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Heterogenisation of polyoxometalates and other metal-based
complexes in metal-organic frameworks: from synthesis to
characterisations and applications in catalysis

P. Mialane,® C. Mellot-Draznieks,® P. Gairola,® M. Duguet,®® Y. Benseghir,®® 0. Oms® and A.
Dolbecq*?

These last years have seen a huge growing interest in the heterogenisation of molecular catalysts since it allows combining
the advantages of homogeneous and heterogeneous catalysis. Besides bringing recyclability, the immobilisation of the
catalyst may increase its stability while allowing tuning its selectivity. In this respect, Metal-Organic Frameworks (MOFs)
attract an evergrowing interest as a platform for their confinement within their pores or channels. In this review, Cat@MOF
composites whereby molecular catalysts (Cats) are immobilised in MOFs through non-covalent interactions with their host,
are reviewed thoroughly. Polyoxometalates (POMs) and other metal-based complexes as immobilised molecular species are
covered. In the first part, the different synthetic methods and analytical tools are described. A critical analysis of the various
physico-chemical methods available to characterise the Cat@MOF composites is provided — a particular attention being paid
toward their pertinence for the investigation of the content, the position and the stability of the catalyst within the MOF.
Besides, focus is made on non-conventional techniques such as Pair Distribution Function (PDF) and a section is dedicated
to the contribution of DFT calculations. In the second part, the applications of these materials in the fields of catalysis,

including oxidation and reduction reactions, acid-base catalysis, photo- and electrocatalysis are detailed.

1. Introduction

Metal-containing molecular species continue to be
tremendously studied as homogeneous catalysts. Although
most-efficient molecular catalysts are based on noble metals
(Pt, Re, Ru, Ir), several classes of noble metal-free catalysts, such
as simple earth-abundant coordination metal complexes or
polyoxometalates (POMs), covering a large range of catalysis
fields, have also been reported. POMs are discrete soluble
anionic metal oxide clusters of d-block transition metals in high
oxidation states (usually WY, MoV, VV.V) which can be
described as metal complexes with oxo ligands with a large
domain of applications.1? In homogenous catalysis, one major
drawback of molecular catalysts is their low stability under
catalytic conditions as well as their small surface areas.
Furthermore, both the recovery and reuse of these molecular
catalysts are generally difficult due to their high solubility in
polar solvents, associated with the difficulty of their separation
from the products. Their immobilization in rigid matrices such
as Metal-Organic Frameworks (MOFs) has thus emerged in the
recent years as an attractive strategy to address these
drawbacks and develop heterogenous catalytic composites.
MOFs are a vast class of porous hybrid organic-inorganic
crystalline solids built from the connection of metallic ions or
clusters by polydentate organic linkers. They have recently
proved to be an extremely attractive platform for catalysis,?
with a number of key advantages: i) their modular porosity
allows the diffusion of reactants and products, ii) their versatile
chemical functionalization allows ‘design’ strategies, iii) they
offer improved stability and recyclability unreached so far with
homogeneous catalysts and iv) their crystalline structures

facilitate computational and theoretical approaches. In this
review, we will give an overview of the composite materials
obtained by the immobilisation of known molecular catalysts in
the cavities of known MOFs, denominated Cat@MOFs. The vast
majority of such Cat@MOFs composites reported so far
involves mainly POMs but also organometallic and coordination
complexes. The present review thus covers these different
types of guests, excluding the immobilisation of organic
molecules or nanoparticles. We have also excluded hybrid
frameworks that do not exist in the absence of their Cat guests,
since they may not be considered as genuine heterogenisation
platforms. We will also not review catalytic species covalently
grafted to the MOF host, either to its linkers or to its inorganic
nodes.*7 Here, we will rather focus on pore-functionalized MOF
composites, thus involving non-covalent interactions between
the hosted moieties and the MOF. One of the first reviews on
this subject was written in 2012 by Juan-Alcafiz et al. and
covered all the composite materials possessing encapsulated
active species ranging from nanoparticles to organometallic
species and POMs.8 Since then the literature on the subject has
greatly increased and some recent reviews have been published
on the specific sub-family of POM@MOFs as heterogeneous
catalysts.%19 We can also mention reviews on POMs and MOF-
based electrocatalysts,* on POM-based MOF materials!2and on
POM-functionalized architectures!®* which have devoted a
section to POM@MOFs. A number of reviews on MOFs also
propose a section dedicated to the immobilisation of molecular
catalysts.141516 Nonetheless, none of these reviews proposes an
exhaustive state of the art of Cat@MOFs materials as defined
above neither a critical analysis of all the characterisation tools
available ranging from routine solid state techniques to the



