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CONSPECTUS: The prediction of crystal structures assembled in three dimensions
has been considered for a long time, simultaneously as a chemical wasteland and a
certain growth point of the chemistry of the future. Less than 30 years after Roald
Hoffmann’s statement, we can categorically affirm that the elevation of reticular
chemistry and the introduction of metal−organic frameworks (MOFs) significantly
tackled this tridimensional assembly issue. MOFs result from the assembly of organic
polytopic organic ligands bridging metal nodes, clusters, chains, or layers together into
mostly three-periodic open frameworks. They can exhibit extremely high porosity and
offer great potential as revolutionary catalysts, drug carrier systems, sensors, smart
materials, and, of course, separation agents. Overall, the progressive development of
reticular chemistry has been a game changer in materials chemistry during the last 25
years.
Such diverse properties often result not only from the selected organic and inorganic
molecular building blocks (MBBs) but also from their distribution within the
framework. Indeed, the size and shape of the porous system, as well as the location of active sites influence the overall properties.
Therefore, in the continuity of achieving the crystallization of three-periodic structures, chemists and crystal engineers faced the next
challenge, as summarized by John Maddox: “it remains in general impossible to predict the structure of even the simplest
crystallographic solids from knowledge of their chemical composition”. This is where rational design takes place.
In this Account, we detail three specific approaches developed by our group to facilitate the design and assembly of finely tuned
MOFs. All are based on careful geometrical consideration and a deep study and understanding of the existing nets and topologies.
We recognized that highly connected nets, if possible, edge-transitive, are ideal blueprints because their number is limited in contrast
to nets with lower connectivity. Therefore, we embarked on taking advantage of existing highly connected MBBs, or, in parallel,
promoting their formation to meet our requirements. This is achieved by utilizing externally decorated metal−organic polyhedra as
supermolecular building blocks (SBBs), serving as a net-coding building unit, comprising the requisite connectivity and directional
information coding for the chosen nets. The SBB approach allowed the synthesis of several families of SBB-based MOFs, including
fcu, rht, and gea-MOFs, that are detailed here.
The second strategy is directly inherited from the success of the SBB approach. In seeking highly connected building units, our group
naturally expanded its research focus to nets that can be deconstructed into layers, pillared in various ways. In the supermolecular
building layer (SBL) approach, the layers have an almost infinite connectivity, and the framework backbone is fixed in two
dimensions while the third is free for pillar expansion and functionalization. The cases of trigonal pillaring leading to rtl, eea, and apo
MOFs as well as the quadrangular pillaring leading to a family of tbo-MOFs are discussed here, along with recent cases of highly
connected pillars in pek and aea-MOFs.
Finally, our experience with highly coordinated MBBs led us to develop a novel way to use them as secondary building units of lower
connectivity and unlock the possibility of assembling a novel class of zeolite-like MOFs (ZMOFs). The case of the Zr-sod-ZMOFs
designed through a cantellation strategy is described as a future leading direction of MOF design.

■ KEY REFERENCES

• Nouar, F.; Eubank, J. F.; Bousquet, T.; Wojtas, Ł.;
Zaworotko, M. J.; Eddaoudi, M. Supermolecular
building blocks (SBBs) for the design and synthesis of
highly porous metal-organic frameworks. J. Am. Chem.
Soc. 2008, 130, 1833−1834.1 An externally decorated
metal−organic polyhedron is designed and used as a 24-
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connected supermolecular building block for the assembly of
rht-MOF-1 with the underlying (3,24)-c rhttopology.

• Eubank, J. F.; Mouttaki, H.; Cairns, A. J.; Belmabkhout,
Y.; Wojtas, Ł.; Luebke, R.; Alkordi, M.; Eddaoudi, M.
The Quest for Modular Nanocages: tbo-MOF as an
Archetype for Mutual Substitution, Functionalization,
and Expansion of Quadrangular Pillar Building Blocks. J.
Am. Chem. Soc. 2011, 133, 14204−14207.2 Super-
molecular building layers f rom HKUST-1 were recognized
and f urther used as building blocks with inf inite
connectivity in two directions, while ligand design allowed
the modulation of their spacing in the third direction
through quadrangular pillaring, for the formation of a series
of tbo-MOFs.

• Guillerm, V.; Weselinśki, Ł. J.; Belmabkhout, Y.; Cairns,
A. J.; D’Elia, V.; Wojtas, Ł.; Adil, K.; Eddaoudi, M.
Discovery and introduction of a (3,18)-connected net as
an ideal blueprint for the design of metal-organic
frameworks. Nat. Chem. 2014, 6, 673−680.3 Combining
seemingly geometrically incompatible molecular building
blocks led to the discovery of novel highly connected clusters
and topology, further used as a blueprint for rational design.

