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Origin of highly active metal—organic framework
catalysts: defects? Defects!

J. Canivet,? M. Vandichel®® and D. Farrusseng*®

This article provides a comprehensive review of the nature of catalytic sites in MOFs. In the last decade, a

number of striking studies have reported outstanding catalytic activities of MOFs. In all cases, the authors

were intrigued as it was unexpected from the ideal structure. We demonstrate here that (surface) defects

are at the origin of the catalytic activities for the reported examples. The vacancy of ligands or linkers sys-

tematically generates (surface) terminations which can possibly show Lewis and/or Brensted acido-basic

features. The engineering of catalytic sites at the nodes by the creation of defects (on purpose) appears
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Introduction

Metal Organic Frameworks (MOFs) are the latest discovered
class of nanoporous crystalline materials."”” The discovery of
the first examples in the late 90s has excited researchers in
catalysis.®* ™* Because of their similarity with zeolites in terms
of pore size and pore structures, it was acknowledged that
MOFs could achieve breakthroughs in catalysis for the energy
and chemistry sectors."®'® Although we can observe a continu-
ous increase of scientific research papers published on cata-
lytic MOFs (growth annual rate of 30% since 2007), their
numbers represent only a minor fraction (10%) of the total
number of papers dealing with MOFs. Regardless of their
intrinsic lower chemical and thermal stability, their inertness
with respect to hydrocarbons prevents them from being
applied as catalysts in refinery applications.'® In 2007, Corma
et al. made the acknowledged statement that “the potential of
MOFs is largely hampered by the fact that the coordination
sphere of the metal ion is usually completely blocked by the
organic linkers”."* One year later, we published in the
New Journal of Chemistry a study on the role of defect sites in
MOF-5 which are at the origin of its catalytic activity.'” Since
then, a number of striking examples have been reported on
their outstanding catalytic activities and selectivity. In all
cases, authors were intrigued as it was unexpected when
looking at the ideal structure and composition from crystallo-
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today as a rational approach for the design of active MOFs. Similarly to zeolite post-treatments, post-
modifications of MOFs by linker or metal cation exchange appear to be methods of choice. Despite the
mild acidity of defective MOFs, we can account for very active MOFs in a number of catalytic applications
which show higher performances than zeolites or benchmark catalysts.

graphic data and keeping in mind Corma’s statement. Remark-
ably, the presence of defects e.g. ligand or linker vacancies,
even hardly detectable, was raised as the main origin of unex-
pected catalytic activities. Notwithstanding the usefulness of
post-functionalisation for the design of MOF-based hetero-
geneous catalysts,'® " we are focussing here on the catalytic
behaviour driven by metal nodes.

In the first part of this review, we will present striking and
representative examples of the origin and roles of MOF defects
in catalysis. Instead of an exhaustive enumeration, carefully
selected and relevant examples are discussed in a comprehen-
sive manner in order to highlight the general concepts which
can be applied for the rationalisation of MOF defects in cataly-
sis. The second part of the review will show methods for gener-
ating controlled defects in MOFs for application in catalysis.
Importantly, we will show in this review that for a number of
reactions of industrial relevance, MOFs outperform zeolites
and even state-of-the-art catalysts. In all cases their catalytic
properties find their origin from defects in a general sense.

Relevant defects in heterogeneous
catalysis

The presence of defects in solids plays a major role in hetero-
geneous catalysis which can be either positive or negative with
regard to performances. A well known example in catalysis
among others is the doping of crystalline mixed oxides. The
addition of a minor fraction of zirconium (Zr) in ceria oxide
(Ce0,) yields a catalyst (ZrCeO,4-8) with outstanding catalytic
properties which are due to the stabilisation of oxygen

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Analogy between defects in classical heterogeneous catalysts
and MOF structures.

deficient structures. By extension in the world of MOFs, this
oxygen vacancy could be regarded as a missing linker in the
framework (Fig. 1A).