more sophisticated ones. After a comprehensive list of the
Cat@MOF compounds reported in the literature in the form of
tables, one for POM@MOFs and the other for
Complex@MOFs and a description of the various synthetic
methods, deliver a critical discussion on the
physicochemical
composites and of their pertinence for investigating the
content, the structural features (including the positioning of the
catalyst in the MOF) and the stability of the catalyst within the
MOF or of the MOF itself. We will focus on growingly used
methods such as pair distribution function (PDF) and difference
envelope density (DED) analysis and we will give a perspective on
how DFT calculations can bring valuable information. Finally, we
will present the applications of these materials in the field of
catalysis, including oxidation and reduction reactions, acid-base
catalysis, photo- and electrocatalysis.

2. Synthesis of Cat@MOF composites

A list of the various Cat@MOFs systems synthesized is gathered
in two distinct Tables. The POM@MOF composites are listed in
Table 1 with the formula of the POM, the weight % in catalyst
when indicated in the related article, the synthetic method
used, including the nature of the solvent, the temperature and
the catalytic application considered. Table 2 is dedicated to
other types of Complex@MOFs materials. In both tables, the
composites are listed according to the MOF-host family. We
have also included some references on POM@MOFs and
Complex@MOFs with no reported applications when they were
useful for the discussion on synthesis or characterization.

two

we will
methods available to characterize these

2.1 Presentation of the host and guest components

MOFs can offer many advantages such as thermal and chemical
stability, high surface areas with hierarchical porosity and the
possibility to accommodate catalytic guests into their cages or
channels. Analysing Tables 1 and 2, it is apparent that MIL-
101(Cr) MOF has been by far the most studied porous hybrid
solid for hosting Cat species. This may be explained by its facile
and effective synthesis in water, its high stability and extra-large
cavities (see below). However, the presence of chromium ions
—considered as one of the most toxic metal ions —is a significant
drawback. MIL-100(Fe) and NH>-MIL-101(Al) have thus also
been largely investigated as alternative hosts. Furthermore, Zr-
based MOFs appear more eco-friendly and among them, UiO-
66 and 67 are the most commonly represented in literature
along with MOF-545 and NU-1000. Finally, HKUST-1 (mostly Cu-
based) and Zn-based ZIF-8 are also highly popular host.
Representation of the main MOFs presented in this review with
their formulas and the dimensions of their cavities is given in
Fig. 1, followed below by a short description of their structure
and stability. Obviously, both the MOF’s structure and stability
are key parameters to take into account when selecting a MOF
as a platform to target the immobilization of catalytic species.
(NH2-)MIL-101(M) (M = Cr'" Fe!l, AI')17 is built of M" trimers

