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Metal-organic frameworks (MOFs) have emerged as one of the most fascinating libraries of porous
materials. In spite of their myriad merits, practical application of most MOFs is restricted due to their high
preparation cost because of the complicated organic ligands involved. To address this limitation, we
propose to use simple and cheap organic precursors to synthesize MOFs with complicated ligands via
“one-pot” in situ reactions of these precursors along with the formation of new MOFs. In this work, we
have carefully screened several organic reactions, through which target ligands were generated in situ
from easily available reactants during the MOF construction. With this “one-pot” approach, the
fabrication of a series of novel MOFs by integrating the organic covalent bond and the coordinate bond
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Introduction

Considerable efforts have been devoted to the rapid development
of metal-organic frameworks (MOFs)." Up to now, abundant
MOFs with intriguing structures and unique properties have been
constructed under the guidance of classical/efficient synthetic
approaches of coordination networks, such as reticular chem-
istry, topology-guided design and synthesis, ligand exchange/
insertion, and post-synthesis modification.> In the course of
expanding the MOF family, the structure of involved organic
ligands is becoming more and more complicated, accordingly
demanding researchers to have higher organic synthetic skills
and inevitably raising the production expenditure of MOFs.? Due
to the use of complicated ligands, the desired MOFs are obtained
not only at the expense of long reaction time and high cost but
also with great restriction on their further development from
academic exploration to practical industrial application. There-
fore, new strategies have been expected to extend the method-
ology of MOF synthesis to effectively simplify the synthetic
procedure and reduce the cost of exploiting new MOFs.

A combination of in situ ligand generation and hydro- or
solvo-thermal coordination reaction has already been adopted
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the MOF synthesis process and thus reduces the cost.

for the discovery of new organic ligands and MOFs.* This eco-
friendly strategy evades the necessity of ligand synthesis prior
to building MOFs, in particular that of complicated ones with
arduous preparation. Furthermore, it also provides significant
insight into the self-assembly of MOFs driven by the co-
occurrence of organic covalent bonds and coordinate bonds,
for further optimizing the crystallinity of the target compounds.
However, previous reports on in situ ligand synthesis mostly
involve simple reactions, in which products are usually unpre-
dictable.® Herein, we intend to develop an avenue to target new
MOFs with intricate ligands, which can be generated from the in
situ reaction of simple starting materials or readily available
precursors, through deft crystal engineering. These ligands are
always difficult or even impossible to obtain by using common
organic synthetic methods. Albeit being easy to speculate, such
exquisite integration between organic reaction and MOF
synthesis is quite difficult as it requires precise matching of
MOF precursor reactivity and solvo-thermal coordination
conditions. To realize this speculation, it is a requisite to
establish the subtle balance of several competing forces, which
could result in a range of kinetic or thermodynamic favored
products. Hence, the desired compounds can only be formed
under a narrow set of reaction conditions.

Through a careful comparison between the conditions
adopted in organic ligand and MOF synthesis, several evident
similarities have been found, including a polar solvent, acidic
environment or protonic modulator, and heating in a sealed
system.® Such similarities imply the possibility to merge the in
situ generation of eligible ligands with the fabrication of MOFs.
With plenty of alternative reactions and resulting ligands, it is
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reasonably believed that the synergistic evolution from simple
compounds to complex ones and from discrete fragments to
unified frameworks, largely depending on the suitable reaction
conditions, is feasible.

Among various organic reactions, here four benign reactions
were tentatively selected to examine the viability of the in situ
ligand transformation strategy, including (a) reduction and (b)
diazo coupling of nitro-compounds, (c) condensation of boronic
acids, and (d) imidization between anhydride and amine, as
depicted in Scheme 1. As a proof-of-concept, this approach has
indeed worked well, and a series of ligands, 4’-amino-[1,1'-
biphenyl]-3,5-dicarboxylate (L6>7), (E)-5',5"'-(diazene-1,2-diyl)
bis(([1,1":3',1"-terphenyl]-4,4"-dicarboxylate)) (L7*7), 4,4',4"-
(1,3,5,2,4,6-trioxatriborinane-2,4,6-triyl)-tribenzoate (L8>"), and
4,4'-(1,3,6,8-tetraoxobenzo[lmn)] [3,8]phenanthroline-
2,7(1H,3H,6H,8H)-diyl)dibenzoate (L9>"), were afforded with
carefully chosen reactants in model reactions. Meanwhile, cor-
responding MOFs of BUT-101-109 (BUT = Beijing University of
Technology) were constructed through the self-assembly of
these newly formed ligands with various metal species in
a “one-pot” reaction.