• Alsadun, N.; Mouchaham, G.; Guillerm, V.; Czaban-
Józẃiak, J.; Shkurenko, A.; Jiang, H.; Bhatt, P. M.;
Parvatkar, P.; Eddaoudi, M. Introducing a Cantellation
Strategy for the Design of Mesoporous Zeolite-like
Metal−Organic Frameworks: Zr-sod-ZMOFs as a Case
Study. J. Am. Chem. Soc. 2020, 142, 20547−20553.4 A
cantellation strategy was developed to design zeolite-like
MOFs, using highly connected clusters as triply bridged
tetrahedral secondary building units, and therefore is
compatible with assembly into mesoporous zeolite-like
structures.

1. INTRODUCTION
Metal−organic frameworks (MOFs)5 have emerged as a new
class of porous materials thanks to their exceptional potential
to address major global challenges (energy storage, gas
separation, drug release, smart materials, etc.).6 The
unprecedented modularity of these materials, derived from
the properties of both their organic and inorganic moieties,
allows for fine-tuning their pores’ system and their related
properties.7 Overall, the almost infinite possibilities of organic
ligands that can be combined with hundreds of inorganic

Figure 1. Occurrence in the RCSR database (data Jan 2020) of uni- and polynodal nets with one or two connectivity numbers, showing the scarcity
of nets with high connectivity (at least one node higher than 8) and the importance of such high connectivity to form nets that are unique to the
assembly of a given set of building blocks.
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clusters through intuitive8 or advanced complex assembly
strategies9,10 led to the report of almost 100 000 MOFs in the
Cambridge Structural Database (CSD).11

As a pioneer in the field of MOFs, our group identified some
key requirements that are relevant to MOF design. Among
them was the choice of a highly connected net, preferably
edge-transitive or minimal edge-transitive,12 to serve as a
blueprint. The ability to consistently generate, in situ, some
specific molecular building blocks (MBBs), likely highly
connected clusters, is therefore crucial.13,14 However, obtaining
a connectivity higher than 8 for clusters remains challenging. In
order to address these needs and in parallel with our quest for

the discovery of novel, highly connected clusters, we
successively developed and introduced in the past years
some powerful design approaches to overcome these limits and
help control the resulting topology of MOFs.15

In this Account, we will elaborate on the prime importance
of using highly connected nets as targets for the synthesis of
MOFs using sophisticated design techniques, the super-
molecular building block (SBB) approach, and the super-
molecular building layer (SBL) approach.1,3,15−19 The SBB
approach consists of the use of peripherally decorated metal−
organic polyhedra (MOPs) as net-coded building units (net-
cBUs), embedding unique geometrical information coding

Figure 2. Timeline of appearance in MOFs of the most commonly observed MBBs and SBBs (nonexhaustive list), along with MBBs and SBBs of
high (≥8) to exceptionally high (≥12) connectivity.
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precisely for a targeted, highly connected net. The possibility
of topological transposition will also be discussed, depending
on the geometrical relation between selected MBBs and
MOPs. Then, a second approach will be presented based on
supermolecular building layers (SBL) with “infinite” con-
nectivity2,15,20 and its recently implemented developments,
allowing the use of more complex layers.21 Finally, we will
describe our latest contribution to the use of highly
coordinated MBBs to target nets with low connectivity such
as zeolitic nets through a cantellation approach.

2. HIGHLY CONNECTED NETS

In order to achieve the assembly of MOFs through a rational
design strategy, it is important to carefully select specific
organic and inorganic building blocks so that only a few ways
(ideally only one way) of assembling them are possible.
Thanks to the extensive work performed with zeolites, it is well
known that assembling tetrahedra together in a regular manner
can lead to a plethora of distinct periodic assemblies.22 The
assembly of 4-connected nodes together results in more than
600 occurrences in the Reticular Chemistry Structure Resource
(RCSR) database;23 however, this number drops to less than
100 for the assembly of 8-connected nodes (Figure 1).
A survey of the RCSR database reveals that nets with a

connectivity (of at least one node) of n > 8 represent only 15%
of the database content, and their occurrence drops to less than
2% for nets having at least one node with a connectivity of n >
12. Because of their fewer occurrences, such highly connected
nets appear to be ideal candidates to be deployed for rational
design. However, the synthesis of MBBs with such high
connectivity is difficult to achieve. While a large majority of
MOFs with a connectivity of 12 share the same uninodal fcu
topology (UiO-66 and isoreticular analogs, etc.),14,24−30 our
group has greatly contributed in past years to the development
of materials based on highly connected polynodal nets. These
include the ftw-MOFs, alb-MOFs, and shp-MOFs based on
edge-transitive nets,31−34 along with the discovery of numerous
unprecedented topologies (gea,3 pek,21 aea,21 sph,35 kex,36

kce,36 urx,36 etc.) and novel inorganic MBBs, such as the 12-
connected and 18-connected rare earth (RE) based clusters