made of corner-sharing octahedra connected by

2|

benzenedicarboxylate (BDC) linkers, leading to the general
formula M3O(BDC)3(H20)2X (X = F, Cl, NOs, OH,...).18 Four metal
trimers are linked together by BDC forming supertetrahedra
(ST) interconnected in a corner-sharing fashion to form a hybrid
framework with the MTN zeotype topology.1%20 The resulting
crystal structure displays two types of mesoporous spherical
cages. The smallest ones (20 ST) have an internal free diameter
of ~29 A and are delimited by 12 pentagonal windows of ~12 A
free aperture. The largest cages (28 ST) have an internal free
diameter of 34 A and both pentagonal and hexagonal windows,
the latter having an aperture of 14.7 A x 16 A.17 MIL-101(M) has
a gigantic cell volume of 702 000 A3 and a BET surface area up
to 4500 m2.g! upon solvent removal allowing the hosting of
large molecules. Moreover, functionalized MIL-101(M) may be
easily obtained via direct use in the synthesis of BDC linkers
bearing functional groups (-NH;, -NO;, -SOs; or other
functions),?! or via post-synthetic ligand modifications.22 MIL-
101(M)’s stability is highly correlated to the nature of its metal
centres and of the BDC’s functional groups. While MIL-101(Cr)
is highly resistant to water (as solvent, moisture or even steam)
and can last several days in boiling water without any structural
degradation, MIL-101(Fe) and (Al) homologues show much
lower stabilities toward hydrolysis, with for example NH,-MIL-
101(Al) transforming into the more thermodynamically stable
NH2-MIL-53(Al) after only 5 min exposure to water.23 MIL-
101(Cr) is also stable to acidic and basic conditions for several
weeks and resilient to oxidative conditions (5% H,0,) for a few
days. Again, the Al homologue shows in contrast a poor stability
toward acidic or basic conditions, with partial transformation
into MIL-53 and high loss of porosity.24

MIL-100,2526 formulated as M3O(BTC)2(H20)X (X = F, Cl,
OH,...; M = Al, Fe, Cr) possesses the same topology than MIL-101
with a smaller cell volume of ~380 000 A3, i.e. built of trimers of
conner-sharing metal octahedra connected by
benzenetricarboxylate (BTC) linkers (rather than BDC in MIL-
101). The smallest cages have an internal diameter of 25 A and
pentagonal windows of ca. 5 A. The largest cages display an
internal diameter of 29 A and hexagonal windows with a free
aperture of 8.6 A. Those two types of cages allow a large surface
area of 3100 m2.g'1. MIL-100 displays high water stability and no
degradation after 24h at 323K.%7 It is stable in most solvents.
Still, its thermal stability is highly linked to the metal node’s
nature, the solid being stable up to 270, 325 and 370°C for MIL-
100(Fe), MIL-100(Cr) and MIL-100(Al), respectively.2® However,
Bezverkhyy et al. have shown that MIL-100(Fe) is stable mainly
in acidic pH and starts degrading at pH 7.2°

UiO-66 (Zrg04(OH)4(BDC)e) is one of the most studied Zr-
based MOF, attracting also much interest due to its tunable
defective structure. First synthetized in 2008,24 it consists in Zrg
oxoclusters connected by BDC linkers, forming octahedral
mesoporous cages with a diameter of 11 A and tetrahedral
cages of ~8 A internal diameter. The BET surface area is 1200
m2.g1, Similarly to MIL-101, the functionalization of the BDC
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Fig. 1 Representation of the structures of the main MOF hosts reported in this review with the dimensions of the cavities, the linker’s and MOF’s formulas.
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Table 1. Overview of reported POM@MOF composites.

MOF POM precursor wt% Synthetic  Solvent, T, time Applications Reactants, solvent, T for the Corresponding authors,

method? catalytic reaction year, ref.