Results and discussion

The reduction of nitro-compounds is a significant reaction for
the production of various amine compounds. The common
approaches always focus on catalytic hydrogenation using metal
catalysts or stoichiometric reducing agents, being not environ-
mentally sustainable or accompanied by safety hazards.”
Therefore, facile reduction under mild conditions has attracted
great interest. Taking the similarity of reaction conditions
between the reduction of nitro- to amino-compounds and solvo-
thermal MOF synthesis into consideration, such as the reduc-
tive environment and a polar solvent, an idea to use nitro-
precursors directly for constructing MOFs based on amine
ligands was proposed. To test our hypothesis, a series of nitro-
containing compounds (HL1'-H,L6') (Fig. S1}) varying in type,
size, symmetry, and connectivity were designed and tested in
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Scheme 1 In situ ligand transformation for the (a) reduction and (b)
diazo coupling of nitro-compounds, (c) condensation of boronic
acids, and (d) imidization between anhydride and amine.
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the reaction. Among them, 4'-nitro-[1,1’-biphenyl]-3,5-
dicarboxylic acid (H,L6') presented the best adaptation to this
system, offering a new amine compound and contributing to
four new MOFs with different metal clusters (Fig. 1).

The reaction of H,L6’' with Cu(NO;),-3H,0 in a DMA/H,0
mixture gave crystals of BUT-101(Cu), [Cu(L6)(H,0),], and the
reaction with  Zn(NO;),-6H,0 afforded BUT-101(Zn),
[Zn(L6)(H,0),]. Single-crystal X-ray diffraction (SXRD) analysis
shows that BUT-101(Cu) and BUT-101(Zn) consisting of the
classical M,(COO), paddle-wheel SBUs (SBUs = Secondary
Building Units) have isostructural framework structures,
resembling that of JUC-141 (ref. 8) with the eea topology (Fig. 1a
and S27). BUT-102, [Cd(L6)(H,O)], was obtained as crystals via
the reaction between H,L6' and Cd(NO;),-4H,O in a DMF/
MeOH/H,0 mixture. In the structure of BUT-102, Cd, SBUs link
with L6>~ ligands to form a 2D layer (Fig. 1b and S37). Similarly,
the reaction between H,L6’ and MnCl,-4H,0 yielded crystals of
BUT-103, [Mn,(L6),(DMF)s]-(DMF);. It has a 2D structure in
which 16>~ ligands are connected by Mn, clusters (Fig. 1c and
S47). As expected, the H,L6' in all four cases has been reduced to
4’-amino-1,1'-biphenyl]-3,5-dicarboxylate ~ (L6>)  without
purposive addition of any reductant. For BUT-101 and 102, the
amino groups on the di-carboxylate ligand L6>~ also participate
in the coordination with metal ions, generally serving as a 3-
connected linker, while in BUT-103, they are free in voids and
the L6>~ only acts as a 2-connected linker. The unique geometry
and electric effect of H,L6', probably, enable it to match well
with the reductivity of these reaction systems in the presence of
metal ions. These features provide it the chance to give L6>~ in
situ, thus avoiding the pre-synthesis of the latter with environ-
mental contamination and dangerous operation.

Inspired by the successful trial of the in situ reduction of
nitro-compounds during MOF synthesis, the diazo coupling, as
a tandem reaction of partial nitro compound reduction and
coupling of resulting amines with intact nitro compounds in

Cu,/Zn, cluster
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Fig.1 Construction and structure of (a) BUT-101, (b) BUT-102, and (c)
BUT-103 with the L6~ ligand generated in situ from H,L6'. Hydrogen
atoms are omitted for clarity except those in the ligand precursor.