(Figure 2).3,21 Indeed, thanks to the unique nature of RE
metals, the 12-c hexanuclear cluster is less prompt than its Zr
analogue to lower its connectivity in case the geometrical
compatibility is not fully met and converts into other highly
connected clusters (Figure 2).3,10,21

Overall, these efforts for the discovery and development of
highly connected networks pioneered by our group are
reflected by the number of nets with connectivity higher
than 12: their number increased from 18 to 54 in past years,
now representing 1.8% off all nets in the RCSR database (vs
0.9% in 2014).
It is crucial to keep in mind that not only the connectivity of

a net but also the directionality of its vis-a-̀vis nodes matters
(Figure 3). Identification of the vertex figure (through net
augmentation, net-a) corresponding to each augmented node
is of prime importance. Indeed, a careful study of the two
binodal networks that are plausible for assembling 3-c nodes
with 18-c nodes, (3,18)-c, reveals subtle differences. The 18-c
node in gea net has a vertex figure corresponding to an
elongated triangular orthobicupola (ebc), and the one in gez
net corresponds to an elongated triangular gyrobicupola (egb).
Therefore, getting access to each topology requires the
capability to form MBBs or SBBs with the corresponding
embedded geometrical information (Figure 3).

3. SUPERMOLECULAR BUILDING BLOCK (SBB)

Despite the successful use of the MBB approach, it often
remains challenging to predict the network topology of a
MOF.10 Accordingly, the ability to target nets that are exclusive
to a combination of building blocks presents greater potential
for the prediction, design, and synthesis of the resultant
framework in crystal chemistry. While reasonably targetable
(i.e., encountered in several MOFs) MBBs with connectivity
higher than 8 were yet to be discovered (Figure 2), our group
developed in parallel an alternative way, introducing the use of
externally functionalized metal−organic polygons and poly-
hedra (MOPs) as supermolecular building blocks (SBBs). If
judiciously selected, they can be used as highly connected net-
cBUs15,37 for nets that are unique.1,19 With SBBs, directional
and structural information is already built in so that they can

Figure 3. Schematic showing the importance of identifying the vertex figure corresponding to the position/directionality of the points of extension
of an n-connected node (n = 18 in the present case). The augmentation of the two (3,18)-c nets gea and gez nets reveals the crucial importance of
identifying the vertex figures corresponding to the points of extension of MBBs/SBBs to achieve a rational design of MOFs.
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serve as net-cBUs, providing to such strategy a degree of
predictability that is rarely present with MBBs, and novel
structures can be targeted.
Paddle wheel-type MBB can lead to high structural

diversity38 due to its relatively low connectivity (4-, 5-, or 6-
connected, typically), and its combination with organic ligands
has been extensively studied. Prominently, synthesis conditions
are already well established to target specific structures that can
be further used for the design and development of more
complex materials. Furthermore, they can be formed from
various metal ions (Cu, Mg, V, Cr, Mn, Fe, Co, Ni, Mo, Rh,
Cd...),39 allowing the variation of the physical/chemical
properties that are the essence of the richness of MOFs.
3.1. Metal−Organic Polyhedra (MOPs)

The main parameter that governs the formation of a MOP is
the bending angle of its ligands (Figure 4). As an example, the

combination Cu(II) paddle wheels (M) with the isophthalic
acid ligand (L) will lead to the formation of well-known MOP-
1 with the M12L24 general formula.40 However, if the angle of
the ligand is reduced to 90°, as, for example, in 2,2′:5′,2″-
terthiophene-5,5′′-dicarboxylic acid (ttdc), then the resulting
MOP (MOP-28) will have an M6L12 general formula.41 Finally,
a combination of 90° (carbazole-3,6-dicarboxylic acid, L90) and
120° (4,4′-pyridine-2,6-diyldibenzic acid, L120) bent ligands
has been found not to give a mixture of two different MOPs
but a multivariate MOP of general formula M9(L120)12(L90)6.

