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Abstract

The burgeoning field of metal — organic frameworks or porous coordination polymers has received increasing interest in recent
years. In the last decade these microporous materials have found several applications including storage and separation of gases,
sensors, catalysis and functional materials. In order to better design new metal — organic frameworks and porous coordination
polymers with specific functionalities a fundamental issue is to achieve a basic understanding of the relationship between
molecular parameters and structures, preferred adsorption sites and properties by using using modern theoretical methods.

The focus of this mini-review is a description of the potential and emerging applications of metal — organic frameworks.
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INTRODUCTION

Metal — organic frameworks (MOFs) or porous coordination poly-
mers (PCPs) are crystalline materials possessing highly ordered
structures consisting of networks formed by single metal ions or
metal clusters connected by multidentate organic groups acting
as linkers.'~* The term coordination polymers appeared in 1960
but remarkable progress in this field has been made mainly from
1995 when Yaghi and colleagues coined the term metal — organic
frameworks (MOFs).>% The idea of molecular building blocks linked
into predetermined structures using strong bonds created the
conceptual and practical basis of a new research area, namely
reticular chemistry.” An incredible number of coordination poly-
mers in which the assembly of molecular crystals is held together
by hydrogen bonds or the metals are connected by multitopic
organic components such as 4,4'-bipyridyl (4,4’-bpy) are being
reported; however, MOFs are defined as compounds in which all
the components are linked by strong covalent bonds.®°

The main MOF feature is porosity, which makes these
organic — inorganic hybrid materials similar to zeolites. Some
of them have record surface areas exceeding those in zeolites.
The surface area of 1 g of some MOFs is comparable with a square
of football field (120 x 53.33 yards implies 6400 square yards or
ca 5351 m?).'® An exceptional surface area (up to 6000 m? g~')
makes it possible to take up voluminous amounts of such gases
as hydrogen, methane and carbon dioxide, suggesting the use of
MOFs for H, storage'" at high density, a critical issue for H,-based
clean energy technologies.

Small density, high surface area, tunable pore functionality and
structural flexibility make them useful in a wide area of prospective
applications, including not only gas storage but also liquid phase
separation, heterogeneous catalysis, drug delivery, sensing, pro-
ton conductivity etc. (Fig. 1).'2~1* Very recently MOFs have also
been employed as an interesting platform to hierarchically orga-
nize light-harvesting antennae and catalytic centres to achieve
solar energy conversion.'”

MOFs have been employed in the research area of polymers
through the construction of nanocomposites between MOFs and

polymers to provide unprecedented material platforms which can
accomplish many nanoscale functions including controlled poly-
merization, new polymer — MOF hybrid membranes, and stabi-
lization of immiscible polymer blends using MOFs to give new
materials with innovative features not achievable with individual
components.'6~1°

Many synthesized MOFs, however, have relatively weak thermal
and chemical stability compared to zeolites which restricts their
use in large scale industrial applications. It is possible to classify
MOFs on the basis of framework robustness.?’ In the first genera-
tion MOFs the framework undergoes irreversible collapse once the
guest molecules are removed. The second generation MOFs have
stable and rigid frameworks characterized by permanent porosity
that remains even after the guest molecules are removed. Finally,
third generation MOFs possess flexible and dynamic frameworks
which can change their channels or pores reversibly in response
to an external stimulus (radiation, light, pressure etc).

STRUCTURAL ASPECTS AND TOPOLOGY OF
MOFS

A coordination polymer is generally composed of metal atoms as
connectors and organic groups as linkers (Fig. 2).2!

The geometry and coordination environment depend strictly on
the nature of the metal. In contrast to zeolites, which are built
mainly from tetrahedral building blocks, MOFs can be formed
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Figure 1. MOF and PCP applications.

sensing
applications

from a wide variety of inorganic fragments. For a given shape
of fragment, only a small number of high-symmetry topologies
resulting in a stable network are possible. Accordingly, for a given
shape it should be possible to prepare a series of compounds
with the same preferred topology but differing only in the nature
and size of the linkers —an isoreticular series.> MOFs having
the same topology are called isoreticular (IRMOFs). The rigidity
of the framework depends on the linker employed and on the
reactivity of the metal centre. Assemblies of these polyhedra are
called secondary building units (SBUs). This term, first used to
describe zeolite fragments, is now applied to identify building
blocks forming MOFs. The structure of the framework depends
strictly on the nature of the SBUs, while the porosity can be
changed by altering the length of the linker.

An important class of 3D frameworks is based on zinc carboxy-
lates, introduced by Yaghi et al.”?* One of them is MOF-5, also
known as IRMOF-1 (Fig. 3(a)). It is composed of tetrahedral Zn,O
clusters linked in a cubic unit by terephthalate linkers. In this
example an isoreticular series forms via the linkage of octahe-
dral metal-containing SBUs by a variety of linear dicarboxylate
groups acting as linkers. Upon changing the terephthalate linker
with other bidentate linear groups a family of MOFs with similar
morphology and cubic arrangement have been obtained called
IRMOF-2, IRMOF-3 etc., or IRMOF-n (n=1-7, 8,10, 12, 14, 16) 242

Another well-known MOF family is based on a copper(ll) square
‘paddle-wheel’ formed by Cu,(CO,), units. One of them has the for-
mula Cu;(btc),, where H;btc is trimesic (1,3,5-benzenetricarbonic)
acid. This MOF is also known as HKUST-1 (Fig. 3(b)) named from
the first report about this species by the Hong Kong Univer-
sity of Science and Technology in 1999.25 Now it is commer-
cially available as Basolite C with a surface area of 1900 m? g~'.
Using the nonlinear linker derived from the tritopic carboxylic
acid 1,3,5-tris(4’-carboxyphenyl)benzene (H;btb), a MOF called
MOF-177 has been obtained.”’ =2 It is a material with one of the
largest known surface areas up to now. A facile method has very
recently been reported to yield MOF-5 with HKUST-1 embedded
into it, producing an HKUST-1/MOF-5 structure suitable for molec-
ular encapsulation by trapping dye molecules in HKUST-1 particles
and embedding them in MOF-5 crystals.>°

UiO-66 is a zirconium-cluster-based MOF consisting of
Zrg0,(OH), octahedra (Fig. 3(c)) connected to adjacent octa-
hedra through a 1,4-benzenedicarboxylate (BDC) linker in a highly
packed face-centred cubic structure.3' =33 The additional stability
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Figure 2. Synthesis of PCPs by using metal atoms as connectors and organic linkers.

