panediol, 4-(2-hydroxyethyl)piperazine-1-ethane sulfonic acid, N-
ethyl morpholine and phosphate buffers [31]. However, PXRD
measurements performed after immersion of the UiO-66 samples
in the buffers were unable to detect any level of MOF degradation.
No noticeable changes were also detected in the scanning electron
microscopy (SEM) images of the post-exposed samples when com-
pared with the parent UiO-66. Even though the N2 adsorption iso-
therm measurements were more sensitive than the PXRD to detect
the degradations of the post-exposed samples by showing a
decrease in specific surface areas, the measurements could not
reflect the degree of degradation given that the decreases in speci-
fic surface area could not be correlated with a percentage of
released linker [31].

The pH of the aqueous media also has a significant influence on
the chemical robustness of the UiO-66 framework and its deploy-
ment for a particular end function. For example, Zhao et al. [32]
investigated the stability and defluorination performance of UiO-
66 in aqueous solutions of differing pH values. As evidenced by
PXRD analysis, the MOF was observed to retain its crystallinity in
acidic solutions with pH = 2.0 – 6.0 without F– ions present (pH
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values adjusted by HCl). However, structure collapse was seen for
those pH values when the solution contained F– ions, which was
attributed to the rupture of ZrAOAC bonds as a result of strong
H–bonding interactions between HF formed in the acidic condi-
tions and the carboxylate groups of the linkers. The UiO-66 struc-
ture remained intact in neutral and basic solutions (pH = 6.0 and
9.0) even in the presence of F–, suggesting no HF formation in such
conditions. However, UiO-66 was observed to be less crystalline
when pH = 10.4 and to decompose completely at a slightly higher
pH of 11.0, which was attributed to the competitive interaction of
OH– with the linker to form Zr–OH bonds. Owing to its chemical
stability at neutral and slightly basic conditions, UiO-66 has high
efficiency for removal of F– ions from aqueous solutions
(41.36 mg/g), with FT–IR spectroscopy measurements revealing
the l3–OH groups of the Zr6 oxocluster as the adsorption sites
for F–.

2.2. Impact of synthesis parameters on the assembly of Zr-fcu-MOFs

As for most other MOFs, Zr-fcu-MOFs are mainly assembled
solvothermally by mixing Zr(IV) salts and organic linkers in appro-
priate solvents with and without modulating agents at higher tem-
peratures for a certain duration of time. Therefore, the isolation of
the targeted fcu framework can be dictated by any of these syn-
thetic parameters.

2.2.1. Zr(IV) salt precursors
Zirconium chloride (ZrCl4) and zirconyl oxychloride (ZrOCl2) are

the two commonly employed Zr(IV) salts for the assembly of Zr-
fcu-MOFs. Experiments conducted on the role of zirconium metal
salt precursors demonstrated the suitability of the less acidic
ZrOCl2�8H2O source than ZrCl4 to avoid possible reproducibility
issues [33]. Due to the high hygroscopic character of ZrCl4, this salt
tends to form mixtures of unknown proportions of ZrCl4 and
ZrOCl2�8H2O upon exposure to air moisture, which creates issues
in handling and concerns about synthetic reproducibility.

The use of chloride salt precursors generates HCl during the
solvothermal assembly of UiO-6x MOFs. The generation of HCl is
hypothesized to be undesirable in some HCl-sensitive reactions,
as in the controlled synthesis of Zr-fcu-MOF@metal nanoparticle
composites [34]. In the search for reactions with no generation of
HCl, the use of other zirconium precursors such as zirconium
propoxide (Zr(O-nPr)4) in place of ZrCl4 were reported to be appro-
priate for the solvothermal assembly of UiO-66 with simultaneous
encapsulation of gold nanoparticles within the framework [34].
Other Zr(IV) salts were reported to be effective precursors for the
in situ generation of the desired Zr6 oxoclusters [35–37]. For exam-
ple, Zr(NO3)4, Zr(NO3)4�5H2O, ZrO(NO3)2�4H2O, Zr(SO4)2, and Zr
(acetyl acetonate)2 have all been successfully employed in the syn-
thesis of UiO-66 and various isoreticular Zr-fcu-MOFs, including
MOF-801, UiO-66-NH2, UiO-66-NO2, UiO-66-Br, UiO-66–2,5-
(OH)2, UiO-66–2,5-F4, UiO-66-COOH and UiO-66–2,5-(COOH)2
[35,36,38–42].

In addition to commercially-available zirconium salts, pre-
synthesized hexanuclear zirconium-methacrylate oxocluster, [Zr6-
O4(OH)4(CH2C(CH3)COO)12], and dodecanuclear zirconium acetate
cluster, [Zr6O4(OH)4(CH3COO)12]2, were also reported to be suit-
able for preparing several UiO-6x MOFs, such as UiO-66 and UiO-
67 [41,43]. Regardless of the different Zr(IV) salt precursors, fcu-
MOFs prepared from the different precursors were all claimed to
have similar textural, morphological and stability characteristics
with only slight differences in their surface areas, pore volumes,
and gas adsorption properties due to the presence of missing-
linker defects [38,40,42]. It is noted though that an accurate
comparison of the properties for the MOFs assembled from the
same linker but using different Zr(IV) salt precursors is not possi-
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ble. This is because different researchers have reported similar
MOFs by varying not only the metal salt precursors, but also other
synthetic parameters such as solvent type, temperature, time,
amount and type of monocarboxylic acid modulators.

2.2.2. Temperature and synthetic routes
In terms of the temperature used for the solvothermal assembly

of the fcu-MOFs, heating in a pre-heated oven at 120–130 �C in
DMF or DMF/H2O solvent is the typical reaction conditions
employed, however, researchers have reported the assembly of
Zr-fcu-MOFs at different temperatures (from room temperature
up to 220 �C) in different solvents that range from pure DMF, N,
N0-diethylformamide (DEF), N,N0-dimethylacetamide (DMA), and
water, among other more exotic solvents [17,35,36,38–40,44–49].
Nevertheless, it must be emphasized that the synthetic conditions
employed to assemble the MOFs should lower the activation
energy down to an appropriate value (�71 kJ/mol for UiO-type
MOFs [50]) without any detrimental impacts on the kinetics of
nucleation. Various parameters are usually adjusted to achieve
the desired activation energy and kinetics of nucleation for the
synthesis of Zr-fcu-MOFs, which include the use of more soluble
linkers and/or appropriate solvent(s) to enhance the solubility
and the addition of HCl [33,50,51]. The use of appropriate Zr(IV)
salt precursor and solvent mixtures that favor the hydrolysis of
Zr(IV) and hence the easier formation of Zr6 oxoclusters were also
reported to be successful routes to achieve UiO-6x(Zr) MOFs and
other isostructural analogs, such as UiO-6x(Hf) and UiO-6x(Ce)
[46]. This was proven using a low concentration of ZrCl4 or ZrOCl2
and pure H2O with �300 equivalent H2O/Zr that affords relatively
lower pH values (�0.24) than the conventional ZrCl4/ZrOCl2 and
DMF mixtures. The excess water then favors the hydrolysis of Zr
(IV) species to yield the successful room temperature assembly
of Zr-fcu-MOFs (e.g., MOF-801, UiO-66-NH2, and UiO-66-COOH)
as well as their Ce and Hf isostructures [46,52]. For this example,
the higher pH values that are often required to accelerate the
nucleation/growth process by facilitating the facile deprotonation
of linkers and the ease of formation of Zr oxoclusters [33,53] was
compensated by the low concentration of the Zr(IV) salt precur-
sors. The use of ambient conditions for the assembly of Zr-fcu-
MOFs is, however, demonstrated to be associated with the forma-
tion of more missing-linker defects within the frameworks than
the synthesis at higher temperatures [46,49,54,55]. For example,
MOF-801, UiO-66-NH2, and UiO-66-COOH synthesized at room
temperature were reported to have coordination numbers (per
Zr6 cluster) of 4.1, 4.7, and 3.8, respectively [46]. The presence of
defects in the MOFs were also substantiated by their higher
Brunauer–Emmett–Teller (BET) surface areas, pore volumes, and
pore sizes than the respective MOFs prepared at the conventional
temperature conditions.

The assembly of Zr-fcu-MOFs have also been reported to be
adaptable to different types of synthetic routes. In this aspect,
microwave-assisted synthesis, spray-drying, sol–gel process, and
the environmentally benign mechanochemical techniques were
shown to be effective in preparing various isoreticular Zr-fcu-
MOFs [36,41,56–64]. Among the different synthetic routes,
microwave-aided synthesis has been widely applied as an alterna-
tive to the conventional solvothermal approach. For example, syn-
thesis of MOF-801, UiO-66-NH2, and UiO-66 was reported as
successful by microwave irradiation, with no significant effects
on morphology, crystal size, or defects of the synthesized MOFs
compared to the results obtained by the conventional solvothermal
heating [58,63,65,66]. Moreover, UiO-66 and UiO-66-NH2 were
reported to be accessible via the greener mechanochemical
synthesis without requiring strong acids, high temperature and
excess reactants [62]. In a typical mechanochemical synthesis,
either liquid (methanol or DMF) assisted grinding (LAG) or
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Fig. 4. Schematic showing the plausible mechanism for the acetic acid modulated assembly of UiO-66 in IL (a). Molecular structures and 1H NMR spectra of [Omim]Cl and
DMF (b & c) and in situ 1H NMR spectra of the UiO-66 synthesis in [Omim]Cl (d) and DMF (e) at 298 K. Adapted and reproduced with permission from ref. [67].

Fig. 3. N2 sorption isotherms at 77 K for UiO-66 and UiO-66-NH2 synthesized via: (a) LAG in MeOH, and solvothermal route from Zr(OPr)4 for UiO-66; (b) AA in MeOH vapor
at 45 �C. Reproduced with permission from ref. [62].
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solvent-free accelerated aging (AA) of a pre-assembled methacry-
late or benzoate Zr6 oxocluster MBB, Zr6O4(OH)4(C2H3CO2)12 or
Zr6O4(OH)4(C6H5CO2)12, with terephthalic acid or 2-
aminoterephthalic acid resulted in UiO-66 or UiO-66-NH2, respec-
tively, having crystal morphology and porosity (Fig. 3) attributes
very similar to their counterparts synthesized via traditional
solvothermal routes.

Ionothermal synthesis, using ionic liquids (ILs) as solvents, is
another approach that has been employed for the assembly of
Zr-fcu-MOFs due to the appealing properties of tunable ILs to dis-
solve both organic and inorganic precursors and the consequential
effect in shortening reaction time and reducing temperature. In
this regard, Sang et al. [67] synthesized UiO-66 in 1-octyl-3-
methylimidazolium chloride ([Omim]Cl) and 1-decyl-3-
methylimidazolium chloride ([Dmim]Cl) at room temperature in
0.5 h by the reaction of ZrOCl2�8H2O and terephthalic acid in the
presence of acetic acid as a modulator. On the contrary, it was
observed to take at least 120 h to assemble the same MOF in
DMF at room temperature. The rapid formation of UiO-66 in
[Omim]Cl and ([Dmim]Cl was confirmed by PXRD, FT-IR and
X-ray photoelectron spectroscopy (XPS). Other ILs, such as 1-
hexyl-3-methylimidazolium chloride ([Hmim]Cl), [Omim]Br and
[Omim]I, were also employed to assemble UiO-66. However, the
7

rapid ionothermal crystallization led to missing-linker defects that
resulted in an overall framework composition of Zr6O4(OH)4
(BDC)5.1. The presence of defects in the prepared sample was fur-
ther supported by TGA and N2 adsorption measurements that gave
higher surface area (1519 m2/g) for the ionothermal assembled
UiO-66 than the one produced by the traditional solvothermal pro-
cess in DMF (1187 m2/g) [10]. Mechanistically, as supported by
in situ 1H nuclear magnetic resonance (NMR) spectroscopy studies,
the IL played a significant role in accelerating linker exchange
between the modulators and the linkers at the coordination sites
of Zr complexation (i.e., in facilitating Zr–linker coordination),
which is due to the strong H–bonding interactions between the
modulators and the aprotic alkyl-3-methylimidazolium halide IL,
[Cnmim]X, (X = Cl�, Br�, and I�) (Fig. 4). The successful crystalliza-
tion of Zr-fcu-MOFs in [Omim]Cl at room temperature was also
extended to other isoreticular MOFs, including UiO-66-NO2, UiO-
66-NH2, UiO-66-OH, UiO-67, and UiO-67-BPyDC, demonstrating
the adaptability of the MOF platform to different synthetic
approaches.

2.2.3. Modulating agents
One key point that has enabled the consistent and reproducible

in situ generation of the Zr6 oxocluster MBBs and the consequential
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MOF nucleation into high quality, large single crystals is the devel-
opment of the modulated synthesis approach, which entails the
use of ligands with just one coordination site to compete with link-
ers for coordination to metal cations. [68]. The modulating agent
acts as a regulator for the reaction rate and the crystal morphology.
The monofunctional modulators are usually applied in large con-
centrations and are speculated to form intermediate complexes
with the metal cations. The growth of MOF crystals then proceeds
through an exchange between the linker and modulator. With
respect to the Zr-fcu-MOFs, Schaate et al. [24] investigated the
impact of monocarboxylic acid-based modulators (e.g., benzoic
acid and acetic acid) and their concentration effect on the assembly
of UiO-66, UiO-66-NH2, UiO-67, and UiO-68-NH2 in terms of crys-
tallization and nucleation rate, particle size and morphology.
Depending on the concentration of the monocarboxylic acid mod-
ulator, development from a disordered phase and/or intergrown
aggregates of extremely tiny crystals as well as larger size individ-
ual octahedral-shaped nanocrystals were observed during assem-
bly of isoreticular Zr-fcu-MOFs as evidenced by SEM images,
PXRD peak broadening effects and dynamic light scattering (DLS)
analyses. The preferential in situ formation of complexes between
Zr(IV) cations and the monocarboxylic acid modulators and the
later slow substitution of the monocarboxylate modulators by
the dicarboxylate linkers is due to the formation of large crystals
upon using large equivalents of modulators. However, the possibil-
ity to get large size single crystals by increasing modulator concen-
tration depends on the solubility of the linker in the solvent(s)
employed for the reaction. This is exemplified by the impact of
modulator amount in the solvothermal assembly of UiO-66 and
UiO-67. Due to the much lower solubility of the H2BPDC linker as
compared to the H2BDC, the concentration of monocarboxylic acid
modulator does not control the size of the UiO-67 particles [24,69].
As described in literature [69], the competitive reaction equilibria
between the carboxylates of either the linker or the modulator
with [Zr6O4(OH)4]12+ MBBs dictates the particle size of the resul-
tant MOF. The high solubility of both the modulator and the linker,
as in H2BDC of UiO-66, leads to efficient participation of both com-
ponents in the reaction equilibria, so that the concentration of the
modulator can influence the result. However, the poor solubility of
the linker, as in the H2BPDC of UiO-67, decreases the influence of
the modulator on the particle size of the resultant product due to
a strong tendency of the linker to stay coordinated to the growing
crystallites. The effect of increasing benzoic acid modulator on the
textural properties of Zr-fcu-MOFs to change the morphology from
intergrown aggregates of very small crystals at zero concentration
to well-defined octahedral single crystals at higher amounts was
also evidenced in UiO-66–1,4-NDC [70]. In addition to the crystal
size and shape, the modulator was also observed to increase the
surface area and reduce its thermal stability due to the formation
of defects either as missing linkers or missing Zr6(OH)4O4 clusters,
Fig. 5. Representation of Zr–O clusters (Zr blue and O red) in the monoclinic and tetra
permission from ref. [73]. (For interpretation of the references to color in this figure leg
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with the defect density increasing up to 50% as a function of
increasing amounts of benzoic acid used.

Apart from the commonly used benzoic, formic and acetic acids,
other monocarboxylic acids have also been explored as modulators
for consistent in situ generation of Zr6 oxocluster MBBs. Among the
range of potential modulators that have been investigated, amino
acids, such as l-proline, glycine, and l-phenylalanine, were found
to be efficient in controlling the particle size allowing for the isola-
tion of large, X-ray diffraction quality single crystals of Zr-fcu-
MOFs, such as Zr-muconate, UiO-66, UiO-67-Cl, UiO-67-m-CH3,
and PCN-56 [71,72]. The possibility to modify synthetic conditions
to permit the synthesis of defective fcu-MOFs by incorporating
amino acid modulators at defect sites was also demonstrated
[71]. The amino acid pendant groups are then asserted to create
further opportunities for the preparation of suitable MOFs for
CO2 capture, catalysis, and the installation of bigger peptide
molecules.

The influence of other additives on the structure and properties
of Zr-fcu-MOFs have also been investigated. According to a study
by Ragon et al. [33], the addition of water was found to induce a
faster crystallization rate of UiO-66 by favoring the formation of
the Zr6 oxocluster. This agrees with the previous study by Schaate
et al. [24] who explored the impact of water on the crystallinity of
UiO-66 and UiO-66-NH2. Though the addition of a large amount of
water was demonstrated to reduce the particle size of UiO-66 as
confirmed by very broad reflections in the PXRD patterns and
intergrown crystallites in the SEM images, it had minimal influence
on the crystallization of UiO-66-NH2. In a later study, water was
also reported to play a significant role as a structure-directing
agent in the nucleation process of UiO-66 [73]. Indeed, the
solvothermal synthesis reaction between Zr(IV) salt and H2BDC
could result in the assembly of either UiO-66 (Zr6O6(OH)4(BDC)6)
or MIL-140A (ZrO(BDC)) polymorphs. The addition of a controlled
amount of water at a particular reaction temperature is then
important for directing the selective formation of UiO-66 with
symmetrical Zr6(OH)4O4 octahedra SBUs through producing, at
the nucleation stage, tetragonal ZrO2 (T–ZrO2) nanoparticles
(NPs) via the interaction of ZrCl4 with water. The local arrangement
of Zr and O atoms in T–ZrO2 is very similar to Zr oxocluster (Zr6O6)
MBBs in UiO-66 (Fig. 5). Among the different forms of ZrO2, the for-
mation of T–ZrO2 is kinetically favored and its successive transfor-
mation to the thermodynamically more stable monoclinic
(M�ZrO2) phase is hypothesized to be prevented by the presence
of BDC linkers, which direct the growth into UiO-66.

Other additives were also shown to have impact on the struc-
ture and properties of Zr-fcu-MOFs. Abid et al. [74] investigated
the role of adding ammonium hydroxide (NH4OH) during the
solvothermal synthesis of UiO-66 on the particle size, structure
and adsorption properties of the MOF. Successive N2 adsorption
isotherms, XRD, SEM, FT–IR, and TGA characterizations of the
gonal forms of ZrO2 and in the UiO-66 based Zr oxocluster MBB. Reproduced with
end, the reader is referred to the web version of this article.)
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physicochemical properties of the UiO-66 samples displayed
decreases in the BET surface areas, an increase in the pore size
and volume, and a reduction in particle sizes upon addition of NH4-
OH. The increase in pH of the solution upon adding NH4OH
enhances the solubility of the solute and the rate of the reaction
impacts the crystal size of the final product. The formation of zir-
conium hydroxide or zirconium oxide induced by the added NH4-
OH and possible coordination of OH– groups on the metal cluster
could also exert influence on the specific surface areas and pore
volumes of the product.

Introducing inorganic acids as additives during the solvother-
mal assembly of Zr-fcu-MOFs is another approach that has been
implemented to modulate crystal size and morphologies of this
MOF platform. For example, Han et al. [75] studied the influence
of HF additive on the crystal size and morphology of UiO-66.
Increasing the concentration of HF resulted in a change to crystal
size and morphology of UiO-66 from irregular cubes of size equal
to 150 nm to large cuboctahedron with sizes of around 7 lm.
According to the energy dispersive spectrometry (EDS) and 19F
magic angle spinning (MAS) NMR studies, fluorine ions were
directly bonded to Zr(IV) in the MBBs of the MOF. The competitive
interactions between F– and the linker to coordinate with Zr(IV)
ions is the plausible mechanism for controlling nucleation and,
therefore, the size of UiO-66 crystals.

The other inorganic acid that has been widely employed as an
additive during solvothermal synthesis of Zr-fcu-MOFs is HCl
[23]. In order to gleam mechanistic insight about the role of HCl
in the assembly of Zr-fcu-MOFs, solvothermal syntheses of UiO-
66, functionalized UiO-66-X derivatives from BDC-X linkers
(X = OH, NH2, NO2, (OH)2, (NH2)2), UiO-67, and UiO-67-X
(X = NO2, NH2) were conducted with and without HCl additive.
Though it was expected that the acid would slow down the reac-
tion, for all solvothermal syntheses of the MOFs, the formation of
MOF crystals was observed to be sped up by increasing the concen-
tration of the acid with simultaneous increase in surface area of the
resultant MOF structures. Ragon et al. [33] also observed a similar
effect for the HCl additive on the solvothermal crystallization of
UiO-66, with in situ EDX studies demonstrating a faster MOF crys-
tallization upon the addition of different amounts of 37% HCl solu-
tion and with increasing HCl/Zr ratio. Owing to the enhancement in
the solubility of ZrCl4 and H2BDC upon adding HCl, the modulation
mechanism of the acid is postulated to originate from the role that
the acid plays in dissociating linkers concentrated around the Zr
nodes blocking the connection of nodes to one another and even-
tually creating reaction mixtures that facilitate joining of nodes
[23]. Moreover, the presence of water in the HCl is responsible
Fig. 6. The structural differences around the Zr-oxocluster of EHU-30 and UiO-66.
Reproduced with permission from ref. [76].

9

for the faster crystallization rate by facilitating the in situ formation
of the Zr6 oxocluster MBBs [33]. The observed increase in the sur-
face areas of the resultant MOFs as compared to those obtained by
acid-free synthesis is due to missing-linker defects. FT–IR, TGA, and
elemental analysis (EA) studies also confirmed the presence of
more missing linkers in UiO-66 made via the HCl route than the
conventionally prepared material. Pore size distribution analysis
demonstrated a noticeable shift in the size of the tetrahedral pore
from ca. 8.5 to 11.5 Å and PXRD measurements indicated a more
intense [200] reflection, which is expected when linkers are miss-
ing [33].
2.2.4. Precursor concentration
The overall concentration of precursors present in the synthesis

is also important for the assembly of UiO-66. The impact of this
parameter was clearly evidenced in the work of Perfecto-Irigaray
et al. [76] who isolated a polymorph of UiO-66, [Zr6(l3–O)4(l3–
OH)4(l4–BDC)6]n and named as EHU-30, from mixtures of Zr(IV)
isopropoxide, methacrylic acid and H2BDC under solvothermal
conditions at 140 �C for 90 min. The two polymorphs (Fig. 6) have
different network topologies with EHU-30 adopting an 8-c hex
underlying net. The use of relatively dilute precursor concentra-
tions was reported to be critical for the exclusive formation of
the thermodynamically favored UiO-66 and with concentrated
conditions leading to the kinetic hex-MOF. EHU-30, as the kineti-
cally favored product, was further evidenced by periodic density
functional theory (DFT) calculations that demonstrated a higher
thermodynamic stability for the more dense-packed UiO-66 (BET
surface area of 1283 m2/g) than the slightly more porous EHU-30
(BET surface area of 1399 m2/g) by 30 kJ/mol. The correlation of
precursor concentration to the final MOF products was also studied
in four MOFs isostructural or isoreticular to EHU-30, namely EHU-
30-NH2(Zr), EHU-30-NH2(Hf), EHU-30-NHR(Zr) and EHU-30-NHR
(Hf) (R = 2-carboxypropyl), and their M�fcu�MOF polymorphs
[77]. However, the generality of the concentration effect on the
assembly of other Zr-fcu-MOFs remains largely underdeveloped.

Aside from exploring the different factors that potentially dic-
tate the assembly of Zr-fcu-MOFs, the will to attain efficient, faster
and more scalable synthesis of the MOFs is highly sought after. So
far, the preparation of Zr-fcu-MOFs has been realized by the con-
ventional batch synthesis approach. Although not well-
investigated due to challenges in the precise control of mixing
the reagents, the possibility to synthesize materials within this
MOF platform in continuous flow reactors was demonstrated by
Rubio-Martinez et al. [78] who reported a continuous production
of UiO-66 with a rate of 60 g/h. The preparation of UiO-66 and
derivatives in continuous flow nanoreactors was also later demon-
strated by other researchers [79–81]. However, this strategy,
which is very promising for large-scale synthesis of MOFs, needs
further study and optimization before being employed as a general
approach.
2.3. Isoreticular functionalization of Zr-fcu-MOFs

The chemical stability of UiO-66 has added fuel to the research
community for further design and assembly of isoreticular Zr-fcu-
MOFs using functionalized BDC linkers (BDC-X). Functionalization
is driven by the desire to tune the pore and/or pore aperture met-
rics and functionality for different applications including gas sepa-
ration and catalytic transformations. The use of BDC-X linkers
(Fig. 7) has led to the synthesis of many isoreticular UiO-66-X
MOFs, X = F, Cl, Br, I, CN, NH2, NO2, CH3, (CH3)2, CF3, (CF3)2,
CO2H, (CO2H)2, (CO2H)4, F2, F4, Cl2, Br2, OH, (OH)2, (SH)2, OCH3,
(OCH3)2, (OCH2CH3)2, (SCH2CH = CH2)2, SO3H, O–Ph–NO2, and
C6H4 [37,39,40,45,47,51,82–99].