At the crystal scale, although X-ray diffraction refinements
indicate solid solutions for the whole ZrO,-CeO, phase
diagram, it is now acknowledged that the addition of Zr
creates distortion leading to localised defects in the crystal-
lites.>> Crystalline defects were also characterised in MOF
single crystals.>*** Fischer et al. have depicted defective MOFs
from a solid-state point of view in a recent comprehensive and
exhaustive review which also addresses the consequence on
various properties such as luminescence and magnetism.>*

On the other hand, the comparison of MOFs with bulk crys-
talline solids is not the most appropriate for catalysis. Indeed,
heterogeneous catalysis is firstly a surface science as the mech-
anism of bond breaking and forming with substrates occurs at
the solid surface. In addition, MOFs exhibiting permanent and
high porosity can be regarded as an extended surface as
(almost) all atoms can be accessible from the gas phase. There-
fore, the internal surface termination of MOFs is of primary
importance. For metal oxides, including zeolites, their surface
can be terminated by hydroxyl groups which confer them
Bronsted type acidity.”*>® For electron poor noble metals, the
coordinatively unsaturated atoms present at the particle
surface are typical Lewis catalytic sites. The example of gold
has become famous. It was believed for a long time that gold
was inert in catalysis.>® However, in nanometric particles for
which the surface atoms have low coordination numbers, gold
shows intrinsic catalytic properties (Fig. 1B). Hence, for metal
and oxide solids, the increase of the surface by division of the
matter creates sites which are responsible for the catalytic pro-
perties. Conceptually, surface termination, usually vacancies
or hydroxyl groups, could be regarded as defects if one keeps
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in mind the ideal long range order structure as determined by
bulk characterization techniques such as X-ray diffraction.

Hence, MOFs can appear at the frontier of solid state chem-
istry because of their long range order which defines the
porous network and because of surface science as all atoms
are at the surface. In the following, we will show that the same
concept of vacancy (e.g. lower coordination number) and
hydroxyl terminated surface can be applied for the definition
of MOF defects which are relevant to explain the observed, yet
“unexpected” catalytic results.*°

Lewis acido-basicity

Lewis acidity in MOFs corresponds to an accessible metal site
with a low coordination number, also known as coordinatively
unsaturated sites (cus). They are obtained by the removal of
labile ligands which usually are water molecules or electron
donor solvents such as alcohols or dimethylformamide
(Fig. 2). This selective removal of a ligand can be achieved by a
soft thermal treatment under dry conditions. Thermal pre-
treatment for heterogeneous catalysts for liberating the cata-
Iytic sites is a very usual process and is commonly coined
activation.

Activation by removing labile ligands

Metal organic frameworks made from dimeric transition metal
clusters are representative examples of Lewis acid MOFs.?*??
HKUST-1, of the formula Cus(btc),-3H,O consists of a dimeric
copper unit which is bridged by four carboxylate moieties
from four BTC linkers, resulting in a characteristic paddle-
wheel moiety. Each copper atom is octahedrally coordinated
by four oxygens and one copper atom. Soft thermal treatment
removes the solvent ligands (here water) to leave a vacant
coordination site (cus) as a Lewis acid which has been charac-
terised by the adsorption of molecular probes followed by
IR spectroscopy.®*?>

X
&
<

ondl

Fig. 2 HKUST-1 porous structure (top) Cu, Paddle-wheel showing
terminal water molecules, thermal activation affords Lewis sites by
water removal allowing substrate activation on the vacancy from ref. 31.
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Fig. 3 Lewis sites: metal trimer showing water molecules as a labile

ligand (right) and volume of the orbital of Ni of CPO-27 (MOF-74) as cal-
culated by DFT from ref. 41 (left).

Kaskel et al. have reported the first example of catalytic
applications on the cyanosilylation of carbonyl compounds.*®
Since then, the Lewis acidity of Cuj(btc), and other Cu-based
MOFs has been demonstrated for the isomerization of
a-pinene oxide and the cyclization of citronellal.’” Beyond
Lewis acido-basicity, MOFs made of open transition metal
sites have been applied in redox type catalysis such as selective
oxidation of xanthenes®® and hydrochinone® and the epoxi-
dation of olefins.’® Among the striking examples, we can high-
light the hydroxylation of aromatics® which has shown the
highest turnover frequencies reported so far.