Figure 3. (a) MOF-5 structure (reproduced with permission from ref. 3). (b) HKUST structure?® (reproduced with permission from Fig. 1 in Hendon CH,
Walsh A, Chem Sci 6: 3674 (2015),3* copyright (2015) Royal Society of Chemistry). (c) UiO-66 structure (reproduced with permission from ref. 32).

of this compound is due to Zr — O bonds formed between the clus-
ter and carboxylate ligands and the ability of the inner Zr, cluster
to rearrange reversibly upon removal or addition of bridging OH
groups, without any changes in the connecting carboxylates.

Another example is represented by mixed-linker systems con-
taining more than one type of bridging ligand, such as MOF-205
(Fig. 4), Zn,O(BTB),;(NDC) (BTB = benzene-1,3,5-tribenzoate and
NDC = naphthalene-3,7-dicarboxylate). MOF-205, containing an
extended organic linker, demonstrated the utility of isoreticular
expansion for the prediction of both structure and porosity when
the parent MOF is well known.3#33

The MIL series (MIL stands for Materials Institute Lavoisier)
associated with Férey and colleagues is based mainly on carboxy-
late ligands (such as 1,3,5-benzene tricarboxylate, terephthalate,
isophthalate etc.) and trivalent metal ions of V, Cr, Fe, Al, Ga and
In and also lanthanides, 373 but also studies with metal ions in
different oxidation states have been reported, such as Ti(IV).*
MIL-100 and MIL-101 (Fig. 5) show exceptional porosity and an
augmented mobil thirty-nine zeotype structure.*! =4

The ZIF series is based on zeolitic imidazolate frameworks
obtained by copolymerization of zinc and cobalt ions with
imidazole-type linkers. The ZIF structures consist of nets of seven
different aluminosilicate zeolites where the tetrahedral Si/Al clus-
ters are replaced by Zn or Co and the bridging O by the bridging
imidazolates.*

The structure of MOFs can also be temperature and
pressure dependent. For example the unit cell volume of
Zn(HO;PC,HgPO,H).2H,0 (ZAG-4) decreases by over 27% under
high pressures (0 — 9.9 GPa), the unit cell parameters reverting to
their original values when the pressure is removed. This kind of
MOF is close to piezofunctional solid-state materials that can be
applied as highly sensitive pressure sensors or pressure switches.*’
In some MOFs showing small energy differences between two
different particular network topologies, a simple change of solvent
can cause the topological change.®®

Zn,(ATRZ), SBUs (ATRZ =3-amino-1,2,4-triazole) self-organize
in a framework by bridging dicarboxylates. The resulting
pillar-layered structure pattern remains unchanged for different
dicarboxylates used.*

In some cases different structural patterns for MOFs, deriving
from analogous combinations of metals and linkers, make inter-
penetration possible, as porous species tend to minimize the
energy via optimal filling of void space.>®

To predict the useful properties and reactivity of MOFs, quan-
tum chemical computational methods have been developed and
applied.>’~%3

SYNTHESIS OF MOFS

At first MOFs were prepared by diffusion techniques, in which
solutions containing metal salts were slowly diffused into solu-
tions containing organic ligands as potential linkers (e.g. 4,4'-bpy,
bridging organic carboxylic acids) and weak bases (triethylamine).
This approach, very time-consuming, unfortunally gave low
yields.>**% In a second period the method was supplemented by
solvothermal methods: metals salts and organic linkers, poorly
soluble, were electrically heated in water or in solvent (ethanol,
N,N-dimethylformamide (DMF)) at high temperature for a time
up to several days. This synthetic method has been commer-
cialized by BASF and other companies, producing MOFs in large
quantities.>>® The use of DMF or N,N-diethylformamide (DEF)
excludes the addition of base, as these compounds undergo
decomposition at high temperatures to slowly generate an amine
base that deprotonates the organic linker and generates the
metal — organic clusters. This synthesis generally gives a crys-
talline product. Raising the temperature or extending the reaction
time results in reduction of the surface area. The solvent used
enters the porous structure of the MOF, so an important pro-
cedure is the extraction of the solvent from the pores. For this
the crystals are treated with a low boiling weakly coordinating
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Figure 4. Unit-cell packing diagrams for the ordered model structures of (a) MOF-205, (b) MOF-205-NH,, (c) MOF-205-NO, and (d) MOF-205-OBn are
displayed with Zn atoms as polyhedra and C, N and O atoms as balls. Hydrogen atoms are not shown for simplicity (reproduced with permission from

Fig. 1 in ref. 34, copyright (2014) Royal Society of Chemistry).

Figure 5. Proposed crystal structure of (a) MIL-101 and (b) - (e) MIL-101/PTA
(PTA = phosphotungstic acid) composites. (a) MIL-101 crystal structure
with the boundary of the large cage highlighted in green and that of the
small cage highlighted in yellow (reproduced with permission from Fig. 7
in ref. 45, copyright (2012) American Chemical Society).

solvent such as chloroform and then dried in vacuo to extract the
solvent. The final products are generally air and moisture sensitive
and should be treated carefully. The synthesis of MOFs in water
at room temperature has also been developed in which salts
have been employed as linker sources.>” Another synthetic way

to make MOFs is mechanochemical solid-state grinding without
solvents. In some cases liquid-assisted grinding (synthesis in the
presence of a small amount of solvent) can also be employed.>8~
In this method a mixture of organic linker and metal salt is ground
together in a mechanical ball. The increase of the surface energy
of the system leads to an increase of interaction ability that results
in MOF formation. The products obtained by mechanochemical
syntheses exhibit a high surface area. Sometimes small amounts
of accessory salts facilitate the building of the framework; thus
metal nitrates induce the formation of MOFs with a tetragonal
structure, while sulfates induce a hexagonal one.®" Sonochem-
ical syntheses are alternative routes to the solution synthesis
of MOFs.52 This method produces high-quality crystals in high
yield. The longer the synthesis time is, the larger are the crystals
formed.53 Microwave-assisted solvothermal syntheses have been
successfully applied to different types of MOFs. This process,
involving heating with microwaves for a short period, affords
nanosized crystals.5#%> Sometimes also the addition of HCl to the
reaction mixture seems to increase porosity and decrease the
reaction time.%®

Among the recent methods developed for MOF production are
electrochemical techniques characterized by several advantages
such as mild synthesis conditions and short reaction times.®” This
method consists in providing the metal ion by anodic dissolution
in mixtures containing organic linkers and electrolytes.®® The
porous nature of MOFs makes possible gas-phase loading with
volatile organometallic compounds that results in the inclusion
inside of single metal atoms or metal nanoparticles.®® Some
synthetic routes, including nanoparticle formation in MOFs by
decomposition of incorporated precursors or a templated syn-
thesis approach, have been proposed. These systems could find
application in hydrogen storage and heterogeneous catalysis.”®
Post-synthetic modifications of previously reported MOFs can
be an alternative method”' such as for example N,-decorated
Zn,O(N;tpa)(btb), ; (N;tpa®~ = 2-azidoterephthalate;  btb3~ =4,
4’ 4" -benzene-1,3,5-triyl-tribenzoate) that has been transformed
through a Cu-mediated acetylene coupling in a single step with a
complete azido — triazole conversion.”?