Fig. 7. The diverse BDC-X linkers that have been employed to prepare Zr-fcu-MOFs.
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Due to the presence of functional groups, UiO-66-X MOFs
exhibit different features than the parent UiO-66, which are
suitable for different applications through specific MOF-guest
interaction. The functional groups also allow for the fine-
tuning of the triangular window of the fcu-MOF for gas/vapor
separations. For example, the window size of UiO-66 (ca. 6 Å)
10
is reduced to ca. 5.3 and 4.8 Å in UiO-66-COOH and UiO-66-
(COOH)2, respectively, with the later possessing enhanced
ethylene/ethane adsorption selectivity due to its constricted
aperture size [100].

UiO-66-NH2 is among the first and most studied functionalized
UiO-66-X MOF. Similar to its parent UiO-66, this amino-



Fig. 8. Schematic showing the application of UiO-66–2,5-(SCH2CH = CH2)2 for extracting Pd(II) ions from a solution mimicking high-level acidic liquid waste. Reproduced
with permission from ref. [95].

Fig. 9. NH3 breakthrough curves for UiO-66-X MOFs under dry (a and b) and humid (c) air conditions at a feed concentration of 1000 mg/m3 (1438 ppm) (a) and 2000 mg/m3

(2876 ppm) (b and c); kinetics of selenate and selenite uptake in UiO-66-X MOFs (d). Reproduced with permission from references [106,107].
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functionalized analogue was shown to maintain its high thermal
stability and chemical robustness upon exposure to organic sol-
vents, water, strong acid (HCl, pH = 1) and base (NaOH, pH = 14)
media as evidenced by TGA and PXRD measurements [98]. The
considerable stability of UiO-66-NH2 was also evidenced in a dif-
ferent study, which showed reversible ammonia adsorption uptake
with no alteration to the structure’s crystallinity nor porosity [87].
In addition to its stability, the amino functional group of UiO-66-
NH2 paved the way for the deployment of this MOF for applications
such as CO2 capture with enhanced selectivity, reasonable working
capacity and moderate CO2 adsorption enthalpy due to the avail-
ability of free N-donor Lewis bases within the framework [101],
catalysis in the conversion of toxic agents to non-toxic products
[102], and sensing of toxic chemicals [103]. For example, due to
its amino functionality, UiO-66-NH2 was reported to be an useful
catalyst for the hydrolysis of phosphate-ester based nerve agents
11
[104]. As compared to the parent UiO-66 and to the other function-
alized isoreticular MOFs, UiO-66-NO2 and UiO-66-(OH)2, the
hydrolysis rate of phosphate-ester based nerve agents by UiO-66-
NH2 was reported to be 20-fold faster. Mechanistically, the amino
functional group is hypothesized to play a central role in the
enhancement of the catalytic activity by acting as a proton-
transfer agent during the catalytic cycle (first as a Brønsted base
and then as a Brønsted acid). It is noted, however, that the interac-
tion of the amino group with phosphate esters via a H–bond and
the generation of a phosphorane-amino intermediate were not
considered as plausible pathways in the catalytic mechanism.

For similar mechanistic explanations, UiO-66-NH2 coated elec-
trodes were also shown to have high sensing capability upon expo-
sure to ppb-level concentrations of nerve agents such as dimethyl
methylphosphonate and sarin [103]. This detection capability was
ascribed to the presence of the amino functionality that can trans-
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fer protons to and from nearby [Zr6O4(OH)4]12+ clusters, thereby
inducing stronger chemical adsorption of the phosphonates (possi-
bly bidentate linkage to two Zr(IV) ions) and subsequent regener-
ation of the catalyst [104]. In a different report into the
investigation of UiO-66-NH2 for toxic gas removal, the MOF was
proven effective for the removal of the toxic NO2 with a removal
capacity of 1.4 g of NO2/g of MOF [105]. This property was once
again attributed to the presence of the amino functional group
together with other active sites within the MOF. The formation of
a diazonium ion on the aromatic ring of the MOF, as well as the
possible reduction of NO2 to N2, were also verified.

The presence of other substituent groups on the terephthalate
linker backbone expanded the application of the MOF series to dif-
ferent arenas. One area of study was the exploration of the func-
tionalized MOFs for selective adsorption and sensing of toxic ions
and gases. For example, the chemical stability of the MOF and
the presence of both sulfur and olefin moieties in UiO-66–2,5-
(SCH2CH = CH2)2 permitted its deployment for extraction of Pd
(II) from nuclear waste-like acidic solutions (Fig. 8) [95]. In another
work, UiO-66–2,5-(SH)2 was shown to be efficient in lowering the
Hg(II) concentration in water to <0.01 ppm and in adsorbing Hg
from the vapor phase as a result of the availability of free-
standing, accessible soft thiol (–SH) groups decorating the pores
that interact strongly with the soft metal cation [93].

The influence of functionalities on the adsorption of ions and/or
molecules has also been demonstrated by adsorption of ammonia
by a series of chemically stable functionalized UiO-66-X MOFs
(Fig. 9) [106]. The study showed that UiO-66-X MOFs functional-
ized with polar groups (UiO-66-NH2, UiO-66-NO2, UiO-66-OH,
UiO-66-(OH)2, UiO-66-SO3H, and UiO-66-(COOH)2) achieved
higher ammonia uptake (3.56, 1.98, 5.69, 2.29, 2.24, 2.83 mmol/g,
respectively) than the parent UiO-66 (1.79 mmol/g) under dry con-
ditions. Despite the expectation that acid functional groups would
strongly interact with ammonia, UiO-66-SO3H and UiO-66-
(COOH)2 displayed lower ammonia capabilities than UiO-66-OH
and UiO-66-NH2. This was attributed to the substantial decrease
in framework porosity (surface area and pore volume) when bulky
functional groups like –COOH and –SO3H were used. Indeed, UiO-
66-OH, with the least bulky functional group, showed the highest
ammonia uptake. The stronger H–bonding interaction of ammonia
with –OH as compared to –NH2 was also concluded to be a critical
factor for achieving the higher ammonia uptake of UiO-66-OH than
UiO-66-NH2. Due to competition between water and ammonia
molecules for adsorption at the active sites, the ammonia capaci-
ties of functionalized UiO-66 variants decreased under humid envi-
ronments. This study confirmed that designing UiO-66-X MOFs
with an appropriate balance between functionality and porosity
can lead to enhanced adsorption properties. In a similar study, a
series of related UiO-66-X structures with H–bond donors, UiO-
66-NH2 and UiO-66-(NH2)2, were shown to exhibit better selenate
Fig. 10. Representation of UiO-66-Mi and UiO-67-Mi fcu-MOFs and
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(SeO4
2–) and selenite (SeO3

2–) removal capacity from aqueous solu-
tions than the unfunctionalized analogue [107]. In this work, the
impact of aperture size of the MOFs versus analyte size was also
reflected in the relatively faster diffusion of the smaller selenate
(diameter of 4.8 Å) than selenite (diameter of 5.2 Å) anions in both
MOFs (Fig. 9d).

The possibility to undergo chemical reactions between analytes
and functional groups of MOFs enabled the development of UiO-
66-X MOF sensors. This was illustrated by the recently reported
UiO-66-O-Ph-NO2 MOF-based fluorescence switch-on sensor that
selectively detected H2S in both liquid water and in the vapor
phase [97]. Upon interaction with H2S at a particular wavelength,
the 2-(nitrophenoxy)terephthalate (BDC-O–Ph–NO2) moiety
decomposes into BDC–OH and 4-nitrophenylthiol, enabling the
detection of the analyte. Similarly, maleimide-functionalized
UiO-66 (UiO-66-Mi) was reported as promising for bioimaging
applications due to its sensitive and selective luminescent sensing
capability in detecting cysteine (Cys) and glutathione (GSH) in liv-
ing cells, via a 1, 4-Michael addition of the thiol functional group to
the electron deficient alkene group of the maleimide moiety in the
linker leading to their thiolated adducts (Fig. 10) [108].

The synergy between optimized pore structures by the func-
tional groups and the intrinsic properties of the groups facilitates
the exploration of UiO-66-X MOFs for targeted molecular adsorp-
tion processes, such as CO2 capture from different sources. In spite
of the reduced specific surface areas and pore volumes of UiO-66-X
MOFs, some of the functionalized analogues afford enhanced prop-
erties as exemplified by the increased CO2 uptake and high CO2/N2

selectivity of UiO-66-(CH3)2 over the unfunctionalized parent UiO-
66 structure, which can be attributed to pore constriction effects
exerted by the introduced substituents [82,109]. Similarly,
enhanced CO2/CH4 adsorption selectivity, an important property
for natural gas or biogas upgrading, was observed in –SO3H and
–CO2H functionalized UiO-66-X MOFs compared with the parent
UiO-66. This was ascribed to the contribution of the attached polar
functional groups and the corresponding pore constriction for the
increased CO2–framework interactions [83,89]. The experimental
results were found to be in agreement with the computational
work on the CO2/CH4 selectivity performance of UiO-66-X MOFs
[84]. According to theoretical investigations, the CO2 adsorption
enthalpy in the modified materials generally followed the order
of the functional groups’ polarity: –SO3H > –CO2H > –NH2 > –O
H > –NO2 > –Br > –CF3. In addition to the polarity, a high degree
of confinement experienced by the adsorbate molecules resulting
from a significant decrease in accessible pore space was also pre-
dicted to play a substantial role in enhancing the CO2 adsorption
enthalpy. The synergistic contribution of the contracted pores
and the introduction of favorable binding sites in UiO-66-X MOFs
for selective gas separation was further evidenced in the enhanced
CO2/N2, CO2/CH4, and CH4/N2 separations by UiO-66–(OH)2,
the sensing mechanism that leads to their thiolated adducts.



Fig. 11. Representation of the anhydride form, UiO-66(Zr)-Anhydride, obtained from intra-framework cross-linking of UiO-66(Zr)–(COOH)2. Reproduced with permission
from ref. [37].
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UiO-66–(OCH3)2, and UiO-66–(OCH2CH3)2 MOFs compared to that
of UiO-66 [110].

Due to the possibility to introduce suitable functional groups
within their pores, UiO-66-X MOFs are emerging as potential can-
didates for ionic conductivity applications. UiO-66(SO3H)2 exhib-
ited high proton conductivity and long-term conduction stability
due to the presence of covalently attached –SO3H groups to the
backbone of the MOF that facilitate conductivity by donating labile
protons to the conduction channels [94]. The reported superpro-
tonic conductivity of 8.4 � 10-2 S/cm at 80 �C and 90% relative
humidity for UiO-66-(SO3H)2 was comparable to the conductivity
of the well-known electrolyte, Nafion [94]. Very recently, light
responsive, reversible hydroxide ion conduction was accomplished
using UiO-66-NH2, demonstrating a promising potential to create
hydroxide ion conductive smart devices that can be controlled
remotely [111]. The amino functional group on the organic linker
plays a central role in promoting hydroxide ion transport by
forming a H–bond network with water molecules that results in
12-c Zr6 oxocluste

UiO-66 Zr-NDC-fcu-MOF

7 Å
9 Å

Fig. 12. Isoreticular Zr-fcu-MOFs d
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a visible light absorption band. The hydroxide ion conductivity
was reversibly attenuated or restored by turning the light on and
off, respectively.

The successful installation of other functional groups permits
access to fcu-MOFs with particular structure–property relation-
ships. For example, the photocatalytic activity of functionalized
fcu-MOFs, UiO-66-X (X = H, Br, NH2, NO2), was found to be strongly
dependent on the electronic nature of the linker substituents with
electron-donating substituents increasing the photoreactivity of
UiO-66 [112]. This photocatalytic relationship, together with the
water tolerance of the UiO-66-X MOFs, creates avenues to develop
suitable fcu-MOF photocatalysts that can be utilized for CO2 reduc-
tion [113], water splitting [114], water treatment through the oxi-
dation of As(III) and reduction of Cr(VI) [112], a multitude of
photocatalytic oxidations [115], and Lewis acid reactions [116].

The possibility for realizing functionalized UiO-66 analogue has
created more synthetic opportunities and applications. Apart from
site availability for molecular adsorption, the UiO-66-X MOFs con-
r (cuo SBU)

UiO-67 Zr-ABDC-fcu-MOF

11 Å 13 Å

isplaying different pore sizes.
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structed from trimelitic and pyromellitic linkers, UiO-66-COOH
and UiO-66-(COOH)2, were shown to undergo intra-framework
cross-linking of the carboxylate groups to form anhydride bonds
upon simple thermal heating (Fig. 11) [37]. As confirmed by
FT–IR and 13C cross–polarization MAS NMR analyses, the
cross-linking process was found to be completely reversible upon
re-exposure to water. This reversible storage and release of water
within the cross-linked MOFs was then hypothesized to have
potential in deploying the MOFs in applications ranging from
water storage, thermal batteries, and electric dehumidifiers to
fabrication of smart devices [21]. Though exciting, the
crosslinking chemistry of MOFs, in general, remains underexplored
due to challenges associated with the sensitivity of the process to
external stimuli such as chemical exposure, vacuum, and heat.
Exploiting the utility of functional groups in UiO-66-X
structures for a particular application remains a very important
research topic with further exploration and new solutions being
developed.

2.4. Isoreticular expansion and contraction of Zr-fcu-MOFs

Many applications, including the storage of large molecules and
catalytic reactions that involve larger molecules, require sufficient
void space within MOFs. On the other hand, separation of industri-
ally relevant molecules requires better control of the triangular
aperture size of fcu-MOFs by employing linkers that are shorter
in size than H2BDC. The amenability of Zr-fcu-MOFs has led to
the design of other functional, isoreticular MOFs with a range of
surface areas, pore sizes and chemistry by replacing the H2BDC
of the parent UiO-66 with different linear dicarboxylates longer
or shorter in length and decorated with various functional groups.
Representative isoreticular UiO-6x MOFs are presented in Fig. 12.

2.4.1. Isoreticular Zr-fcu-MOFs from expanded linkers
The implementation of isoreticular chemistry on the Zr-fcu-

MOF platform using linkers longer than H2BDC has led to the
isoreticular MOFs, denoted as UiO-67, UiO-68, UiO-69, and their
functionalized derivatives (UiO-67, H2BPDC: biphenyl-4,40-dicar
Fig. 13. Representative organic linkers used
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boxylate; UiO-68, H2TPDC: terphenyl-4,400-dicarboxylate)
[10,23,24]. From a topological point of view, all isoreticular MOFs
that are constructed from the Zr6 oxocluster MBB and correspond-
ing linear organic linkers adopt 12-c fcu-a nets but with more
expanded pores than UiO-66. The increase in cavity size as a result
of isoreticular expansion plays a very important role in different
adsorption-based applications. This is exemplified by the recent
work on the role of cavity size in the encapsulation of ruthenium
(II) tris-(2,20-bipyridine) (RuBpy) within UiO-66, UiO-67, and
UiO-68 and the consequential photophysical properties of
RuBpy@UiO-6x MOFs [117].

Other than the H2BPDC linker, different types of linear dicar-
boxylate linkers having two phenylene units, with or without dec-
orating functional groups, have been used in the synthesis of UiO-
67-X MOFs that exhibit ranges of porosities and chemistry
[71,108,118–125]. Representative organic linkers that have been
reported for making UiO-67-X MOFs are presented in Fig. 13.

In the same way as UiO-66-X MOFs, the functional groups of
UiO-67-X analogues were pursued for different applications. Due
to the presence of integrated N atoms, UiO-67-BPyDC exhibited
high storage capacities for gases such as CO2 with stepwise adsorp-
tion for liquid CO2 indicating a sequential pore filling mechanism
onto different adsorption sites [119]. One main challenge associ-
ated with the practical deployment of UiO-67-BPyDC for CO2 cap-
ture is its limited stability upon exposure to moisture. Among the
different strategies being explored, the use of hydrophobic methyl
group substituted H2BPyDC ligand, 6,60-dimethyl-2,20-bipyridine-
5,50-dicarboxylic acid, was reported to give the hydrolytically
stable fcu-MOF (denoted MOF-553) with enhanced CO2 uptake
compared to the unfunctionalized analog [124]. The exploitation
of the N functionality for practical applications is also exemplified
by the N-functionalized 2-phenylpyridine-5,40-dicarboxylate
(PPyDC) based UiO-67@N, which displayed highly selective detec-
tion of nitro explosives in aqueous environments [118]. Similarly,
fluorenone and dibenzothiophene based UiO-67-X MOFs, denoted
BUT-10 [Zr6O4(OH)4(FDCA)6] and BUT-11 [Zr6O4(OH)4(DTDAO)6],
respectively, were also shown to possess enhanced CO2 adsorption
with reasonable CO2/N2 and CO2/CH4 selectivities as compared to
to synthesize isoreticular UiO-67 MOFs.



Fig. 14. Organic linkers with lengths shorter than the biphenylene unit used in UiO-67 and between biphenylene and triphenylene units used to assemble various isoreticular
Zr-fcu-MOFs. The names of the MOFs produced from each linker are shown in brackets.
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UiO-67, which is attributed to the incorporated carbonyl and sul-
fone functional groups [122,123].

Like UiO-66-NH2, the amino-functionalized UiO-67 MOFs were
demonstrated to have catalytic activity for the hydrolysis of
organophosphonate-based toxic chemicals. These MOFs demon-
strated enhanced performance when compared to UiO-66-NH2

because of pore expansion and better activity when compared to
their non-functionalized UiO-66 and UiO-67 analogues due to the
amino functional group. The rate of catalytic activity was observed
to be dependent not only on the presence of the amino functional
group but also on its proximity to the Zr-based active site. This was
proven by the higher activity of UiO-67-o-NH2 than UiO-67-m-
NH2, which had the amino functional group closer to the Zr-
based SBU providing better control of the microsolvation environ-
ment and, thus, increasing the overall catalytic rates.

Following a similar mechanism to that of UiO-66-Mi (Fig. 10),
the maleimide-functionalized UiO-67 was proven to have sensitive
and selective luminescent sensing of cysteine (Cys) and glu-
tathione (GSH) under simulated physiological conditions, a prop-
erty useful for bioimaging applications [108]. However, the
fluorescence response of UiO-67-Mi for both Cys and GSH was
observed to be higher than that of UiO-66-Mi, which was attribu-
ted to the larger porosity of the extended MOF that facilitates dif-
fusion of the amino acids into the pores with ease.

Apart from the above-mentioned BPDC-X linkers, the organic
linkers with intermediate length between phenylene and bipheny-
lene, 2,6-naphthanedicarboxylic acid (H2NDC) and 1,4-
phenylenediacrylic acid (H2PDAA), were successfully employed to
construct the isoreticular fcu-MOFs, Zr-NDC-fcu-MOF (DUT-52)
and NU-801, respectively [71,126]. Other dicarboxylate linkers of
length shorter than H2TPDC (the organic linker used in the synthe-
sis of UiO-68), but longer than H2BPDC (the organic linker
employed to realize UiO-67) were successfully installed in this
MOF platform to assemble expanded pore fcu-MOFs.

Zr6 oxocluster-based fcu-MOFs have been synthesized from
4,40-azobenzenedicarboxylic acid (H2ABDC), functionalized H2-
ABDC, such as 3,30-dichloro-4,40-azobenzenedicarboxylic acid
(H2BDC-Cl2), 4,40-(ethene-1,2-diyl)dibenzoic acid (H2EDDB) or
4,4-stilbenedicarboxylic acid (H2SDC), diaminostilbenedicarboxy-
late (H2DASDC), elongated biphenyl and bipyridyl containing
dicarboxylate linkers, 4,40-bis(carboxyethenyl)-1,10-biphenyl (H2-
BPHV) and 5,50-bis(carboxyethenyl)-2,20-bipyridine (H2BPV)
(Fig. 14) [69,72,127–129]. Even though the linkers have kinks in
their structure due to the possibility of cis/trans isomerization of
the groups around the double bonds that make their geometries
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deviate from ideal UiO type linkers, PXRD, single crystal-XRD
(SCXRD), and TGA characterizations confirmed the assembly of
Zr6 oxocluster-based MOF with the expected underlying fcu topol-
ogy. The unit cell sizes of these MOFs all lie between those of UiO-
67 and UiO-68. UV–vis spectroscopic experiments also confirmed
the trans configuration of the azobenzene linker upon its incorpo-
ration within the Zr-ABDC-fcu-MOF [69]. Although it maintained
an overall fcu topology, due to the bending nature of the linker,
the BPHV-MOF was observed to have structural distortions and
to crystallize in a lower tetragonal space group [127].

Linear dicarboxylate linkers having three phenylene units with
and without decorating functional groups (Fig. 15) were reported
to produce isoreticular Zr-fcu-MOFs (UiO-68). Owing to the insol-
ubility of the terphenylenedicarboxylic acid (H2TPDC) linker in
DMF, isolation of unfunctionalized UiO-68 was difficult. To over-
come this challenge, researchers mostly employ H2TPDC-X linkers
decorated with suitable functional groups, such as the amino,
methyl, and maleimide functionalized H2TPDC (H2TPDC-NH2, H2-
TPDC-CH3, and H2TPDC-Mi) to enhance the solubility of the linkers
and to isolate the corresponding UiO-68-X MOFs [10,130,131]. The
use of H2TPDC-X linkers was illustrated by a series of isoreticular
Zr-fcu-MOFs, termed PCN-56, PCN-57, PCN-58 and PCN-59, which
were created by using 20,50-dimethyl-terphenyl-4,40’-dicarboxylic
acid (TPDC-2CH3), 20,30,50,60-tetramethyl-terphenyl-4,40’-dicar
boxylic acid (TPDC-4CH3), and their corresponding azide deriva-
tives (TPDC-2CH2N3 and TPDC-4CH2N3), respectively (Fig. 15)
[132]. PXRD measurements confirmed the structures with phase
purity and their structural robustness in aqueous acidic and basic
media. The successful isolation of isoreticular UiO-68-X MOFs
was further exemplified by Zr-BTDB-fcu-MOF [133,134] obtained
using the thiadiazole functionalized H2BTDB linker, H2BTDB = 4,4
0-(benzoic[i1,2,5]thiadiazole-4,7-diyl) dibenzoic acid and Zr-BI-
fcu-MOF [135] assembled from imidazole functionalized H2BI lin-
ker, H2BI = 4,40-(1H-benzo[d]imidazole-4,7-diyl)dibenzoic acid
(Fig. 15).

The pursuit of functionalized UiO-68-X MOFs is driven by their
inherent superior porosities compared to UiO-66 and UiO-67 ana-
logues. This is particularly important in adsorption-based applica-
tions involving larger molecules. For instance, the electron-donor
and -acceptor characteristics induced by either the thiadiazole or
imidazole moieties of Zr-BTDB or Zr-BI fcu-MOF, respectively,
and the large pore structures facilitate the deployment of these
MOFs in electron transfer processes and for sensitive detection of
analytes, such as amines and picric acid (2,4,6-trinitrophenol,
TNT). The sensitivity is driven by H–bonding interactions between



Fig. 16. L-proline-functionalized UiO-67 and UiO-68-type MOFs and their catalytic role in the asymmetric aldol addition of 4-nitrobenzaldehyde and cyclohexanone.[136].

Fig. 15. Representative examples of organic linkers employed to assemble UiO-68 MOFs.
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the N atoms of linker and the –OH group of the analytes [133–135].
The expanded pores of UiO-68-X MOFs that are decorated with
suitable functional groups are also important in catalytic applica-
tions. This was illustrated by the chemically robust L-proline-
functionalized chiral UiO-67-NHPro and UiO-68-NHPro MOFs,
both of which displayed reverse diastereoselectivity in the asym-
metric Aldol addition reaction of 4-nitrobenzaldehyde and cyclo-
hexanone (Fig. 16) [136]. The opposite regioselectivity observed
in the two MOFs is imputed to the difference in the location of
the catalytic chiral L-proline groups within the confined pore
spaces. According to the crystal structures of UiO-67-NHPro, the

L-proline groups are oriented toward the octahedral cages. The
structure of UiO-68-NHPro, on the other hand, characterized by
the different location of the middle phenyl ring where the L-
proline is coordinated, contains the side groups within tetrahedral
pores or close to triangular pore apertures.

Zr-fcu-MOFs with suitable pore metrics and functionality were
also shown to be excellent X-ray scintillators [137]. The presence
of heavy Zr-oxo clusters with ultrafast energy transfer properties
were exploited to interact with the ionizing radiation. Additionally,
the possibility to incorporate fluorescent groups in the linkers has
made the MOF platform suitable for radiation detection applica-
tions. In a representative example, a UiO-68 type MOF synthesized
from dicarboxylate-9,10-diphenylanthracene linker, Zr-ADBA-fcu-
MOF, was embedded in a polymer matrix and then demonstrated
to be a promising nanocomposite scintillator.[137] The ordered
arrangement of the 9,10-diphenylanthracene emitters with appro-
priate distance between the clusters and ligands (�12 Å) were crit-
ical for sensitizing linker emission through energy transfer. Further
information on the deployment of luminescent MOFs for emerging
energy-transfer applications can be found in a recently published
review article.[138].