A series of MOFs exhibiting Lewis sites including HKUST-1
(Cu), CPO-27(Ni) (also known as MOF-74), STA-12(Ni)**** and
MIL-100(Sc) were screened for various catalytic reactions
(Fig. 3)."* The MIL-100(Sc) is isomorphous to the famous
MIL-100 originally constructed with Cr*" trimers.”” In the
scandium version the [Sc;O(0,C-R)s(OH)(OH,),] trimers can
lose coordinated water to leave five-fold coordinated scandium
cus. It was reasoned to be a strong Lewis acid catalyst as
scandium triflate is a well-known molecular Lewis catalyst.*®
When compared to other mentioned MOFs, dehydrated
MIL-100(Sc) was confirmed to be a strong Lewis acid by H,
adsorption followed by infrared spectroscopy.”” The MIL-100
(Sc) shows 100% conversion and selectivity for an inter-
molecular carbonyl ene reaction whereas zeolite beta and
scandium beta are much less active and selective.

Similarly, Opanasenko has systematically compared the per-
formances of HKUST-1(Cu) and MIL-100(Cr) with zeolites in a
series of acid-catalyzed test reactions (Pechmann and Knoeve-
nagel condensations, acylation, Beckmann rearrangement and
Prins annulation reactions).”® Although it is not possible to
infer a Lewis mechanism for all the cases, one can still observe
that in many cases MOFs show higher activity and/or selecti-
vity than zeolites.

Activation by dehydration

We focus here on UiO-66 which shows peculiar properties. The
structure of UiO-66 consists of ZrsO4(OH), inorganic corner-
stones bridged to another by terephthalate linkers.**° Six Zr**
cations in the Zr,0,4(OH), unit are located at the vertices of a
Zre octahedron, on which 4 p;-O and 4 p;-OH alternatively cap
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Fig. 4 Principle of the activation of UiO-66 by a reversible dehydration/
dehydroxylation process. The thermal dehydration of the cornerstone
ZrOg(OH), (left) generates ZrgOg with the corresponding coordinatively
unsaturated sites (cus) from ref. 50.

the 8 faces. The two oxygen atoms of each carboxylate linker
bridge the edges of a Zrg octahedron. All the 12 edges of the Zrg
octahedron are bridged in this way so that the Zrs0,(OH), unit
results in a continuous faced-centered cubic framework struc-
ture. Upon heat-treatment at ca. 250-300 °C, dehydration of the
Zrs04(OH), cornerstone yields a new composition of Zr¢Os
while maintaining the integrity of the porous structure (Fig. 4).

This dehydroxylation/dehydration process is fully reversible
and the dissociative adsorption of two water molecules regen-
erates the original cornerstone.’® Vandichel proposed a mech-
anism of dehydroxylation which is accompanied by the
reduction of the coordination number of Zr atoms from
8 (square antiprismatic) to 7 because of the creation of oxygen
defective sites or vacancies.”’ As a note, we can see that the
removal of chemisorbed water either as a single molecule (case
of HKUST-1) or dissociated as bridging hydroxyl (case of
Ui0-66) on the cornerstones yields metal cations with lower
coordination numbers.

Moreover while an ideal crystalline UiO-66 material should
have all Zr ions fully 8-fold coordinated, the study of the
thermogravimetric analysis profiles tends to show that, from
the 12 linkers surrounding each metal cluster, up to four are
usually missing for the real solids, depending on synthesis
parameters (Fig. 5, left).”> The linker vacancies are usually
compensated for by chloride anions.>® However, under opti-
mized synthesis conditions, UiO-66 with missing linkers com-
pensated for by (dissociated) water molecules have been
characterised by X-ray diffraction (Fig. 5, center).>*>> Hence,
by thermal activation, Zr with lower coordination numbers can
be obtained at vertices by water removal. Vandichel et al. have
estimated the reaction free energy of the dehydration process
of a water molecule on a linker deficient UiO-66 to be about
—65 kJ mol™" per water molecule under typical activation con-
ditions (320 °C, 10~° mbar) and thus feasible at moderate
temperature (Fig. 4, right).>*

Although the ZrsO¢ cornerstone exhibits Lewis sites which
can dissociate water and thus in principle can activate other
molecules, the congestion of the cornerstone, surrounded by
the 12 ligands, prevents the accessibility of the sites by large
reactants.”™>> Even though this is not proven experimentally
yet, defect free UiO-66 shall not be in principle catalytically
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http://dx.doi.org/10.1039/c5dt03522h

Published on 03 November 2015. Downloaded by Chalmers Tekniska Hogskola on 04/04/2016 07:56:46.