APPLICATIONS: GAS STORAGE AND DELIVERY

The main application described in the literature for MOFs is gas
storage due to their exceptional surface areas.”>~7% Clean energy
applications of MOFs (hydrogen and methane storage, CO, cap-
ture) are reviewed by Ma and Zhou.”” The great champions
MOF-177 (promising material for gas separation and storage at
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Figure 6. Structure of UMCM-2: two Zn,O clusters coordinated to
three T,DC (thieno(3,2-b)thiophene-2,5-dicarboxylate) and eight BTB
(H,BTB = 1,3,5-tris(4-carboxylphenyl)benzene) linkers (adapted with per-
mission from Fig. 1(a) in ref. 80, copyright (2009) American Chemical
Society).

room temperature’®) and MIL-101 have a surface area of 5640
m? g~' and 5900 m? g~', respectively; also the current record for
surface area is held by UMCM-2 (UMCM-2 =Zn,O(T?DC)(BTB),5,
where H,T2DC is thieno[3,2-b]thiophene-2,5-dicarboxylic acid and
H,BTB is 1,3,5-tris(4-carboxyphenyl)benzene; UMCM stands for
University of Michigan Crystalline Material, Fig. 6) which presents
a surface area of over 6000 m? g='. By varying the composition of
both SBUs and linkers it is possible to modify the adsorbent capa-
bility of the material.”®

MOFs are ideal materials for hydrogen storage at low
temperatures.?’ The most promising are MOFs with high hydro-
gen storage densities exceeding 10 wt% and 58 g L™ (77 K). The
final target is to reach 7.5% of H, by mass, i.e. 70 g L='. The screen-
ing of MOFs from the Cambridge structural database allowed
compounds to be chosen with high theoretical capacities and
revealed that the relationship between gravimetric and volumet-
ric H, density is not linear but has a maximum for surface areas
of 3100-4800 m? g~'.82 Adsorption measurements of CH, carried
out with 3D [Cu(u-SiF,)(4,4'-bpy),]1.8H,0 suggested that above 5
bar pressure this PCP can take up more methane than a zeolite,
showing the highest methane adsorption capacity of all zeolites.®>
Cu(u-SiF4)(4,4'-bpy), at 298 K and 1 atm shows a relative uptake
of CO, over CH, of ca 10:1, the highest value to date found exper-
imentally in a PCP without open metal sites.®* The CH, uptake
properties of six different MOFs have been widely investigated.
HKUST-1 shows a greater room-temperature methane uptake
with respect to the values reported to date (230 cc (STP)/cc at
35 bar and 270 cc (STP)/cc at 65 bar). These values meet the
volumetric target indicated by the US Department of Energy.®
Analogously, an Al MOF with square-octahedron topology,
reported by Eddaoudi and co-workers, addresses the challeng-
ing Department of Energy dual target of 0.5 g (gravimetric) and
264 cm? (STP)/cm? (volumetric) CH, storage.® The adsorption of
pure N,/H,/CH,/CO, along with the adsorption and separation
of mixtures thereof in MOFs were also investigated using hybrid
methods of computer simulation and adsorption theory.?” It has
been very recently reported that surface modification of MOFs can

offer control over fundamental applications in gas adsorption and
delivery.®® It is also well known that the gas storage performance
strongly depends on the synthetic method and scale production
employed.®® Two Zn and Cu tetramethyl-bipyrazole-based MOFs
have been structurally characterized and their electronic proper-
ties compared. Their reactivity towards H, and CO, molecules was
investigated also by ab initio calculations performed on periodic
models with the B3LYP hybrid and an empirical long-range disper-
sion correction.”®?! K-means clustering and archetypal analysis
was applied to identify the most relevant nanoporous structures
in a large library of ca 82000 virtual MOFs. In the same work
also quantitative structure—property relationship models of the
theoretical CO, and N, uptake capacities were developed.®?

MOFS FOR BIOMEDICAL APPLICATIONS

MOFs are potential efficient drug delivery materials as their
properties can be modified by adjusting the functional groups
of the frameworks and by finely tuning the pore size.”* The
MIL family, which can be obtained from trivalent metal centres
and bridging carboxylates, is a promising class of MOFs in drug
delivery as they exhibit large pore sizes (25—24 A) and rele-
vant surface areas (3100 — 5900 m? g~'). MIL-100 and MIL-101
possessing a well-defined structure and ordered porosity have
been investigated for the delivery of ibruprofen. Some quantum
mechanical calculations were performed to examine the inter-
action of ibuprofen with MIL-53(Fe): a strong binding energy,
comparable to that reported for ibuprofen — zeolite interaction,
was found due to the strong interaction between the carboxylic
oxygen of ibuprofen and the hydroxyl group of MIL-53(Fe).**
Computational studies have also been carried out on the ener-
getics and dynamics of ibruprofen in MIL-101 and UMCM-1
(UMCM-1=2n,0(BDC)(BTB),/;, where H,BDC is terephthalic
acid).®>%

Several MOFs have been prepared possessing hydrophilic
pores able to carry either positive or negative charges, useful to
encapsulate drugs having opposite charge with respect to the
MOFs.7%8 MOFs can also be used as materials able to incorporate
biomolecules and biocompatible metal cations: they can, in fact,
incorporate biomolecules as linkers or bioactive metals as nodes
in the framework useful for imaging applications.®® Nanoparticles
of Zr,0,0H,(CgH;0, —N,), (UiO-66-N;) were covalently func-
tionalized with oligonucleotide, the structure of the MOF being
preserved. The colloidal stability and the cellular transfection
capabilities of the functionalized MOF were investigated, large
differences being found with respect to the unfunctionalized MOF
nanoparticles.'®