Isoreticular expansion of the UiO-6x series to achieve a Zr-fcu-
MOF with much larger pores and channels was successful with the
synthesis of TPHN-MOF (i.e., UiO-69-NO2), from the linear dicar-
boxylate linker comprised of 4 phenylene units, 4,40-bis(carboxy
phenyl)-2-nitro-1,10-biphenyl (H2TPHN) [127]. The synthesis of
TPHN-MOF allowed for the incorporation of active sites that facil-
itate catalytic reactions for different organic transformations [139].
With the successful synthesis of TPHN-MOF, attention turned to
Fig. 17. Linkers reported in the assembly of functionalized UiO-69 type MOFs.
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incorporating a coordination complex within the internal pore
environment. Accordingly, the [Ir(BPP)(PPy)2]Cl-derived 4,40-(2,20-
bipyridyl-5,50-diyl)dibenzoic acid (H2BPP) linker was used in the
synthesis of a UiO-69 type MOF and its incorporation proved useful
for achieving intriguing phosphorescence properties with the steric
bulk of the linker precluding the formation of interpenetrated
structure (Fig. 17) [140]. It is noted that preparation of the isoretic-
ular [Ir(BPyDC)(PPy)2]-based UiO-67 analogue is synthetically
challenging due to the bulky substituent group. The presence of
the [Ir(PPy)2(BPy)] moiety coupled with sufficient porosity permit-
ted the loading of Pt nanoparticles (NPs) inside the expanded cav-
ities via photoreduction of K2PtCl4 in a mixed solvent system of
tetrahydrofuran (THF)/triethylamine (TEA)/H2O. The reduced radi-
cal [IrIII(PPy)2(BPP�–)] generated by TEA reductive quenching of the
photoexcited [IrIII(PPy)2(BPP)]+*, was asserted to reduce K2PtCl4 to
form the corresponding Pt NPs. Due to synergistic photoexcitation
of the MOF and electron injection into the Pt NPs, the resulting
Pt@MOF assembly acted as an effective photocatalyst for hydrogen
evolution with a turnover number of 7000 [140].

Thus far, the assembly of pore expanded Zr-fcu-MOFs has been
made possible through the use of linear ditopic linkers comprised
of up to 4 phenylene units. Further design of UiO-6x MOFs bearing
ultrahigh porosity remains possible by targeting linkers comprised
of more than 4 phenylene units. These linkers will need to be dec-
orated with bulky substituent groups to ensure solubility and to
avoid interpenetration of the resulting MOF. One drawback associ-
ated with pore-expanded Zr-fcu-MOFs is the susceptibility of the
products to framework degradation in the presence of water, acid,
and some protic solvents [141,142]. This has been proven by the
significant decrease in the chemical and hydrolytic stabilities of
UiO-67-X MOFs as compared to that of UiO-66 [141,143]. As
explained in various reports [144], the lower stability of isoreticu-
larly expanded fcu-MOFs with longer linkers is expected due to the
ease at which linker substitution occurs (i.e., lowering activation
energy barriers by either dissociative or associative mechanisms
rendering the MOFs kinetic lability). In addition to the chemical
stability, the mechanical stability of the isoreticularly expanded
Zr-fcu-MOFs were found to be lower than that of the relatively
rigid UiO-66. This is evidenced by the poor crystallinity of UiO-
67 and UiO-68 samples after applying high pressures
[30,145,146]. The decrease in mechanical stability with increasing
porosity is not unusual given that, upon applying mechanical
stress, the relatively higher energy porous MOFs can be trans-
formed into less porous dense phases with lower system energies.
The amount of such deformation is less for more dense MOFs
under equal mechanical compressions and shear forces.

2.4.2. Isoreticular Zr-fcu-MOFs from shorter linkers
Zr-fcu-MOFs assembled from organic linkers shorter than

H2BDC (the short distance between coordinating O–atoms = 7.0 Å
for H2BDC) have also attracted interest owing to their enhanced
chemical stabilities and their potential prospects for different
applications, including small molecule adsorption and separations.
The Zr-fcu-MOF that adopts the smallest unit cell as result of being
constructed from the shortest linker was reported by Bueken and
co-workers [20]. This MOF, termed Zr-squ-fcu-MOF, was prepared
through a solvothermal reaction between squaric acid and ZrCl4 in
the presence of either formic acid or acetic acid functioning as a
modulator. Zr-squ-fcu-MOF was reported to have a unit cell length
of 15.784(3) Å with tetrahedral and octahedral cages of 4.7 and
5.6 Å, respectively. The fully coordinated Zr-squ-fcu-MOF was ini-
tially expected to be nonporous due to its very small triangular
aperture (�2.4 Å), which is smaller than the molecular dimensions
of adsorbates such as H2 (kinetic diameter of 2.82 Å) and N2 (ki-
netic diameter of 3.64 Å). Surprisingly, the MOF showed adsorption
of H2 (uptake of 50.5 cm3/g at 1 bar) and N2 (uptake of 40.4 cm3/g
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at P/P0 = 0.95) at 77 K for the formic acid modulated MOF. From the
theoretical calculation conducted by the authors, the ideal fully
coordinated Zr-squ-fcu-MOF was nonporous to such probe mole-
cules. The discrepancy between the experimental and theoretical
results was attributed to the formation of missing linker defects
during the formic acid-modulated syntheses. Evidence for these
missing linker defects was found in the composition analyses of
the MOF samples by TGA, which led to structural formulae of Zr6-
O4(OH)4(squ)5.25(CH3COO)1.5 and Zr6O4(OH)4(squ)4.45(HCOO)3.1 for
the acetic acid and formic acid modulated products, respectively.
The presence of acetates and formates in the frameworks was fur-
ther validated by 1H NMR analyses.

The second prominent example of an isoreticularly contracted
Zr-fcu-MOF is Zr-fum-fcu-MOF (i.e., MOF-801), Zr6O4(OH)4(O2C–
(CH)2–CO2)6, which is prepared by the reaction between fumaric
acid (fum) and ZrCl4 in DMF/H2O solvent with and without modu-
lators (e.g., formic acid, acetic acid or propionic acid) [50,147–149].
Even though the bent nature of the fumarate linker creates a slight
deviation from the ideal linearity, the prepared MOF-801 exhibits
an fcu topology like that of UiO-66. BET surface areas of 856
m2/g (when synthesized in DMF) or 970 m2/g (when synthesized
in water) were achieved and, as expected, octahedral and tetrahe-
dral cages of about 7 and 5 Å, respectively, were verified by pore
size distribution analyses. When compared to UiO-66 analogues
made with longer ligands, MOF-801 is known for its enhanced
chemical stability in aqueous solutions of wide pH range (pH =
1–12) [148]. The chemical stability was further established upon
PXRD characterization of MOF-801 revealing that the material
was resistant to 0.1 M NaOH for 3 days at room temperature
[150]. The high hydrolytic stability is also reflected in the repro-
ducible cyclic water sorption properties of the MOF [11,21].

Further reduction of the pore size in MOF-801 was accom-
plished by employing methyl functionalized fumaric acid (i.e.,
mesaconic acid) as the linker to create the isoreticular Zr-mes-
fcu-MOF [35,151]. Structural characterization by XRD analysis
exhibited unit cell constants comparable to that of MOF-801, but
with reduced octahedral and tetrahedral pore cages due to the
methyl groups protruding into the internal cages. Similar to UiO-
66-X, the Zr-mes-fcu-MOF demonstrated stability in water and
aqueous acidic solutions, but not in strongly basic media. As
detailed [144], the relatively poor stability of this MOF system in
basic media is attributed to the competitive formation of M�OH
bonds that replace the M�linker bonds that are foundational to
the structure.
4.7 Å
12-c Zr6 oxocluster

(cuo SBU)

5.0

Fig. 18. Isoreticular Zr-fcu-MOFs assembled from l
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Aside from the improved stability, one major driving force to
assemble fcu-MOFs with short linkers is to obtain an optimal trian-
gular aperture size for a given gas or vapor separation property.
Inspired by the contracted aperture size MOF-801, Zhou et al.
[152] recently reported aMOF-801-basedmembrane that is capable
of separating propylene from propane with a mixture separation
factor reaching ca. 110. Owing to the contracted cages and the corre-
sponding enhanced van der Waals interactions of the pore walls
with C2H6 and C3H8 compared to CH4, MOF-801 was also reported
to be efficient in the adsorptive separation of CH4 from the longer
alkanes [153]. Despite these reports, we note that the design of Zr-
fcu-MOFs with contracted windows specifically designed to meet
the specifications to carry out challenging gas or vapor separations
remains under-explored. Although not as diverse as the UiO-6x
MOFs assembled from BDC-X and its extended analogue linkers,
the above-mentioned examples illustrate the possibility to fine-
control the porosity of Zr-fcu-MOFs. The Zr-fcu-MOFs that have
been constructed from linear linkers with lengths shorter than one
phenylene unit are summarized in Fig. 18.

2.4.3. Isoreticular Zr-fcu-MOFs from flexible aliphatic linkers
The isoreticulation of Zr-fcu-MOFs has been extended to linkers

that contain flexible aliphatic carbon chains. This is illustrated by
the porous Zr-fcu-MOF containing trans,trans-muconic acid, Zr6-
O4(OH)4[O2C–C4H4–CO2]6�solv (solv = DMF, H2O) [43,71,154]. This
MOF was prepared by using a post-synthetic exchange strategy to
replace a monocarboxylate capping ligand of the zirconium
methacrylate oxocluster precursor, Zr6O4(OH)4(OMc)12
(OMc = CH2 = CH(CH3)COO), with the trans,trans-muconic acid lin-
ker in DMF at different temperatures and reaction times [43]. Post-
synthetic exchange was achieved by pursuing a conventional
solvothermal reaction between ZrCl4 and the linker in the presence
of small amounts of H2O or conc. HCl additives in DMF [154]. Even
though the muconate spacer with trans,trans configuration was
used as a precursor, the configuration of the linker incorporated
within the MOF structure was disordered in a cis conformation
(Fig. 19) [43,154], indicating that isomerization had occurred over
the course of the reaction. When compared to the terephthalate-
based fcu-MOFs, Zr-cis-muc-fcu-MOF possessed relatively less
chemical and thermal stability as reflected in the TGA data that
shows thermal stability up to 250 �C under air atmosphere
(450 �C for UiO-66) and an unexpected lower BET surface area.
These properties may result due to the easier thermal degradation
of the olefin spacer (muconate) with respect to the aromatic spacer
4.3 Å 2.4 Å

3.2 Å5.0 Å Å

inear linkers that are shorter in size than BDC.



12-c Zr6 oxocluster
(cuo SBU)

Zr-cis-Muc-fcu-MOF Zr-trans-Muc-fcu-MOF Zr-BODC-fcu-MOF

Fig. 19. Octahedral cage representation of the isoreticular Zr-fcu-MOFs assembled from aliphatic dicarboxylate linkers.
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(terephthalate) and the lower stability of the Zr-muconate solid
upon removal of guest molecules occupying the pores. In a sepa-
rate report, the Zr-muc-fcu-MOF containing the muconate linker
in the s-trans conformation, Zr-trans-muc-fcu-MOF, without iso-
merization of the starting trans,trans-muconic acid, was also
obtained upon using amino acid (L-proline) modulator during the
solvothermal reaction between the linker and ZrCl4 [71]. The role
of the amino acid modulator in preventing the isomerization of
the linker is not yet understood.

As a further example to using flexible aliphatic-based linkers to
construct Zr-fcu-MOFs, the three-dimensional linker, bicyclo[2.2.
2]octane-1,4-dicarboxylic acid (H2BODC), which is slightly smaller
in size (ca. 6.8 Å) than H2BDC (ca. 7 Å), yet bulkier in width
(Fig. 19), was effectively installed as a linker to assemble a Zr-
BODC-fcu-MOF denoted NU-403 [155]. The prepared MOF with
linker-dimensionality-induced tailored pore and aperture sizes
(octahedral and tetrahedral cage of 10 and 5 Å, respectively, vs
11 and 7 Å for UiO-66, respectively) exhibited enhanced Kr/Xe sep-
aration capability (IAST selectivity of ca. 9 vs ca. 7 for UiO-66).

We have provided in Table 2, various reported Zr-fcu-MOFs and
their structural and porosity characteristics in order to provide the
reader with a better understanding of the porosity attributes upon
shortening and extending the organic linkers. We do note that dif-
ferent surface area and pore volume values are reported by differ-
ent researchers for any given fcu-MOF material as a result of
variations in synthetic procedures leading to different levels of
defects. To gain insights about the defect levels, the geometric sur-
face areas for fully coordinated UiO-66, UiO-66-NH2, UiO-66-
(NH2)2, UiO-66-OH, UiO-66-(OH)2, UiO-66-NO2, UiO-67, UiO-67-
NO2, and UiO-67-NH2 are 800, 700, 450, 600, 400, 500, 2700,
2000, 2150 m2/g, respectively [23]. Similarly, the geometric surface
areas calculated assuming 8 linkers per Zr6 node for UiO-66, UiO-
66-NH2, UiO-66-OH, UiO-66-NO2, and UiO-67 are 1550, 1150,
1250, 1100, and 3100 m2/g, respectively.

Themain reason for Zr-fcu-MOFs becoming an attractive system
to explore is the versatility they exhibits toward different applica-
tions. Zr-fcu-MOFs have been applied in a multitude of important
areas such as adsorption and storage of molecules or ions [164–
170], water sorption-based applications [11,21,161], separation of
molecules with very similar physical properties [14–17,83,105–10
7,123,156,169,171–175], heterogeneous catalysis
[113,159,162,176–185], drug loading and delivery [130,158,186–
188], and chemical sensing [103,108,118,133,189–196].

2.5. Defects in Zr-fcu-MOFs

As shown in Table 2, surface areas and pore volumes differ for
the same MOF and vary widely from one report to the next. One
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peculiar feature that is prevalent in Zr-fcu-MOFs and is responsible
for such variations is the presence of defects. UiO-6x structures
have been proven to be prone to defects (without collapse of the
framework structures) in the form of missing linkers or missing
inorganic building units [197,198]. The defect tolerance of fcu-
MOF structures [199] is likely due to the highly connected SBU
with strong M�O bonds, which makes these structures popular
targets and model platforms for defect engineering and defect
studies by different characterizations. It is important to note that
owing to the dominance in diffraction by the inorganic part of
fcu-MOFs, routine PXRD characterizations usually cannot detect
the presence of defects. The presence of defects was first observed
in UiO-66 in 2011 [22] through a TGA experiment. The researchers
observed that the experimental TGA weight loss of UiO-66 above
400 �C was smaller than the theoretically expected value calcu-
lated from the fully coordinated UiO-66 structure. Since this obser-
vation, UiO-66 and its isoreticular analogues were subject to an
immense number of studies on defects and the properties resulting
thereof [197,198].

Defects in Zr-fcu-MOFs are often considered as unwanted struc-
tural abnormalities that form during the synthesis of porous mate-
rials, which lead to decreased chemical and mechanical stability
[200,201] or difficulty in controlling the sizes of the pore apertures
for a particular molecular separation application [202,203]. How-
ever, for MOFs, defects are widely considered as opportunities to
assemble hierarchically porous solids that possess enhanced
porosity (surface area and pore volume) and appropriate function-
ality attributes [196,204–209] with suitable sites for chemical
affinity or reactivity [210,211], adsorption [212–217] and/or catal-
ysis [218–227]. Fine control of the defect amounts, and hence the
tuning of the properties associated with it, is usually achieved by
adjusting specific reaction parameters such as temperature, linker
and metal ratio, acid, base, and/or water modulation, and the final
workup procedure [228–230]. The use of monocarboxylic acid
modulators during the synthesis of Zr-fcu-MOFs is usually associ-
ated with the formation of missing linker or missing-cluster
defects within Zr-fcu-MOFs [197,231,232]. Ideally, the formation
of missing-linker defects should be related to a transition of net-
work dimensionality from the 12-c fcu to 10-c reo or 10-c bct,
and then to 8-c bcu topology or even lower cluster connectivity
with the remaining coordination sites being compensated by
monocarboxylic acid modulators [126]. However, in most cases,
defects are formed randomly without homogeneous distribution
and are crystallographically described by reduced occupancy of
the framework component atoms [197].

Defects are typically elucidated through a combination of
experimental and computational techniques [233,234]. Experi-
mentally, TGA, 1H NMR spectroscopy, porosity analysis from N2



Table 2
Reported isoreticular Zr-fcu-MOFs with their unit cell parameters and porosity attributes.

MOF Linker* Unit cell length (Å) Porosity attributes Ref.

SBET (SLangmuir)
(m2/g)

Pore volume
(cm3/g)

Zr-squa-fcu-MOF squaric acid 15.784(3) 179 [20]
Zr-mes-fcu-MOF mesaconic acid 17.854(7)

17.7804(2)
662–725 0.32 [35,151]

Zr-fum-fcu-MOF fumaric acid 17.943 690–990
(770–1070)

0.27–0.45 [21,35,156]

NU-403 H2BODC 20.5606(5) [155]
UiO-66 H2BDC 20.7551(5) 950–1290 (1187–1390) 0.49–0.63 [10,21,82,90,157]
UiO-66-PyDC H2PyDC 20.6754(12) 1797 0.68 [99]
UiO-66-PzDC H2PzDC 20.6656(18) 1539 0.58 [99]
UiO-66-F H2BDC-F (919) 0.26 [45]
UiO-66-Cl H2BDC-Cl 430–766 0.23–0.25 [45,158]
UiO-66-Br H2BDC-Br 640–851

(654–1004)
0.18–0.30 [45,82,90,158]

UiO-66-I H2BDC-I (799) 0.27 [45]
UiO-66-CH3 H2BDC- CH3 760 (856) 0.27–0.34 [45,158]
UiO-66-(CH3)2 H2BDC-2,5-(CH3)2 680–868

(825–968)
0.30–0.31 [45,82,158]

UiO-66-NO2 H2BDC- NO2 660–869
(893–980)

0.28–0.40 [82,90,92,158]

UiO-66-NH2 H2BDC- NH2 930–1112 (1073–1313) 0.35–0.76 [39,82,90,92,157,158]
UiO-66-(NH2)2 H2BDC-2,5-(NH2)2 540 [23]
UiO-66-SH H2BDC-SH 1432 0.57 [159]
UiO-66-(SH)2 H2BDC- (SH)2 308 [94]
UiO-66-OH H2BDC- OH 1000 0.29 [23,45]
UiO-66-(OH)2 2,5-H2BDC- (OH)2 20.7849(2) 560–1145 0.22–0.37 [23,35,45,158]
UiO-66-CF3 H2BDC-CF3 20.43(5) (739) 0.27 [45]
UiO-(CF3)2 H2BDC-2,5-(CF3)2 503–540 0.18–0.24 [45,88,158]
UiO-66-OCH3 H2BDC-OCH3 (763) 0.25 [45]
UiO-66-(OCH3)2 2,5-H2BDC-(OCH3)2 868 0.38 [92]
UiO-66-(OCH2CH3)2 2,5-H2BDC-(OCH2CH3)2 405 (574) 0.41 [39]

UiO-66-(2,5-SCH2CH = CH2)2 2,5-H2BDC-(SCH2CH = CH2)2 566 0.31 [95]
UiO-66-CO2H H2BDC-CO2H 20.758(1) 658–661

(842)
0.26–0.29 [37,45,160]

UiO-66-(CO2H)2 2,5-H2BDC-(CO2H)2 20.54(6)
20.731(5)

364–527 (608) 0.18–0.29 [37,39,160]

UiO-66-(CO2H)4 H2BDC-(CO2H)4 212 (342) 0.42 [39]
UiO-66-F2 2,5-H2BDC-F2 20.33(5) 836 0.28 [45]
UiO-66-F4 H2BDC-F4 833

(537–1348)
0.39–0.65 [39,57]

UiO-66-Cl2 2,5-H2BDC-Cl2 20.27(13) 609 0.21 [45]
UiO-66-Br2 2,5-H2BDC-Br2 20.23(3) (339) 0.12 [45]
UiO-66-SO3H H2BDC-SO3H 975, (769) 0.26, 0.44 [45,159]
UiO-66-(SO3H)2 H2BDC-2,5-(SO3H)2 35 [94]
UiO-66-C6H4 H2BDC-SO3H (416) 0.14 [45]
UiO-66–2,3-NH2Cl H2BDC-2,3-NH2Cl 760 [85]
UiO-66–2,5-NH2Cl H2BDC-2,5-NH2Cl 876 [85]
UiO-66–2,3-NH2Br H2BDC-2,3-NH2Br 613 [85]
UiO-66–2,5-NH2Br H2BDC-2,5-NH2Br 727 [85]
UiO-66–2,5-NH2BI H2BDC-2,5-NH2BI 899 [85]
UiO-66-O-Ph-NO2 H2BDC-O-Ph-NO2 1040 0.6 [97]
Zr-cis-muc-fcu-MOF trans,trans-muconic acid 20.818(1) 557–705 0.34 [43,154]

Zr-trans-muc-fcu-MOF trans,trans-muconic acid 20.87820(10) [71]
UiO-66–1,4-NDC 1,4-H2NDC 20.7786 615–876

(732)
0.42–0.43 [90,92,156,157]

NU-801 H2PDAA 26.9170(5) [71]
Zr-2,6-NDC-fcu-MOF 2,6-H2NDC 23.910(3) 1300–1717 0.60–0.74 [72,126,156]
BUT-10 H2FDCA 26.051(10) 1848 (2185) 0.82 [122]
BUT-11 H2DTDAO 26.347(10) 1310 (1571) 0.62 [122]
UiO-67 H2BPDC 26.768(5) 2145–2505 (�3000) 1.05–1.10 [10,23,121,122,141,156]
UiO-67-Cl H2BPDC-Cl 26.7863(16) [71]
UiO-67-NO2 H2BPDC-NO2 2160 [23]
UiO-67-o-NH2 H2BPDC-o-NH2 2050 [121]
UiO-67-m-NH2 H2BPDC-NH2 2020 [121]
UiO-67-m-(NH2)2 H2BPDC-m- (NH2)2 1360 (1780) 0.64 [161]
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Table 2 (continued)

MOF Linker* Unit cell length (Å) Porosity attributes Ref.

SBET (SLangmuir)
(m2/g)

Pore volume
(cm3/g)

UiO-67-m-Me H2BPDC- m-Me 26.7390(8) [71]
UiO-67-BPyDC H2BPyDC 26.5460(19) 2385–2646 (2965) 1.00–1.06 [119,141,162]
UiO-67–Tz–NH2 H2BPDC-Tz-NH2 404 (554) [120]
UiO-67–Tz–OH H2BPDC-Tz-OH 84 (133) [120]
UiO-67–Tz–COOCH3 H2BPDC-Tz-CO2CH3 148 (211) [120]
UiO-67-NHPro H2bpdc-NHProBoc 26.8663(1) 0.51 [136]
Zr-ABDC-fcu-MOF H2ABDC 29.4227(4)

29.3248(8)
2830–3000 1.41 [69,72]

Zr-SDC-fcu-MOF H2SDC 29.8884(3) 2950 [72]
Zr-ABDC-Cl2 fcu-MOF H2ABDC-Cl2 29.5710 2226 0.94 [128]
BPHV-MOF H2BPHV a = 23.239(4)

c = 32.854(13)
[127]

BPV-MOF H2BPV 373 [127]
UiO-68-NH2 H2TPDC-NH2 32.7767(5) (4170) [10,24]
UiO-68-Me H2TPDC-CH3 3738 [131]
PCN-56 TPDC-2CH3 32.6003(11)

32.625(3)
3741 [71,132]

PCN-57 TPDC-4CH3 32.657(19) 2572 [132]
PCN-58 TPDC-2CH2N3 32.6919(14) 2185 [132]
PCN-59 TPDC-4CH2N3 1279 [132]
UiO-68-sal H2TPDC-sal 32.6205(16) 3311 [163]
UiO-68-NHPro H2tpdc-NHProBoc 32.880(4) 0.93 [136]
TPHN-MOF H2TPHN 38.678(3) 365 [139]

* For abbreviations of the organic linkers, see Figs. 7, 13, 14 and 15.

Fig. 20. Crystal structure and topology representation of PIZOF-0 (VNU-1) (a-c) and the linear dicarboxylate linkers employed to assemble interpenetrated or non-
interpenetrated fcu-MOFs (d). The figures from a-c are reproduced with permission from ref. [247].
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Table 3
The functionalized dicarboxylic acid linkers and their corresponding PIZOFs.

PIZOF R1 R2 R3 R4 Ref.

