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The ability to reliably design, synthesize, and model porous
inorganic materials'!! from zeolites and other extended pure
inorganic networks to systems comprised of complex inor-
ganic coordination clusters and metal-organic coordination
complexes has allowed a fundamental shift from discovery to
design in this area of science. This is particularly true in the
area of metal-organic materials® (MOMs, e.g., metal-
organic polyhedra, metal-organic frameworks (MOFs), or
coordination polymers) in which many materials have been
synthesized and reported as potential platforms for applica-
tions in various fields, such as gas storage,””! ion exchange,
catalysis,”! magnetism,® separation,”) and nonlinear optical
materials.”®! To date, there are two principal ways to prepare
porous materials: one is focused on the templating method,”
and the other is based on metal-organic frameworks con-
structed from molecular building blocks (MBBs). In the
former approach, soft templates, such as triblock copolymers
and surfactants, or hard templates, such as porous alumina
and porous silica, play a crucial role in directing the formation
of porous structure. The other approach, which uses metal-
organic frameworks (MOFs) to construct porous materials, is
also well documented and has been extraordinarily success-
ful.l'! The presence of structure-directing ligands in MOFs
means that they are highly amenable to systematic design,
both in terms of the structure formed and the tailoring of the
properties, structures, and surfaces of the pores present in the
material. For example, high-throughput methodologies have
been applied successfully to develop a robust synthesis of a
zeolitic imidazol framework (ZIF),"! and the “secondary
spillover technique” is able to increase hydrogen storage
capacities markedly with the aid of a catalyst that is capable of
dissociating H, within the materials.'! Besides exploring new
methodologies and searching for new MOFs for effective gas
absorption, it is of vital importance and at the same time a
great challenge to make MOFs with functionalized pores. The
ability to develop well-defined structures with functionalized
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pores or cavities is of interest, as this will open up the
possibility to design hybrid functional materials that will have
application in catalysis,”! as sensors, and as multifunctional
materials arising from the incorporation of more than one
function within the pore structure.'” Of course, the key
limitation in the development of functional MOFs lies with
the introduction of functionality, whilst maintaining the same
ability to design and assemble overall framework without
unfavorable effects from the presence of the “functional”
components. Therefore two possible approaches involve
a) the self assembly of the MOF with the functionality
already present, and b) the postsynthetic modification of the
MOF after self-assembly.

In the latter approach, Gamez etal. have recently
reported the crystallographic observation of MOF-based
postsynthetic covalent modification inside the pores of a new
MOF, in which the amino functional groups oriented inside
the pores have been covalently functionalized by reaction
with other organic molecules in the cavities without modify-
ing the original three-dimensional framework. This was
achieved by the judicious selection of organic linkers which
allowed the construction of delicate molecular building
blocks (MBBs), and the zeolite-like metal-organic frame-
works (ZMOFs) with the desired functionality and direction-
ality. In this case, the small building block, 2-amino-1,4-
benzenedicarboxylic acid (N-H,BDC), which is shown in
Scheme 1 and was used in Yaghi’s investigation of novel
isoreticular MOFs, was employed.”® Reaction of this ligand
with gadolinium(IIT) nitrate at 120°C in DMF leads to a
dinuclear gadolinium(IIT) compound, and both gadolinium-
(IIT) ions are connected through four bridging carboxylato
moieties of four ligands (Scheme 1). Eight digadolinium
building blocks are arranged to form a cube in the crystal
structure, and these cubes are further associated to produce
an extended three-dimensional octahedral network which
features porous channels. Interestingly, the pendant amino
groups do not participate in coordination to the dinuclear
Gd,0O; cluster in this new MOF, which is similar to Yaghi’s
Zn,O tetrahedral cluster.”? As such, they are readily avail-
able for postsynthetic transformation.