MOF size is very important for their application as drug
delivery vehicles. However, MOF use is sometimes difficult as
they are not appropriate for systemic circulation: non-toxic
iron(lll)-based MOFs characterized by engineered cores and
surfaces demonstrated their efficiency as nanocarriers for the
delivery of antitumoral and retroviral drugs such as doxorubicin,
azidothymidine and busulfan.’! A series of biocompatible MOFs
bearing different topologies has been investigated for the encap-
sulation and release of the liporeductor cosmetic caffeine.'®?
Highly degradable nanoparticles based on nanoscale coordina-
tion polymers containing Pt exhibit high anticancer efficiency
in vitro toward the human colon carcinoma cell line (HT-29).193
Post-synthetic modification of porous MOFs is an important
strategy to introduce amine groups in the MOFs. The amine
groups serve for loading optical imaging contrast agents such
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as 1,3,5,7-tetramethyl-4,4-difluoro-8-bromomethyl-4-bora-3a,4a-
diaza-indacene.’® Some studies have been performed to mea-
sure the gravimetric adsorption of NO by HKUST-1, NO being
a fundamental gas involved in biological processes within the
neuronal and vascular systems.'® Diazeniumdiolate has also
been incorporated in MOFs through a post-synthetic modifi-
cation yielding species able to release NO.' Nanorods and
nanoplates were prepared by using an emulsion of GdCl; and bis
(methylammonium)benzene-1,4-dicarboxylate in a system con-
taining cetyltrimethylammoniumbromide/isooctane/1-hexanol/
water. These systems, due to the presence of Gd3* centres,
have been studied as contrast agents for magnetic resonance
imaging.'”’

The antibacterial action of 4,4’-bipyrazolyl-based silver(l) coor-
dination polymers embedded in polyethylene discs has been
evaluated. Complete reduction of three bacterial strains was
achieved in 24 h, the reduction of Staphylococcus aureus reaching
ca 90% in only 2 h.'® The outer surface of porous nano-MOFs
can be functionalized by coating cyclodextrin molecules bearing
iron-complexing groups such as phosphates on the nano-MOF
surface. It has been observed that the coating does not affect
the MOF porosity, adsorption and release capability. For this
reason the coating has also been functionalized with different
targeting groups in order to interact with specific receptors or
with polyethylene glycol chains to escape the immune system.'%®
MOFs can be assembled also in microcapsules by using cell walls
(CW) from natural biomaterials as non-toxic supports. The very
stable MOF/CW microcapsules can favour the slow size-selective
release of small molecules.''®

CATALYTIC APPLICATIONS OF MOFS

MOFs can be considered an alternative approach to het-
erogeneous catalysts emulating the catalytic properties of
homogeneous complexes."" An appropriate design and a careful
choice of organic linkers could allow the preparation of MOFs
characterized by a local structure analogous to that found, for
example, in any given metal coordination compounds possessing
the required catalytic activity. In addition it is also possible to
rationally design the environment with a high degree of precision.
MOFs can act as spectator species where the catalytic reaction
takes place or can be the active site, able to stabilize the transi-
tion state and orient the molecules. In some cases the catalytic
activity of MOFs is due to the presence of unsaturated metal
centres or catalytic species existing in the pores or inherent sites
in the MOFs.

A detailed overview of the possible application in catalysis
can be found in a review by Kitagawa et al."'? The versatility of
MOFs as heterogeneous catalysts for efficient catalytic organic
transformation has been reviewed more recently by Gascon
etal.® and Verpoort and colleagues.”* Selected examples of
MOF-catalysed reactions are listed in Table 1. Some interesting
examples of MOF catalysis are constituted by [Cu(2-pymo),]'>12¢
and [Co(PhIMm), 14115 (2-pymo = 2-hydroxypyrimidinolate;
PhIM = phenylimidazolate) which have been successfully
used for the aerobic oxidation of tetralin, yielding a-tetralone
(T=0) as the main product, where the significant differ-
ences between the two MOFs are related to the different
catalytic behaviours of their central metal ions. MOFs are
also rapidly replacing the classical approaches for acidic
catalysis: MOF-199 (Cu,(1,3,5-benzenetricarboxylate),) is a recy-
clable very efficient heterogeneous acid catalyst usable in the

Table 1. Selected examples of MOF-catalysed reactions
MOF Catalysed reaction Reference
Cu(2-pymo),? Aerobic olefin oxidation 14

Co(sal)(H,0)(py)s°
[Cd(bpy)z](NO3)2c

Olefin epoxidation s
Cyanosilylation of aldehydes 116

MIL-100(Fe) Friedel — Crafts benzylation n7
ZIF-8 Cycloaddition of CO and epoxides 18
Ui0-66 Cyclization of citronella 19
Co(PBP) Olefin oxidation 120
[Ag;(tpha),1BF,®  1,3-dipolar cycloaddition 1
MIL-101(Cr) Heck coupling/Knoevenagel 122
condensation
Cu,(btc),® Isomerization 123
Zn,0O(bdc);* Friedel — Crafts alkylation 124

114

Pd(2-pymo), Alcohol oxidation

2 2-pymo = 2-hydroxypyrimidinolate; Psal = salicylaldehyde; PBP = 1,
4-bis[(3,5-dimethyl)pyrazol-4-yl]; dtpha = tris(4-(1-(2-pyridin-2ylhydra
zono)ethyl)-phenyl)amine; ¢btc = benzene-1,3,5-tricarboxylate; fbdc
=1,4-benzenedicarboxylate.

aza-Michael reaction of benzylamine with ethylacrylate to yield
2-(benzyl-amino)acetate.'?”

The previously described MIL-101, containing Pd nanoparticles,
has been investigated as a bifunctional Lewis acid/hydrogenation
catalyst in the one-pot synthesis of methylisobutyl ketone from
acetone and H,.'” MOF-5 has been probed for Friedel — Crafts
benzylation of toluene with benzyl bromide as a heterogeneous
acid catalyst."?® MIL-47 and MOF-48 (vanadium-containing MOFs)
have been employed as catalysts in methane conversion to acetic
acid.' Several MOFs and PCPs have also been studied as catalysts
for the oxidation of organic species in the presence of oxidants
such as tert-butylhydroperoxide, H,0, and O,.

Coordination Polymers (CPs), built up with either rigid or
flexible bis(pyrazole)-based tectons, were tested as catalysts
in the microwave-assisted solvent-free peroxidative oxidation
of alcohols by t-BuOOH and in the peroxidative oxidation of
cyclohexane to cyclohexanol and cyclohexanone by H,0, in
acetonitrile. CPs bearing rigid spacers possessing higher spe-
cific surface areas are more active than the corresponding CPs
with flexible spacers.’>’ An interesting example, outlining the
importance of having empty or filled channels in MOFs, is rep-
resented by the use of In(OH)L and In(OH)L.x(pyridine) (L=4,4"-
(hexafluoroisopropylidene)bisbenzoic acid) for the acetalization
of aldehydes. When the channels are empty, as in In(OH)L, the
catalytic activity increases.'>?