PIZOF-0 (VNU-1) H H H H [248–250]
PIZOF-1 NH2 H H H [76]
PIZOF-2 OCH3 H OCH3 H [76]
PIZOF-3 OCH2CCH H OCH3 H [76]
PIZOF-4 OCH2CCTIPS H OCH3 H [76]
PIZOF-5 OCH2CH2CH2CH2CH3 (OPentyl) H OCH2CH2CH2CH2CH3 (OPentyl) H [76]
PIZOF-6 dodec H dodec H [76]
PIZOF-7 O(CH2CH2O)2CH3 H O(CH2CH2O)2CH3 H [76]
PIZOF-8 H OCH3 H [76]

CH3 H CH3 H [251]
F F H H [251]
F H F H [251]
F F F F [251]
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sorption, and vibrational spectroscopy (FT–IR and Raman) are the
most common techniques employed to quantify the defect loading
[44,235–237]. Recently, ammonia (NH3) adsorption with subse-
quent characterizations by temperature programmed desorption
mass spectrometry (TPD-MS) and FT–IR spectroscopy has also pro-
vided promising results for further exploration in identifying
defects in Zr-fcu-MOFs [238]. The use of high pressure PXRD mea-
surements to detect the mechanical response and quantitative esti-
mation of missing linkers by potentiometric titrations have been
reported to be useful in elucidating defects in Zr-fcu-MOFs
[239,240]. Lately, scanning electron diffraction [241] and low-
dose high-resolution transmission electron microscopy [242] were
shown to be efficient tools for the direct observation of individual
defects within UiO-6x frameworks. We refer the readers to recently
reported reviews for more detailed information concerning the
presence and characterization of defects in fcu-MOFs [243–246].
2.6. Interpenetrated Zr-fcu-MOFs

Employing linkers longer than the UiO-68 linker leads to the
assembly of porous interpenetrated zirconium-organic frame-
works (PIZOFs) [247]. Upon solvothermal mixing of ZrCl4 and the
long, linear dicarboxylic acids, HO2C[PE-P(R1,R2, R3,R4) –EP]CO2H
that contains alternating phenylene (P) and ethynylene (E) units
(PEPEP) and various substituent R groups, a series of isoreticular
PIZOFs, PIZOF-0 (also called VNU-1 where VNU = Vietnam National
University) to PIZOF-8, were obtained (Fig. 20 and Table 3)
[76,248–251]. Other isoreticular PIZOFs assembled using [Zr6O4(-
OH)4(O2C)12] nodes and dicarboxylic acid linkers with PPPP and
PEPP units, denoted PPPP-PIZOF-1 and PEPP-PIZOF-1, have also
been reported [252]. Reduction of the linker length to PEEP units
results in non-interpenetrated Zr-fcu-MOF (Fig. 20). The possibility
for further tuning the pore structure of the isoreticular PIZOFs was
demonstrated by using organic linkers containing naphthyl,
anthracyl, and benzothiadiazolyl units (Fig. 20) in place of the cen-
tral benzene group of PIZOF-0 [251,253]. The structure of these
PIZOFs, obtained from PXRD and SCXRD analyses, are described
as twofold interpenetrated isoreticularly expanded Zr-fcu-MOFs.
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PIZOFs have two independent interpenetrating networks con-
sisting of convex and concave tetrahedral cages. However, due to
interpenetration, the concave tetrahedral cavities contain the SBUs
of the second framework, which results in small cavities [248].
Depending on the length and shape of the integrated functional
groups, the large cavity diameter can vary from ca. 19 Å in
PIZOF-0 to ca. 11 Å in PIZOF-7. Deeper inspection of the framework
structures reveals that the integrated functional groups do not pro-
trude into the small cavities and, therefore, the small cavity with a
diameter of ca. 5 Å remains identical for the entire PIZOF series. As
probed by solid-state photoluminescence spectroscopy studies, the
introduction of functional groups such as methyl, fluoro, naphthyl
and benzothiadiazolyl units induced subtle structural changes,
such as linker rotation, and mediated host–guest interactions with-
out affecting the underlying topology [251]. As a representative
example, the MOF prepared from the dimethyl substituted linker
exhibited a temperature-dependent phase transition regulated by
steric clashes between interpenetrated nets. Moreover, the
tetrafluorinated linker led to a PIZOF material with superhy-
drophobic properties. The dynamics of PIZOF (i.e., guest dependent
linker rotation and electronic effects) is also a research topic of cur-
rent importance that could help to develop synthetic molecular
machines [254].

The amenability of the interpenetrated frameworks for func-
tionalization has enabled the exploration of these MOFs for exper-
imental and simulated CO2 adsorption measurements. Indeed,
several PIZOF materials, including PIZOF-7, achieved enhanced
CO2 uptakes and CO2/N2 and CO2/CH4 selectivities due to reduction
in pore size [248]. Owing to its large pores and enhanced chemical
stability, PIZOF-0 (VNU-1) was also investigated as an heteroge-
neous Lewis acid catalyst for the Friedel-Crafts benzoylation of aro-
matic compounds and was reported to achieve high yields of the
aromatic ketones within a few minutes in a recyclable manner
[255]. In addition to their mechanical robustness, the water stabil-
ity of PIZOFs is an attractive feature that has led to increased inter-
est for their deployment in different applications. As a
representative example, the water stability of PIZOF-0 allows for
aqueous stereoselective halogenation of the CAC unsaturated
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bonds, such as reversible bromination and irreversible iodination,
which represents an immense opportunity for radioactive iodine
sequestration [250,256].

Finally, a PIZOF structure, named NNU-28, exploited a visible
light responsive organic linker that contained an anthracene group
and was shown to be an efficient photocatalyst for visible-light-
driven photoreduction of CO2 to formate [253]. The PIZOFs with
naphthyl and benzothiadiazolyl functionalized linkers were also
demonstrated as stable fluorescent water sensors [251]. Generally,
the examples mentioned in this section demonstrate the possibil-
ity of tuning interpenetrated frameworks that adopt an underlying
fcu topology by employing a large variety of dicarboxylic acids
with widely differing organic functionalities.

2.7. Multivariate (MTV) Zr-fcu-MOFs

The assembly of multivariate (MTV) Zr-fcu-MOFs has attracted
research interest for many reasons, some of which include the sys-
tematic alteration of adsorption or catalytic sites and improving
the chemical and thermal stability. MTV-MOFs can be prepared
by mixing appropriate ratios of MBB precursors in a one-pot syn-
thesis. However, one-pot pathways sometimes lead to physical
mixtures of two or more MOFs rather than mixed MBBs within
one framework. In such cases, post-synthetic modification (PSM)
[257] has emerged as a powerful tool to realize MTV-MOFs. Herein,
progress made in the assembly of mixed-linker and mixed-metal
Zr-fcu-MOFs will be discussed. Prior to the discussion on MTV-
MOFs, a brief overview on PSM will be presented.

2.7.1. Post-synthetic modifications of Zr-fcu-MOFs
Most MOFs discussed so far are assembled by a one-pot

solvothermal synthesis approach using a pre-functionalized linker.
However, PSM, as a strategy, has been successfully implemented
for the construction of functionalized Zr-fcu-MOFs that are other-
wise difficult or impossible to be accessed by conventional direct
synthetic approaches. An early example was one in which a
cyano-functionalized MOF (UiO-66-CN) was prepared via cyana-
tion of pre-synthesized UiO-66-Br with CuCN and microwave irra-
diation [86]. Due to the presence of a reactive and labile functional
group, attempts for the direct synthesis of the MOF from H2BDC-
CN and various Zr(IV) salt precursors was reported as unsuccessful.
In this sub-section, several examples of isoreticular UiO-6x MOFs
that have been prepared by PSMs of linker functional groups will
be discussed with further examples of PSM on Zr-fcu-MOFs pro-
vided in the forthcoming sub-sections.

Owing to the reactivity of –NH2 functional group, UiO-66-NH2 is
one of the most explored Zr-fcu-MOFs for covalent and metalation
chemistry-based PSM. As a representative example, the presence of
the –NH2 functionality in UiO-66-NH2 produced post-synthetically
grafted Cu species with mixed-valence-states (i.e., Cu(I)/Cu(II)) on
the MOF, thereby making the MOF a suitable photocatalyst for
air cleaning [258]. The Cu(I)/Cu(II) active centers, introduced by
an in situ partial reduction of Cu(II) to Cu(I) during its coordination
with the –NH2 group and O-donor of the linker, allowed electron
transfer from the organic linkers to the Cu centers on the linker
via a linker-to-linker-metal-charge-transfer (LLMCT) route. This
resulted in a longer photogenerated charge lifetime by enhancing
the rate of electron transfer while inhibiting photogenerated
electron-hole pair recombination. Under visible light irradiation,
the Cu(I)/Cu(II) grafted UiO-66-NH2 displayed photocatalytic per-
formance for oxidizing NO to NO3

–. In related work, the exploitation
of the –NH2 group in UiO-66-NH2 as an anchoring site allowed for
the coordination of single-atom Ru(III) (Ru-NH2-UiO-66) by simple
mixing and stirring of UiO-66-NH2 and RuCl3 [259]. The modified
MOF acted as a selective catalyst for the oxidation of NOx (NO/
NO2) to NO2

– and NO3
– by plasma activation. Ru(III) single atoms
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were coordinated to both the BDC-NH2 units and the Zr(IV) sites
via an oxo-bridged Zr(IV)–O–Ru(III), which sped up electron trans-
fer. Additionally, the –NH2 group of UiO-66-NH2 has created
opportunities for doping metal nanoparticles within the MOF,
which were exploited to heterogeneously catalyze several chemi-
cal transformations [260–262]. The metalation-based PSM routes
for the transformation of –NH2 groups in UiO-6x-NH2 MOFs to
other functional groups are summarized in Fig. 21.

Other BDC-X linkers have also been used as a starting point in
the preparation of post-synthetically modified Zr-fcu-MOFs. This
is exemplified by the free carboxylic acid functional groups in
UiO-66-COOH and UiO-66-(COOH)2 that provide cation binding
sites for PSM to generate UiO-66-COOM and UiO-66-(COOM)2
(M = Cu(I), Li(I), Na(I), K(I)) [160]. The introduced metal cations
enabled selective interactions with particular adsorbates and, in
some cases, tuned the aperture size of the MOFs to permit their
use in different applications. Specifically, copper functionalized
Zr-fcu-MOFs were found to exhibit high ammonia adsorption
capacities under both dry and humid conditions. Ionized UiO-66-
(COOM)2 (M = Li(I), Na(I), K(I)) were shown to have optimal
features for post-combustion CO2 capture [171]. Similarly, post-
synthetic metalation of the free –COOH groups in UiO-66-
(COOH)2 by Eu(III)/Cu(II) permitted the construction of a
MOF-based H2S sensor [263]. In this case, the high affinity of H2S
to Cu(II) ions enhances the fluorescence of Eu(III) and quenches
the broad ligand-centered emission. This was hypothesized to con-
tribute for the sensitive and selective turn-on detection of H2S over
other environmentally- and biologically-relevant species under
physiological conditions. Cu(I)-chelated UiO-66-COOH and UiO-
66-(COOH)2 MOFs were also demonstrated to have impact in
boosting the ethylene/ethane adsorption selectivity due to con-
stricted apertures and specific p-complexation (Fig. 22) [100].

PSM is common in pore-expanded Zr-fcu-MOFs especially in
the metalation of bipyridine moieties for catalytic applications
(Fig. 23A). The presence of freely available N-donors as anchoring
sites for metal ions made the UiO-67-BPyDC MOF a suitable pre-
cursor to prepare mixed-linker UiO-67(BPyDC)(BPyDC-Mn+)-type
MOFs (M = Cr, Co, Co, Ir, Pd, Pt, Pt/Ir, Ru) [139,140,264–272]. The
open N-donors of the linker’s bipyridine backbone create an
opportunity to design and assemble fcu-MOFs that can be
deployed as sensitized solar cells and heterogeneous catalysts in
different types of chemical reactions. Apart from the metalation
strategy, the implementation of click chemistry on pre-
synthesized azido-functionalized pore-expanded Zr-fcu-MOFs has
resulted in the conversion of the –N3 functional group to 1,2,3-
triazole (Tz) (Fig. 23B and C). As described in Section 2.4.1, UiO-
67-N3, PCN-57 and PCN-58 were prepared solvothermally from
pre-synthesized azido functionalized BPDC-m-N3, TPDC-2CH2N3

and TPDC-4CH2N3 linkers, respectively [120,132]. The MOFs were
then transformed to their isoreticular Tz-functionalized analogs
(UiO-67-Tz-R and UiO-68-Tz-CH2-R) via the post-synthetic click
reactions between the –N3 functional group and different alkyne
compounds in the presence of CuI as a catalyst [120,132]. These
PSM-MOFs were demonstrated as catalysts for Knoevenagel con-
densation reactions between benzaldehyde and different methy-
lene compounds.

The presence of the –NH2 functional group together with the
high porosity in UiO-68-NH2 creates opportunities to transform
this material into a suitable catalyst. Post-synthetic amine-
aldehyde condensation on UiO-68-NH2 by treating the framework
with excess pyridine-2-carboxaldehyde led to the formation of an
isoreticular MOF, denoted UiO-68-IP [273]. Subsequent metalation
of UiO-68-IP with Pd(NO3)2 led to the doping of Pd(II) within the
framework (Fig. 24 left). A catalyst, denoted Pd(0)@UiO-68-AP,
synthesized by the reduction of the Pd(II)-doped MOF with NaBH4

in an aqueous solution, served as an active bifunctional heteroge-



Fig. 21. The commonly employed PSM pathways to convert UiO-6x-NH2 to UiO-6x-X and/or UiO-6x-(X)(NH2) MOFs.
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neous catalyst for a benzyl alcohol oxidation-condensation reac-
tion under relatively mild conditions. In related work, post-
synthetic metalation of salicylaldimine (sal)-functionalized MOF
(UiO-68-sal) permitted the assembly of single-site, recyclable
heterogeneous MOF catalysts, named sal-M�MOF (M = Fe or Co),
for olefin hydrogenation (Fig. 24 right) [163]. The sal-M�MOFs
were formed as mixed linker fcu-MOFs, UiO-68-(TPDC-sal)(TPDC-
M�sal), with ICP-MS and 1H NMR analyses of the digested sal-
M�MOFs showing Fe and Co loadings of 66 and 6%, respectively.
Owing to mass transport problems and other factors like short-
range defects or imperfections in the crystal, it is assumed to be
difficult for any system to reach 100% conversion during post-
synthetic modifications.

Complete transformations of all the functional groups in UiO-
6x-X MOFs (i.e., 100% conversion) to UiO-66-Y is not expected,
therefore, post-synthetically modified Zr-fcu-MOFs are expected
to possess multivariate functional groups within the pores. The
impact of the untransformed functional groups on the struc-
ture–property relationships of the MOFs are rarely studied and
explained. For example, post-synthetic diazotization of the –
NH2 functional group was reported to result in an isoreticular
fcu-MOF, UiO-66-N3 [118]. In this scenario, the reality is that
both BDC-N3 and BDC-NH2 could exist within the structure
resulting in a mixed-linker UiO-66-(BDC-NH2)(BDC-N3) MOF
with different linker ratios depending on the degree of the con-
version. UiO-66-N3 was shown to have a selective and rapid flu-
orescence turn-on response towards H2S even in the presence of
potentially competing biomolecules under physiological condi-
tions. Upon interaction with H2S, the –N3 functional groups are
reduced to –NH2 allowing the Zr-fcu-MOF to act as selective
turn-on probe for H2S. Undoubtedly, the nature and amount of
the co-existing untransformed functional group (i.e., –NH2 in this
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case) can have either a positive or negative effect on the proper-
ties of the MOF. Future experimental and theoretical studies are
required to provide more understanding into whether there is
synergy between the different functionalities when applied for
a certain end function.

PSM is not limited to the organic component of Zr-fcu-MOFs.
Several tailor-made MOFs have been synthesized by post-
synthetically modifying the inorganic cluster. The possibility of
doping metal ions by post-synthetic exchange process has been
demonstrated through the formation of mixed-metal Zr6M(n)x
cluster-based UiO-66 MOFs (M(n) = Yb(III), Eu(III), Nd(III), and Ce
(IV)) [274]. These MOFs combine the electronic properties of the
lanthanide ions, such as luminescence and photocatalysis, and
the stability of the Zr-fcu-MOFs. A combination of PXRD measure-
ments, ICP-optical emission spectroscopy (ICP-OES) analysis,
bright-field scanning transmission electron microscopy (BF-
STEM) and energy dispersive X-ray spectroscopy (EDX) mapping
characterizations supported the homogeneous distribution of the
doped lanthanide ions with no cluster formation (i.e., all dopant
ions were included on a Zr(IV) site with no other Ti–O or Ln–O spe-
cies within the framework). The versatility of the UiO-6x frame-
works enabled researchers to dope the lanthanide and Ti(IV) ions
within UiO-66-BDC-NH2 and Zr-fum-fcu-MOF [274]. As evidenced
by solid-state ultraviolet–visible (UV–vis) light measurements, the
prepared mixed-metal MOFs exhibited charge transfer properties
that cannot be observed in the host Zr-fcu-MOFs. More examples
will be provided in Section 2.7.3.

2.7.2. Mixed-linker Zr-fcu-MOFs
The adaptability of the Zr-fcu-MOF platform towards linker

variations enabled the assembly of various MOFs that possess
two or more linear dicarboxylate linkers within the same structure



Fig. 22. Single-component C2H4 and C2H6 adsorption isotherms on UiO-66-COOCu (a) and UiO-66-(COOCu)2 (b) MOFs at 298 K; C2H4/C2H6 (50/50, v/v) breakthrough curves
of UiO-66-(COOCu)2 (c); and the isosteric heat (Qst) of C2H4 adsorption in UiO-66-COOCu and UiO-66-(COOCu)2 (d). . Reproduced with permission from [100]
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while keeping the underlying topology intact. Mixed-linker MOFs
have been prepared by as follows: (i) one-pot solvothermal assem-
bly using two or more linkers simultaneously in solutions; (ii) par-
tial exchange of the original linkers in pre-assembled MOFs by
other linkers of similar length; or (iii) partial post-synthetic reac-
tions or metalations of the functional groups on the linkers being
the commonly applied routes.

2.7.2.1. Mixed-linker Zr-fcu-MOFs by one-pot synthesis. Various
mixed-linker UiO-66 type MOFs that contain two or more BDC-X
have been reported. In 2011, Kim et al. [275] prepared a series of
bifunctional UiO-66-(NH2)(Br) MOFs employing one-pot solvother-
mal reactions of H2BDC-NH2 and H2BDC-Br with ZrCl4. Aside from
the confirmation of the resultant framework structures by PXRD
and thermal properties by TGA, the existence of both linkers in
the structure was confirmed by 1H NMR spectroscopy and electro-
spray ionization (ESI)-MS. To ensure that both linkers are within
one structure as opposed to being incorporated as mechanical,
physical mixtures of UiO-66-NH2 and UiO-66-Br MOFs, aerosol
time-of-flight mass spectrometry (ATOFMS) measurements were
used. Indeed, both linkers were determined to exist within one
structure.

Lee et al. [276] prepared a Zr-fcu-MOF that was comprised of
86% BDC-NH2 and 14% 2,5-BDC-(NH2)2 linkers within the same
UiO-66 type framework. Additionally, Goh et al. [277] employed
an one-pot reaction to assemble a series of mixed-linker Zr-fcu-
MOFs from BDC-NH2 as the primary linker and BDC-X (X = –H,
–F, –Cl, –Br) as a secondary linker. This work reported the effects
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of different linkers on the photocatalytic property of the end MOFs
while also demonstrating that UiO-66-(BDC-NH2)(BDC-F) was cap-
able of achieving five times more conversion in the oxidation of
benzyl alcohol to benzaldehyde when compared to the single
linker-based UiO-66-(BDC-NH2) or UiO-66-(BDC-F) MOFs.
Furthermore, the one-pot solvothermal construction of isoreticular
bifunctional UiO-66 type MOFs, containing BDC-NH2 and BDC-X
linkers within one framework, was reported [278]. In this work,
the synthesized mixed-linker MOFs, denoted UiO-66-NO2-X
(X = –NH2, –(OH)2, –(COOH)2), exhibited promising CO2 capture
performance with high CO2/N2 selectivity [278].

Butova et al. [279,280] reported various mixed-linker UiO-66
type MOFs synthesized solvothermally through an one-pot reac-
tion in the presence of two linkers, BDC and 1,4-NDC. The introduc-
tion of different amounts of NDC linker together with BDC was
reflected in slight differences of the lattice parameter a, which
increased with increasing NDC content. The trend in the lattice
parameter and the resulting slight leftward shift in the PXRD pat-
terns as a function of increasing NDC content was attributed to the
stress created by NDC’s extra benzene rings in comparison with the
BDC linkers. Indeed, it is a common phenomenon to observe grad-
ual shifts in the reflections in high resolution PXRD pattern for
mixed-linker MOFs with varying ratios of linkers [281]. For exam-
ple, in the mixed linker UiO-66-(BDC)(BDC-NH2) and UiO-66-(BDC)
(BDC-Br) systems with varying ratios of linkers, the structures’
adaptability to the presence of linkers with differing characteristics
resulted in either shrinkage or expansion of the unit cells and a
corresponding shift in their PXRD patterns [282].



Fig. 23. Schematic showing the PSM of functionalized UiO-67 and UiO-68 MOFs.
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In a different example, Hu et al. [47] prepared a series of UiO-
66-NH2-F4-x MOFs (x represents the incorporated molar fraction
of BDC-F4 linker), denoted UiO-66-NH2-F4-0.27, UiO-66-NH2-F4-
0.53, and UiO-66-NH2-F4-0.72, by acetic acid modulated
hydrothermal synthesis in the presence of ZrOCl2�8H2O, BDC-NH2
Fig. 24. Schematic showing post-synthetic me
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and BDC-F4 with different molar feed ratios. Among these mixed-
linker MOFs, UiO-66-NH2-F4-0.53 achieved high CO2 uptake capac-
ity (0.76 mmol/g) and CO2/N2 selectivity (18.9 for CO2/N2 = 15/85)
at 298 K under humid conditions with negligible losses at very
high relative humidity levels. These performance values were
talation of UiO-68 type MOFs.[163,273].
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Fig. 25. Representative examples of mixed-linkers that have been used in the one-pot solvothermal synthesis of pore-expanded isoreticular Zr-fcu-MOFs.
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claimed as amongst the highest for UiO-66-type MOFs due to the
presence of optimal CO2-philic amino groups and hydrophobic flu-
orine moieties.

One-pot solvothermal synthesis of mixed-linker Zr-fcu-MOFs
has not been limited to isostructural UiO-66-X MOFs. MTV-UiO-
67 or UiO-68 type architectures are also known. For example, Fei
et al. [283] reported a successful one-pot synthesis of UiO-67-
(BPDC)x(BPyDC)6-x MOFs using different molar ratios of H2BPDC
and H2BPyDC with ZrCl4. An et al. [284] reported MTV UiO-67
MOFs that contain mixed BPDC and BPyDC-X with and without
–OH substitution on the 6-position (BPyDC-OH or BPyDC, respec-
tively) (Fig. 25). The synthesis of mixed linker fcu-MOFs from
expanded biphenyl and bipyridyl containing dicarboxylate linkers
has also been reported [127]. This is illustrated by Zr6O4(OH)4-
(BPHV)4(BPV)2, known as mBPV-MOF, which is synthesized by
the trifluoroacetic acid-modulated solvothermal reaction of ZrCl4
and two linkers, H2BPV and H2BPHV (Fig. 25) [127,272].

One-pot solvothermal synthesis of pore-expanded mixed-linker
Zr-fcu-MOFs was further exemplified by the UiO-68 type MOF,
named Zr-ML-fcu-MOF, which contains two linear dicarboxylate
organic linkers of identical length and symmetry yet with the dif-
ferent functional groups, benzimidazole and thiadiazole (BI and TD,
respectively) (Fig. 25) [135]. The presence of both linkers within
the framework was confirmed by 1H NMR and high-resolution
XPS analyses. Steady state and time-resolved spectroscopy mea-
surements on the MOF displayed a highly efficient energy transfer
(ET; �90% efficiency) that can mimic natural photosynthetic sys-
tems. The close proximity of the two linkers (average distance of
17 Å) and their distribution throughout the structure, as evidenced
by elemental mapping scan of N and S using SEM-EDX, led to sig-
nificant overlap between the emission spectrum of benzimidazole
(energy donor) and the absorption spectrum of thiadiazole (energy
acceptor). This, in turn, produced rapid (picosecond time scale) ET
performance. On the other hand, Zr-BI-fcu-MOF [133] and Zr-TD-
fcu-MOF [134] were not observed to exhibit the rapid ET process
exhibited by the mixed-linker MOF. These and other examples
demonstrate the importance of designing mixed-linker fcu-MOFs
for particular end-functions. A final note is that the successful
one-pot synthesis of mixed-linker Zr-fcu-MOFs was also demon-
strated by UiO-69 type MOFs, Zr6O4(OH)4(TPHN)4(PT)2 (mPT-
MOF) and Zr6O4(OH)4(TPHN)4(BPP)2 (mBPP-MOF) (Fig. 25)
[127,272].

In general, many isoreticular mixed-linker Zr-fcu-MOFs have
been prepared by one-pot solvothermal syntheses. In some cases,
preparation of mixed-linker Zr-fcu-MOFs by this approach is very
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challenging, if not impossible, due to the high probability of form-
ing mechanical, physical mixtures of two single-linker containing
MOFs. In such cases, PSM permits the development of various
made-to-order fcu-MOFs.

2.7.2.2. Mixed-linker Zr-fcu-MOFs by post-synthetic linker exchange.
Post-synthetic linker exchange (PSE) is an approach that has pro-
ven successful in the realization of mixed-linker Zr-fcu-MOFs via
single crystal-to-single crystal transformation. Though UiO-6x
materials are stable, they are endowed with enough lability to
carry out PSE [285]. This feature has created opportunities for
preparing functionalized mixed-linker fcu-MOFs that are other-
wise difficult to be assembled by direct solvothermal reactions.
PSE is accomplished via either solid–solid interactions of two sin-
gle linker-containing MOFs or solid–liquid (biphasic) systems that
involve a MOF synthesized from one linker and a solution of
another linker. One of the earliest examples of PSE to achieve a
mixed-linker Zr-fcu-MOF is the bifunctional UiO-66-(Br)(NH2)
[286]. UiO-66-(Br)(NH2) was prepared either by particle-to-
particle or biphasic (solid–liquid) linker exchange. In the parti-
cle–particle linker exchange process, pre-assembled UiO-66-Br
and UiO-66-NH2 MOFs were suspended in a solvent (chloroform,
methanol, DMF, and water) at different temperatures. The exis-
tence of both linkers in the single particle of the MOF was con-
firmed by ATOFMS characterization. The exchange rate and hence
the ratio of the linkers in the framework was found to be strongly
correlated with solvent polarity and temperature, with the highest
temperature and the most polar solvent providing the highest
exchange rates. In the biphasic (solid–liquid) linker exchange
experiments, pre-assembled UiO-66-Br was suspended in an aque-
ous solution containing NH2-BDC at different temperatures. Analy-
sis of both the solution phase and the HF digested solid phase after
the exchange process by 1H NMR spectroscopy revealed the exis-
tence of both Br-BDC and NH2-BDC in the aqueous solution and
in the solid UiO-66-X MOF. Consistent with the particle-to-
particle linker exchange findings, the linker exchange between
NH2-BDC solution and solid UiO-66-Br material was temperature
dependent with the exchange rates being higher at higher temper-
ature (9, 63, and 76% at room temperature, 55, and 85 �C, respec-
tively). The biphasic linker exchange experiment conducted using
pre-assembled UiO-66-NH2 and an aqueous solution of Br-BDC
led to similar findings but with lower degrees of exchange. In this
case, the results were attributed to differences in donor ability,
steric effect, and solubility of the NH2-BDC versus Br-BDC.
Similarly, higher exchange rate of NH2-BDC than Br-BDC was



Fig. 26. Examples of UiO-66-(BDC)(BDC-Xn) MOFs prepared by post-synthetic linker exchange (PSE).
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demonstrated upon post-synthetic biphasic linker exchange
experiments performed using pre-assembled UiO-66 and aqueous
solutions of either the substituted linkers.