42

This mixed-ligand strategy is well indicated for the discovery of
more complex and finely tailored MOPs that can be used as
net-cBUs for the formation of very complex, multinodal
structures (section 3.4).15 While M(II) paddle wheels are by far
the most used MBB for the construction of MOP SBBs, we
envision that the design and assembly of SBB-based MOFs
from other types of inorganic building units will be developed
in the future to achieve wider structural diversity and enhanced
properties.
3.2. fcu-MOFs

With the recent increase in the number of MOFs comprising a
12-c, Zr-, or RE-based MBB, the fcu net has gained in
popularity and is among the most used topology in the field of
MOFs (e.g., UiO-66).14,24,26,43 Shortly before the discovery of
UiO-66, Cairns et al. tackled the lack of easily targetable 12-c
MBBs by constructing SBB-based MOFs having the underlying

fcu topology (Figure 5).19 In principle, the isophthalic acid
moieties from the 3,5-dicarboxyl-(3′,5′-dicarboxylazophenyl)-
benzene ligand (3,5-H4atc) or 5,5′-(1,3,6,8-tetrahydro-1,3,6,8-
tetraoxobenzo[lmn][3,8]phenanthroline-2,7-diyl)bis-1,3-
benzenedicarboxylic acid (H4bipa-tc) would lead to the
formation of MOP-1 or layer-based structures in combination
with the ubiquitous Cu paddle wheel. However, the selection
of other metal ions (Ni, Co) allowed the formation of pseudo-
paddle wheels, leading to cuboctahedral MOPs, the net-cBUs,
bridged by the linear central core of the ligands, resulting
overall in SBB-based MOFs with fcu topology. The underlying
net can alternatively be described as nbo or tfb in case the
ligand is considered to be a rectangle or is split into two
triangles, respectively.44 In time, the groups of Kaskel and
Zhou successfully constructed other SBB-based fcu-MOFs or
ftw-MOFs, where the fcu-cBU is a MOP constructed from
90°-bent carbazole dicarboxylate ligand (Figure 4).45−47 Some
of them exhibit unprecedented negative gas adsorption
properties.48−51

3.3. rht-MOFs

Shortly after the successful introduction of the SBB approach,
the technique was brought to another level of complexity using
an SBB with twice-higher connectivity. Efforts were directed
toward a methodical blueprint for targeting MOFs having rht
topology.52

The (3,24)-c edge-transitive rht net is ideal for the practice
of reticular chemistry because it combines the following
features:

• it is unique to the assembly of the selected building
blocks,

• it comprises polyhedral cavities with a 3D interconnect-
ing porous system, and

• it is not susceptible to self-interpenetration (not self-
dual)

The SBB strategy was exemplified in the report of the first
rht-MOF by Nouar et al. (Figure 5),1 which was synthesized
from externally functionalized rco MOPs serving as net-cBUs.
Through the inclusion of tetrazole functionalities at the 5-
position of the isophthalic acid precursors, a decorated MOP-1
analog having 24 external tetrazole groups could be formed in
situ. Using appropriate synthesis conditions, the external
tetrazoles assemble with Cu cations to form trimers having
triangular geometry, compatible with the cross-linking of 24-c
MOPs in the rht topology (rht-MOF-1).
Triangular MBBs are common in inorganic chemistry.

Furthermore, trigonal or trefoil organic ligands can be readily
synthesized, allowing for a high degree of tunability or choice
in trigonal MBBs. Indeed, as a follow-up to the original rht-
MOF-1, Eubank et al. demonstrated that this platform can be
tuned via several independent pathways (Figure 5)17 such as

(1) expansion of the net-cBU, SBB,
(2) modification of the distance between the SBB and the

trigonal MBB,
(3) nature of the triangular MBB (inorganic or organic), and
(4) incorporation of functional groups on the ligand

(triazine, methoxy, amide, alkyne...)

Following this blueprint, rht-MOF-2 was synthesized to
validate pathway (1). Using an expanded isophthalic acid
analog (TzPDC, 5′-(1H-tetrazol-5-yl)-1,1′:3′,1″-terphenyl-
4,4″-dicarboxylic acid), which maintained the requisite 120°
angle between carboxylates, expansion of the rco cage was

Figure 4. Influence of the ligand angle on resulting MOP. The mixed
ligand strategy allows the formation of complex MOPs with an
intermediate number of vertices.
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achieved. Subsequently, the TzPI (4′-(1H-tetrazol-5yl)-
biphenyl-3,5-dicarboxylic acid) ligand was synthesized to
allow the formation of rht-MOF-3 and validate pathway (2).
The addition of an extra phenyl ring between the isophthalate
and the tetrazole moiety resulted in the expansion of the
distance between the trigonal MBB and the rco SBB. Pathway
(3) was validated by showing that the trigonal tetrazole/copper
trimer MBB can be replaced by a hexacarboxylate-based ligand
with a trigonal organic core which links three isophthalic acid
moieties (rht-MOF-4). Finally, the validation of pathway (4)
was accomplished through the synthesis of various other rht-