Dalton Transactions

Fig. 5 Scheme of UiO-66 with a missing linker showing the enhanced
accessibility (left). Two capping water molecules replace the missing
linker (center) from ref. 54, and a cluster model of a dehydrated UiO-66
cornerstone with one linker vacancy from ref. 56 (right).

active for reactants bulkier than its 6 A aperture. Simulations
carried out on a cluster model indicate that catalytic cycliza-
tion of citronellal can only be performed on a linker deficient
Ui0-66 (Fig. 5).°°

In summary, while generating Lewis sites after activation
treatment, the linker vacancy enables the accessibility of the
reactants to the catalytic sites.

Bronsted acido-basicity

Bronsted acid sites are generated on the surfaces of zeolites
when Si*" is isomorphically replaced by a trivalent metal
cation such as, for instance, AI**. This substitution creates a
negative charge in the lattice that can be compensated for by a
proton. From a structural point of view, the Brgnsted acid site
in a zeolite can be seen as a resonance hybrid of structures
I and II as shown in Fig. 6. Structure I contains a fully bridging
oxygen with a weakly bonded proton while structure II is a
silanol group with a weak Lewis acid interaction of the
hydroxyl oxygen with an Al. It is generally acknowledged that
model I would better represent the situation of the acid site in
a crystalline zeolite structure, while model II would represent
the situation in an amorphous silica-alumina where no stabili-
zation by long-range symmetry exists.>® Because of this reson-
ance and the usual co-existence of both forms, their respective
roles in catalysis are hardly unravelled.

In this section, we will see that, in MOF with linker
vacancies, the cornerstones can be hydroxylated which may
confer Brgnsted or Lewis acidity depending on substrates.

Friedel-Crafts reaction

The alkylation of aromatics, also known as Friedel-Crafts
reactions, is applied on a wide range of large scale processes

IH H
! :
SN Lt/
Nsi A Nsi” A
SN A S S
I 11

Fig. 6 Possible models for Brensted acidity from ref. 26.
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in industry.”” The alkylating agents are preferentially olefins or
alcohols, but alkyl- and aryl-chlorides can also be used for
benchmarking. Numerous commonly used homogeneous cata-
lysts such as strong mineral acids (HF or H,SO, among others)
and Lewis acids (AICl;, FeCl; or ZnCl, among others) have con-
tinuously been replaced by H-form zeolites.>®

Ferey and coworkers have reported the catalytic activity of
two different MIL-100 (Fe, Cr) for Friedel-Crafts benzylation.>
Although MIL-100(Fe) and MIL-100(Cr) have a very similar
structure M;0F, g5(OH)o 15(H,0),(btc),, the Fe** containing
MOF shows much higher catalytic activity that even surpasses
HBEA and HY zeolites. As evidenced by CO chemisorption at
low temperature, MIL-100 (Cr*") shows both Cr-OH Brgnsted
sites with medium acidity and several species of Lewis
centres.®”®! Under humid conditions, water molecules are co-
ordinated to the Lewis centres, thus creating other types of
Bronsted acidity. However unlike zeolites they are free from
any interaction by H-bonding with adjacent oxygen and do not
dissociate to form hydroxyl groups. It was unclear which type
of centre is responsible for the catalytic activity, the Fe Lewis
site or the bridging Brensted site or both. Lately, Cejka et al.
obtained the same conclusions on a similar reaction of xylene
acylation.®*

In the framework of MOF-5, Zn,O cornerstones are linked
in octahedral arrays by bdc groups which complete the coordi-
nation sphere of the Zn atoms. Hence, there are neither appar-
ent nor latent possible catalytic sites (neither Lewis nor
Bronsted) and little could be expected from MOF-5 in catalytic
applications. The development of high throughput and paral-
lel screening devices in the mid 2000s has enabled systematic
catalytic testing of a library containing solids of all kinds,
including guessed best candidates, possible challengers and
even solids exhibiting a priori inappropriate profiles (e.g
MOF-5). It is in this frame that the role of defective MOFs in
the origin of the catalytic activity has been discovered in
2008."7 Unexpectedly, MOF-5 prepared by fast precipitation
exhibits outstanding shape selectivity for the alkylation of aro-
matics which overcomes reference zeolites (Fig. 7). The cata-
Iytic results and conclusions were confirmed by separate
studies.®>**

Based on the concomitant structural studies of Hafizovic
et al., we reasoned that the possible presence of Zn-OH

100+

80 |y 2,4'-ditBu-bipy

[ 2-tBu-bipy
[ 4-tBu-bipy

60

Yield

40

20
13x6 12x8 15x9 0-.