Catalysis can take place also at the organic linker: e.g. the intro-
duction of basic functionalities such as amino and amide groups
can yield very active solid basic catalysts. For example the role
played by linkers containing the electron-releasing NH, group or
the electron-withdrawing NO, group in Zr,O,(OH),(NH,-bdc),
and Zr,0,(OH),(NO,-bdc), has been investigated in the acetaliza-
tion of benzaldehyde with MeOH.'** Also homochiral MOFs have
been reported, one example being [Cd;L,(NO;);].7MeOH.5H,0
(L= (R)-6,6'-dichloro-2,2’-dihydroxo-1,1-binaphthyl-4,4'-bipyri
dine) that, upon treatment with excess Ti(O'Pr),, gave an active
catalyst for the addition of Et,Zn to aromatic aldehydes affording
chiral secondary alcohols with high selectivities.'*

Post-synthetic modifications can be employed to implement
the catalytic function at both inorganic and organic moieties. An
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Figure 7. Building block approach to microporous Ln solids.

amine-containing MOF has been modified with two different cyclic
anhydrides. Upon their incorporation into the MOF structure they
act as chelating agents for metals such as copper or iron. These
metal sites are catalytic, a carbon — carbon bond formation reac-
tion occurring with the iron-containing MOF, with good efficiency
and total recovery of the MOF.'* In addition the pores can be the
place where a catalytic species is encapsulated. Arenetricarbonyl
metal complexes, built within Zr-based MOFs, act as highly active
and selective catalysts for epoxidation of cyclooctene, the cat-
alytic activity being enhanced by increasing the pore sizes of the
Zr-based MOFs."3¢ A number of MOFs have great affinity for CO,;
their porosity and structure tunability make them prospective cat-
alysts for the formation of organic carbonates by CO, and epoxides
through cycloaddition reactions.'® MOF-supported Mo(VI) com-
plexes containing N,O-chelating ligand, prepared via dative and
covalent-dative post-synthetic modifications, have been reported
as active catalysts toward both epoxide selectivity and full
re-usability for alkene epoxidation by tert-butylhydroperoxide.'3®
Chiral porous MOFs containing enantiopure-functionalized
dipyridyl bridging ligands also showed a good enantioseparation
performance toward aromatic sulfoxides.’*®

LUMINESCENCE PROPERTIES OF MOFS

Luminescent MOF materials are generally based on active ele-
ments such as for example the light-emitting rare earths europium
and terbium™0'41 or on processes stimulated by an organic chro-
mophore that is responsible for both the excitation''* and
the emission process.'***> The MOF luminescence can be tuned
through metal and organic ligand substitutions.'*® The MOF
[Ln,Cls(bpy);].2bpy has been successfully used for an efficient tun-
ing of the emission colour; this material is interesting as the lumi-
nescence is retained also during activation of the MOF for micro-
porous materials.'¥” Different lanthanides can be incorporated
into other frameworks such as [Ba,(H,0),[LnL;(H,0),1(H,0),Cl]_
(L=4,4'-disulfo-2,2"-bipyridine-N,N'-dioxide; Ln=Sm3*, Eu3*,
Gd?**, Th3*, Dy3*) (Fig. 7) and the porosity of the MOFs can be
tuned by changing the lanthanide ion, maintaining the lumines-
cent properties.'*®

On the other hand a number of MOFs have been prepared
containing different chromophores such as trans-4,4'-stilbene-

dicarboxylic acid, which has been observed to increase its rigidity
upon coordination, yielding an increase in the emission lifetimes
for the MOF system.™ It is also possible to assemble fluorescent
pentiptycene-base ligands with Cu(ll) ions forming 3D porous
MOFs, able not only to selectively adsorb CO,, CH, and N, but also
to detect nitroaromatic compounds.’®

Cu(l) MOFs have been employed as colourimetric detectors
for small molecules such as different solvents, halobenzenes,
N-heterocycles, amines and nitroaromatic explosives all in the
vapour phase (Fig. 8).”" Guest molecules in the open chan-
nels of MOFs influence the weak interactions between a lig-
and and a metal centre yielding different luminescence spectra:
this effect can be used to tune the emission between ultravio-
let and visible wavelengths by controlling the type and number
of guest molecules.’”? Guest — host MOFs containing three differ-
ent kinds of high-nuclearity metallamacrocycle nanocages have
recently been reported. These compounds exhibit yellow-green
fluorescence.'>3

SENSING APPLICATIONS OF MOFS

Luminescent MOFs are potential materials for developing
different types of sensors on the basis of their tunable lumi-
nescent properties.””*1>> Some recent results are summarized
in a review by Qian and co-workers.”>® Luminescent MOFs
can be utilized in sensory applications for their capability to
capture analyte molecules. Luminescent MOFs are employed
for example in the detection of volatile organic compounds:
Zn,(tpce) (tpce = tetrakis(4-carboxyphenyl)ethylene), upon expo-
sure to several analytes (NH;, Et;N, N,, en (= ethylendiamine),
H,0) at room temperature shifts the emission maximum to
various extents.'” The intensity emission of the lanthanide
species  Eu,(L);(H,0),.3DMF  (L=2',5'-bis(methoxymethyl)-
[1,1":4',1"-terphenyl]-4,4"-dicarboxylate) was sensibly enhanced
upon exposure to solvent vapours of DMF.'>8

A number of luminescent MOFs that can be employed for
temperature sensing have been described. The MOF Zn,(TDPAT)-
(H,0); (TDPAT = 2,4,6-tris(3,5-dicarboxylphenylamino)-1,3,5-
triazine) (Fig. 9) exhibits a ligand-centred luminescence around
435 nm when excited at 370 nm. As the temperature decreases the
emission peak position remains unchanged; the intensity on the
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Figure 8. lllustration of guest exchange with visible colour changes in (a) different polar solvent vapours and (b) different monohalobenzene vapours
through single crystal to single crystal (SCSC) fashion (reproduced by permission, from ref. 151).