MOFs having a diverse variety of functional groups (rht-MOFs
5−9).17,18 With regard to design and synthesis pathways,
examples from our group and others have shown that in
addition to Cu-based rht-MOFs it is possible to synthesize Zn
and Co rht-MOF analogs.17,53−56 Finally, this strategy also
allows us to select/target a cationic or neutral MOF by the use
of the tetrazole-based trigonal MBB or a purely organic
trigonal MBB.17

Gas sorption properties have been explored for several of the
previously mentioned rht-MOFs. Some of the notable results
include rht-MOF-1, rht-MOF-4, rht-MOF-7, and rht-MOF-9.

Figure 5. (a) General steps and examples of on-demand platform tuning achieved for rht-MOFs using the SBB approach. (b) SBB approach for the
design of fcu-MOF. (c) Design path leading to expanded MOFs with gea topology by replacing the inorganic cluster from gea-MOF-1 by 18-
connected MOPs in gea-MOF-2.
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rht-MOF-1 is a charged framework with a high degree of

porosity and strong H2 affinity. The flexible ligand used for the

synthesis of rht-MOF-4 confers some flexibility properties to

the MOF (according to the atypical steps in the sorption

isotherms). rht-MOF-7 and rht-MOF-9 are both neutral

frameworks with high porosity and an increased affinity for

CO2 due to the presence of the N-rich ligand comprising

secondary amines.16,18

3.4. gea-MOFs and the Concept of Topological
Transposition

Aiming to discover new highly connected nets, we used a
geometry mismatch strategy10 combining seemingly incompat-
ible MBBs. The ideal 12-c RE hexanuclear clusters [RE6(μ3-
OH)8(O2C−)12] are very versatile; in the presence of a regular
triangle, the 1,3,5-benzene(tris)benzoate (btb) ligand, it
reorganized in situ. It allowed the discovery of (i) a novel
18-c RE nonanuclear carboxylate cluster [RE9(μ3-OH)8(μ2-
OH)3(O2C−)18] (RE = Y, Tb, Er, Eu) and (ii) an

Figure 6. (a) Schematic of the trigonal pillaring concept: linear axial to axial (A−A) and ligand to ligand (L−L) can be merged into a bifunctional
trigonal pillaring, linear to axial (L−A). (b) Trigonal pillaring of sql layers results in two types of (3,6)-connected nets, where the SBLs are stacked
in rtl-MOFs to give aligned channels (represented as blue cylinders) or staggered in apo-MOFs, resulting in zigzag-shaped channels. (c) Pillaring
kgm layers permit the formation of eea-MOFs.
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unprecedented gea-MOF based on the assembly of the
subsequent 18-c and 3-c MBBs (Figure 5).3

A literature survey revealed that an existing MOP was well
equipped to substitute for the 18-connected inorganic MBB of
gea-MOF-1. This 18-vertex elongated triangular orthobicupola
(ebc) MOP, composed of Cu paddle wheel MBBs, carbazole
dicarboxylates (6 × 90° angle), and 1,3-benzenedibenzoates
(12 × 120° angle) linkers (Figure 4),42 can be targeted in a
MOF through the design of an ambitious ligand. Indeed, the
introduction of the required angular (1 × 90° and 2 × 120°)
and connectivity (6-c) information into a complex ligand

allows for the facile formation of the desired SBB in situ and
consequently the (3,18)-connected gea net (Figure 5). This
last example showed that it is not exclusive to targeting edge-
transitive nets since the net-cBU can directly enclose all of the
appropriate information for building networks that are more
complex.
The simultaneous discovery of a MOF with novel topology

(REIII, tricarboxylate ligand) followed by the transposition of
this topology to a second MOF with a drastically different
chemical system (CuII, hexacarboxylate ligand) addressed in

Figure 7. (a) Schematic of the topology analysis of HKUST-1, regarded as a tbo-MOF constructed from triangular and square SBUs or as the
pillaring of sql layers by squares. (b) Illustration of the ease of functionalization of the central core of tbo-MOFs. (c) Representation of the epitaxial
growth of two tbo-MOFs, HKUST-1 and tbo-MOF-5, into a hierarchical heterostructure.
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2014 the unambiguous answer to the long-time debated
question of the possibility of “true” design in MOFs.57,58