MOF-5 BEA MOR AICl;

Fig. 7 Alkylation of biphenyl with tert-BuCl on MOF-5 prepared by fast
precipitation.
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Fig. 8 Propylene oxide and CO, copolymerization catalysed by the
layered structure of zinc glutarate from ref. 74.

species could be at the origin of the catalytic activities.®® A
10% excess of Zn with respect to the theoretical formulae,
leads to a global composition of Zn,O(bdc)-2H,0 + Zn(OH),.
According to Hafizovic et al.,*® zinc hydroxide nanoclusters
that partly occupy the cavities could be responsible for the
structure distortion evidenced by the splitting of diffraction
peaks. In addition, IR and solid state "H NMR studies indi-
cated the presence of ca. 4% of OH bridging species like those
found for Znj(p;OH)y(bdc),2DEF (MOF-69C). Based on a
linear reactivity trend of a series of substituted aromatics, we
concluded that the intermediate is a protonated species which
supports a Brgnsted type mechanism.®® Llabres i Xamena
came to the same conclusions by studying the Knoevenagel
condensation reaction.>® The authors concluded that the un-
expected catalytic properties arise from defects which can be
either/and Zn-OH or ZnO.

A major breakthrough in the area of propylene oxide and
CO, copolymerization came with the discovery of air-stable
dicarboxylic acid derivatives of zinc by Soga and co-workers.®”
These catalysts were prepared by the reaction of zinc hydroxide
or zinc oxide with dicarboxylic acids in toluene. Among zinc
carboxylates, the zinc glutarate analogue was found to be most
catalytically active, producing significant quantities of poly-
propylene carbonate from propylene oxide and CO,.°*®° The
structure was found to be a layered structure of zinc atoms
with bridging dicarboxylates between the layers (Fig. 8).”%"
The percentage of active zinc sites on this heterogeneous cata-
lyst was quite low (<5%), likely because the reaction should
take place at the external surface of the non-porous crystallites.
In 2002, BASF researchers discovered that nanoporous zinc
carboxylates prepared from trimesic acid and others can
produce polypropylene carbonate with a molecular weight of
ca. M, = 60.000-75.000 g mol™".”> Although characterization
data were not provided, we can presume the presence of
Zn-OH defects as discussed above. As we will discuss later,
both CO, and oxygen containing substrate (methanol) can be
activated on Zn-OH species based on the simulation studies of
Chizallet.”?

Mechanisms of water-induced defect formation

Two main mechanisms were reported by Low and coworkers,
which drive the MOF framework decomposition upon water
exposure, namely the ligand displacement and the hydrolysis.
Both mechanisms were established from computational

4094 | Dalton Trans., 2016, 45, 4090-4099
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Fig. 9 Proposed ligand displacement mechanism for UiO-66 break-
down in the presence of sodium hydroxide or water. Reprinted with per-
mission from ref. 76.

studies and confirmed experimentally.”” The ligand displace-
ment reaction involves the insertion of a water molecule into
the M-O metal-ligand bond of the framework. This leads to
the formation of a hydrated cation and to the release of a free

ligand (eqn (1)).
M -L"" + H,0 — M""-(OH,) - - - L"~ (1)

In contrast, during the hydrolysis reaction, the metal-
ligand bond is broken and water dissociates to form a
hydroxylated cation and a free protonated ligand (eqn (2)).

M""-L" + H,0 — M"*~(OH) ™ + HL""1~ (2)

Similarly, Walton and coworkers proposed a ligand displa-
cement mechanism for the structural breakdown of ZrMOFs
(Ui0-66) in the presence of either sodium hydroxide or water
(Fig. 9).”°

From direct first-principles simulations at various water
loadings, the ligand displacement was also defined as the
main route for the framework decomposition of hydrophobic
IRMOFs.”” Tt has been found that in addition to the water
molecule involved in the ligand displacement, additional
water stabilized both the hydrated metal species and the dis-
placed ligand. Coudert and coworkers furthermore reported
that ZnO clusters act as hydrophilic defects in hydrophobic
MOFs. They demonstrated that, at high water loading, the
metal oxide stabilizes a water cluster in its neighbourhood
which promotes the ligand displacement. Such a mechanism
may explain the presence of Zn-OH defects which are active in
acid catalysis."””®