This journal is © The Royal Society of Chemistry 2019
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acid media,” has sparked our next interest. It would be more
challenging and interesting to obtain the azoic ligand due to the
more complicated conversion pattern and sensitive reaction
conditions. The above-mentioned ligands designed for nitro
reduction were tested again in this reaction by varying factors
such as the metal salt, dosage ratio, modulator, solvent, and
temperature, but to no avail, only with the reduced compounds
as before or amorphous materials being obtained. Given the
size and geometry of the target ligand, directed by the concept
of reticular chemistry and topology-guided synthesis, a new
nitro-containing compound, 5'-nitro-[1,1':3’,1"-terphenyl]-4,4"-
dicarboxylic acid (H,L7’) (Fig. S1t), was selected to verify this
speculation. As expected, the azoic ligand (E)-5',5"'-(diazene-
1,2-diyl)bis(([1,1":3’,1"-terphenyl]-4,4"-dicarboxylate))  (L7-a*~
and -d*") and its azoxy analogue (L7-b*~ and -c*~) have been
generated in situ under specific conditions and simultaneously
resulted in four other new MOFs with different metal nodes
(Fig. 2).

The reaction between H,L7’ and ZrOCl,-8H,O in DMF at
120 °C afforded crystals of BUT-104, [ZrsO,(OH)g(L7-a),(H,0)4],

Zrg cluster
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using formic acid as the modulator. SXRD analysis reveals that
BUT-104 is constituted by the diazo-bond-coupled tetra-topic
carboxylate ligand L7-a*~ and typical 8-connected Zr¢Og
cluster, and the entire network is similar to that of NU-901,*
NU-902," and NPF-300 (ref. 12) with an scu topology (Fig. 2a and
S51). In this structure, the L7-a’" ligand exhibits a planar
rhomboid geometry. In contrast, the TBAPy ~ in NU-901, the
TCPP*~ in NU-902, and 5',5"'-(buta-1,3-diyne-1,4-diyl)
bis(([1,1':3',1"-terphenyl]-4,4”-dicarboxylate)) in NPF-300 can all
be regarded as rectangular linkers. The reaction of H,L7’ with
Zn(NO;),-6H,0 in a mixed solvent of DMF/MeOH yielded
crystals of [Zns(OH),(L7-b),(H,0),] (BUT-105). In addition,
[Cd,(L7-c)4(H,0)15] (BUT-106) was obtained as crystals through
the reaction of H,L7' and CdCl,-2.5H,0 in the presence of trace
4 M HCI aqueous solution. Interestingly, different from the
azoic ligand L7-a*~ in BUT-104, both the L7-b*~ ligand in BUT-
105 (Fig. 2b) and the L7-¢*~ ligand in BUT-106 (Fig. 2c) were
produced in an azoxy form, probably due to the lower reaction
temperature and thereby an incomplete conversion during
reaction. However, the azoxy L7-¢c*~ displays two different
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Fig.2 Construction and structure of (a) BUT-104, (b) BUT-105, (c) BUT-106, and (d) BUT-107 based on L7*" ligands generated in situ from H,L7".
Hydrogen atoms are omitted for clarity except those in the ligand precursor.
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configurations in BUT-106 to adjust to the complex coordina-
tion of mixed Cd; clusters and Cd(u) ions, with varying dihedral
angles between the central plane and four peripheral benzene
rings, while for L7-b*~ in BUT-105, there is only one configu-
ration observed (Fig. S6 and S7t). The slight structural imparity
between these two azoxy ligands has rendered them suitable for
different requirements of Zn(n) and Cd(u) coordination (Fig. 2b
and c). Crystals of BUT-107, [In(L7-d),], were harvested after the
reaction of H,L7' with In(NOj3);-8H,0 using 4 M HCI aqueous
solution as the modulator. Generally, azoic compounds are
more stable in a planar conjugated structure and thus hard to
distort due to the strong torsion.* The ligands L7-a*~, L7-b*",
and L7-¢*” in BUT-104, BUT-105 and BUT-106 are all nearly
coplanar with respect to the connection of the respective inor-
ganic node. It is noteworthy that, in BUT-107, the two terphenyl
moieties of the azoic ligand L7-d*~ are arranged in an almost
perpendicular mode, which is scarce in isolated organic
compounds (Fig. S8b¥). This self-adapting configuration of L7-
d*” makes it match well the coordination geometry of the low-
symmetric single In(m) node to afford BUT-107 (Fig. 2d and
S8t), representing another advantage of the in situ ligand
synthesis.