4. SUPERMOLECULAR BUILDING LAYER (SBL)
In the quest for rational ways to design and assemble MOFs,
the use of MBBs or SBBs with high connectivity has been
proven to be powerful. In order to further enrich our
investigations in that direction, we recognized that using
decorated net-cBUs that are not discrete but two-periodic
(layers) would give even more (infinite) directional
information in two dimensions and simultaneously allow the
modulation of the third one.
It is one of the reasons that convinced our group to explore

the possibility to utilize/decorate some layered MOFs through
a creative building strategy, the supermolecular building layer
(SBL) approach.2,20 These readily targeted 2D MOF layers
(SBLs) often based on 2-periodic edge-transitive nets [e.g., the
44 square lattice (sql) or Kagome ́ (kgm)] are utilized as net-
cBUs to construct targeted, functional 3D porous MOFs.
As a result of the countless cross-linking combinations of

layers, myriad MOFs having specific underlying 3-periodic
network topology can be designed and synthesized by utilizing
the pretargeted SBLs.15 Additionally, since the layer pore−
apertures remain unexpanded (i.e., expansion of the pillar
only), any concern for interpenetration, the plague of many
expanded MOFs, is generally precluded. The simple
modularity of this method also allows the facile introduction
of additional functionalities (e.g., free carboxyls,2 etc.) to target
specific desirable applications (e.g., MOF platforms for CO2
capture, gas separation, controlled drug release, etc.).59

4.1. Linear Pillaring Modes

There are two “straight forward” ways of pillaring types, as
thoroughly studied and exemplified in a recent review.15 One
of the most utilized pillaring modes consists of axial to axial
(A−A) pillaring of SBLs through the inorganic MBB.60 The
second simple pillaring mode often consists of the use of
tetratopic ligands, such as bis-isophthalic acids, covalently
connected through their 5-position. Employed in combination
with 4-c paddle wheels, this so-called ligand to ligand (L−L)
pillaring strategy often leads to the formation of MOFs with fof
topology, an nbo-derived net.61

4.2. Trigonal Pillaring

The third strategy takes advantage of both previous strategies,
incorporating two types of functions within the pillar ligand.
Each function that can interact with an accessible metal site on
one end and the organic bridging ligand on the other end.
Thus, each ligand/pillar is bifunctional but trigonal. It contains
the ditopic bridging moiety (e.g., 5-substituted isophthalate)
that forms the expected net-cBUs (MOF layer, e.g., sql or
kgm),62,63 as well as a second function (e.g., an N-donor group
attached at the 5-position of isophthalate) to coordinate a
metal site in a neighboring layer, resulting in what we term
ligand to axial (L−A) pillaring (Figure 6a). This trigonal (3-
connected) pillaring technique produces layers composed of
bridged octahedral-like MBBs (6-connected building units)
and thus results in the construction of (3,6)-connected 3-
periodic MOFs.
In 2011, our group designed a bifunctional trigonal ligand, 5-

(4H-1,2,4-triazol-4-yl)-isophthalic acid, and successfully
formed an L−A pillared sql-MOF, rtl-MOF-1 (Figure 6b).20

By further introducing flexibility into the pillar ligand, it is
possible to deviate from the rtl net and access other (3,6)-

connected nets. Indeed, the use of 3- or 4-pyridylmethoxyiso-
phthalic acid allowed the assembly of the first apo-MOFs
(Figure 6b), featuring a different stacking of the sql layers.20

During these explorations, a novel (3,6)-connected net
(eea) was isolated, constructed from the 2-periodic supra-
molecular isomer, kgm-MOF, SBL. eea-MOF-1 (Figure 6c)
represents the first occurrence of MOFs based on the trigonal
pillaring of kgm layers.20

After the validation of the SBL approach as a suitable
strategy for designing isoreticular, trigonally pillared MOFs,
our group demonstrated their potentials in gas sorption-/
separation-related applications. The design of eea-MOFs and
rtl-MOFs comprising amide or amino groups exposed to the
surface of the pores improves the CO2 sorption capacity and
the hydrocarbon separation performance, respectively.64

4.3. Quadrangular Pillaring

4.3.1. Starting Point: HKUST-1, the Introvert Pillared
MOF. In 2001, Seki and Mori et al. reported the first MOF
clearly referred to as pillared60 and later classified as linear A−
A pillaring. However, by looking back to 1999, HKUST-165

could in fact be regarded as the perfect blueprint prototype for
pillared MOFs yet to be synthesized. Indeed, while the (3,4)-c
tbo net of HKUST-1 is mostly regarded as a binodal edge-
transitive net, an experimented eye can identify a stacking of
sql layers (Cu paddle wheels connected by isophthalates),
connected through the 5-position of the isophthalates via the
remaining paddle wheels of the structure playing the role of a
quandragular pillar (Figure 7a).2