Framework termination at the external surface

In principle, the zeolitic imidazolate framework ZIF-8, syn-
thesized from 2-methylimidazole and a zinc precursor, con-
tains fully coordinated Zn>" cations without cus. In addition, it
is very thermally and chemically stable as Zn accommodates a
very favourable tetrahedral coordination. Nevertheless, the
material has proven to be one of the most active catalysts for
the Knoevenagel reaction.”® Even more striking, ZIF-8 outper-
forms state-of-the-art catalysts currently applied at the indus-
trial level for the transesterification of triglycerides in the
production of fatty acid methyl esters (FAME). In addition,

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Comparison of performances between ZIF-8 and state-of-the-
art catalysts (ZnAl,Os) in the transalkylation of rapeseed oil with metha-
nol at 200 °C (left). Activation of methanol by a Zn—OH species on a
linker deficient cornerstone, the nucleophilic oxygen of the MeOH links
to the Zn(i) Lewis site accompanied by a protonation of the terminal
hydroxide.8°

there is a second and a priori obvious reason to think that
ZIF-8 could not be active for this reaction. Actually triglycerides
(here rapeseed oil) are far too bulky to penetrate inside the
sodalite cavity of the ZIF-8 which exhibit apertures of 3 A in a
hexagonal window. The only possibility for the catalytic reac-
tion to occur is at the surface of crystallites. Supported by
FTIR-monitored CO adsorption, a thermodynamic mapping of
various types of surface terminations was investigated by DFT
as a function of temperature and pressure.’® At the surface,
several species can coexist, especially low coordination Zn
such as Zn(u) species, Brgnsted acid site (NH groups) together
with basic sites (OH groups and N-moieties). Here also, only
cornerstones with linker vacancies can activate methanol and
the higher is the linker vacancy (e.g. Zn with lower coordi-
nation number), the stronger is the activation by a Lewis type
adsorption. The study reveals the low Bronsted acidity of the
terminal hydroxyl upon CO adsorption. The mechanism of
methanol activation occurs on a terminal Zn-OH moiety at a
linker deficient cornerstone (Fig. 10). The nucleophilic oxygen
of the MeOH links to the Zn(u) Lewis site while the terminal
hydroxide is protonated by the MeOH.

Defect engineering
Generation of linker vacancies

By direct synthesis. This aims at employing synthesis
“tricks” that will allow the creation of linker vacancies at MOF
cornerstones leading to terminal -OH groups, instead of a
linker as they should be found in a perfect structure. Two syn-
thesis processes have been investigated (Fig. 11).”® We
reasoned that for defect free crystals, the synthesis conditions
will be “thermodynamically” driven e.g. allowing time for
crystal growth in a reversible self-assembly synthesis process.
In a first approach, one can anticipate that a synthesis by a
very fast reaction (kinetically driven) will lead to networks for
which a small fraction of linkers is missing while still main-
taining the original structure. This approach was undertaken

This journal is © The Royal Society of Chemistry 2016
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Fig. 11 Synthesis of defective MOF-5 by fast precipitation and using a
dummy linker. Comparison of catalytic performances on the benzylation
of toluene by comparison with a solvothermal process sample from
ref. 78.

on the synthesis of MOF-5 by rapid precipitation according to
a recipe published by Huang et al (Fig. 11).*' The second
approach consists of synthesizing MOF materials from a
mixture of poly-dentate and mono-dentate linkers which will
play the role of a “dummy linker”. When present at the corner-
stone, this dummy linker will lead to local “defects” at nodes
which are adjacent/opposite to the mono-dentate linkers as far
as a carboxylate function is missing. This approach was
studied on MOF-5 by adding 5 mol% of para-toluic acid into
the precursor solution before the precipitation starts (Fig. 11).
NMR analysis of the digested solid indicates the presence of
the monocarboxylate linker at 3-5 mol% in the final solid. The
two solids obtained by fast precipitation and by using the
dummy linker (also prepared by fast precipitation) were
studied in the Friedel-Crafts benzylation of toluene as it was
proven to reveal the presence of defects in MOF-5. The catalytic
results clearly indicate that the proposed strategies actually
yield “defective” MOF-5 and that the addition of dummy
linkers further increases the catalytic activity (Fig. 11). For
both solids, the presence of Zn-OH species was characterized.
We can also observe a residual activity on MOF-5 prepared by a
solvothermal process which should afford a defect-free solid.
We believe that the very high moisture sensitivity of MOF-5 is
at the origin of the creation of a small concentration of Zn-OH
species, at least at the crystal external surface. In a separate
study, Llabres i Xamena et al. came to the same conclusions by
studying the Knoevenagel reaction.’® The authors concluded

Dalton Trans., 2016, 45, 4090-4099 | 4095
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that the use of fast precipitation increases the concentration of
defects in MOF-5 (ZnO/ZnOH), which leads to a higher cata-
lytic activity.