It should be pointed out that the conventional synthesis of
MOFs from the exact ligand is usually practicable in most cases,
while for some complex ligands, especially for those inacces-
sible by the expertise of synthetic chemistry, this route can
hardly take effect. Actually, the L7*~ linker is difficult to acquire
under common conditions available for simple azoic ligands
such as 4,4’-azobenzene-dicarboxylate and 3,3',5,5'-azobenzene-
tetracarboxylate.™ Herein, weakly reductive formic acid as well
as hydrogen-donating reagents, namely methanol and water,
serves as the reductant, slowly giving rise to the target linker in
situ. This approach not only carves out a new way to synthesize
the L7*~ ligand under mild conditions but also provides a series
of novel MOFs, hence proven to have obvious strengths over the
traditional means.

Besides these covalent bonds formed at specific reactive sites
with irreversible transformation, there are many reversible
reactions contributing to the diversity of covalent bonds for the
assembly of covalent organic frameworks (COFs)."* Dynamic
reversible reactions based on the breaking and re-formation of
covalent bonds are essential for the construction of COFs, whose
reversibility nature also endows them with good applicability for
the assembly of MOFs based on reversible coordination bonds.
This compatibility between the organic covalent bond and coor-
dinate bond formation is amenable to the concurrent generation
of target organic linkers and related coordination frameworks.
Given the fact that connection of discrete arylboronic acid
molecules via covalent bonds could afford larger building moie-
ties' and that the coordination of carboxylate ligands to Zr(v) or
Hf(v) ions under acidic conditions usually leads to various
appealing structures, the strategy for binding a new covalent
bond and coordinate bond into one compound by integrating the
COF bricks into a MOF using simple precursors has been auda-
ciously proposed. Thus, we designed two model reactions: (1) the
self-condensation of boronic acids by using 4-boronobenzoic acid
(HL8') as the precursor and (2) the cross-condensation between
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boronic acids and catechols, using HL8' and 2,3,6,7,10,11-hex-
ahydroxytriphenylene (L8”) as starting materials. Through a “one-
pot” approach, ZrOCl,-8H,0 and HfCl, were used in these reac-
tions for building MOFs comprising cyclotrimerized boronic acid
and dioxaborole ligands.

The reaction between HL8' and ZrOCl,-8H,0 in DMF with
formic acid as the modulator offered crystals of BUT-108(Zr),
[Zrs04(OH),(L8),(HCOO)s(H,0),], and similar reaction with
HfCl, gave crystals of BUT-108(Hf), [Hfs0,(OH),(L8),(HCOO)(-
H,0),]. SXRD analysis shows that BUT-108(Zr) and BUT-108(Hf)
are isostructural and both have a two-fold interpenetrated
framework. Their single framework structure, composed of
distorted tetrahedral cages and a large mesoporous cage, is
analogous to that of PCN-777 (ref. 17) (Fig. 3). In BUT-108, the
boroxine-centred tri-carboxylate ligand L8*~ (4,4',4"-(1,3,5,2,4,6-
trioxatriborinane-2,4,6-triyl)tribenzoate) is generated from the
in situ condensation of HL8'. L8>~ serves as a 3-connected
linker, coordinating with the 6-connected Zrs or Hfy clusters to
form the overall 3D structures of BUT-108(Zr) and BUT-108(Hf),
respectively. In PCN-777, the TATB ligand displays a trigonal-
planar geometry, enclosing tetrahedral cages with Zrs clusters,
while in BUT-108, three peripheral benzoic acids of the boroxine
ligand are in a flat tripod shape, causing each face of the
tetrahedral cage to bulge slightly (Fig. S97). This difference can
be attributed to the weak interaction between the boron atom
and the O atom of HCOO™ which is monodentately coordinated
to the Zrg or Hfys cluster in another framework with high
disorder, leading to the bulge of the central boroxine ring. In
contrast, a lot of attempts on the reaction between HL8' and L8”
with Zr(iv) or Hf(w) salts failed, with just floccule being ob-
tained, possibly due to the bad match between cyclization and
coordination conditions.