4.3.2. Quadrangular Pillaring: tbo-MOFs. On the basis
of the previous observation, we envisioned the further use of
the tbo topology as a blueprint for the development of a
complex, tunable MOF platform. We identified the need for an
octatopic ligand that would mimic the role of a paddle wheel
surrounded by four trimesates.
We designed such a ligand to assemble tbo-MOF-2 in order

to validate our approach. Then, we demonstrated the
possibility to functionalize it by the introduction of
uncoordinated isophthalate moieties pointing inside the
cavities (tbo-MOF-3). Finally, the great possibility for
unidirectional expansion of the framework, (i.e., modifying
the distance between the sql layers) was proven by the design
of tbo-MOF-4, where the interlayer distance is increased from
13.1 Å (HKUST-1) to up to 28.7 Å (Figure 7b).2

Following this proof of concept work, our group embarked
on studying the properties of these tbo-MOFs. Introducing
free carboxylic groups into a framework66−69 is not a
challenging task anymore, thanks to the directionality proffered
by the SBL approach; indeed tbo-MOF-3 exhibits better
hydrocarbon separation performance than the nonfunctional-
ized tbo-MOF-2.59 In order to improve the robustness of tbo-
MOFs, a rigid ligand was designed to assemble M-tbo-MOF-5
(M = Cu, Co, Zn). The exceptional sorption properties of Cu-
tbo-MOF-5 place it among the best-performing materials for
CH4 storage.

70

Finally, Chernikova et al. recently demonstrated the unique
opportunity provided by the SBL approach for the fabrication
of advanced thin films. Indeed, isoreticular tbo-MOFs share
the same 2D net-cBU, a feature that allows the epitaxial growth
of MOFs on MOFs. Consequently, Cu-tbo-MOF-5 was
successfully added to layers of HKUST-1, yielding an ordered
heterostructural thin film (Figure 7c).71
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4.4. Toward Complex Pillaring: Multiply Cross-Linked
Layers and Highly Connected Pillars

If most of the MOFs identified as pillared consist of relatively
simple layers, then the discovery of MBBs of high connectivity
paves the way for more ambitious and complex pillared MOFs.
Our group recently identified highly connected pillars (such as
6-, 8-, and 12-c) in various MOFs (aea,21 alb,33 and pek-
MOFs21). They can be used as building units for the formation
of multiply cross-linked layers, amenable to the synthesis of
highly connected MOFs using the SBL approach.21

In the case of 4-c building units linked by isophthalates, we
identified several types of possible sql layers, with the 5-
position of the isophthalate pointing alternatively up or down
the layer, in different manners.15 Besides these layers

constructed from 4-c MBBs, there are possibilities for the
multiple cross-linkage of MBBs of higher connectivities (as, for
example, 6-c, 8-c, and 12-c) to target edge-transitive layers
amenable to pillaring strategies using the SBL approach. In the
case of a kgm layer constructed from 8-c MBBs and RE
hexanuclear clusters, each MBB is connected to four others
through eight isophthalate ligands, making it a doubly cross-
linked kgm layer, with the 5-position of the isophthalates
pointing this time concurrently up and down the layer (Figure
8).
This results in novel pillaring opportunities, as reflected by

the recent disclosure of a novel type of SBL-based MOF, the
(3,4,12)-c pek-MOF.21 In this MOF, there are 12 ligands
pointing toward the center of the hexagonal window of the

Figure 8. (a) Representation of two different kgm SBLs. The simple kgm SBL is built up from 4-c square-shaped MBBs (Cu paddle wheels), and
the doubly cross-linked kgm SBL is constructed using an 8-c MBB (RE hexanuclear cluster), resulting in double cross-linking of the MBBs. The
simple kgm SBLs can be pillared by trigonal prismatic MBBs to yield UMCM-150 (agw), while the doubly cross-linked kgm SBLs require a pillar
with twice the connectivity, hexagonal prismatic, yielding Tb-pek-MOF-1. (b) Schematic showing the aea pillaring type observed in aea-MOF-1. It
consists of a hexagonal prismatic (12-c) pillaring of quadruply bridged hcb SBLs.
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kgm layer, 6 on top and 6 on bottom. The pillaring of these
layers can then be achieved by a 12-connected pillar/MBB in a
hexagonal prismatic manner. In this case, an RE nonanuclear
cluster is employed.
As in the case of tbo-MOFs,2 rtl-MOFs,20 eea-MOFs,20 and