The strategy of mixing mono and bidentate linkers for creat-
ing “on purpose”-defects in MOFs was applied in ref. 82,83 for
the creation of a larger porosity, to be exploited in gas uptake
applications. This process was further investigated in the case
of multidentate linkers.®*

Upon thermal treatment. Without assistance, the direct
removal of carboxylate linker from a cornerstone upon heating
can be hardly obtained without damaging the porous struc-
ture. In the case of UiO-66, Vandichel et al. have calculated a
reaction free energy for the direct removal of a terephthalate
linker from two ZrsO,(OH), cornerstones and found that this
reaction is unfeasible, even under activation conditions.”* On
the other hand, when the cornerstone already contains
another terminal ligand such as chlorine, dissociated water or
a monocarboxylate (trifluoro acetate) instead of the original, a
terephthalate, their removal by heat treatment becomes theor-
etically feasible at a temperature compatible with the thermal
resistance of UiO-66, assuming a moderate linker vacancy con-
centration.>® Vermoortele and co-workers demonstrated that
the vacancy concentration per cluster (e.g. the Lewis site con-
centration) can be controlled from ca. 0.5 to 2 by adjusting the
temperature from 150 to 300 °C.>> Hence, the substituted
terminal ligand can play the role of a leaving group upon mod-
erate thermal treatment leading to a Lewis type cornerstone as
shown in Fig. 4. Vermoortele et al. showed that the incorpor-
ation of trifluoroacetate opens up more Lewis-acidic corner-
stones on model catalytic reactions.>”

By linker substitution with lower coordination mode.
Instead of a “dummy” linker exhibiting one carboxylate less
than the ideal structure would require, it is also possible to
substitute one carboxylate with a donating moiety of a
different kind. Marx and co-workers have prepared a series of
solids having a HKUST-1 structure in which a significant ratio
of the trimesate linker is substituted by pyridine-3,5-dicarboxy-
late (PyDC).>! This substitution was regarded as a defect in the
crystal lattice as a bridging carboxylate is replaced by a non-
bridging nitrogen-donating ligand (Fig. 12). As expected by the

'\b R \
R / \
™ ., > T
! Oa, \ T
X Q’\ o\| & I\oq—kc" Cu—oF  xNO;
O—Cuzs Cu—-0, 5 s 4 A 3
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e o N

Fig. 12 Illustration of linker substitution by pyridine-3,5-dicarboxylate
(PyDC) from Marx et al®t
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authors, the coordination numbers of Cu decrease when the
concentration of PyDC increases. While a coordination of 4 is
expected for the parent HKUST-1, the coordination number
dropped to ca. 3.5 for solids containing ca. 40% of PyDC.

The nature of the defects at the cornerstone of HKUST-1
doped with PyDC was investigated by molecular modelling.**
The authors confirmed a significant modification of the proxi-
mate coordination space and the formation of mixed-valence
Cu**/Cu’ paddlewheel nodes compared to the parent frame-
work. As a result, larger binding energies relative to the parent
defect-free cornerstone are measured (for CO adsorption)
which can explain significant modifications of the selectivity
in the toluene hydroxylation reaction using hydrogen per-
oxide.”* Defect engineering by PyDC doping was also recently
applied to the Ru®**/Ru** analogue of HKUST-1.3* The substi-
tution by PyDC yields materials with more strongly reduced

u™" species (x < 2) as a result of partial reduction of the metal
node upon increasing the carboxylate vacancies. Here also,
MOFs with reduced metals demonstrated up to four times
higher activity in the hydrogenation of 1-octene.