Figure 9. Structure of Zn-TDPAT (Zn purple, C grey, O red, N blue)
(reproduced by permission, from ref. 159).

other hand increases due to cooling restrictions of the thermally
activated intramolecular rotations and non-radioactive decay.’®
Tb-dmbdc (dmbdc=2,5-dimethoxy-1,4-benzene dicarboxy-
late) species also show temperature dependent lumines-
cence behaviour.'® Finally MOF sensors can be employed to
detect high explosives: the fluorescence of Zn,(bpdc),(bpee).
2DMF  (bpdc =4,4'-biphenyldicarboxylate;  bpee =1,2-bis(4-
pyridyl)ethylene), exposed to the vapours of 2,4-dinitrotoluene
(DNT) (2,4,6-trinitrotoluene (TNT) byproduct), was strongly
quenched by more than 80% within 10 s, as well as being
red shifted.''  Eu,(bdc);(H,0), (H,0),(H,bdc = 1,4-benzene
dicarboxylic acid) has also been investigated for the detec-
tion of DNT and TNT in ethanol.'®? Luminescent MOFs have found
application as biosensors. MOFs such as MOF-5 can be tagged
with an anti-bovine serum albumin antibody and used for specific
sensing of bovine serum albumin.'®® Post-synthetic methods
often allow the addition of pendent additional groups and these
structures can be used to tag them with biomolecules.'s*

MOFS FOR WATER, AIR AND FUEL
PURIFICATION AND HORTICULTURE

PCPs and MOFs are very interesting materials for their possible
applications to reduce pollution and to remove and eliminate pol-
luting materials from the environment.’s> The water stress issue,
for example, is one of the most relevant problems related to water
re-use. Treatment of wastewater to obtain the purity required for
differents uses such as culture irrigation is therefore an important
key. In addition, in the agricultural sector one of the most impor-
tant problems is the large use of herbicides and pesticides.’®
MOFs have recently attracted attention as promising materials
for liquid-phase adsorption of hazardous sulfur-containing com-
pounds (SCCs)'®” and nitrogen-containing compounds (NCCs)'%®
and also as useful adsorbents for oil-removing operations in water
purification processes.'®® The main limitation is generally their
high affinity for water, which reduces their ability in cleanup oper-
ations. MOFs have been demonstrated to be superior to other
porous adsorbents in the removal of SCC and NCC contaminants
in petroleum refining and in fuels.'® Metal ions such as Cu(l), Ag(l)
and Pd(ll) have a very good capability for SCC adsorption due to
m-complex formation.!”!

MOFs based on perylene tetracarboxylic acid ligand and Nj,
Co, Mn and Mg metal ions are highly resistant to moisture and
exhibit aqueous molecular sieving in the absorption from organic
molecule mixtures, their utility being demonstrated in for example
the capture of a hazardous water-borne herbicide, Paraquat.'”?
A very stable Zr-based MOF UiO-67 (analogous to UiO-66 and
based on 4,4'-biphenyldicarboxylate) has been investigated for
adsorption and removal of organophosphorus pesticides from
water solutions. It has been found that the abundant Zr — OH
groups serve as anchorages for the phosphoric groups present in
pesticides such as glyphosate and glufosinate.'”?

UiO-66(Zr) displays higher and faster performance with respect
to activated carbons in the absorption of methylchlorophenoxy
propionic acid, due to the strong electrostatic interaction between
sorbent/adsorbate and p — p interaction/stacking with the MOF."7#
The MOF Cu,L (L=3,3',5,5'-tetraethyl-4,4'-bipyrazolate), stable
in water both in acidic and basic conditions, can be efficiently
employed for the removal of trace organic wastes (i.e. toluene,
benzene) from contaminated water."”> It is worth noting that
sometimes a strategy has been used to introduce repellent func-
tional groups in the ligand or in the MOF in order to obstruct
water intrusion, enhancing the MOF stability in humid air
while maintaining a high sorption capacity toward organic
molecules.'”® A recently reported novel MOF with a tetrapodal
cage (NKU-101), based on Zn, 4-pyrazolecarboxylic acid and 1,3,5-
benzenetricarboxylic acid, showed an excellent performance in
the adsorption of small very toxic cationic herbicides such as
methyl viologen and diquat.'”’
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Figure 10. ZIF-8 structure. In (a) the single crystal structure; in (b) ORTEP
diagram of the asymmetric unit of ZIF-8 (reproduced by permission, from
ref. 180).

An interesting simulation study demonstrated that an ionic rho
zeolite-like MOF (ZMOF) can be employed for ion-exchange pro-
cesses (Na*/Pb?*) and for this reason ZMOF is a suitable candi-
date for water purification.'”® MOFs have been employed as green
templates to improve the porosity and interconnectivity of porous
matrix membranes for water treatment: in particular they have
been demonstrated to be useful in the preparation of nanocar-
bonaceous nanofibre membranes for selective filtration and sepa-
ration of nanoparticles and in osmotically driven processes.'”®

Zinc-methylimidazolate (ZIF-8)'® (Fig. 10) has been demon-
strated to be useful for the removal of phthalic acid and
diethylphthalate from water solutions, its adsorption capacity
being higher than that found for commercial activated carbons.
It has been proposed that the absorption is due to electrostatic
interaction between ZIF-8 and anionic phthalates or acid — base
interactions at low pH values.'®' These and some other plausible
mechanisms (hydrophobic and = — = stacking interactions) for
the selective adsorption by MOFs and removal of hazardous
organic compounds from water have been summarized in a
recent review.'®? ZIF-8 has been employed also for fast adsorp-
tion of emerging pollutants such as benzotriazoles from water
solutions.'® A MOF based on aluminium and fumarate has been
investigated for fluoride removal from groundwater. It has been
reported that a concentration of 0.75 g L' of this MOF was effi-
cient for complete removal of 30 mg L' fluoride concentration in
the feed solution. The replacement of the hydroxyl ions in MOF by
fluoride is the dominant mechanism.'8*

MOFs are also potential adsorbents to remove harmful
PPCPs (pharmaceuticals and personal care products) from
contaminated water. Chromium-benzenedicarboxylate and
iron-benzenetricarboxylate (MIL-100-Fe) have been efficiently
employed for the adsorptive removal of naproxen and clofibric
acid. The adsorption mechanism has been ascribed to a simple
electrostatic interaction between PPCPs and the adsorbent.'8
MIL-100-Fe also shows a high adsorption capacity for the removal
of organoarsenic compounds from water. Replacing the central
metal ion in the MOF with Cr and Al ions produces a lower adsorp-
tion capacity: this has been attributed to the facile desorption of
H,O from MIL-100-Fe and to the large replacement energy shown
by MIL-100-Fe.'86

A novel MOF based on Fe and ethylendiamine has been demon-
strated to rapidly extract and pre-concentrate trace amounts of
Cd(l, Po(ll), Zn(ll) and Cr(lll) in agricultural samples. Parameters
affecting the pre-concentrations (sorption time, amount of mag-
netic sorbent, sample pH, type, volume, concentration of the elu-
ent) have also been clearly discussed. Sorption capacity for the four
heavy metal ions has been reported.'®”

Figure 11. Two-dimensional layer of {[Cu, (pic); (H,0)]ClO,}, (adapted with
permission from Fig. 2 in ref. 193, copyright (2007) American Chemical
Society).