The power of PSE to prepare mixed-linker UiO-66-X MOFs was
evidenced in the synthesis of the bifunctional UiO-66-(BDC)(BDC-
X) MOFs summarized in Fig. 26 [286–291]. The prepared mixed-
linker MOFs yielded properties that cannot otherwise be obtained
in the parent UiO-66 structure. UiO-66-(BDC)(BDC-COONa)2 and
UiO-66-(BDC)(BDC-COOLi)4 exhibited enhanced CO2/N2 selectivity
when compared to the parent UiO-66 making them suitable candi-
dates for post-combustion CO2 capture [290]. The enhanced CO2

separation performance of the resultant mixed-linker MOFs was
due to the electrostatic interactions of CO2 with the introduced
polar metal sites and pore sizes that were tuned for optimal van
der Waals interactions with CO2. The other mixed-linker Zr-fcu-
MOF, UiO-66-(BDC)(DHTZ), was reported as an effective optical
sensor for the detection of NOx due to the reversible oxidation
and reduction of the introduced tetrazine unit and the high stabil-
ity of the framework during the redox reaction (Fig. 27) [291].

Preparation of mixed-linker Zr-fcu-MOFs through a linker-
exchange process has also been utilized in pore-expanded UiO-
67 and UiO-68 MOFs. Fei et al. [283] reported the synthesis of
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UiO-67-(BPDC)x(BPyDC)6-x by PSE of the BPDC linkers in pre-
synthesized UiO-67 using a H2O/DMF solution of H2BPyDC. More
recently, Zhu et al. [125] reported various UiO-67 type mixed-
linker MOFs, denoted, UiO-67-4Me-R2-x%, which contain different
ratios of the tetramethyl substituted BPDC linker, BPDC-o-(CH3)4,
and one of the BPDC-m-X linkers (X = NH2, OH, COOH, 2 NH2).
The MOFs were prepared by partial post-synthetic replacement
of BPDC-o-(CH3)4 in pre-assembled UiO-67-4Me MOF with the
DMF solution of H2BDC-NH2, H2BDC-OH, H2BDC-COOH, or
H2BDC-2NH2. The facile tuning of the degree of hydrophilicity/hy-
drophobicity via mixed-linker strategy allowed for the assembly of
hydrolytically stable Zr-fcu-MOFs with water sorption isotherm
shapes suitable for water-related applications. Among the pre-
pared UiO-67 type MOFs, UiO-67-4Me-NH2-38% was reported to
give reproducible S-shaped water sorption isotherm appropriate
for indoor humidity control within the recommended 45–65% rel-
ative humidity range. It is worth to note that the pristine UiO-67
MOF is not hydrolytically stable. PSE was further proven a success-
ful strategy to construct expanded Zr-fcu-MOFs as demonstrated
by the series of metallosalen-based isostructural UiO-68 type
MOFs, UiO-68-[M] and UiO-68-[M]-[M’] ([M] = Cu, Fe–OAc, Cr–Cl,
Mn–Cl, V = O); [M]-[M’] = Mn-Cr, Mn-V), obtained by a one- or



Fig. 27. Reversible oxidation and reduction of the tetrazine unit in UiO-66-(BDC)(DHTZ) and the corresponding change in color. . Reproduced with permission from [291]
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two-step PSE of TPDC-Me linker from the pre-assembled UiO-68-
Me (Fig. 28 top) [131]. The prepared MTV-MOFs containing one
or two types of -M(salen) linkers were reported as efficient, recy-
clable, enantioselective heterogeneous chiral catalysts for different
types of organic transformations such as asymmetric cyanosilyla-
tion of aldehydes, oxidative kinetic resolution of secondary alco-
hols, and sequential asymmetric alkene epoxidation/epoxide
ring-opening reactions (Fig. 28 bottom).

2.7.2.3. Mixed-linker Zr-fcu-MOFs by post-synthetic reactions on
linker functional groups. The use of PSM to prepare mixed-linker
Zr-fcu-MOFs is not solely limited to linker exchanges. Post-
synthetic transformations of the linker functional groups through
chemical reactions are common. The mixed-linker amide function-
alized UiO-66-(BDC-NH2)(BDC-X) MOF, obtained by PSM of the –
NH2 functional group of UiO-66-NH2, was among the first
examples of mixed-linker Zr-based fcu-MOFs [90,292]. In typical
covalent PSMs, a series of aliphatic and cyclic anhydrides were
reacted with the –NH2 group of UiO-66-NH2 in dichloromethane
or chloroform at different temperatures and exchange times to
produce the amide modified mixed-linker MOF, UiO-66-(BDC-
NH2)(BDC-NHCOR) (Fig. 29) [90,292]. As confirmed by 1H NMR
spectroscopy characterization on HF and DMSO d6 digested sam-
ples, different degrees of conversion of the amide were obtained
depending on the chain length of the starting alkyl anhydride
reagent. Furthermore, the exchange time was shown to impact
the conversion rate, which was higher at longer durations [292].
The PXRD patterns of the amide modified materials were consis-
tent with the precursor UiO-66-NH2 framework topology. More-
over, FT–IR spectroscopy and ESI–MS of the digested modified
samples further evidenced the incorporation of the amide sub-
stituents within the frameworks. N2 adsorption isotherms at 77 K
verified the progressive decrease in BET surface areas and pore vol-
umes with increasing chain length of the precursor anhydrides.

Solvothermal synthesis of UiO-66-NH2 using ZrCl4 and
15N-enriched BDC-NH2 in DMF was reported to produce Zr6O4-
(OH)4(BDC-NH2)4(BDC-NH3

+Cl-)2, which was composed of a mixture
of –NH2 and –NH3

+Cl- salt functionalities in 2:1 ratio as opposed to
complete –NH2 [87]. The result was substantiated by 15N NMR
spectroscopy measurements. The formation of the BDC-NH3

+Cl- salt
moiety is rationalized by the reaction of BDC-NH2 with HCl that is
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generated in situ by the hydrolysis of ZrCl4. PSM of the resultant
MOF with acetaldehyde (CH3CHO) was then observed to lead to
the MTV MOF, UiO-66-(BDC-NH3

+Cl-)(BDC-NH-CH(OH)CH3)(BDC-
N-(CH2)2) that contained hemiaminal and aziridine functionalities
in varying ratios (Fig. 30). The composition was dependent on the
PSM temperature and 15N and 13C magic angle spinning (MAS)
NMR characterizations verified the results.

The post-synthetic Schiff-base condensation between the –NH2

groups of UiO-66-NH2 with aldehydes (e.g., salicylaldehyde, 2-
pyridinecarboxaldehyde, 4-pyridinecarboxaldehyde, 6-((diisopro
pylamino)methyl)-picolinaldehyde, and picolinoyl chloride)
resulted in imine-functionalized mixed-linker Zr-fcu-MOFs, UiO-
66-(BDC-NH2)(BDC-N = CH-R), with varying ratios of the amino
and imine functionalized linkers [293–297]. The possibility to
post-synthetically immobilize metal ions, such as Ir, Co, Mo, and
Fe, on the sal functionalized MOFs allowed for the exploration of
their usefulness as heterogeneous catalysts for various types of
chemical reactions. Aguilera-Sigalat et al. [298] reported UiO-66-
(BDC-NH2)(BDC-N@N-Indole) MOF by post-synthetic diazotization
strategy using NaNO2, HCl and 1-methylindole. The robust nature
of the framework enabled a diazotization reaction to be accom-
plished under harsh conditions. The structural integrity of the
framework was affected when the reaction time exceeded 3 h as
evidenced by PXRD and N2 adsorption measurements. The
amenability of the UiO-66-NH2 framework for partial PSM in the
assembly of mixed-linker Zr-fcu-MOFs has been demonstrated
by various other reactions of the –NH2 functional groups [299,300].

Apart from targeting –NH2 functional groups, PSM of other sub-
stituent groups have been successful using the Zr-fcu-MOF plat-
form. This is demonstrated by the single-crystal-to-single-crystal
PSM of ethylene functionalized UiO-66 via ozonolysis along with
further reactions using the appropriate reagents [301]. In these
reactions, the olefin groups of a UiO-66-type MOF were trans-
formed into 1,2,4-trioxolane rings using ozone providing access
to MOFs that are otherwise difficult to be prepared using the
pre-synthesized linker. The resultant MOF was then further treated
either with Me2S or H2O2 to selectively transform the metastable
1,2,4-trioxolane group into aldehyde (CHO) or carboxylic acid
(COOH) groups, respectively, leading to mixed-linker UiO-66-(BD
C-1,2,4-trioxolane)(BDC-CHO) and UiO-66-(BDC-1,2,4-trioxolane)
(BDC-COOH). In a separate work, Barkhordarian et al. [99] trans-



Fig. 28. Schematic representation for the assembly of mixed-linker isostructural UiO-68-[M], and UiO-68-[M]-[M’] MOFs by one or two step post-synthetic linker exchange
(Top) and the summarized asymmetric organic transformations catalysed by the synthesized fcu-MOFs (Bottom). . Reproduced with permission from [131]
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formed two isostructural Zr-PyDC and Zr-PzDC fcu-MOFs into the
mixed-linker methylated analogues, Zr-(PyDC)(PyDC-MeI) and Zr-
(PzDC)(PzDC-MeI), by PSM reaction using methyl iodide to par-
tially methylate the freely available N-donor Lewis bases. 1H
NMR analyses of the digested methylated MOFs confirmed
mixed-linker frameworks with degrees of conversion of 77 and
42% for Zr-PyDC and Zr-PzDC, respectively.

Mixed-linker pore-expanded Zr-fcu-MOFs assembled by post-
synthetic reactions/metalations of functional groups are also
known. The MTV BPV-MOF-Ir and BPV-MOF-CoCl2 MOFs were pre-
pared by post-synthetic metalation of the bipyridyl units in BPV-
MOF using either [Ir(COD)(OMe)]2 or CoCl2 in THF, respectively
(Fig. 31). Ir-functionalization was reported to afford active and
stable single-site solid catalysts for three important organic trans-
formations involving directed CAH activation: tandem hydrosilyla-
tion/ortho-silylation of aryl ketones/aldehydes, tandem
dehydrocoupling/orthosilylation of N-methylbenzyl amines, and
borylation of aromatic CAH bonds [127].

PSM of functional groups in Zr-fcu-MOFs is not limited to
single-linker based pre-synthesized MOFs. Various mixed-linker
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MOFs that were synthesized by either one-pot synthesis or linker
exchange processes have also been subjected to further PSM of
their functional groups. In 2011, Kim et al. [275] prepared mixed-
linker Zr-fcu-MOFs through independent and orthogonal post-
synthetic acylation of the –NH2 functional group and cyanation
of the –Br functional groups in pre-synthesized mixed-linker
UiO-66-(NH2)(Br) MOF (Fig. 32). The construction of MTV MOFs
was evidenced by 1H NMR spectroscopy analyses.

In an additional example, a one-pot mixed-linker copolymeriza-
tion of BDC and sodium 2-sulfoterephthalate with ZrCl4 was
employed to prepare UiO-66-(BDC)(BDC-SO3Na) with different
amounts of sulfate groups [89,302]. PSM steps were then applied
to the mixed-linker MOF to introduce other alkali metal cations
(Li(I), K(I), and Rb(I)) leading to MTV UiO-66-(BDC)(BDC-SO3Na)
(BDC-SO3M). The post-combustion CO2 capture performances of
these materials were superior to pristine UiO-66 in terms of both
adsorption capacity and CO2/N2 or CO2/CH4 selectivity.

The presence of metal-chelating catechol groups on catBDC in
the pre-synthesized mixed-linker UiO-66-(BDC)(catBDC) reported
by Fei et al. [287] enabled the implementation of further PSM to
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Fig. 31. Representations for the mixed-linker BPV-MOF-Ir, BPV-MOF-CoCl2, mBPV-MOF, and mBPV-MOF-Ir.
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Fig. 30. PSM scheme to transform –NH2 groups through a reaction with acetaldehyde.
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Fig. 29. Schematic showing the construction of mixed-linker UiO-66-(BDC-NH2)x(BDC-NH-COR)6-x MOFs by post-synthetic covalent modification of UiO-66–NH2 with
various alkyl anhydrides.[90,292].
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Fig. 32. Schematic showing the sequential construction of mixed-linker MOFs by PSM starting from pre-synthesized UiO-66-(Br)(NH2).
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realize the metalated MTV UiO-66-(BDC)(catBDC)(Fe(III)catBDC)
and UiO-66-(BDC)(catBDC)(Cr(III)catBDC) using aqueous solutions
of Fe(ClO4)3 and K2CrO4, respectively [287,303]. The introduction
of metal ions within the frameworks allowed for these materials
as efficient heterogeneous catalysts to oxidize primary and sec-
ondary alcohols [287]. In related work, the presence of a soft metal
binding functionality (i.e., thiocatecholate) in UiO-66-(BDC)
(tcatBDC) MOF paved the way to prepare a Pd-metalated MTV
MOF, UiO-66-(BDC)(tcatBDC)(PdtcatBDC), by exposing UiO-66-
(BDC)(tcatBDC) to Pd(OAc)2 in dichloromethane at 55 �C. The
installation of Pd-mono(thiocatecholato) groups permitted the
deployment of the MTV MOF as an efficient, heterogeneous, recy-
clable catalyst for regioselective functionalization of sp2 CAH
bonds to install alkoxy (C–OR) and C–X (X = halogens) substituents
[288]. The successful formation was substantiated by different
characterizations such as PXRD, BET surface area values, 1H NMR
spectroscopy, ESI–MS, ICP–OES, FT–IR, and X-ray absorption
near-edge structure (XANES).

PSM was used in mixed linker UiO-67-(BPDC)(BPyDC) MOFs
that were synthesized by either a one-pot system or by partial
BPDC to BPyDC linker exchange (Fig. 25). According to Fei et al.
[283], incubation of the mixed-linker Zr-fcu-MOF in an acetonitrile
solution containing PdCl2 at 65 �C led to nearly quantitative meta-
lation of the N sites of the linker to afford a metalated MTV MOF
with immobilized Pd(BPy)Cl2 species. The metalated MOF exhib-
ited heterogeneous and recyclable catalytic activity for the
Suzuki-Miyaura cross-coupling reaction. As a further example of
PSM on mixed-linker UiO-67 type MOFs, An et al. [284] trans-
formed the MTV UiO-67-(BPDC)(BPyDC-R) (R = H or OH) MOFs,
denoted mbpy-UiO and mbpyOH-UiO, into the metalated MTV
MOFs, mbpyOH-IrCl3-UiO and mbpy-IrCl3-UiO, by post-synthetic
metalation of the N donor atoms of BPyDC linkers of the MOFs with
IrCl3�3H2O. The metalated MOFs were explored as catalysts for CO2

hydrogenation and displayed efficient catalytic performance
resulting in selective formic acid/formate formation. The presence
of two linkers within a framework was critical for immobilizing
appropriate concentrations of catalytic Ir complexes without hav-
ing steric crowding effects. This was further evidenced in the work
of Yaghi and co-workers [304] who reported the mixed-linker UiO-
67-(BPDC)(BPyDC-Re(I)(CO)3) that possessed spatially localized Re
groups covalently attached to the BPyDC N atoms. The possibility
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for introducing an optimal number of photoactive Re complexes
per unit cell while simultaneously balancing the proximity
between the photoactive centers afforded enhanced
plasmon-enhanced photocatalytic CO2-to-CO conversion under
visible light. The production of MTV fcu-MOFs by PSM of pre-
synthesized biphenyl and bipyridyl containing mixed-linker MOFs
was also demonstrated by the longer mBPV-MOF-Ir (Fig. 33)
[127,272]. The MTV mBPV-MOF-Ir was prepared by post-
synthetic metalation of the bipyridyl units of the pre-synthesized
mBPV-MOF (Fig. 25) using [Ir(COD)(OMe)]2. Due to increased pore
space to facilitate the diffusion of reactants, the mBPV-MOF-Ir had
superior catalytic activity than BPV-MOF-Ir, which had no BPDC
linker (Fig. 31) [127].

Post-synthetic metalation with either CoCl2 or iridium complex
of mixed-linker UiO-69 at the chelating N donors of bipyridyl- and
phenanthryl- resulted in the isoreticular MTV MOFs, denoted
mBPP-MOF-CoCl2, mPT-MOF-CoCl2, and mPT-MOF-Ir (Fig. 33)
[127,272]. The mixed-linker strategy allowed for the transforma-
tion of catalytically inactive TPHN-MOF into useful catalysts
deployed for different organic transformations. The Ir-
functionalized MOFs were active, robust, and reusable solid cata-
lysts in organic reactions, such as CAH borylation of arenes, tan-
dem hydrosilylation of aryl ketones and aldehydes followed by
ortho-silylation of benzyl silyl ethers. Similarly, mPT-MOF-Ir was
reported to have enhanced catalytic activities as compared to the
isoreticular BPV-MOF-Ir [127]. The presence of the TPHN linker
offered more open space to facilitate both substrate and product
diffusion. The Co-bipyridine and Co-phenanthroline based
mixed-linker UiO-69 were ultimately proven as robust, active,
and reusable catalysts for alkene hydrogenation and hydrobora-
tion, aldehyde/ketone hydroboration, and arene CAH borylation
[272].

Preparation of mixed-linker MOFs by PSM was extended to the
family of PIZOFs. This was illustrated by reactions of 1,3-dipolar
cycloaddition between the ethyne moieties of PIZOF-(OMe,
OCH2C„CH) and 4-methylbenzylazide and the reactions of furan
moieties of PIZOF(OMe,O(CH2)3furan) with maleimide, N-
methylmaleimide, and N-phenylmaleimide transforming the
ethyne and furan functional groups into the corresponding Diels-
Alder adducts (Fig. 34) [305]. 1H NMR analysis of the digested sam-
ples showed the presence of modified linkers along with small
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Fig. 33. Isoreticular pore-expanded MTV MOFs obtained by post-synthetic metalation of pre-synthesized biphenyl and bipyridine containing mixed-linker MOFs.
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amounts of the unmodified linkers, confirming the assembly of
mixed-linker PIZOFs.

In general, the mixed-linker strategy permits the fine-tuning of
Zr-fcu-MOFs creating opportunities to deploy them in different
applications. The examples discussed so far demonstrate the versa-
tility of this MOF platform for fine-tuning their properties. Further
imagination in terms of the number of linkers that can be intro-
duced and the type of applications for the MTV MOFs to be pre-
pared are possible, yet thus far unrealized. Even though there
have been a considerable number of achievements in the synthesis
of mixed-linker Zr-fcu-MOFs from two linkers of equal length,
MOFs synthesized from two linkers of differing length rarely exist
in the published literature. However, a closer look at the 3D
arrangement of the MBBs in fcu-MOFs show possibilities for intro-
ducing multiple linkers of varying size within the structure
(Fig. 35). In general, a Zr-fcu-MOF can be considered as 2D layers
that resemble a hxl net with linkers that serve as pillars between
each layer – 3 linkers from the top and 3 linkers from the bottom.
This structural feature provides an opportunity to design mixed-
linker Zr-fcu-MOFs using the supermolecular building layer (SBL)
strategy, in which either an one-pot synthesis or post-synthetic
linker exchange with linkers of shorter/longer length can be
employed. Recently, the SBL concept was proven successful in a
one-pot solvothermal synthesis of a Zr-fcu-MOF, Zr6O4(OH)4-
(BDC)3(fum)3, which possesses close-packed hexagonal layers of
fumarate-connected clusters that are pillared by BDC linkers
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[306]. The well-defined arrangement of the linkers preserves the
octahedral and tetrahedral pores of the Zr-fcu-MOF family, albeit
with slight distortion, while generating two distinct triangular
window apertures defined by the two different linkers. Alterna-
tively, sequential post-synthetic linker installation on pre-
assembled metal oxocluster based 8-c bcu- or 10-c bct-MOFs
was viewed as a viable route in the synthesis of mixed-linker
fcu-MOFs that possess two or more linear linkers of varying length
[307].

2.7.3. Mixed-metal Zr6–xMx or Zr6Mx oxocluster-based fcu-MOFs
In addition to the organic linker, there is an extraordinary

degree of variability associated with the inorganic MBB of UiO-6x
structures. The ease with which these inorganic MBBs can be mod-
ified has allowed for the proliferation of Zr-fcu-MOF structures
containing Zr6–xMx or Zr6Mx oxoclusters. The in situ generation of
MBBs has been mainly achieved by either insertion of extra metal
ions on l3–O or l3–OH groups of the Zr6(l3–O)(l3–OH)4(–COO)6
cluster or by partial replacement of Zr(IV) by other metal cations
[27]. Introduced metal ions can then induce properties to the MOFs
that are not otherwise observed for the pristine, parent MOFs. For
example, owing to a large band gap with no overlap (4 eV) and
inefficient charge transfer between the BDC linker and Zr6 node,
pristine UiO-66 is not suitable for photocatalysis [274]. Introducing
other metal cations to the inorganic MBB (e.g., Ti(IV) that has lower
d states and lanthanide ions with 4f levels) improves linker-to-



Fig. 34. 1,3-Dipolar cycloaddition reactions on PIZOFs leading to mixed-linker fcu-MOFs. Reproduced with permission from ref. [305].

Fig. 35. fcu-MOF structure representation as pillared hxl layers. The structure shows the possibility to assemble such MOFs using two linear dicarboxylate linkers of different
length (represented by blue and red colors) along with the reported examples of linkers that have been used to achieve this structure. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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metal-charge-transfer and, therefore, the photocatalytic activity,
by modifying the HOCO-LUCO states (HOCO: highest occupied
crystal orbital, LUCO: lowest unoccupied crystalline orbital).
Another example that illustrates the importance of the mixed-
metal approach is the synthesis of ion conductive UiO-6x MOFs
by modifying the inorganic MBB with an alkoxide base (e.g.,
lithium tert-butoxide) [308]. In this section, the progress made
towards realizing such Zr-fcu-MOFs will be assessed with implica-
tions of their importance to the field of MOF chemistry being high-
lighted. We do note the following distinction that must be
clarified: incorporation of metal ions within Zr-fcu-MOFs either
by one-pot synthesis or by PSM can occur through either the linker
functional groups or on the inorganic MBB. Since the former is
treated as a mixed-linker MOF containing both unfunctionalized
and metal-functionalized linkers, we will only focus on the latter
case in the following section. Furthermore, the introduction of
metal ions within the inorganic MBB can also be achieved either
by partial substitution of the Zr(IV) ions leading to MOFs that con-
tain Zr6–xMx in their clusters or by grafting additional metal ions by
exploiting linker vacancies that produce MOFs possessing Zr6Mx

clusters. Mixed-metal fcu-MOFs of both types will be highlighted
in this section.

One-pot synthesis of mixed-metal Zr-fcu-MOFs was demon-
strated by the cerium-doped UiO-66 and UiO-67 MOFs formed
solvothermally by reacting ZrCl4, CeCl3 with H2BDC or H2BPDC,
respectively [309]. As confirmed by multiple analytical techniques
such as EDX mapping, FT–IR spectroscopy, PXRD and N2 adsorp-
tion, the generated MOFs were comprised of both Zr and Ce ions
with the Ce composition reaching 13.3 and 7.1% in Ce-UiO-66
and Ce-UiO-67, respectively. Cerium is known for its variable oxi-
dation states, with Ce(III) and C(IV) being the most common. With
potential to realize redox-active materials, the partial substitution
of Zr by Ce yielded enhanced catalytic activities in various oxida-
tion reactions when compared to the pristine, parent Zr-fcu-MOFs.

Due to its versatile electronic properties, selective adsorption,
and photocatalytic characteristics, the incorporation of Ti(IV) ions
with in Zr-fcu-MOFs has been widely pursued. Consequently, sev-
eral reports have demonstrated the synthesis of mixed-metal Zr/
Ti ion-based fcu-MOFs and their usefulness for different applica-
tions [276,310–317]. One of the seminal works in this regard was
reported by Kim et al. [310] who prepared Ti(IV)-incorporated
UiO-66(Zr/Ti) by solid-solution PSE of Zr in pre-synthesized UiO-
66 using DMF solutions of the Ti(IV) salts, TiCp2Cl2, TiCl4(THF)2, or
TiBr4 (Cp = g5–cyclopentadienyl, THF = tetrahydrofuran).
Positive-ion ATOFMS, ICP–MS, and PXRD techniques were used to
characterize the UiO-66 framework post-Ti(IV) incorporation. The
change in color of the MOF particles from colorless to pale yellow
and the obtained BET surface area of�1200m2/g were used to sup-
port arguments that Ti(IV) was incorporated into the inorganic
MBBs without these ions or their corresponding metal oxide
nanoparticles blocking the pores. The same solid-solution PSE strat-
egy was used by the researchers to prepare Hf(IV) incorporated
UiO-66(Zr/Hf), with up to �20% Hf(IV) at elevated temperatures.