MIL-101(Cr) H3PW4024 5-14 Imp H20/H202, RT, 3 h Alkene epoxidation H202, CH3CN, 50°C Kholdeeva, 2010,%°
(BTBA)4sH[BW4024] Imp CH3CN, RT, 24 h Geraniol oxidation H202, CH3CN, RT Santos, 2013,3!
Nag[PW3034] Imp H20, RT, 24 h Oxidation of monoterpenes H20,, CH3CN, 80°C Cunha-Silva, Balula,

oDS Model oil / CHsCN, 50°C 2014,
TBAs[PZnMo0,Ws03q] Imp CHsCN, RT, 6 h Alkene oxidation H202, CH3CN, 70°C Tangestaninejad,
Moghadam, 2012,3
K7[PW11039] ~35 Imp H20,RT, 2 h - - Ferey, 2005,
K7[PW11039], Ks[SiW11035] 15-20 Imp H.0, RT, 24 h Alkene epoxidation H202, CH3CN, 75°C Cunha-Silva, Balula,
201334
K7[PW11039], Ks[SiW11039] Imp H20, RT, 24 h Electrochemical investigation - Paes de Sousa, Balula,
2013,
(TBA)sH[PW11C0039(H20)] 7 Imp CH3CN, RT, 12 h Alkene epoxidation 0., CH3CN, 50°C Kholdeeva, 2008,3¢
NaH4[PW11TiOuo] 10 Imp CHsCN, RT, 12 h Alkene epoxidation H20,, CH3CN, 70°C, 50°C, 30°C Kholdeeva, 2008,3¢
(TBA)aH[SiW11FeO30(H20)] Imp CH3CN, RT, 24 h Electrocatalytic nitrite and iodate H2S04/Na2S04 buffer (pH 2.5), RT Fernandes, Balula, Freire,
reduction, ascorbic acid oxidation 2014,%
Css[PW11C0039(H20)] Imp H20, RT, 24 h - - Roch-Marchal, Dolbecq,
2014, 43,3
(TBA)4.2Ho.8[PW11Zn039(H20)] Imp CH3CN, RT, 72 h ODS (DBT, 1-BT, 4,6-DMDBT) H202, BMIMPFs / CH3CN, 50°C Balula, 2015,%*
KaPW11VOao, H3PW 12040, SE H20, 180°C, 72 h Dye adsorption Yao, Zhang, Wang, 2014,
K4SiW12040
H3PW12040 5-14 Imp H20,RT,3h Alkene epoxidation H20,, CH3CN, 50°C Kholdeeva, 2010,%°
H3PW1,040 10, 20, SE H.0, 200-210°C, 8 Knoevenagel condensation of DMF, toluene, EtOH, 40°C Gascon, 2010,
50 Imp h benzaledhyde with
H20, RT, 12 h ethylcyanoacetate,
Esterification of acetic acid, No solvent, 110°C
dehydration of MeOH,
Dehydration of MeOH with Vapour phase
ethylcyanoacetate
H3PW12040 10-30 SE H20, 220°C, 8 h Selective dehydration of fructose 1-ethyl-3-methylimidazolium Li, Hensen, 2011,%
and glucose chloride, 80°C and 100°C
H3PW1,040 SE H20, 218°C, 18 h Aldehyde-alcohol condensation THF-d8, 25-55°C Hatton, 2011,%
Imp H.0, RT, 48 h
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Journal Name

H3PW12040

H3PW12040
(TBA)3PW12040
H3PW12040
H3PW12040
H3PW12040
H3PW12040

H3PW12040 + RhH(CO)(PPhs)s
H3PW12040

H3PW1,040 + ILs
H3PW12040

H3PW1,040 + diatomite
KsCoW 12040, NagH2W12040
KsCoW 12040

KsCoW 12040

KeH[P2W15V30s:2],
Ks[P2W17Ni(H20)0e1],
Ks[P2W17Co(H20)0e1] +
Ru(bpy)sCl2

KsP2W130s2 + Fe304
K11H[(PW5034)2(HOSNVOH)3],
Ko(NHa)H2[(PW3034)2(0OCe"V0)s3]
(TBA)7H3[(PW9034)2Co4(H20)2]
K10[(PW9034)2C04(H20)]
Na1o[(PWs034)2C04(H20)2]

K11[Ln(PW11030)2] (Ln = Eu,
Sm)