MOFS FOR MAGNETIC MATERIALS

Ordered arrays of magnetically active species constitute an impor-
tant opportunity for data storage, spin-frustrated catalysis and
magnetosensing. Several MOFs and PCPs exhibit specific magnetic
and multiferroic properties. For this reason most of the studies
in this field are devoted to the design of molecular magnets and
low-dimensional magnetic materials.'8818°

The choice of ligands to produce magnetic frameworks is critical.
Several species have been obtained using N-donor heterocycles'®
with polycarboxylates.’-1°2 However, the closed-shell organic lig-
ands often used in MOFs allow only weak magnetic interactions.
Strong coupling between metal centres can be obtained when
short oxo, cyano or azido bridges are employed. A weak fer-
romagnetic coupling has been found in {[Cu,(pic);(H,0)ICIO,},
(pic=2-picolinate) (Fig. 11) in which chains are linked to one
another by syn — anti carboxylate ligands.'>

Walsh reported a family of ligands (Table 2) suitable for build-
ing MOFs with long-range magnetic order between transition
metal centres, for which direct quantum chemical calculations
suggested Néel temperatures exceeding 100 K for the case
of Mn."”* Several MOFs exhibit antiferromagnetic properties
as a consequence of antiparallel coupling of the spin metal
ions. The hexa-nuclear Mn",Mn",0, (pyrazine),(C;HsCH,COO),,
having a 3D porous distorted diamond-like structure shows
dominant antiferromagnetic interactions together with a selec-
tive CO, adsorption over N, and catecholase activity.'® The 3D
MOF {[Ni;(ImhedpH),(4,4'-bpy)1.4,4’-bpy.4H,0}, (ImhedpH = 2-
(1-imidazole)-1-hydroxyl-1,1’-ethylidenediphosphonate), pos-
sessing a (4,4)-connected frl-(42 - 64)4(64 - 82) network, showed
ferrimagnetism and a field-induced magnetic transition from
ferrimagnetism to a fully polarized state.'®®

ELECTROCHEMICAL APPLICATIONS OF MOFS
MOFs have been studied as anode, cathode and electrolyte
materials for lithium ion batteries. Zn,O(BTB),.(DEF),(H,0),
(BTB=1,3,5-benzenetribenzoate; DEF = diethylformamide)
(MOF-177) has been used as an anode material for Li storage.
This MOF exhibits a relatively high irreversible capacity in the first
discharge process that occurs through a reaction in which the
MOF structure is decomposed, with metallic zinc formation:'’

Zn,0 (BTB), . (DEF),, (H,0) +e + Li* = Zn + Li,0

Zn;(HCOO), is a formate-bridged MOF that can be converted
to lithium formate upon lithiation. The reversible conversion
reaction drives a notably improved long-term cyclability.’®®
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Abbreviation Molecular formula

Table 2. Selected ligands for building MOFs with long-range magnetic order between transition ions
Abbreviation Molecular formula
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Figure 12. The MIL-53 structure and the voltage profile (reproduced by
permission, from ref. 199).

Fe'(OH), 4F,,(0,CCH,CO,) (MIL-53(Fe)) (Fig. 12) has been
investigated as rechargeable intercalation cathode material.
The reversible capacity of this compound is 70 mA h g=' within
1.5—3.5V versus Li*/Li."®°

MOF-based supercapacitors have been prepared recently. They
can be destroyed to give metal oxides, preserving electrons
via charge transfer between the electrolyte and electrode as in
the case of hierarchical Co,0, structures by heating a Co-based
MOF.2% |t is also possible to pyrolyse MOFs to yield porous carbon,
improving the capacity through enhancement of the conductivity.
ZIF-8 has been doped with furfuryl alcohol. A first step induced

polymerization of the furfuryl alcohol. The second step, a 1000 °C
heat treatment, yielded porous carbon materials achieving a high
Brunauer — Emmett — Teller surface area, with a high broad pore
size distribution and a specific capacitance of ca 200 F g~ in acidic
aqueous electrolyte,201-202

However, one of the first methods was the use of MOFs
to store charges through physisorption of electrolyte ions
on their internal surfaces. Zr,0,(OH),(BPYDC), (BPYDC=2,
2'-bipyridine-5,5'-dicarboxylate) (nMOF-867) was one of the
first MOFs used to fabricate electrodes for symmetry coin-type
supercapacitor devices and demonstrated high stack and areal
performances, preserved over at least 10000 cycles.?°> MOFs can
also be deposited on the surface of an electrode as a coating
layer. ZIF-8 has been placed on the surface of Si nanoparticles
through ball milling, producing a composite that upon pyrolysis
showed high cycling stability and oustanding performances.?**
MOF-derived mesoporous carbon has found application in lithium
selenium batteries.?%

MOF MEMBRANES

MOFs can also be employed in industrial applications such
as for separation membranes.?®® Several studies have been
published on membranes for gas separation. Several MOF mem-
branes have been prepared to study the permeation of H,. ZIF-8
membranes, for example, are able to separate H, from larger
molecules.?” Co,(HCOO), shows 1D zigzag channels appro-
priate for CO, separation from CH,; in fact the microporous
glass-frit supported Co;(HCOO); membranes demonstrated a
high permeation flux and significant permeation selectivity for
CO, over CH,.2% Olefin/paraffin separation is also an emerging
issue: the separation of propylene/propane on high-quality ZIF-8
membranes on a-Al,O; supports has been investigated; it was
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found that C;Hg and C;Hg permeances decreased with increased
pressure. The ZIF-8 membranes showed C;Hg/C;H; selectivity of
ca30and arelevant C;H, permeance.2®® MOF-5 based membranes
show selective permeation for CO, over H, and N, with respect to
CO,/H, and CO,/N, mixtures. It has been reported that increasing
feed pressure yields a sharp increase in separation factor.?'’