Lau et al. [311] reported the enhancement in gravimetric CO2

uptake by UiO-66 when Zr(IV) was post-synthetically partially
replaced with Ti(IV). MOFs with different Ti(IV) loading levels were
obtained by exposing UiO-66(Zr) to a DMF solution of TiCl4(THF)2
at 368 K for incubation periods of 1, 5, and 15 days. The realized
MTV UiO-66 MOF, which contains �50% Ti loading, was found to
exhibit almost twice the CO2 adsorption capacity of the pristine,
parent UiO-66(Zr) MOF (2.3 vs 4.0 mmol/g CO2 uptake at room
temperature and 1 bar) with higher heats of adsorption that
increase with an increase in the Ti content. It was proposed that
a better confinement of CO2 molecules within the resulting smaller
pore of the MTV UiO-66(Zr/Ti) MOFs (due to the shorter Ti–O com-
pared to Zr–O bonds) and the lower framework density of MTV
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UiO-66(Zr/Ti) were the primary contributors toward the enhanced
CO2 uptake properties. The impact of loading lighter Ti(IV) ions on
the surface areas and pore volumes, with concomitant shrinkage of
the octahedral cages by �1 Å because of the shorter Ti–O bonds,
was evidenced in the N2 adsorption measurements at 77 K with
the corresponding pore size distributions deduced from these N2

isotherms [311].
Apart from the enhancement in CO2 capture performance, Ti-

functionalized UiO-66 has also been evaluated for their catalytic
activity and selectivity in the oxidation of cyclohexene to different
oxidation products [313]. There have been several different Ti(IV)-
based UiO-66 MOFs investigated: (i) Ti(IV) supported as part of the
node in place of Zr(IV) forming Zr6-xTix node (UiO-66-Tiex); (ii) Ti
(IV) attached to the node to l3-O forming Zr6Tix node (Ti-UiO-
66); and (iii) Ti(IV) bound to a catecholate organic linker (mixed
linker UiO-66-(cat)(cat-Ti)). Among these, Ti-UiO-66 exhibited
the highest catalytic turnover numbers indicating the importance
of active site location in the design of MOF-based catalysts.

The possibility to assemble MTV Zr/Ti-fcu-MOFs has opened
many opportunities in photocatalytic CO2 capture and conversion
to value-added chemicals. A prime example is illustrated in the
work of Sun et al. [312] who reported the enhanced photocatalytic
performance of Ti-substituted NH2-UiO-66(Zr/Ti) for both CO2

reduction to formate and H2 evolution under visible light. The elec-
tron accepting potential of the inorganic MBB was enhanced by
incorporating Ti(IV) ions, facilitating the transfer of those electrons
generated via light absorption by the organic linkers. The partial
substitution of Zr(IV) with Ti(IV) was then hypothesized to
enhance the electron transfer from the excited BDC-NH2 linker to
either Zr(IV) or Ti(IV), with higher probability of electron transfer
to Ti(IV). This then led an excited (Ti(III)/Zr(IV))6O4(OH)4 system
formation, thereby enhancing the photocatalytic reduction of CO2

to formate (Fig. 36).
Lee et al. [276] prepared mixed-linker Zr-fcu-MOF that pos-

sessed 86% BDC-NH2 and 14% 2,5-BDC-(NH2)2. PSE on the mixed-
linker MOF using a DMF solution of TiCl4(THF)2 resulted in the
mixed-linker, mixed-metal UiO-66-derivative, Zr4.3Ti1.7O4(OH)4-
(C8H7O4N)5.17(C8H8O4N2)0.83. This synthesized MTV MOF displayed
enhanced photocatalytic activity for reduction of CO2 to formic
acid under visible light irradiation with high durability and turn-
over number. In addition to the improved electron accepting
potential of the Ti-containing inorganic MBB, the introduction of
small amounts of the co-linker, 2,5-diaminobenzene-1,4-dicar
boxylic acid, was hypothesized to play a critical role in providing
new energy levels in the band structure of the MOF, thereby intro-
ducing broader light absorption coverage for the MOF [276].
Though UiO-66(Ti/Zr) MOFs have attracted intense research inter-
est in photocatalytic applications [315,317], the type of Ti(IV) bind-
ing in most of the reported MOFs has not been obvious or
experimentally determined. As previously mentioned, there is a
possibility for Ti to be incorporated in the MBBs through either
appendage of Ti to a linker vacancy or replacement of Zr.

Manna et al. [318] were able to synthesize UiO-6x MOFs con-
taining Zr6Co4 and Zr6Fe4 oxoclusters by metalation of the inor-
ganic MBBs with cobalt and iron salts. In the reported procedure,
deprotonation of Zr3(l3–OH) sites in MBBs of pre-synthesized
UiO-66(Zr), UiO-67(Zr), and UiO-68(Zr) with n-BuLi was first car-
ried out and followed by reaction with CoCl2 or FeBr2�2THF in
THF. This afforded the Co– or Fe-functionalized mixed-metal MOFs
(termed, UiO-CoCl and UiO-FeBr, respectively). A combination of
SXRD, X-ray absorption, ICP–MS, and FT–IR spectroscopic charac-
terization showed the disappearance of all l3–OH groups and pro-
vided evidenced for the existence of 4 Fe or Co cations per Zr6 node
that corresponded to the metalation of all l3–OH sites in the inor-
ganic MBBs (Fig. 37). The obtained mixed-metal MOFs were
demonstrated to be active and recyclable single-site solid catalysts



Zr6(μ3-O)4(μ4-O-MgMe)4(TPHN)6c)

Fig. 37. (a) Random site distribution of 4 CoCl on 8 equivalent l3–O; (b) Random orientation of 1 CoCl toward 3 equivalent directions and (c) Crystal structure representation
of TPHN-MOF-MgMe and its role as catalyst for organic transformations. Reproduced with permission from references [139,318].

Fig. 36. Proposed mechanism for the photocatalytic reactions over NH2-UiO-66(Zr/Ti).[312].

A.H. Assen, K. Adil, K.E. Cordova et al. Coordination Chemistry Reviews 468 (2022) 214644
for various organic reactions, including chemoselective borylation,
silylation and amination of benzylic CAH bonds, as well as hydro-
genation and hydroboration of alkenes and ketones. The prepara-
tion of a Zr-fcu-MOF containing a Zr6M4 oxocluster via
deprotonation of Zr3(l3–OH) sites was also demonstrated by the
isoreticular UiO-69-NO2 MOF, termed TPHN-MOF-MgMe [139].
The Mg-functionalized mixed-metal MOF (Fig. 37), Zr6(l3–
O)4(l4–O–MgMe)4(TPHN)6, was prepared by post-synthetic meta-
lation of Zr3(l3–OH) sites of the TPHN-MOF using Me2Mg in THF
at room temperature. The occurrence of metalation exclusively at
all 4 l3–OH sites of Zr6(l3–O)4(l3–OH)4(TPHN)6, but with random
distribution of 4-MgMe on 8 crystallographically equivalent l3–O
and l3–OH positions was verified by a detailed XRD study. Further-
more, gas chromatography (GC) analysis showed the generation of
equivalent amounts of methane and FT–IR spectroscopy provided
evidence for the disappearance of the ml3–OH band (�3629 cm�1).
The result was further substantiated by ICP–MS analysis of the
digested MOF-MgMe, which gave 4 Mg centers per Zr6 node. The
incorporation of –MgMe led to the MOF being used as an active
and recyclable single-site solid catalyst for hydroboration of car-
bonyls and imines and for hydroamination of aminopentene.
36
In general, both mixed-linker and mixed-metal strategies are
effective in modulating the physical–chemical properties of Zr-
fcu-MOFs without affecting the overall structures. The mixed-
metal (Zr/M) fcu-MOFs have opened new paths to realize applica-
tions that require other metal cations as inorganic MBBs. Even
though the underlying fcu topology remains intact in MTV MOFs,
the random distribution of linkers and metal ions typically pose
synthetic and characterization challenges, retarding their develop-
ment and large-scale practical deployment. The solid solution
hypothesis in MTV MOFs is usually supported by high resolution
PXRD measurements and DFT calculations [282]. Therefore, the
advancement of synthetic strategies that lead to homogeneously
distributed components in MTV fcu-MOFs are an ideal target.
Taken together, Zr-fcu-MOFs have already demonstrated a high
degree of versatility in terms of both structure and applications.
The versatility of these MOFs is reflected in many aspects including
the ease with which a researcher can modify the structures
through linker design with appropriate length and functional
groups and the possibility to incorporate substituent groups that
facilitate encapsulation of metals and/or metal clusters. The possi-
bility to engineer defects provides additional alternative pathways
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to tune the electronic/proton conductivity, adsorption, catalytic,
hydrophobicity properties of the Zr-fcu-MOF platform [319–327].
3. Non-zirconium oxocluster-based fcu-MOFs

One effective strategy employed to modulate the physical–
chemical properties without altering the overall structure is to
develop synthetic protocols that produce M�fcu�MOFs using dif-
ferent metal salt precursors other than Zr salts. Although rare, the
practice of reticular chemistry has produced M�fcu�MOFs from
metal clusters constructed from divalent, trivalent and tetravalent
metals. Specifically, the synthesis of M�fcu�MOFs synthesized
from rare earth and actinide hexanuclear clusters are prominent
examples [328,329]. In these cases, the judicious choice of metal
salts as precursors and the employment of suitable reaction routes
allows for the construction of M�fcu�MOFs from non-hexanuclear
MBBs, octanuclear hydroxocluster of M(II) transition metals [330]
and in situ generated metal–organic polyhedral (MOP) building
units, all of which manifest in the form of cuboctahedron SBUs that
are required to create the fcu topology. Brief accounts of these
topics will be presented in following section of the review.
3.1. Transition metal cluster-based fcu-MOFs

3.1.1. Group IV (Ti and Hf) hexanuclear and non-hexanuclear
oxocluster-based fcu-MOFs

As a result of their similarity with Zr(IV) in terms of physical
and chemical properties, other Group IV metal cations (Ti(IV) and
Hf(IV)) are expected to form MOFs isostructural to Zr-fcu-MOFs.
However, Ti-based MOFs are known by their non-hexanuclear
(Mx, x – 6) oxocluster MBBs due to differences in coordination
number and M�O bond strength of Ti(IV) and Zr(IV). Though the
strong M�O bond contributes to the stability of the resulting
framework, it also poses some synthetic and characterization chal-
lenges. One main challenge is the difficulty to form large, high-
quality crystals due to fast linker association and lower metal-
linker lability. Polycrystalline products tend to form due to the fast
crystal growth and the presence of many nucleation sites, which,
consequentially, prevents appropriate characterization by SXRD.
This is especially true for Ti-based MOFs as the very strong Ti–O
bonds and lack of sufficient linker association/dissociation equilib-
12-c Ti
clus

Fig. 38. The crystal structure of MIL-125 based on in situ generated Ti8O8(OH)4(–
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ria prevents the assembly of highly crystalline Ti oxocluster-based
MOFs. Thus far, there are no reports of a fcu-MOF constructed from
a Ti6 oxocluster MBB that is equivalent to the MBB observed for Zr
(IV). Most of the MBBs generated from Ti precursors are character-
ized by randomly formed oxoclusters with different symmetry and
connectivity [331]. Although constructed from a different MBB, the
only example of Ti-MOF family that can be deconstructed to a 12-c
fcu net is MIL-125 (Fig. 38). The structure of MIL-125 is con-
structed from cubic close packing of in situ generated Ti8O8 rings
that are connected through 12 BDC or BDC-X linkers to produce
the Ti8(l2–O)8(l2–OH)4(–CO2)12 structure. As expected, the struc-
ture is endowed with two types of cages, a distorted octahedra
and another of tetrahedral shape, making the structure very similar
to that found for the Zr-fcu-MOFs.

MIL-125-X has high stability and permanent porosity with
interesting adsorption and catalytic properties, all of which make
the framework a suitable candidate for applications ranging from
removal of toxic chemicals and gas/liquid separations to water
splitting, CO2 reduction, simultaneous removal of CO2 and H2S
from biogas and natural gas, photocatalytic reduction of CO2, and
as potential carriers for drugs including aspirin, chloroquine,
ibuprofen, and diclofenac sodium [332–343]. In particular, MIL-
125-X is a viable photocatalyst due to the photochromic behavior
that originates from the generation of T(III)/Ti(IV) states in the
Ti8O8 rings upon UV irradiation. To overcome the large band gap
issue that limits the photocatalytic activity of MIL-125, several
isoreticular analogues were synthesized by employing functional-
ized BDC-X linkers (X = OH, CH3, Cl, NH2, –NHMethyl, –NHEthyl,
–NH-i-Propyl, –NH-n-Butyl, –NHCyclopentyl, –NHCyclohexyl, –
NH-n-heptyl). As was the case with UiO-66, the BDC-NH2 linker
is the most studied linker for the MIL-125 system due to its ability
to raise the valence-band edge by donating its N 2p electrons to the
aromatic ring [115,333–335,339,344–346]. In MIL-125-NH2, the
Ti8(l2–O)8(l2–OH)4 MBB is useful in loading multiple Cu(I) centers
via deprotonation and ion exchange of the l2–OH groups, thereby
transforming the MOF into a tandem catalyst for CO2 to ethylene
(C2H4) [347]. The Cu(I) centers were catalytic centers for CO2 to
ethanol (C2H5OH) hydrogenation with the Ti2–l2–O–M+ (M = H,
Li) unit serving to further transform C2H5OH to C2H4 by
dehydration.

In contrast to Ti(IV), Hf(IV) is known to exhibit nearly identical
chemical properties to those observed for Zr(IV). In addition to the
8O8(OH)4(CO2)12
ter (cuo SBU)

CO2)12 MBBs and the underlying fcu topology representations for the MOF.
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similarity in their d0 electronic configuration, both Hf(IV) and Zr
(IV) have similar ionic radii (0.85–0.86 Å), and are larger than Ti
(IV) (0.75 Å). The lanthanide contraction effect is the reason for this
despite Hf(IV) being in a lower period than Zr(IV). These similari-
ties in the physicochemical properties of the two metal ions are
reflected in their reactivity towards organic linkers and the
metal-carboxylate bond strengths that arise as a result. The syn-
thesis of numerous non-interpenetrated as well as interpenetrated
UiO-6x(Hf) structures have been reported from in situ generated
Hf6 oxoclusters and linear dicarboxylate organic linkers of various
lengths and functionalities [28,249,348–352]. Apart from the
increased weight in addition to lower porosity values (i.e., surface
areas and pore volumes), fcu-MOFs produced from in situ gener-
ated Zr6 and Hf6 oxoclusters are usually indistinguishable in their
chemical and physical properties. In most cases, the synthetic con-
ditions (both solvothermal and non-solvothermal routes)
employed to synthesize Zr-fcu-MOFs can be emulated to generate
the Hf analogues [46,59,64]. Due to the tailorability of the MBBs to
form isostructural MOFs for almost all Zr analogues, there will be
no comprehensive review of Hf-fcu-MOFs made in this article.
We will only shed light on the differences between the properties
of the two MBBs and their corresponding impact on the applica-
tions that could be envisaged. For example, the difference in
oxophilicity between the two metal cations was reported to have
an impact on the Brønsted acidity and on the catalytic activities
of the respective MOFs. The acidity advantage of Hf- and Ce-
based fcu-MOFs over the Zr analogues was concluded in the work
of Bakuru et al. [28] who reported enhanced catalytic activity of
UiO-66(Hf or Ce) for solketal synthesis from glycerol acetalization
with 90 times higher turnover frequency than that of the isostruc-
tural UiO-66(Zr). They concluded that the catalytic activity was
correlated with the varying degree of acidity in their SBUs (acidity
order: UiO-66(Hf) > UiO-66(Ce) > UiO-66(Zr)). Recently, UiO-66-X
(Hf) (X = H or NH2) MOFs were also demonstrated to be superior to
UiO-66(Zr) in their catalytic efficiency for oxidative denitrification
reactions [353].

3.1.2. Divalent transition metal-based fcu-MOFs
The M�fcu�MOF series has been reported for various divalent,

trivalent and tetravalent transition metal (TM) ions. The TM-fcu-
MOFs are constructed from 12-c non-hexanuclear oxoclusters or
metal–organic polyhedra (MOP) that adopt cuboctahedron-
shaped SBUs. Herein, we provide a brief discussion on the chem-
istry of divalent TM-based fcu-MOFs.

3.1.2.1. Non-hexanuclear transition metal oxocluster-based fcu-MOFs.
Due to differences between the Group IV metal ions in terms of
coordination geometry and oxidation state, other TMs do not form
the M6 oxocluster MBB of fcu-MOFs. However, there is a possibility
to generate other oxoclusters from divalent TM ions such as Co(II)
and Ni(II) whose connectivity of 12 mimics the 12-c cuboctahedron
SBU. This was demonstrated a decade ago by the isoreticular
Ni-based fcu-MOFs, [Ni8(OH)4(OH2)2(PBP)6]�xsolv and
[Ni8(OH)4(OH2)2(TET)6]�xSolv, that were synthesized from the
in situ generated octanuclear Ni(II) hydroxocluster,
[Ni8(l4–OH)4(l4–OH2)2]12+, and one of the bis-pyrazolyl linkers,
4,40-bis(1H-pyrazol-4-yl)biphenyl (H2PBP) or 2,6-bis(1H-pyrazol-
4-yl)pyrrolo[3,4-f]isoindole-1,3,5,7(2H,6H)-tetrone (H2TET)
(Fig. 39) [354]. From a topological point of view, the structures
can be distilled down to a fcu-a net since the octametallic node
forms highly symmetrical 12-c cuboctahedron SBUs. Unlike the
Zr-based hexanuclear oxocluster, the Ni hydroxocluster is octanu-
clear and each Ni(II) is octahedrally coordinated. The formation of
pure phases, the coordination environment surrounding Ni(II), the
absence of the Ni(III) ion and other structural details of the synthe-
sized MOFs were confirmed by XRD, UV–Vis, FT–IR, XANES, and
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EXAFS [354]. Later on, Navaro and co-workers [355] reported con-
tracted isoreticular analogues in their preparation of a series of
[Ni8(l4–OH)4(l4–OH2)2(BDP–X)6] using the shorter linker, 1,4-bis
(pyrazol-4-yl)benzene (H2BDP) and its functionalized derivatives,
H2BDP-X with X = H, OH, NH2.

Co(II) precursors are suitable for in situ generation of the
octanuclear hydroxocluster MBB with subsequent formation of
the corresponding fcu-MOFs in the presence of linear linkers
[330,356]. One of the earlier examples of a fcu-MOF based on Co
(II) octanuclear MBBs was reported by Holmberg et al. [330] who
solvothermally isolated [Co(II)8(l4–OH)6(CPT)6][CoCl4]2�2H2O,
denoted Co-MOF3, from Co(NO3)2�6H2O and an asymmetric linker,
4-(40-carboxyphenyl)-1,2,4-triazole (HCPT). The addition of small
amounts of concentrated HCl was found to be very important in
achieving the required low pH conditions for crystallization. The
chloride ions from HCl participated in the formation of [CoCl4]2-

counter ions. The metal core, composed of 8 octahedrally coordi-
nated Co(II) ions at each vertex, 6 l4–OH groups at each face,
and 12 CPT� linkers, produced the 12-c cuboctahedron SBU that
is a prerequisite for realizing a fcu-MOF. The possibility of access-
ing the fcu-MOF via a Co(II) core enabled the preparation of mag-
netic fcu-MOFs that could not otherwise be obtained for the parent
UiO-6x(Zr) series. Recently, Huang et al. [356] reported another Co-
fcu-MOF, denoted as MAF-48 or Co4-bdt, that is isoreticular to Co-
MOF3. The framework, formulated as [Co8(l4–OH)6(BDT)4-
(HBDT)2], was synthesized solvothermally through a reaction of
Co(OAc)2 with the bis-triazolyl linker, 1,4-benzenedi(1H-1,2,3-
triazole) (H2BDT). The MOF displayed high catalytic activity in
water oxidation reactions. As supported by isotope tracing and
simulation experiments, the presence of l4–OH groups in the
[Co8(l4–OH)6] cluster offered an oxygen vacancy site with near-
optimal OH� adsorption energy.

Inspired by the base resistance of the frameworks, López-Maya
et al. [355] performed PSM on [Ni8(l4–OH)4(l4–OH2)2(BDP-X)6]
through cation-exchange reactions using ethanolic solution of
KOH. Through this approach, modified [Ni8(l4–OH)4(l4–OH2)2-
(BDP-X)6] MOFs were synthesized with missing-linker defects
and extra-framework K+ ions without disrupting the original fcu
topology. For the structures with X = H, NH2, post-synthetic treat-
ment resulted in the incorporation of additional framework K+ ions
producing materials whose formula was K[Ni8(OH)5(EtO)(H2O)2-
(BDP-X)5.5] with X = H or NH2. The transformation involved partial
removal of the organic linkers and deprotonation of coordinated
water molecules. The same KOH treatment of [Ni8(OH)4(H2O)2-
(BDP-OH)6] formed the fcu-MOF with a higher percentage of miss-
ing linker defects, extra-framework cations and phenolate residues
yielding K3[Ni8(OH)3(EtO)(H2O)6(BDP-O)5]. The difference of this
structure with the other two isoreticular MOFs was the presence
of more acidic phenol groups that could be deprotonated with
ease. The introduced missing linker defects provided an opportu-
nity to create a more accessible porosity with enhanced adsorption
capacity. When compared to the parent, pristine frameworks, the
structures with missing linkers displayed increased post-
combustion CO2 capture properties and adsorption heat capacity.
The coordinatively unsaturated metal centers, charge gradients,
and phenolate nucleophilic sites established by the post-
synthetic treatment were the structural features that led to the
superior CO2-MOF interactions in the KOH treated samples. In later
work by the same research group, the post-synthetic KOH treated
fcu-MOFs led to high hydroxide ion-conductivity [357]. As verified
by variable temperature alternating current impedance spec-
troscopy measurements, the KOH treated materials showed higher
conductivity values than their non-defective counterparts, [Ni8(l4-
OH)4(l4-OH2)2(BDP-X)6] (X = H, OH, NH2), by up to four orders of
magnitude in hydroxide ion mobility. This was ascribed to the
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Fig. 39. Schematic for the assembly of the reported octanuclear cluster-based isoreticular fcu-MOFs.
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evolving higher porosity, framework basicity and hydrophilicity
after treatment with KOH.

The presence of extra framework cations in defective fcu frame-
works permits further ion exchange with aqueous solutions of Ba
(NO3)2 resulting in Ba(II)-exchanged defective structures whose
formula are Ba0.5[Ni8(OH)5(EtO)-(H2O)2(BDP-X)5.5], X = H or NH2

and Ba1.5[Ni8(OH)3(EtO)(H2O)6(BDP-O)5] [212]. Due to enhanced
pore accessibility imposed by the missing linker defects, specific
interactions with the extra framework Ba(II) ions and exposed
–OH functional groups located at the defect sites, the materials
showed selective adsorptive properties for SO2 gas. In a separate
work, post-synthetic Cu(II) exchange of the KOH treated sample,
K[Ni8(OH)6(BDP-X)5.5], transformed the materials to the Cu(II)
exchanged form, Cu0.5[Ni5Cu3(OH)6(BDP-X)5.5 [358]. The ion
exchange process involved not only the extra framework cations
but also the octanuclear metal MBB. Due to the presence of defects
and the milder basicity of the Cu(II)-exchanged forms, the resulting
MOFs facilitated the selective direct tandem CAC bond formation
process for targeting a pharmaceutical intermediate in a one-pot
two-step (i.e., Henry reaction and Michael type addition) synthesis
of neuroactive pharmaceutical intermediates from nitromethane
and benzaldehyde.

3.1.2.2. fcu-MOFs built from Metal-Organic polyhedra (MOP) building
units. The unique structural features of this MOF platform and the
possibility for exploring a wide variety of applications has led
researchers to push beyond the MBB approach to assemble fcu-
MOFs. Specifically, researchers developed a supermolecular build-
ing block (SBB) approach to construct fcu-MOFs by using in situ
generated metal–organic polyhedra (MOPs) as building units
[359,360]. The inspiration for employing MOPs as a building unit
came from the discovery of the first copper paddlewheel based
cuboctahedron (cuo) MOP (MOP-1) formulated as Cu24(m-
BDC)24(DMF)14(H2O)10�(H2O)50(DMF)6(C2H5OH)6 or [(L)(S)Cu2(1,3-
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BDC)2]12, L = pyridine, S = methanol (Fig. 40) [361,362]. By taking
the apical positions of the 12 paddlewheels as vertices, MOP-1
can be described as a cuboctahedron SBU making it a suitable
building unit for the design and construction of fcu-MOFs.

The synthesis of the first MOP-based fcu-MOF was reported in
2007 [363]. Their strategy exploited the highly symmetrical cuo
SBU in addition to the ability to functionalize the paddle wheel
MBB at the apical positions with ditopic linear linkers that can
be coordinated in monodentate fashion from each end. In the first
example of a MOP based fcu-MOF built from 5-c Zn2(–CO2)4 pad-
dlewheel MBBs, formulated as [Zn4(mip)4(dabco)(OH2)2] (mip = 5
-methylisophthalate and dabco = 1,4-diazabicyclo[2.2.2]-octane),
dabco served as a linear link to connect the neighboring cuo MOPs
through the apical positions of the Zn2(–CO2)4 paddlewheels
(Fig. 40). The versatility of the 12-c MOP for enlargement (using
2,7-naphthalenedicarboxylate in place of mip), decorating the 5-
position of the isophthalate unit by different functional groups
(e.g., –CH3, –H, –NH2, –OH) and metal substitution (e.g., Co(II), Cu
(II)), along with the possibility to expand the cavities of the MOF
by using longer linkers (e.g., pyrazine, bipyridine, 1,2-di(pyridin-
4-yl)ethene) permitted the assembly of the isoreticular M(II) pad-
dlewheel MOP based fcu-MOFs [364–366] (Fig. 40). The inherent
porosity of the MOP and the amenability of the MOF platform for
isoreticulation afforded promising results for controlled drug
release [365] and adsorptive separation of organic dyes [366].