The postsynthetic transformation reaction of the amino
functionality in this MOF was realized by reaction with
ethylisocyanate, and the reaction proceeds as a crystal-to-
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Scheme 1. a) Postsynthetic modification of a gadolinium N-H,BDC MOF by Gamez et al.: with
ethylisocyanate (upper), and acetic acid (lower). b) Correlation of the structure with the schematic

representation. Gd yellow, N blue, O red, C gray."

crystal transformation (Scheme 1). Another transformation
using the same linker building block was carried out by
reaction with acetic acid, which introduces an amide func-
tionality in the MOF observed crystallographically. Thus,
using this approach, it is clear that by tethering the organic

alkylation of the pyridyl groups,
with the pore volume of the MOF
shrinking by 14%. The I;~ anion
can be reversibly exchanged with
other anions. Furthermore, the
presence of the pyridyl group in
the channels provides the MOF
material with unique opportunities
in catalysis. In 2007, Wang and
Cohen™! reported a postsynthetic
modification of a MOF framework
by using Yaghi’s isoreticular IR-
MOF-3,°¢ and a variety of chem-
ical analytical methods, including
X-ray powder diffraction and spec-
troscopic techniques, have been
utilized to support the direct cova-
lent functionalization (Scheme 2).
Wang and Cohen have also made
new progress'® in the exploration
of tandem postsynthetic modifica-
tion of MOFs bearing reactive
functional groups, in which each
of two modification methods ex-
emplify a highly efficient and con-
trollable approach to the function-
alization of MOFs. The results
show that more than one chemical
reaction and more than one functional group can be
introduced into MOF structures by a postsynthetic strategy
(Scheme 3). This concept might be applicable to any MOF
with sufficient porosity and stability that contains reactive
functional groups.

component to the MOFs, the transformation of original

MOFs to new MOFs with different properties
can be achieved. This means that the porous
compound can be easily and purposely func-
tionalized by its subsequent reaction with a
variety of different organic molecules. The
significance of the postsynthetic covalent modi-
fication of MOF materials lies in the fact that
such a unique strategy can be regarded as a
powerful, simple, and versatile methodology to
prepare functional MOFs in a straightforward
way, and at the same time it allows systematic
modification of the cavities of porous MOFs.
As a result, it should be possible to design a
whole range of isostructural MOF networks
with a range of chemical functionality, leading
to radically different chemical and physical
properties compared with the original MOFs.

It should be noted that chemical modifica-
tion of MOFs in the porous channels was first
reported in 2000 by Kim et al.,*" in which the
N-alkylation of all of the pyridyl groups in the
MOFs occurred by adding an excess amount of
iodomethane to a suspension of crystalline
porous MOF material at room temperature.
The pore size was also modulated after N-
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Scheme 2. Postsynthetic modification of the IRMOF-3 MOF by Wang and Cohen. After
MOF formation, the framework was modified by acetic anhydride (Ac,0), and then the
MOF was digested to liberate the modified organic units for characterization.
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Scheme 3. Representation of a tandem modification of a MOF by two different groups
R' and R? by Wang and Cohen."!

Angew. Chem. Int. Ed. 2008, 47, 4635- 4637


http://www.angewandte.org

In summary, recent work has shown that postsynthetic
modification of MOFs can be achieved under mild conditions,
and this strategy facilitates the generation of new MOFs with
new physical and chemical properties that are not observable
in robust original MOFs. Programming the architectures in
the cavity of the porous material can result in the specific
interaction of MOFs with guest molecules, such as hydrogen
storage. Given the large number of MOFs reported in the
literature, and the vast number of suitable organic reactions
available, there must be many tremendous opportunities for
developing the systematic postsynthetic modification of
MOFs as a general approach to engineer additional function-
ality, create diversity, and smart materials that can sense,
transform certain guests, and change their physical properties.
In this respect the assembly of extended solids able to
undergo reversible substitution reactions also represents a
type of postsynthetic transformation and also provides
inspiration for further design.'”’ The next great challenge is
to develop functional materials based on these derivatized
MOFs and even look towards producing MOFs whereby a
number of different modifications can be systematically
engineered within one framework, thereby increasing func-
tionality and complexity of the material.
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