17-50

70

9.8-
42.7

15-30

36.1,
32

~50

SE
Imp

SE
Imp
Imp
SE
SE

Imp

SE
Imp

Imp
SE

SE
SE
SE

SE

SE

SE
Imp

Imp
Imp

Imp

Imp

H20, 218°C, 18 h
H20, RT, 48 h

H20, 220°C, 8 h
CHsCN, RT, 24 h
H20, RT, 24 h
H20, 220°C, 8 h
H20, 220°C, 8 h
H20, RT, 48 h
H20, 220°C, 8 h
H20, RT, 48 h
H20, 180°C, 20 h
CH3CN, RT, 24 h
H:0, 210°C, 40
min (microwave)
H20, 180°C, 72 h
H20, 180°C, 72 h
H20, 218°C, 18 h
H20, 218°C, 18 h

H20, 180°C, 72 h

H20, 200°C, 18 h
H20, RT, 24 h

CHiCN, RT, 24 h
H20, RT, 24h

H.0, 100°C, 12 h

H20, RT, 24 h

Baeyer condensation of
benzaldehyde and 2-naphtol,
Epoxidation of caryophyllene

ODS (DBT, 1-BT, 4,6-DMDBT)
ODS (DBT, 1-BT, 4,6-DMDBT)
Pechmann, esterification and
Friedel-Crafts acylation

Aldol self-condensation of cyclic
ketones

Hydroxyalkylation of phenol with
formaldehyde to bisphenol F
Biginelli condensation reaction

Hydroformylation of octene
Proton conductivity

Oxidation of benzyl alcohol
Reaction of CO with styrene oxide

ODS (DBT)

Quantum dots solar cell
Methanolysis of epoxides
Cycloaddition of CO with epoxides,

esterification of CHs3COOH

Photocatalytic H, production

Dye adsorption
Oxidation of sulfides

Alkene oxidation

Geraniol oxidation

Electro/photocatalytic water
oxidation

Oxidation of styrene
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No solvent, 60-90°C, microwaves
(300 MW power)

H,0,, CH3CN, 55°C, microwaves
(300 MW power)

H.0;, n-heptane/DMF, 40-50°C
H20,, n-octane/BMIPFs, 50°C

No solvent, 120°C

No solvent, 130°C (under N)
No solvent, 60-120°C

Ethylacetoacetate/Aldehyde/Urea,
no solvent, 100°C
H/CO, toluene, 70°C

TBHP, CHCls, 100°C
No solvent, 60°C

H>0,, n-heptane/CHsCN, 60°C

No solvent, RT
No solvent, 90°C
No solvent, 70°C

Ru(bpy)s]Cl>, TEOA, H20 (pH 2.0),
DMF/CHsCN (7/3), RT, 300 W Xe-
light (A > 420 nm)

H20;, CH3CN, H20, EtOH, DMF,
H,O/PEG, RT

H202, CH3CN, 80°C

H202, CH3sCN, RT

Ru(bpy)sClz, Naz2S20s, sodium
borate buffer (pH 9), RT, 300 W Xe
lamp (A > 420 nm)

CH3CN, 75°C (with or without
microwaves 70 mW powder)

|'s

Hatton, 2012,*

Liu, 2013,%
Balula, 2013,%
Khder, El-Shall, 2014,%”

Zou, 2015,%8
Li, Liu, 2015,%
Saikia, 2015,%°

Sartipi, Gascon, 2015,5!
Liu, 2017,%2

Van der Voort, 2017,%
Pescarmona, 2017,%*

Zhao, Su, 2018,%
Chen, Li, Wang, 2015,%¢

Tangestaninejad, 2018,%”
Tangestaninejad,
Moghadam, Mirkhani,
2019,%8

Zhang, Lin,2018,%°

Farhadi, 2018,
Khoshnavazi, 2018,65!