Metal cation isomorphous substitution at cornerstones

According to the approach of isomorphous substitution of
linkers cited above, Dinca and co-workers have achieved iso-
morphous substitutions of metals at MOF cornerstones
(Fig. 13).* The authors show that metal cations with the same
or different oxidation states than 2+ can be substituted at the
Zn,O cornerstone of MOF-5. MOF-5 analogues featuring Cr**
Mn** and Fe>* as well as chloride containing MOF-5 with Ti**
V*" and Cr*" were obtained through a simple post-treatment of
the native MOF-5 with the respective metal precursor solu-
tions. They show that outer-sphere electron transfer is achieved
in Cr-MOF-5 and that Fe-MOF-5 activates NO more than any
other MOF, illustrating a unique coordination environment
which makes these solids attractive for redox catalysis.*® When
compared to the zeolite scene, the strategy and the resulting
redox properties which have been developed here are similar
to the famous example of Titanium “doped” Silicalite-1 (also
called TS-1) and related solids.®” Later Cohen reported the
post-synthetic metal cation exchange at the inorganic bricks of

Ti** VZ*. V* Cr#* Cr* Mn® Fe

Fig. 13 Isomorphous substitution of Zn?*
Zn40 cornerstone of MOF-5 from ref. 85.

by other metal cations at the
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Fig. 14 TEM images of ZIF-8 crystallites before (left) and after (right)
pretreatment with oleic acid.®®

MIL-53 and UiO-66 frameworks leading to mixed (Al/Fe)
MIL-53-Br as well as (Zr/Ti) and (Zr/Hf) Ui0-66.%°

Development of micro-mesoporous hierarchical porosity

When active sites are only accessible at the external surface of
the crystallites, such as in the case of ZIF-8, the catalytic
activity (for the transesterification of rapeseed oil) can be
increased by either decreasing the crystallite size or by creating
voids within the crystallites. The former can be obtained by
using a synthesis modulator. Actually, the size of ZIF-8 crystals
can be controlled from the nanometric to millimetric range by
varying the precursor and modulator concentrations.®®
However, nanocrystals can be hardly recovered and tested in
catalytic setups. In contrast, the later approach dealing with
the creation of external porosity by post-treatment processes is
classically applied for zeolite catalysts (Faujasite based) that
are used in fluid catalytic cracking processes. For the esterifica-
tion of glycerol with oleic acid, Wee et al. have proposed a pre-
treatment of ZIF-8 nanocrystalline powder with a surfactant
(oleic acid) in order to create internal micro-mesoporous chan-
nels within ZIF-8 crystals (Fig. 14).%°

According to the study of Chizallet et a
ably assumed that the active sites are located at the extended
external surface of the crystallites. It was found that the micro-
mesoporous hierarchical ZIF-8 is twice more active than very
acidic zeolites (USY) and 100% selective to the desired
monoglyceride.”

1.,7* it can be reason-

Conclusions

First coined as opportunistic, the engineering of catalytic sites
at the node by the creation of defects appears today as a
rational approach for the design of active and selective MOF
materials.” We have shown in this Perspective article that the
removal of linkers from the ideal structure either by direct
methods or post-synthesis treatment is a generic strategy for the
creation of defects and very active catalytic systems. The removal
of ligands or linkers systematically generates surface termin-
ation which can possibly show Lewis or Bronsted features.

This journal is © The Royal Society of Chemistry 2016
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Although defective MOFs show mild acidity, we can account
for very active MOFs in numerous catalytic applications with
higher performances compared to zeolites or benchmark cata-
lysts (alkylation, esterification). Remarkably, the ZIF-8 shows
activity higher than state-of-the-art solids currently applied in
industrial processes thanks to Zn-OH defects likely at the
external surfaces of the crystallites. Similarly to zeolite post-
treatments, post-modifications of MOFs by linker or metal
cation exchanges appear to be obvious methods of choice.

Despite the increasing interest in MOF-based catalysis and
the outstanding recent proof of concept highlighted here,
massive and systematic application of MOFs in heterogeneous
catalysis at the level of zeolites is still questionable. We shall
however not forget the lessons from the past. In 1860, the
mineralogist Jean-Baptiste d’Omalius d’Alloy stated that “the
large class of zeolites is remarkable for its tendency to show beau-
tiful crystals, which, however, have no other use than to contribute
to the glory of mineralogy collections”.t,”" One and a half
centuries later, even if we cannot blame him, one will agree
that his vision of the fate of zeolites was unfortunate. Hence,
we would not reproduce the same statement for MOFs, but we
are still impatient to see breakthroughs in practice.
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