@ (b)

COOH a

=

1
HoBon Wﬁf
HL8' L83

Zrg/Hfg cluster

BUT-108

Fig. 3 (a) Formation of the L83~ ligand from HL8' in situ. (b) The 6-
connected Zrg/Hfg cluster in BUT-108. (c) The framework structure of
BUT-108 with distorted tetrahedral cages (pink) and a large meso-
porous cage (yellow). Hydrogen atoms are omitted for clarity except
those in the ligand precursor.
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To investigate the universality of this strategy, several other
reversible reactions such as the Schiff base synthesis and
imidization were next examined. A Schiff base-type linker with
the C=N linkage, 4-carboxybenzylidene-4-aminobenzoate, was
then selected as the target ligand, which could be produced in
situ from 4-amino benzoic acid (HL9') and 4-formylbenzoic
acid. However, it is very labile to easily decompose into aldehyde
and amine compounds through hydrolysis."”® Compared with
the imine connection with extreme fragility, imide-based
linkers with the C-N linkage can be formed via a reversible
condensation of aromatic amines and anhydrides catalyzed by
aqueous acetic acid and/or at high temperature,*® exactly con-
forming to the conditions required for the synthesis of Zr(v)/
Hf(iv)-MOFs. Because of the higher reactivity of isochromeno
[6,5,4-deflisochromene-1,3,6,8-tetraone (L9”) in imidization
compared to that of pyromellitic dianhydride (PMDA), the
temperature required in the following solvothermal reaction of
L9” could be lower, which will be more energy-effective.
Therefore, in the model condensation reaction, the organic
precursors HLY' and L9” were employed to fabricate MOFs
based on the newly generated linear imide ligand.

The reaction between HLY', L9”, and ZrOCl,-8H,0O in DMF
using acetic acid as the modulator yielded crystals of BUT-
109(Zr). SXRD analysis shows that BUT-109(Zr) has a 3D frame-
work structure constructed from Zrs clusters and L9~ ligands,
seemingly adopting an ftw topology with two-fold interpenetra-
tion (Fig. 4).° Due to the crystallographically imposed symmetry,
the L9*>~ ligand in the structure model is in disorder (Fig. S107).
The structural refinement of BUT-109(Zr) indicates that the
occupancy of L9*~ ligands is close to 0.5. The linear di-
carboxylate ligand, 4,4'-(1,3,6,8-tetraoxobenzo[lmn][3,8]-phenan-
throline-2,7(1H,3H,6H,8H)-diyl)dibenzoate (L9>"), was produced
from the in situ condensation of HL9' and L9”, acting as a 2-
connected linker actually. Statistically, the Zr, clusters are linked
by six L9*>~ ligands to form the final 3D framework. Missing
linkers thus lead to defects in this pseudo 4,12-connected
framework and OH/OH, entities complete the remaining coor-
dination of the ZrsO,(OH), cluster. Overall, BUT-109(Zr) might
have a 6-connected network with full occupancy of L9>~ ligands,
or other cases, and the formula could be [ZrgO,(OH);(L9)s(Hy-
O)g]- Similarly, we performed the reaction between HL9', L9",
and HfCl,. Only microcrystalline materials were harvested even
after numerous trials, unable to be characterized by SXRD.
Nevertheless, the PXRD pattern of this MOF (BUT-109(Hf)),
[Hfs04(OH)1(L9)3(H,0)s], reveals an agreement with that of
BUT-109(Zr), confirming their homogeneous structure
(Fig. S13ct).