MOPs, as is the case in MOP-1, can also be treated as highly
symmetrical cuo SBB when the 5-positions of the isophthalate
moieties are used as vertices. Therefore, connecting neighboring
cuo SBBs via the isophthalate moieties is an alternative approach
for constructing MOP-based fcu-MOFs. The first example of this
was realized in 2008 by Cairns et al. [367] who reported
[Ni12(3,5-ATC)6] and [Co12(BIPA-TC)6] (3,5-H4ATC = 3,5-dicar
boxyl-(30,50-dicarboxylazophenyl)benzene; H4BIPA-TC = benzoimi
dephenanthroline tetracarboxylic acid) (Fig. 41), formulated as



Fig. 41. Tetratopic linkers that serve as linkers in the assembly of cuo SBB-based fcu-MOFs.
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Ni2(ABTC)(H2O)3 and Co2(BIPA-TC)(l2–H2O)(H2O)4, respectively.
Unlike the 5-c paddlewheel found in MOP-1, each Ni cation
assumes octahedral geometry with the 4 equatorial positions occu-
pied by 4 monodentate carboxylate-O atoms from the linker and
the 2 axial positions are filled by aqua ligands. The isoreticular
analogue of the Co-BIPA-TC MOF, MMPF-3 (MMPF denotes
metal–metalloporphyrin framework), was also synthesized using
the porphyrin linker, 5,15-bis(3,5-dicarboxyphenyl)-10,20-bis(2,6
-dibromophenyl)porphyrin (H4DCDBP) (Fig. 41) [359]. Owing to
the presence of catalytically active Co(II) centers within the metal-
loporphyrin linker, MMPF-3 displayed selectivity and high overall
conversion for catalytic epoxidation of trans-stilbene. The fcu
topology of the realized isoreticular MOFs was rationalized by con-
sidering the centroids of the isophthalate benzene rings as vertices.

The construction of fcu-MOFs via the SBB strategy was
extended to a 9H-carbazole-3,6-dicarboxylate (CDC) decorated
cuo MOP upon using organic linkers functionalized at the bent
position of the CDC moieties [368]. By designing a tetracarboxylate
CDC-based organic linker with bridging between two CDC units,
9,90-([1,10-biphenyl]-4,40-diyl)bis(9H-carbazole-3,6-dicarboxylate
(H4BBCDC), and employing appropriate solvothermal reactions, the
in situ generated MOP-based MOF, Cu2(BBCDC), denoted DUT-49
40
(DUT = Dresden University of Technology) was isolated. The fcu-
topology was concluded when considering the carbazole N as the
extension points of the MOP and bridging the 12 linkers around
each MOP in a linear fashion at their bent positions (Fig. 42). The
high specific surface area (5476 m2/g) and pore volume
(2.91 cm3/g) of the MOF was exploited for methane storage.

These examples generally illustrate the amenability of the fcu-
MOF platform for design using appropriate pre-selected building
units. Besides providing diverse possibilities to assemble MOFs
with the favorable fcu topology that have interesting porosity
attributes, expanding the fcu-MOFs across other transition metals
provides the opportunity to assemble functional materials from
cheaper and lighter metal salt precursors. Accessible catalytic
and adsorption sites that cannot be achieved by the Zr6 oxocluster
MBBs can now be custom-built by selecting a suitable transition
metal ion. This, in turn, facilitates the deployment of the MOF plat-
form in large-scale industrial settings.

3.2. Rare earth (RE) oxocluster-based fcu-MOFs

Despite the usefulness of RE-based MOFs for various applica-
tions such as luminescence, magnetism, and catalysis [369–371],
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synthesizing well-defined RE cluster-based MOFs has been a
challenge to achieve for many years. The inorganic SBUs of most
Ln-MOFs are based on randomly discovered lanthanide infinite
rods or chains. The challenge in rationally designing RE-MOFs is
due to the larger and more flexible coordination sphere of the lan-
thanide elements with f electrons. The discovered 2-fluorobenzoic
acid (2-FBA) modulated synthesis approach, however, broke the
synthetic roadblock allowing for the in situ formation of rationally
targeted multi-nuclear RE MBB precursors to assemble MOFs with
anticipated structural characteristics [372].

It is proposed that the presence of 2-FBA, with its hydrophobic
fluorine in the ortho position to the carboxylate, plays a major role
in repelling water molecules and stabilizing the in situ formation of
the 12-c RE hexanuclear oxocluster, [RE6(OH)8(–CO2)12]2-, through
H–bonding interactions (Fig. 43). This explains the formation of
discrete oxoclusters rather than the infinite RE chains or rods com-
monly observed in RE-MOFs. Consequently, the 2-FBA modulated
synthesis enabled researchers to assemble several RE6 oxocluster
based fcu-MOFs with a series of linear dicarboxylate linkers that
possess a similar topology to that of the UiO-6x MOFs (Fig. 43).
2,6-Difluorobenzoic acid (2,6-DFBA) is another modulating agent
that has been recently reported effective for the assembly of vari-
ous isostructural UiO-66(RE) MOFs [373]. This finding further cor-
roborates the importance of fluorine atoms on the a-positions to
the carboxylate group in the monocarboxylic acid modulated syn-
thesis of these MOFs. The implementation of the 2-FBA and 2,6-
DFBA modulated solvothermal synthesis and the isoreticular
chemistry of MOFs have played a crucial role to isolate RE-fcu-
MOFs with fine-tuned properties that are useful for specific end
functions including CO2 capture, gas and vapor separations, and
NOx adsorption [18,372–375]. This section of the review highlights
the progress made regarding the assembly of isostructural and
isoreticular RE-fcu-MOFs.

The fcu-MOFs isolated from RE(III) cations are generally like
other M6 oxocluster-based fcu-MOFs in terms of topology and
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the presence of octahedral as well as tetrahedral cages accessed
by triangular apertures. However, a closer look at the RE6 oxoclus-
ters reveals slight differences. RE(III) cations form [RE6((l3–
OH)8]10+ while the other metal cations (Zr(IV), Hf(IV), and Ce(IV))
generate [M6(l3–O)4(l3–OH)4]12+ clusters [372]. In contrast to
other classes of M6 oxoclusters that have 4 l3–O (2- charge) and
4 l3–OH (1- charge) moieties, the RE analogues are hypothesized
to exclusively possess 8 l3–OH (1- charge) moieties. The differ-
ences in the generated metal oxoclusters is then reflected in the
overall charge of the resulting fully coordinated frameworks, with
the RE cations forming anionic [RE6(OH)8(–CO2)12]2- versus the tra-
ditional structures’ neutral [M6(l3–O)4(l3–OH)4(–CO2)12] [372]. In
order to maintain the neutrality of the overall the framework, RE-
fcu-MOFs have two N,N’-dimethylammonium cations (DMA) that
are hypothesized to form in situ due to the decomposition of the
DMF solvent [372,376]. The presence of 2 DMA+ that balance the
overall charge of the anionic frameworks is substantiated by 1H
NMR spectroscopy on the acid digested samples, which showed
the presence of distinct methyl proton peaks that are clearly sepa-
rated from the methyl protons of DMF [18]. Furthermore, the
methyl proton peaks correlated to the DMA cations were preserved
in the case of the fully evacuated RE-fcu-MOFs unlike the DMF
peaks that disappeared in the fully activated samples. The presence
of DMA counterions was also evidenced in the TGA traces of the
fully evacuated RE-fcu-MOF samples, which showed distinct
weight losses around 250 �C that were linked to the decomposition
of the dimethylamine molecules [18]. Due to the requirements to
have DMA or related cations to balance the overall framework
charge, the synthesis of RE-fcu-MOFs require solvents that have
the potential to generate the targeted species during the solvother-
mal assembly. DMF and N,N’-dimethyl acetamide (DMA) are typi-
cal examples. In fact, all the RE-UiO-6x MOFs reported so far
were synthesized by using DMF or DMA, either as pure solvent
or as a mixture with other solvents [18,372,373,376]. It is empha-
sized that these solvents play an important structure directing role
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for the solvothermal assembly of the RE-fcu-MOFs. Owing to the
similar chemical properties amongst the REs (with the exception
of cerium), the synthetic conditions employed to produce a fcu-
MOF for one lanthanide can easily be emulated for the others lead-
ing to a series of isostructural RE-fcu-MOFs (RE = Y(III), Eu(III), Gd
(III), Tb(III), Ho(III), Er(III), Tm(III), Yb(III), Dy(III), Lu(III))
[18,373,374].

The implementation of isoreticular chemistry in RE-fcu-MOFs
has produced MOFs with cut-off apertures for molecular size and
shape selective separation (Fig. 44) [18,377]. The use of relatively
shorter organic linkers to bridge the 12-c RE6 oxoclusters creates
a contracted triangular window aperture, which is the sole access
point to the interconnected octahedral and tetrahedral cages.
These analogues displayed steric adsorptive separations of mole-
cules with similar physical–chemical properties (paraffin and
isoparaffin separation and C4 olefin splitting, ethene and acetylene
separation, selective adsorption of benzene), with several being
unique to MOFs as molecular exclusion-based separations of mole-
cules, such as linear and branched paraffins, not being achieved
with other classes of porous materials [18,377,378]. The stability
of the RE-fcu-MOF platform together with the possibility for
adjustment of the pore size and functionality has led to
demonstrated potential for achieving efficient removal of H2S from
natural gas streams prior to the upgrading process [379],
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post-combustion CO2 capture [380], and mitigation of polysulfide
diffusion in Li-S batteries [381].

Aside from RE-fcu-MOF crystals or powders, researchers have
sought to grow RE-fcu-MOF thin films on capacitive interdigitated
electrodes (IDEs) and mixed-matrix membranes that can be
deployed for sensing (Fig. 45) and separation applications
[152,382–385]. As confirmed by PXRD measurements and SEM
characterizations, the RE-fcu-MOF thin films displayed preferential
orientation growth along the [111] direction. The growth of the
MOF thin films on the IDE substrate in preferential orientation
afforded sought after exposure of the triangular windows of the
fcu-MOF structure (Fig. 45) for monitoring and measuring the
change in sensing film permittivity upon gas/vapor adsorption
[382,383].

In general, the use of 2-FBA or 2,6-DFBA modulated synthesis,
with judicious choice of the organic linker, has enabled the con-
struction of various isoreticular RE-fcu-MOFs with controlled aper-
ture size to address complex gas/vapor separations. However, the
assembly of the RE analogues of UiO-66x MOFs is still in its infancy
with many research opportunities ahead. The possible assembly of
the MOFs using solvents that can generate other cations to balance
the overall framework charge, DEF as an example, is yet to be
confirmed. Uncovering the detailed mechanism for the assembly
of the MOFs also requires further study to assess whether the



Fig. 44. Schematic showing the impact of triangular aperture size in the isoreticular RE-fcu-MOFs for size/shape selective separation of hydrocarbons. Reproduced with
permission from [18,377]
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RE-fcu-MOFs can be synthesized in the presence of other types of
added cationic sources. There is also further room to explore other
monocarboxylic acid modulators with fluorine groups on the a-
positions to the carboxylate groups, such as 2-fluoroacetic acid
and trifluoroacetic acid.

The other RE cation that has attracted research interest is cer-
ium. Despite its classification as a RE element, its similarity with
the group IV metal ions (Zr(IV) and Hf(IV)) in terms of its physi-
cal–chemical properties and the possibility to generate Ce6 oxo-
clusters with benzoate linker [386] makes it a candidate for
constructing fcu-MOFs that are isostructural to the UiO-6x MOFs.
Consequently, the reaction of cerium salt precursors with linear
dicarboxylic acids of various length and functional groups under
appropriate synthetic conditions yielded Ce-fcu-MOFs [387]. The
seminal work in this regard was performed by Lammert et al.
[387] who reported isoreticular Ce-fcu-MOFs by the solvothermal
reaction of cerium(IV) ammonium nitrate ((NH4)2Ce(NO3)6) with
the linear dicarboxylic acids, fumaric acid, H2BDC, H2BDC-X
(X = F, CH3, Cl, COOH, NO2), 2,6-H2NDC and H2BPDC. Characteriza-
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tion of the prepared MOFs by PXRD and XANES confirmed the
formation of the MOFs based on 12-c Ce6 oxocluster,
[Ce6(l3–O)4((l3–OH)4]12+, and the existence of exclusive Ce(IV)
species in all of the assembled MOFs. Unlike the trivalent RE sys-
tem, the solvothermal assembly of the Ce-fcu-MOFs was indepen-
dent of monocarboxylic acid modulators that have fluorine atoms
a to the carboxylate moiety. The cerium oxocluster was generated
in the same way as its Zr(IV) and Hf(IV) counterparts using mod-
ulators such as benzoic acid and formic acid. Structures of various
other Ce-UiO-6x MOFs, [Ce6(l3–O)4((l3–OH)4L6] with L = 2,5-
H2BDC-(CH3)2, H2BDC-N3, H2BDC-F4, H2BPyDC, and acetylenedi-
carboxylic acid, with different gas or liquid sorption, catalytic
and gas/vapor sensing properties were also reported [28,388–
395]. The redox behavior of the cerium ions (Ce(III)/Ce(IV)) and
the potential of the Ce-fcu-MOFs for various types of oxidation
reactions have also been explored. Although the conventional
solvo(hydro)thermal reaction is the most widely employed route
to assemble isoreticular Ce-fcu-MOFs, the adaptability of the
MOF platform to other synthetic paths such as the sonochemical



Fig. 45. The growth of isoreticular RE-fcu-MOF thin films on IDE device and the sensing performances of the resultant materials towards H2S and NH3. Reproduced with
permission from [382,383]
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and nearly solvent-free mechanochemical routes have been
demonstrated [396,397].

3.3. M6 (M = Actinides or An) oxocluster-based fcu-MOFs

Owing to the high valence nature due to variable oxidation
states (e.g., IV, V, and VI) and the complex intersection of the f-
and d-orbitals, actinides (An) can form MOFs with a variety of
either single metal ion or metal cluster MBBs of different symme-
try and coordination geometry. Therefore, the generation of the 12-
c An-based oxoclusters that match the cuboctahedron SBUs of the
fcu-MOFs and the subsequent generation of An-fcu-MOFs,
isoreticular to above-discussed transition-metal/rare earth frame-
works, are then expected to be dependent on the oxidation state
of actinide element. Owing to the possibility to form An(IV) species
for the tetravalent metal ions (Th – Pu) with similar ionic charge
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properties to Zr(IV), the in situ generation of An6 oxoclusters,
[An6(l3–O)4(l3–OH)4], with isostructural composition to the Zr
(IV) analogue, led to the synthesis of various An-fcu-MOFs,
[An6(l3–O)4(l3–OH)4(Linker)6]. In fact similar oxo/hydroxo-
bridged hexanuclear clusters were known to form as discrete
complexes by the hydrolysis of tetravalent An species such as Th
(IV) and U(IV) in aqueous solutions [398]. The existence of the
actinides in the IV oxidation state is a prerequisite for the in situ
generation of An6(l3–O)4(l3–OH)4. This is evidenced in the work
of Zehnder et al. [399] who showed the formation of the U(IV)-
based structural unit, U6O4(OH)x, during the assembly of the U
(IV)-based coordination polymer, U6(NO3)4(Glut)4(O)4(OH)4(H2-
O)6�12H2O, by the reaction of uranyl nitrate with sodium tereph-
thalate and sodium glutarate. Despite the use of U(VI) precursor,
the prepared coordination polymer was observed to possess U
(IV) species, which were generated in situ by a slow photoreduction
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of uranyl ions in an alcohol solution and then stabilized by glu-
tarate linkers.

The assembly of An-fcu-MOFs from in situ generated U6 oxo-
cluster MBBs, [U6O4(OH)4(H2O)6] with an octahedral configuration
of uranium centers and linear dicarboxylate linkers was first
demonstrated by the Loiseau research group. In a typical synthesis,
the reaction of a tetravalent uranium salt with dicarboxylic acid
linkers, H2BDC, fumaric acid, H2BPDC, and 2,6-H2NDC under appro-
priate formic acid modulated solvothermal conditions led to the
assembly of the corresponding 12-c U-fcu-MOFs, [U6O4(OH)4(H2-
O)6(Linker)6]�xDMF [328]. The same U(IV) -based hexanuclear core
was also used by the same research group to solvothermally syn-
thesize a fum-fcu-MOF type architecture but with one missing
fumarate linker per cluster, U6O4(OH)4(fum)5(form)2(H2O)2�3DMF
[400]. The missing linker is compensated by 2 formate groups
coordinated to each oxocluster of the resulting MOF.

Reaction parameters, such as temperature and addition of
water, are important to isolate the hexameric oxocluster. Specifi-
cally, the temperature range of 110–120 �C and a water/U molar
ratio between 2 and 10 is ideal for forming the targeted cluster
[401]. The increased degree of the inorganic condensation at higher
temperatures and at high-water concentrations (H2O/U greater
than 15) produced uranium oxide (UO2). The importance of adding
small amounts of water for controlled hydrolysis of An(IV) salts
with subsequent formation of An-fcu-MOFs were demonstrated
during the solvothermal synthesis of the isoreticular Th-fcu-
MOFs, UiO-66(Th), UiO-67(Th), UiO-67(Th)–NH2 [402,403,404].
Further expanding the isoreticular chemistry in Th-fcu-MOFs, Feng
et al. recently reported two 12-c Th6 oxocluster-based MOFs,
denoted Th-MOF-67 and Th-MOF-68, using 4-(1H-tetrazol-5-yl)
benzoic acid (H2TZB) or 4-(1,2,4-triazol-4-yl) benzoic acid (HCPT)
organic linkers, respectively (Fig. 46) [405]. The two isoreticular
Th-fcu-MOFs showed high potential for radionuclide sequestra-
tion, as evidenced by their high uptake of ReO4
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Fig. 46. Schematics showing the assembly of the isoreticular Th-fcu-MOFs from pre-syn
monovalent benzoate-based linker decorating the discrete 12-c Th6 oxo-clusters.
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surrogate of radioactive TcO4
�), with adsorption of 10, 368, and

560 mg/g for UiO-66(Th), Th-MOF-67, and Th-MOF-68, respec-
tively. As proven by SXRD and theoretical calculation studies, the
36.8- or 56-fold enhancement in the uptake for Th-MOF-67 and
Th-MOF-68, respectively, versus UiO-66(Th), is attributed to coor-
dinative interactions of ReO4

� with the tetrazolate or triazolate
moiety and the possibility for anion-exchange for the case of the
cationic Th-MOF-68.

Aside from the use of pre-synthesized linear ditopic organic
linkers, in situ coupling of monovalent linkers coordinated to the
Th6(l3–O)4(l3–OH)4(H2O)6 clusters, but with suitable functional
groups on the p-position, was demonstrated to be a viable route
to assemble the isoreticular Th-fcu-MOFs. This was illustrated by
the assembly of Th-ABDC-fcu-MOF via in situ homo-coupling and
reductive dimerization of nitroso groups from 4-nitrosobenzoate
groups on discrete Th6(l3–O)4(l3–OH)4(4-nitrosobenzoate)6 clus-
ters (Fig. 46) [406].

The trends for An-fcu-MOFs were extended to a series of
isoreticular UiO-6x(Np) MOFs, UiO-66(Np), UiO-67(Np), UiO-67
(Np)–NH2, and UiO-68(Np)–NH2, all of which were produced from
a [Np6O4(OH)4(H2O)6]12+ core generated in situ by controlled
hydrolysis of the tetravalent neptunium salt (NpCl4) and the dicar-
boxylic acid linkers (H2BDC, H2BPDC, H2BPDC-NH2, and H2TPDC-
NH2) in the presence of benzoic acid modulator [404]. To further
exemplify the suitability of the An(IV) precursors for the prepara-
tion of An6 oxocluster based fcu-MOFs, Hastings et al. [329]
reported the benzoic acid-modulated solvothermal synthesis and
characterization of UiO-66(Pu). The MOF was prepared from Pu
(IV) nitrate salt (obtained by washing Pu(IV) stock solution in
2 M HCl with 5 M HNO3 and subsequent heating to near dryness).
TGA evidenced lower thermal stability of the MOF than UiO-66(Zr),
with the difference originating from defects in the form of missing
linkers or missing clusters. The presence of defects in the prepared
UiO-66(Pu) was also claimed from the discrepancy between the
Th-fcu-a net
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thesized linkers and from in situ coupling of nitroso groups on the p-position of the



A.H. Assen, K. Adil, K.E. Cordova et al. Coordination Chemistry Reviews 468 (2022) 214644
experimental and calculated pore size distributions (PSDs), with
broader pore width in the PSD obtained from the N2 isotherm as
compared to the PSDs calculated assuming no defect. The existence
of missing cluster defects in the synthesized UiO-66(Pu) was due to
the high probability of protonated linkers with passive carboxylic
acid functional groups caused by excess protons in the solution
from the Pu(IV) precursor [407].

Owing to the multiplicity of their oxidation states and coordina-
tion geometries, the number of An6 oxocluster-based fcu-MOFs is
relatively scarce. However, the already demonstrated possibility
to transcribe the architecturally robust Zr-fcu-MOF platform to
the An counterparts could be of interest to the nuclear fuel cycle
process. Even though the radiation stability of the a-emitter acti-
nides, after being incorporated into MOFs as MBBs, is yet to be
studied, the assembly of such MOFs is expected to provide a plau-
sible way to sequestrate the radioactive An fission products into a
stable form. Hence, further investigation on the radiation stability
of An6 oxoclusters should be assessed to deploy An-fcu-MOFs as an
alternative or complementary nuclear waste management
approach.

4. Conclusions and perspective

This review details the significant progress made on MOFs
whose structure is based on an underlying fcu topology from the
perspectives of designed synthesis, crystal structure, chemistry,
and applications. The reported MBB and SBB approaches that have
been employed to form a large number of functional
M�fcu�MOFs, from the assembly of the 12-c polyatomic oxoclus-
ter MBBs as well as MOPs with a series of ditopic homo-/hetero-
functional linkers of various lengths, have been discussed. Simply
put, the utility, versatility, and fidelity of the fcu-MOF platform
was demonstrated in this comprehensive review. The article
highlighted four key developments that were particularly
important in advancing the fcu-MOF platform to what it is today.
These include: (i) the geometric principles for linking twelve-
connected inorganic clusters with linear organic linkers to form
the fcu topology; (ii) synthetic parameters governing the assembly
of fcu-MOFs, including the discovery of modulating agents; (iii)
exploitation of the isoreticular principle in the design of new
fcu-MOFs with functionalized internal pore environments, varying
window and internal pore metrics, and defected architectures; and
(iv) application of the multivariate approach to realize fcu-MOFs
that are endowed with a high degree of complexity and
heterogeneity for unlocking new properties. Furthermore, these
developments were supplemented with a survey of various salient
fcu-MOFs that have achieved important results in applications
ranging from gas adsorption to heterogeneous catalysis to even
sequestering radioactive fission products for nuclear waste
management.

The state-of-the-art developments in the modulated synthesis,
isoreticular expansion/decoration, and post-synthetic modifica-
tions, that have been successfully employed to rationally construct
various fcu-MOFs with enhanced properties, are also summarized
with holistic generalizations. However, most of the synthetic
routes that have been employed to build fcu-MOFs have been dis-
covered by trial-and-error. Hence, a detailed understanding of the
mechanism for constructing these MOFs is still at a stage of relative
infancy. Further investigation is then needed to produce clear
insights about the different routes, which, in turn, helps to create
new avenues that facilitate the emergence of new members of
the MOF family with advanced structural and functional
characteristics.

The established versatility of the multinuclear metal cluster
MBBs with respect to the nuclear size and metal cation type, diver-
sity of ditopic linkers with respect to length and functionality, and
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adaptability of the synthetic routes to several conditions, demon-
strate that there is still plenty of room to rationally design and dis-
cover various other fcu-MOFs. The richness in coordination
geometry and the range of potential organic linkers that could be
designed might lead to the deployment of this MOF platform in
various applications that were not foreseen. The reported
M�fcu�MOFs have already demonstrated promising potential to
be deployed in various applications pertinent to energy and envi-
ronmental issues, with their synthetic flexibility, structural diver-
sity, and ease of tunability still placing the fcu-MOFs in active
research in various application areas.

Even though M6 oxocluster-based fcu-MOFs are promising for
different applications, there remain ample challenges that need
to be overcome before pursuing the large-scale syntheses and
applications of this class of MOFs. One main obstacle is the imprac-
ticability of the conventional solvothermal route for practical con-
tinuous processes. Alternative approaches such as
mechanochemical synthesis, microwave-assisted preparation, and
continuous flow reactor synthesis are still at early and theoretical
stages and need to be developed further. The large-scale syntheses
and wide accessibility of the MOFs are also hampered by the high
temperature requirements. The recently developed mechanochem-
ical and electrochemical syntheses approaches that enable the
assembly of MOFs at room temperature either with simple
solvent-free milling or in the presence of solvents need to also be
developed further to facilitate the large-scale preparation and
practical deployment of the fcu-MOFs. The possibility to
pre-synthesize the discrete oxo-clusters of zirconium, rare earths,
or actinides could facilitate the further development of the synthe-
sis methods.