CONDUCTIVE MOFS

MOFs can also exhibit good charge mobility and conductivity.2"
For example, the introduction of of tetrathiafulvalene into a
zinc-based MOF can produce solids with an intrinsic charge
mobility of 0.2 cm? V=" s71 .22 The first conductive MOF reported
was Cu[Cu(pdt),] (pdt=2,3-pyrazinedithiolate) which shows an
electrical conductivity of 6x 10™*Scm~" at 300K.2'3 A semicon-
ductive 3D framework {[Cu'Cu",(DCTP),INO;.1.5 DMF}, with a
narrow band gap of 2.1eV has recently been reported. Semi-
conductive behaviour was confirmed by density functional
theory calculations.?'® Thin-film devices of HKUST-1 when infil-
trated with redox-active conjugated guest molecules such as
7,7,8,8-tetracyanoquinododimethane possess a tunable, air stable
electrical conductivity, with values as highas 7S m~1.21>

POLYMER — MOF COMPOSITES

A recent field of intense investigation is that of MOF-containing
composite materials, which span from MOF — metal nanopar-
ticle and MOF — metal oxide composites to MOF —silica and
MOF — organic polymer composites, the latter being a research
topic relevant for the aims and scope of this journal, but also
from MOF — quantum dot and MOF — polyoxometalate compos-
ites to MOF — carbon (mainly graphene and carbon nanotube)
composites and even MOF —enzyme composites.'®2'67222 The
fabrication of MOF-based composites by using MOFs and other
materials can integrate the advantageous features and mitigate
the disadvantageous drawbacks of the individual components,
thus producing synergistic effects and new functionalities that
the individual parts cannot access.?

The selectivity and membrane flux of a silicone rubber mem-
brane of polymethylphenylsiloxane (PMPS) has been strongly
improved by doping it with ZIF-8 nanoparticles, which create
preferential pathways for the permeation of organic compounds.
The ZIF-8 nanoparticles, homogeneously embedded in the PMPS
matrix, were tested for pervaporation recovery of isobutanol from
aqueous 1.0-3.0 wt% solutions at 80 °C: the permeance efficiency
and separation factor are much higher than those of reported
membranes. Moreover, the ZIF-8-PMPS membrane shows higher
selectivity in the recovery of other linear bioalcohols (ethanol,
n-propanol, n-butanol and n-pentanol) from water compared with
the pure PMPS membrane.??

Nanocrystals of MOF-5 have been added to Matrimid® (a com-
mercially available polyimide) to form mixed-matrix membranes
for gas separation, and at 30% MOF-5 loading the permeabilities
of the gases tested (N,, O,, CH,, CO, and H,) increased 120%
compared to Matrimid®. Additional tests with different mixture
ratios showed an increase in selectivity for CH,.22* MIL-101(Cr) has
been incorporated in polyethyleneimine affording composites
which exhibit considerably enhanced CO, adsorption capacity at
low pressures. Moreover, the resulting adsorbents display rapid
adsorption kinetics and ultrahigh selectivity for CO, over N, in a
flue gas with 0.15 bar CO, and 0.75 bar N, (CO, over N, selectivity
isup to 770 at 25 °Cand1200 at 50 °C).?2> HKUST-1-PAM composite

beads have been prepared (PAM is a hydrophilic macroporous
polyacrylamide) and shown to be an interesting alternative to bulk
MOF phases in heterogeneous reaction systems, because the flexi-
bility of the organic component improves the mechanical stability
of the crystalline MOF. Moreover, a simple tuning of the reaction
concentration can finely modulate the degree of microporosity of
the composite.2?6 A novel avenue has recently been opened in the
preparation of porous materials from 1D polymers with the report
by Cohen and co-workers where a linear, non-porous, mostly
amorphous polymer bearing aromatic dicarboxylic groups in the
backbone acted as a polymer ligand upon annealing with Zn?*,
generating a three-dimensional, porous, crystalline polyMOF
hybrid material (polyMOF).??

An increasing number of polymerization reactions have been
reported to be finely controlled in MOF nanochannels, e.g.
the radical polymerization of vinyl monomers into the struc-
ture of the porous coordination polymer [Cu(terephthalate)
triethylenediamine,s],, where controlled uniaxial align-
ment of vinyl polymer chains was achieved by host— guest
cross-polymerization.??® Other polymerization reactions can be
efficiently catalysed in functionalized MOFs.3 For example, the
1D specific nanochannels of [Cu,(pzdc),(L)], (pzdc = pyrazine-2,
3-dicarboxylate; L = pillar ligands), with basic carboxylate oxygen
atoms as catalytic interaction sites on the pore walls, accelerate
stereo- and monomer-selective polymerization of substituted
acetylenes.??® The same group of Kitagawa reported the oxidative
polymerization of pyrrole within 2D and 3D MOFs contain-
ing redox-active sites, such as [{Ni(dmen),},{Fe"(CN),}IPhBSO,
(dmen = 1,1-dimethylethylenediamine;  PhBSO, = p-phenylben
zenesulfonate) and [Cu,(btc),], (btc=benzene-1,3,5-tricarboxy
late) respectively, to afford polypyrroles whose orientations
are directly related to the original host templates.22%2! Pho-
toconductive polysilane, when confined in 1D channels of
MOFs such as [AI(OH)(L)], (L=2,6-naphthalenedicarboxylate
or 4,4'-biphenyldicarboxylate), has been found to increase its con-
ductivity because of specific conformational changes. Moreover,
the typical photodegradation of polysilane under ultraviolet light
is circumvented through the accommodation of polysilane in the
nanopores of the MOFs.232

Organic polymers can be transformed in antimicrobial materi-
als by adding coordination polymers of silver during the extrusion
process. Polyethylene has been loaded with 4,4’-bipyrazolyl-based
silver(l) coordination polymers affording composites which display
an antibacterial activity against suspensions of Escherichia coli,
Pseudomonas aeruginosa and S. aureus, with complete reduction
of the three bacterial strains achieved within 24 h.'% Polyethylene
has also been loaded with different acylpyrazolone-based coor-
dination polymers of silver(l) affording novel composite materi-
als with potent antimicrobial activity, exerted by a very limited
but time persistent release of silver ions with time. The compos-
ites, loaded with a very low silver content (1:1000 weight ratio)
can be re-used several times, displaying the same antimicrobial
activity. The silver additives form agglomerates with dimensions
10— 100 pm on the polyethylene surface, without changing the
elastic and thermal properties of the composites with respect to
unloaded polyethylene. Finally, none of the composites is toxic
against higher organisms.?33-234

CONCLUSIONS

This analysis of more than 200 scientific studies on MOFs
demonstrates that these compounds will have again a bright
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future as they repeatedly show ability to respond to the major
challenges of the third millennium. This area of chemistry is con-
tinuously growing as evidenced by the large number of papers
published on the subject. Although many of the studies per-
formed on MOFs still concern the possibility of absorbing in the
empty space and releasing hydrogen, carbon dioxide molecules,
several ongoing studies are aimed at possible emerging applica-
tions, such as drug release, sensing, water purification, air quality
management and magnetic materials. To obtain significant results
in these areas several drawbacks such as poor selectivity, low
capacity and high costs should be overcome as soon as possible.
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