In these two reversible reactions, on the subtle synergetic
effect of acid modulators and water molecules from the aggre-
gation of ligand precursors, namely the covalent bond forma-
tion, good crystallization has been achieved in the final MOFs.
In the case of BUT-108, the boroxine-based ligand L8 can
hardly remain intact upon heating or exposure to moisture as
a pre-synthesized ligand because it is vulnerable to hydrolysis,**
hindering its direct usage in MOF assembly. For L9>~, although
the condensation between two precursors is possible, the “one-
pot” strategy can effectively facilitate the MOF synthesis and

This journal is © The Royal Society of Chemistry 2019
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(a) Oy 00 NH, (b)
CO ¢ 4
Ao COOH

Zrg cluster

BUT-109(Zr)

Fig. 4 (a) Formation of the L9%~ ligand from HL9Y' and L9” in situ. (b)
The Zrg cluster in BUT-109(Zr). (c) The pseudo framework structure of
BUT-109(Zr) adopting an ftw net with two-fold interpenetration.
Hydrogen atoms are omitted for clarity except those in the ligand
precursor.

reduce the preparation time. As a result, these two preliminary
explorations contribute a new approach to the cohesion of COF
and MOF construction in one framework by taking advantage of
the cooperativity of covalent and coordinate bonding, thus
opening a new door for synthesizing MOFs with complex
organic linkers just from readily available starting materials. It
should be pointed out that the existence of defects in BUT-109
due to missing linkers indeed reduce the framework stability,
thus limiting the measurement of its gas adsorption. However,
such a strategy also offers a new way to create hierarchical pores
in target MOFs.'®*

Then, all the newly obtained MOFs (BUT-101-109) were
subjected to basic characterization, including powder X-ray
diffraction (PXRD), N, adsorption/desorption, Fourier trans-
form infrared (FT-IR), thermogravimetric analysis (TGA), and
elemental analysis. To test the phase purity, samples of BUT-
101-109 were checked by PXRD. As shown in Fig. S11-S13,f
peaks of the simulated patterns generated from SXRD structural
data and those of experimental ones are in good agreement with
each other, demonstrating the phase purity of these MOFs. The
elemental analysis results of twelve newly synthesized MOFs are
also basically consistent with the calculations (see S9 in ESIT).
To evaluate their porosity, N, sorption measurements of acti-
vated samples were conducted at 77 K. The adsorption/
desorption isotherms are shown in Fig. 5, which show N,
uptakes of 377, 363, 757, 803, 177, 573, 355 and 270 cm® g~ * for
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Fig. 5 N, adsorption/desorption isotherms of BUT-101 and BUT-
104-108 at 77 K.

BUT-101(Cu), BUT-101(Zn), BUT-104, BUT-105, BUT-106, BUT-
107, BUT-108(Zr), and BUT-108(Hf), and their Brunauer-
Emmett-Teller (BET) surface areas evaluated from the N,
adsorption data are 1150, 1071, 2346, 2410, 513, 1788, 1118, and
865 m”> g~ ', respectively. No obvious uptakes were observed for
BUT-102, BUT-103 and BUT-109, which may be due to their
unique structural features and/or framework collapse. The FT-
IR spectra of BUT-101-109 are displayed in Fig. S14-S17.7 As
can be found from the spectra, the stretching vibration
absorption of the carboxyl groups in acid ligand precursors of
H,L6'-HLY' is in the range of 1691-1733 ¢cm™'. After being
involved in coordination with metal nodes, their characteristic
peaks appear in the range of 1683-1724 cm ™ * with a clear red
shift. TGA curves show that the activated samples can be stable
up to the temperature range of 256-452 °C, indicating moderate
or good thermal stabilities of these new MOFs (Fig. S187).

Conclusions

In conclusion, by screening and inspecting four model organic
reactions, a general strategy has been established for con-
structing novel MOFs via integrating the in situ generation of
complicated ligands with their coordination to metal species
under suitable reaction conditions. We have experimentally
verified its viability through building a series of new MOFs BUT-
101-109. It was demonstrated that MOFs can serve as flexible
platforms to incorporate discrete organic fragments and metal
ions into a highly ordered arrangement, allowing their multiple
connections to provide attractive architectures. The direct use
of simple or even commercially available materials for the
fabrication of MOFs involving intricate linkers presents the
possibility of accessing unattainable ligands without pre-
synthesis, thereby saving a lot of money and time. Further-
more, the bright outlook is also forecasted to prepare MOFs
with target structures and properties only starting from simple
and cheap materials based on precise design at the molecular
level, thus unveiling extraordinary perspectives towards their

3954 | Chem. Sci., 2019, 10, 3949-3955

View Article Online

Edge Article

scale-up preparation and practical application in the near
future.
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