other SBL-based MOFs, the expansion of the ligand/pillar is
achievable, leading to increased interlayer distances in pek-
MOF-2, while the layers themselves remain unchanged from
one MOF to another.
However, there is also room for the isolation of novel nets,

as exemplified by another example from our group, aea-MOFs.
In this case, the SBL consists of 12-c nonanuclear RE clusters,
quadruply cross-linked to give an overall hcb layer. These
layers are pillared in the same fashion as for pek-MOFs, with
12-c nonanuclear RE clusters, crystallographically and
topologically independent from the ones making the layers.
The resulting (3,12,12)-net, gives an aea-MOF that exhibits
the highest connectivity to date for pillared MOFs (Figure
8).21

5. FUTURE DIRECTIONS: HIGHLY COORDINATED
MBBS AS SBUS OF LOW CONNECTIVITY

The quest for highly connected MBBs, SBBs, and SBLs
permitted over the last few years the progressive population
and enrichment of the design toolbox with new strategies for
the rational assembly of MOFs. In the continuity of the
multiply cross-linked SBLs, we realized the dormant potential
of highly connected MBBs to be multiply bridged in more than
two dimensions. Our latest addition to the design toolbox
takes advantage of the high connectivity of the zirconium

hexanuclear cluster. Combined with dicarboxylic ligands, the
resulting MOFs would have the fcu topology, unless the ligand
encompasses a bent angle, an offset, or a tilt, all of which are
features that permit a deviation from the default topology by
creating a geometry mismatch.10 We demonstrated that careful
ligand engineering permits, via a cantellation design approach
(Figure 9), the assembly of MOFs with zeolitic topology
(ZMOFs).4 Indeed, the triple bridging of Zr hexanuclear
clusters permits us to utilize this 12-coordinated cuboctahedral
MBB as a 4-connected, tetrahedral secondary building unit
(SBU), as required for zeolitic topologies. Moreover, such a
triple bridge prohibits any possible staggering of the MBBs that
would inevitably lead to the nonzeolitic dia topology, the
default way to assemble tetrahedra, with a high predisposition
for self-interpenetration. The experimental pore diameter of 43
Å observed in Zr-sod-ZMOF-1 surpasses that of any other
zeolitic material constructed from tetrahedral SBUs.
This work opens significant opportunities for the future as it

permits us to revisit nets of low connectivity with highly
coordinated MBBs, thanks to the additional geometrical
restrictions, which permit us to reduce the number of possible
outcomes. Therefore, it facilitates rational design even with
nets of low connectivity.

6. CONCLUSIONS AND PERSPECTIVES
Our quest for the rational design of tailor-made materials
required us to use some originality and creativity while
selecting appropriate net-cBUs and led to the development of
two related but distinct supermolecular building strategies,
SBB and SBL approaches. Each approach can be used as a tool

Figure 9. (a) Schematic of the tetrahedra cantellation strategy leading to multiple bridges, allowing the building units to be “locked” in the eclipsed
conformation. (b) Design of a sterically hindered bent ligand, locking the carboxylic group in the appropriate position to form a triple bridge
between the MBBs. (c) Overall design approach leading to the assembly of Zr-sod-ZMOF-1.
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for the design of complex and highly porous materials, either
pillared or containing MOPs, and the SBB approach showed
exceptional capabilities to substitute dense inorganic clusters
when they do not yet exist by open MOPs, also increasing the
porosity of MOFs. We demonstrated that some topologies can
be targeted with either MBBs or SBBs, whichever is chemically
available or has the most appropriate properties, which is a
unique feature. Also, recent efforts made to prepare
presynthesized, highly connected (peripherally functionalized)
MOPs and further assemble them into SBB-based MOFs
represent a noticeable step forward, allowing, for example,
precisely located mixed-metal sequences (as in RhCu-rht and
ftw-MOFs).72

Notably, the possibility to include some geometrical and
angular information into a low-symmetry organic ligand is
efficient at limiting the number of possible outcomes. This
represents a major step forward in MOF design, allowing a
high degree of fine-tunability and access to highly connected
nets. Finally, with the recent introduction of merged nets35 and
the concept of “reticular chemistry 3.2”,73 our group brought
to the “game” a whole new reservoir of highly connected nets
yet to be explored. No doubt that with the advent of a new
generation of computational tools, the supermolecular building
approaches and other cantellation strategy will facilitate in the
near future the design and assembly of MOFs with an
increased level of complexity and fine-tuned properties, on
demand.
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