One of the structural attributes that makes fcu-MOF platform
exciting is that it encloses only equilateral triangular window aper-
tures as the sole access point to the interconnected octahedral and
tetrahedral cage pore system. Further development of the mixed-
linker strategy could open more opportunities to fine-tune the tri-
angular apertures for a given application. Indeed, thus far, the
majority of the mixed-linker Zr-fcu-MOFs were assembled from
two linkers. The assembly of MTV MOFs with 3 or more linkers
introduced within one framework structure in appropriate distri-
butions for specific applications should be targeted. Mixed-metal
and mixed-linker fcu-MOFs are generally synthesized as solid
solutions (i.e., they possess random distribution of linkers and
metal cations). There is also a lack of appropriate characterization
tools to precisely locate the metal ions or linkers in MTV MOFs.
Therefore, the advancement of synthetic strategies that could lead
to homogeneously distributed components in MTV fcu-MOFs
could be an ideal target for effective deployment of those MOFs
in real world applications. This, in turn, requires the development
of suitable characterization tools that could show the distribution
of the components with no ambiguity. As demonstrated by Yaghi
and colleagues [44], the development of a large single crystal that
could suffice for characterization by XRD, NMR and other tech-
niques could be of great help in this regard. PXRD is the most com-
monly used method to characterize the structure, phase purity and
stability of fcu-MOFs. The technique, however, lacks the required
accuracy to detect defective structures within the frameworks
and partial loss of stability upon exposure to external stimuli. As
a result, techniques such as high-resolution neutron diffraction
and high-resolution TEM should be pursued to gain precise infor-
mation regarding the microstructures of the MOFs and the result-
ing structure–property relationships. In general, we hope the
comprehensive analysis of the 12-coordinated fcu-MOF platform
carried out in this review inspires the MOF community to create
and pursue new concepts and ideas that foster the further develop-
ment of new and existing fcu-MOF materials with unique
properties.
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M. Etter, S.-Y. Moon, R.E. Dinnebier, V. Stilinović, O.K. Farha, T. Friščić, K.
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Mechanochemical and solvent-free assembly of zirconium-based metal–
organic frameworks, Chem. Commun. 52 (2016) 2133–2136.

[63] H. Liu, Y. Zhao, C. Zhou, B. Mu, L. Chen, Microwave-assisted synthesis of Zr-
based metal–organic framework (Zr-fum-fcu-MOF) for gas adsorption
separation, Chem. Phys. Lett. 780 (2021) 138906.

[64] F.E. Salvador, V. Miller, K. Shimada, C.-H. Wang, J. Wright, M. Das, Y.-P. Chen,
Y.-S. Chen, C. Sheehan, W. Xu, G. Rubasinghege, W.-Y. Gao,
Mechanochemistry of Group 4 Element-Based Metal-Organic Frameworks,
Inorg. Chem. 60 (2021) 16079–16084.

[65] M. Taddei, D.A. Steitz, J.A. van Bokhoven, M. Ranocchiari, Continuous-flow
microwave synthesis of metal-organic frameworks: A highly efficient method
for large-scale production, Chem. Eur. J. 22 (2016) 3245–3249.

[66] J. Ge, L. Liu, Y. Shen, Facile synthesis of amine-functionalized UiO-66 by
microwave method and application for methylene blue adsorption, J. Porous
Mater. 24 (2017) 647–655.

[67] X. Sang, J. Zhang, J. Xiang, J. Cui, L. Zheng, J. Zhang, Z. Wu, Z. Li, G. Mo, Y. Xu, J.
Song, C. Liu, X. Tan, T. Luo, B. Zhang, B. Han, Ionic liquid accelerates the
crystallization of Zr-based metal–organic frameworks, Nat. Commun. 8
(2017) 175.

[68] T. Tsuruoka, S. Furukawa, Y. Takashima, K. Yoshida, S. Isoda, S. Kitagawa,
Nanoporous nanorods fabricated by coordination modulation and oriented
attachment growth, Angew. Chem. Int. Ed. 48 (2009) 4739–4743.

[69] A. Schaate, S. Dühnen, G. Platz, S. Lilienthal, A.M. Schneider, P. Behrens, A
novel Zr-based porous coordination polymer containing
azobenzenedicarboxylate as a linker, Eur. J. Inorg. Chem. 2012 (2012) 790–
796.

[70] V.V. Butova, A.P. Budnyk, A.A. Guda, K.A. Lomachenko, A.L. Bugaev, A.V.
Soldatov, S.M. Chavan, S. Øien-Ødegaard, U. Olsbye, K.P. Lillerud, C. Atzori, S.
Bordiga, C. Lamberti, Modulator effect in UiO-66-NDC (1,4-
naphthalenedicarboxylic acid) synthesis and comparison with UiO-67-NDC
48
isoreticular metal-organic frameworks, Cryst. Growth Des. 17 (2017) 5422–
5431.

[71] O.V. Gutov, S. Molina, E.C. Escudero-Adán, A. Shafir, Modulation by amino
acids: toward superior control in the synthesis of zirconium metal-organic
frameworks, Chem. Eur. J. 22 (2016) 13582–13587.

[72] R.J. Marshall, C.L. Hobday, C.F. Murphie, S.L. Griffin, C.A. Morrison, S.A.
Moggach, R.S. Forgan, Amino acids as highly efficient modulators for single
crystals of zirconium and hafnium metal–organic frameworks, J. Mater.
Chem. A 4 (2016) 6955–6963.

[73] V.V. Butova, A.P. Budnyk, K.M. Charykov, K.S. Vetlitsyna-Novikova, C.
Lamberti, A.V. Soldatov, Water as a structure-driving agent between the
UiO-66 and MIL-140A metal–organic frameworks, Chem. Commun. 55 (2019)
901–904.

[74] H.R. Abid, H.M. Ang, S. Wang, Effects of ammonium hydroxide on the
structure and gas adsorption of nanosized Zr-MOFs, UiO-66, Nanoscale 4
(2012) 3089–3094.

[75] Y. Han, M. Liu, K. Li, Y. Zuo, Y. Wei, S. Xu, G. Zhang, C. Song, Z. Zhang, X. Guo,
Facile synthesis of morphology and size-controlled zirconium metal–organic
framework UiO-66: the role of hydrofluoric acid in crystallization,
CrystEngComm 17 (2015) 6434–6440.

[76] M. Perfecto-Irigaray, G. Beobide, O. Castillo, I. da Silva, D. García-Lojo, A.
Luque, A. Mendia, S. Pérez-Yáñez, [Zr6O4(OH)4(benzene-1,4-dicarboxylato)
6]n: a hexagonal polymorph of UiO-66, Chem. Commun. 55 (2019) 5954–
5957.

[77] M. Perfecto-Irigaray, G. Beobide, S. Calero, O. Castillo, I. da Silva, J.J. Gutierrez
Sevillano, A. Luque, S. Pérez-Yáñez, L.F. Velasco, Metastable Zr/Hf-MOFs: the
hexagonal family of EHU-30 and their water-sorption induced structural
transformation, Inorg. Chem. Front. 8 (2021) 4767–4779.

[78] M. Rubio-Martinez, M.P. Batten, A. Polyzos, K.-C. Carey, J.I. Mardel, K.-S. Lim,
M.R. Hill, Versatile, High Quality and Scalable Continuous Flow Production of
Metal-Organic Frameworks, Sci. Rep. 4 (2014) 5443.

[79] P.M. Schoenecker, G.A. Belancik, B.E. Grabicka, K.S. Walton, Kinetics study and
crystallization process design for scale-up of UiO-66-NH2 synthesis, AIChE J.
59 (2013) 1255–1262.

[80] S. Waitschat, M.T. Wharmby, N. Stock, Flow-synthesis of carboxylate and
phosphonate based metal–organic frameworks under non-solvothermal
reaction conditions, Dalton Trans. 44 (2015) 11235–11240.

[81] S. Tai, W. Zhang, J. Zhang, G. Luo, Y. Jia, M. Deng, Y. Ling, Facile preparation of
UiO-66 nanoparticles with tunable sizes in a continuous flow microreactor
and its application in drug delivery, Microporous Mesoporous Mater. 220
(2016) 148–154.

[82] Y. Huang, W. Qin, Z. Li, Y. Li, Enhanced stability and CO2 affinity of a UiO-66
type metal–organic framework decorated with dimethyl groups, Dalton
Trans. 41 (2012) 9283–9285.

[83] S. Biswas, J. Zhang, Z. Li, Y.-Y. Liu, M. Grzywa, L. Sun, D. Volkmer,
P. Van Der Voort, Enhanced selectivity of CO2 over CH4 in sulphonate-,
carboxylate- and iodo-functionalized UiO-66 frameworks, Dalton Trans. 42
(2013) 4730–4737.

[84] Q. Yang, A.D. Wiersum, P.L. Llewellyn, V. Guillerm, C. Serre, G. Maurin,
Functionalizing porous zirconium terephthalate UiO-66(Zr) for natural gas
upgrading: a computational exploration, Chem. Commun. 47 (2011) 9603–
9605.

[85] M. Kim, J.A. Boissonnault, P.V. Dau, S.M. Cohen, Metal-organic framework
regioisomers based on bifunctional ligands, Angew. Chem. Int. Ed. 50 (2011)
12193–12196.

[86] M. Kim, S.J. Garibay, S.M. Cohen, Microwave-assisted cyanation of an aryl
bromide directly on a metal�organic framework, Inorg. Chem. 50 (2011)
729–731.

[87] W. Morris, C.J. Doonan, O.M. Yaghi, Postsynthetic modification of a metal-
organic framework for stabilization of a hemiaminal and ammonia uptake,
Inorg. Chem. 50 (2011) 6853–6855.

[88] C. Zlotea, D. Phanon, M. Mazaj, D. Heurtaux, V. Guillerm, C. Serre, P.
Horcajada, T. Devic, E. Magnier, F. Cuevas, G. Férey, P.L. Llewellyn, M.
Latroche, Effect of NH2 and CF3 functionalization on the hydrogen sorption
properties of MOFs, Dalton Trans. 40 (2011) 4879–4881.

[89] M. Lin Foo, S. Horike, T. Fukushima, Y. Hijikata, Y. Kubota, M. Takata, S.
Kitagawa, Ligand-based solid solution approach to stabilisation of sulphonic
acid groups in porous coordination polymer Zr6O4(OH)4(BDC)6 (UiO-66),
Dalton Trans. 41 (2012) 13791–13794.

[90] S.J. Garibay, S.M. Cohen, Isoreticular synthesis and modification of
frameworks with the UiO-66 topology, Chem. Commun. 46 (2010) 7700–
7702.

[91] F. Vermoortele, R. Ameloot, A. Vimont, C. Serre, D. De Vos, An amino-modified
Zr-terephthalate metal–organic framework as an acid–base catalyst for cross-
aldol condensation, Chem. Mater. 47 (2011) 1521–1523.

[92] G.E. Cmarik, M. Kim, S.M. Cohen, K.S. Walton, Tuning the Adsorption
Properties of UiO-66 via Ligand Functionalization, Langmuir 28 (2012)
15606–15613.

[93] K.-K. Yee, N. Reimer, J. Liu, S.-Y. Cheng, S.-M. Yiu, J. Weber, N. Stock,
Z. Xu, Effective mercury sorption by thiol-laced metal-organic frameworks:
in strong acid and the vapor phase, J. Am. Chem. Soc. 135 (2013)
7795–7798.

[94] W.J. Phang, H. Jo, W.R. Lee, J.H. Song, K. Yoo, B. Kim, C.S. Hong, Superprotonic
conductivity of a UiO-66 Framework functionalized with sulfonic acid groups
by facile postsynthetic oxidation, Angew. Chem. Int. Ed. 54 (2015) 5142–
5146.

http://refhub.elsevier.com/S0010-8545(22)00239-9/h0235
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0235
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0235
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0235
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0240
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0240
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0240
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0240
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0245
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0245
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0245
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0250
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0250
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0250
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0250
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0255
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0255
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0255
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0260
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0260
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0260
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0265
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0265
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0265
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0265
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0270
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0270
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0270
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0270
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0275
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0275
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0275
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0280
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0280
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0280
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0285
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0285
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0285
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0285
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0290
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0290
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0290
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0290
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0295
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0295
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0295
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0295
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0300
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0300
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0300
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0300
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0300
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0305
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0305
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0305
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0305
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0310
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0310
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0310
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0315
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0315
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0315
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0320
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0320
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0320
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0320
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0325
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0325
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0325
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0330
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0330
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0330
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0335
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0335
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0335
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0335
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0340
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0340
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0340
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0345
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0345
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0345
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0345
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0350
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0355
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0355
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0355
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0360
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0360
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0360
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0360
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0365
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0365
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0365
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0365
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0370
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0370
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0370
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0375
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0375
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0375
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0375
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0380
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0380
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0380
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0380
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0385
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0385
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0385
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0385
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0390
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0390
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0390
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0395
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0395
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0395
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0400
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0400
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0400
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0405
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0405
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0405
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0405
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0410
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0410
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0410
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0415
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0415
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0415
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0415
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0420
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0420
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0420
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0420
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0425
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0425
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0425
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0430
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0430
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0430
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0430
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0435
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0435
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0435
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0440
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0440
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0440
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0440
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0445
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0445
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0445
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0445
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0450
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0450
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0450
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0455
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0455
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0455
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0460
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0460
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0460
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0465
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0465
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0465
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0465
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0470
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0470
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0470
http://refhub.elsevier.com/S0010-8545(22)00239-9/h0470


A.H. Assen, K. Adil, K.E. Cordova et al. Coordination Chemistry Reviews 468 (2022) 214644
[95] M. Zha, J. Liu, Y.-L. Wong, Z. Xu, Extraction of palladium from nuclear waste-
like acidic solutions by a metal–organic framework with sulfur and alkene
functions, J. Mater. Chem. A 3 (2015) 3928–3934.

[96] W. Zhang, H. Huang, D. Liu, Q. Yang, Y. Xiao, Q. Ma, C. Zhong, A new metal–
organic framework with high stability based on zirconium for sensing small
molecules, Microporous Mesoporous Mater. 171 (2013) 118–124.

[97] S. Ghosh, S. Biswas, Ultrafast and nanomolar level detection of H2S in
aqueous medium using a functionalized UiO-66 metal-organic framework
based fluorescent chemosensor, Dalton Trans. 50 (2021) 11631–11639.

[98] M. Kandiah, M.H. Nilsen, S. Usseglio, S. Jakobsen, U. Olsbye, M. Tilset, C.
Larabi, E.A. Quadrelli, F. Bonino, K.P. Lillerud, Synthesis and stability of tagged
UiO-66 Zr-MOFs, Chem. Mater. 22 (2010) 6632–6640.

[99] A.A. Barkhordarian, C.J. Kepert, Two new porous UiO-66-type zirconium
frameworks; open aromatic N-donor sites and their post-synthetic
methylation and metallation, J. Mater. Chem. A 5 (2017) 5612–5618.

[100] L. Zhang, L. Li, E. Hu, L. Yang, K. Shao, L. Yao, K. Jiang, Y. Cui, Y. Yang, B. Li, B.
Chen, G. Qian, Boosting Ethylene/ethane separation within Copper(I)-
chelated metal-organic frameworks through tailor-made aperture and
specific p-complexation, Adv. Sci. 7 (2020) 1901918.

[101] J. Ethiraj, E. Albanese, B. Civalleri, J.G. Vitillo, F. Bonino, S. Chavan, G.C.
Shearer, K.P. Lillerud, S. Bordiga, Carbon dioxide adsorption in amine-
functionalized mixed-ligand metal-organic frameworks of UiO-66 topology,
ChemSusChem 7 (2014) 3382–3388.

[102] G.W. Peterson, S.-Y. Moon, G.W. Wagner, M.G. Hall, J.B. DeCoste, J.T. Hupp, O.
K. Farha, Tailoring the pore size and functionality of UiO-type metal-organic
frameworks for optimal nerve agent destruction, Inorg. Chem. 54 (2015)
9684–9686.

[103] I. Stassen, B. Bueken, H. Reinsch, J.F.M. Oudenhoven, D. Wouters, J. Hajek, V.
Van Speybroeck, N. Stock, P.M. Vereecken, R. Van Schaijk, D. De Vos, R.
Ameloot, Towards metal–organic framework based field effect chemical
sensors: UiO-66-NH2 for nerve agent detection, Chem. Sci. 7 (2016) 5827–
5832.

[104] M.J. Katz, S.-Y. Moon, J.E. Mondloch, M.H. Beyzavi, C.J. Stephenson, J.T. Hupp,
O.K. Farha, Exploiting parameter space in MOFs: a 20-fold enhancement of
phosphate-ester hydrolysis with UiO-66-NH2, Chem. Sci. 6 (2015) 2286–
2291.

[105] G.W. Peterson, J.J. Mahle, J.B. DeCoste, W.O. Gordon, J.A. Rossin, Extraordinary
NO2 Removal by the Metal-Organic Framework UiO-66-NH2, Angew. Chem.
Int. Ed. 55 (2016) 6235–6238.

[106] H. Jasuja, G.W. Peterson, J.B. Decoste, M.A. Browe, K.S. Walton, Evaluation of
MOFs for air purification and air quality control applications: Ammonia
removal from air, Chem. Eng. Sci. 124 (2015) 118–124.

[107] A.J. Howarth, M.J. Katz, T.C. Wang, A.E. Platero-Prats, K.W. Chapman, J.T.
Hupp, O.K. Farha, High Efficiency Adsorption and Removal of Selenate and
Selenite from Water Using Metal-Organic Frameworks, J. Am. Chem. Soc. 137
(2015) 7488–7494.

[108] Y.-A. Li, C.-W. Zhao, N.-X. Zhu, Q.-K. Liu, G.-J. Chen, J.-B. Liu, X.-D. Zhao, J.-P.
Ma, S. Zhang, Y.-B. Dong, Nanoscale UiO-MOF-based luminescent sensors for
highly selective detection of cysteine and glutathione and their application in
bioimaging, Chem. Commun. 51 (2015) 17672–17675.

[109] H. Jasuja, K.S. Walton, Experimental Study of CO2, CH4, and Water Vapor
Adsorption on a Dimethyl-Functionalized UiO-66 Framework, J. Phys. Chem.
C 117 (2013) 7062–7068.

[110] X. Han, X. Yang, C. Yu, S. Lu, E.S. Pouya, P. Bai, J. Lyu, X. Guo, Fine-tuning the
pore structure of metal–organic frameworks by linker substitution for
enhanced hydrogen storage and gas separation, CrystEngComm 23 (2021)
3026–3032.

[111] S. Wang, S. Fan, Z. Fang, Y. Hu, M. Dong, X. Peng, NH2-UiO-66 Metal-Organic
Framework Nanoparticles for Hydroxide Ion Conductive Photoswitches, ACS
Appl, Nano Mater, 2021.

[112] L. Shen, R. Liang, M. Luo, F. Jing, L. Wu, Electronic effects of ligand substitution
on metal–organic framework photocatalysts: the case study of UiO-66, PCCP
17 (2015) 117–121.

[113] D. Sun, Y. Fu, W. Liu, L. Ye, D. Wang, L. Yang, X. Fu, Z. Li, Studies on
photocatalytic CO2 reduction over NH2-Uio-66(Zr) and its derivatives:
towards a better understanding of photocatalysis on metal-organic
frameworks, Chem. Eur. J. 19 (2013) 14279–14285.

[114] C. Gomes Silva, I. Luz, F.X. Llabrés i Xamena, A. Corma, H. García, Water stable
Zr–benzenedicarboxylate metal-organic frameworks as photocatalysts for
hydrogen generation, Chem. Eur. J. 16 (2010) 11133–11138.

[115] T. Toyao, M. Saito, Y. Horiuchi, K. Mochizuki, M. Iwata, H. Higashimura, M.
Matsuoka, Efficient hydrogen production and photocatalytic reduction of
nitrobenzene over a visible-light-responsive metal–organic framework
photocatalyst, Catal, Sci. Technol. 3 (2013) 2092–2097.

[116] F. Vermoortele, M. Vandichel, B. Van de Voorde, R. Ameloot, M. Waroquier, V.
Van Speybroeck, D.E. De Vos, Electronic effects of linker substitution on lewis
acid catalysis with metal-organic frameworks, Angew. Chem. Int. Ed. 51
(2012) 4887–4890.

[117] J.M. Mayers, R.W. Larsen, The effect of cavity size on ruthenium (II) Tris-(2,2-
bipyridine) photophysics encapsulated within zirconium based metal organic
frameworks, Inorganica Chim. Acta (2021) 120537.

[118] S.S. Nagarkar, T. Saha, A.V. Desai, P. Talukdar, S.K. Ghosh, Metal-organic
framework based highly selective fluorescence turn-on probe for hydrogen
sulphide, Sci. Rep. 4 (2014) 7053.

[119] L. Li, S. Tang, C. Wang, X. Lv, M. Jiang, H. Wu, X. Zhao, High gas storage
capacities and stepwise adsorption in a UiO type metal–organic framework
49
incorporating Lewis basic bipyridyl sites, Chem. Commun. 50 (2014) 2304–
2307.

[120] X.-C. Yi, F.-G. Xi, Y. Qi, E.-Q. Gao, Synthesis and click modification of an azido-
functionalized Zr(iv) metal–organic framework and a catalytic study, RSC
Adv. 5 (2015) 893–900.

[121] T. Islamoglu, M.A. Ortuño, E. Proussaloglou, A.J. Howarth, N.A. Vermeulen, A.
Atilgan, A.M. Asiri, C.J. Cramer, O.K. Farha, Presence versus proximity: the role
of pendant amines in the catalytic hydrolysis of a nerve agent simulant,
Angew. Chem. Int. Ed. 57 (2018) 1949–1953.

[122] B. Wang, H. Huang, X.-L. Lv, Y. Xie, M. Li, J.-R. Li, Tuning CO2 selective
adsorption over N2 and CH4 in UiO-67 analogues through ligand
functionalization, Inorg. Chem. 53 (2014) 9254–9259.

[123] X. Wang, L. Li, Y. Wang, J.-R. Li, J. Li, Exploiting the pore size and
functionalization effects in UiO topology structures for the separation of
light hydrocarbons, CrystEngComm 19 (2017) 1729–1737.

[124] S. Demir, N. Bilgin, H.M. Cepni, H. Furukawa, F. Yilmaz, C. Altintas, S. Keskin,
Enhanced water stability and high CO2 storage capacity of a Lewis basic
sites-containing zirconium metal–organic framework, Dalton Trans. 50
(2021) 16587–16592.

[125] N.-X. Zhu, Z.-W. Wei, C.-X. Chen, X.-H. Xiong, Y.-Y. Xiong, Z. Zeng, W. Wang,
J.-J. Jiang, Y.-N. Fan, C.-Y. Su, High Water Adsorption MOFs with Optimized
Pore-Nanospaces for Autonomous Indoor Humidity Control and Pollutants
Removal, Angew. Chem. Int. Ed. 61 (2022) e202112097.

[126] V. Bon, I. Senkovska, M.S. Weiss, S. Kaskel, Tailoring of network
dimensionality and porosity adjustment in Zr- and Hf-based MOFs,
CrystEngComm 15 (2013) 9572–9577.

[127] K. Manna, T. Zhang, F.X. Greene, W. Lin, Bipyridine- and Phenanthroline-
Based Metal-Organic Frameworks for Highly Efficient and Tandem Catalytic
Organic Transformations via Directed C-H Activation, J. Am. Chem. Soc. 137
(2015) 2665–2673.

[128] Q. Yang, V. Guillerm, F. Ragon, A.D. Wiersum, P.L. Llewellyn, C. Zhong, T.
Devic, C. Serre, G. Maurin, CH4 storage and CO2 capture in highly porous
zirconium oxide based metal–organic frameworks, Chem. Commun. 48
(2012) 9831–9833.

[129] M. Sarker, S. Shin, S.H. Jhung, Synthesis and Functionalization of Porous Zr-
Diaminostilbenedicarboxylate Metal-Organic Framework for Storage and
Stable Delivery of Ibuprofen, ACS Omega 4 (2019) 9860–9867.

[130] Y.-A. Li, X.-D. Zhao, H.-P. Yin, G.-J. Chen, S. Yang, Y.-B. Dong, A drug-loaded
nanoscale metal–organic framework with a tumor targeting agent for highly
effective hepatoma therapy, Chem. Commun. 52 (2016) 14113–14116.

[131] C. Tan, X. Han, Z. Li, Y. Liu, Y. Cui, Controlled Exchange of Achiral Linkers with
Chiral Linkers in Zr-Based UiO-68 Metal-Organic Framework, J. Am. Chem.
Soc. 140 (2018) 16229–16236.

[132] H.-L. Jiang, D. Feng, T.-F. Liu, J.-R. Li, H.-C. Zhou, Pore Surface Engineering
with Controlled Loadings of Functional Groups via Click Chemistry in Highly
Stable Metal-Organic Frameworks, J. Am. Chem. Soc. 134 (2012) 14690–
14693.

[133] A. Mallick, A.M. El-Zohry, O. Shekhah, J. Yin, J. Jia, H. Aggarwal, A.-H. Emwas,
O.F. Mohammed, M. Eddaoudi, Unprecedented Ultralow Detection Limit of
Amines using a Thiadiazole-Functionalized Zr(IV)-Based Metal-Organic
Framework, J. Am. Chem. Soc. 141 (2019) 7245–7249.

[134] M. Sk, S. Biswas, A thiadiazole-functionalized Zr(iv)-based metal–organic
framework as a highly fluorescent probe for the selective detection of picric
acid, CrystEngComm 18 (2016) 3104–3113.

[135] J. Jia, L. Gutiérrez-Arzaluz, O. Shekhah, N. Alsadun, J. Czaban-Jóźwiak, S. Zhou,
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