Balula, Cunha-Silva,
2013,%2

Roch-Marchal, Dolbecq,
2014,38

Xu, 2016,%

Cunha-Silva, Balula,
2013,%
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K11[Tb(PW11039)2]

K11[Eu(PW11039)>]
(TBA)sH[PMo10V2040] ~40
HsPMo010V2040 17-33

H3PMo012040

H3PW12040

H3PM012040

(TBA)4.2Ho.8[PW11Zn039(H20)]

Ks[AgPW1103]

H3PW12040+ Pt NPs

H3PW12040
H3PW12040

29-32
H3PW402 + ILs

H3PW12040

H3PW12040

H3PW12040

H3PW12040 7-35

H3PW1,040+ lipase
H3PW12040t ILs

Imp

Imp
Imp
Imp

SE

Imp
Imp
Imp
SE

Imp

SE

SE
Imp

SE
Imp
Imp
SE
SE
SE

SE
SE
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H.0, RT, 24 h

H.0, RT, 24 h
CHsCN, RT, 96 h
H20, RT, 4 h

H20, 220°C, 9 h

H20, RT, 10 h

H20, RT, 10 h

CH3CN, RT, 48 h
DMF, 130°C,5 h
(microwave)
MeOH/H:0 1/1,
RT, 24 h

DMF, 130°C, 1 h
(microwave)
DMF, 130°C
H.0/MeOH 1/1,
RT,8h

DMF, 130°C, 72 h

H20/H20., RT, 24
h

Absolute EtOH,
RT,6h

H.0, 95°C, 12 h

H20, 160°C, 12 h
H20, 160°C, 24 h

H20, 130°C, 72 h
H20, 130°C, 72 h

ODS (DBT, 1-BT, 4,6-DMDBT)

ODS (T, DBT, 1-BT, 4-MDBT, 4-
6DMDBT)

Electrocatalytic ascorbic acid
oxidation

Oxidation of 2-chloroethyl ethyl
sulfide

In situ formation of Au NPs, optical
contrast agent

ODS (DBT, BT, 4,6-DMDBT)

ODS (DBT, BT, 4-MDBT, 4,6-
DMDBT)

ODS (DBT, 1-BT, 4,6-DMDBT)

Formation of Ag NPs,
Reduction of 4-nitrophenol,
Photocatalytic degradation of
Rhodamine B

Oxidation of CO,
Hydrogenation of toluene
Aldehyde condensation and
polymerization

Oxidation of benzyl alcohol

Ethanol conversion to diethylether
and ethylene

Acetalization of benzaldehyde and
ethanediol

Hydroxyalkylation of phenol with
formaldehyde to bisphenol F

ODS (DBT, 1-BT, 4,6-DMDBT)

Esterification of cinnamic acid
Esterification of oleic acid
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H0;, n-octane/CHsCN,
isopropanol, DMF, CH3CN/H,O
(1/1), RT

H20,, n-octane/CHsCN, 70°C

H2S04/Na2S04 buffer solution (pH
2.5), RT
CH,Cl,, RT

H.0,, n-heptane/CHsCN, DMF, 30-
60°C

H»0,, n-octane/BMIMPFs,
diesel/BMIMPFs, 50°C

H»0,, n-octane/BMIMPFs,
diesel/CHsCN, 50°C

NaBHs, no solvent, RT

H20, RT, 300W Xe lamp (A > 400
nm)

No solvent, 1%0;, 0.5% CO in He
Toluene in a flowing H2-N2 mixture

H20/CH3CN, 25°C

TBHP, CHCls, 100°C
Vapour phase, 90-210°C
Cyclohexane, 80°C

No solvent, 60-120°C
H20;, n-heptane/CHsCN,
gasoline/CHsCN

Benzyl alcohol, isooctane, 45°C
EtOH, 111°C

Balula, 2013,%

Balula, Cunha-Silva,
2016,%¢

Cunha-Silva, Freire,
2013,%7

Zhou, Zhong, 2018,

Roch-Marchal, Horcajada,
2016,%°

Huang, Cao, 2014,7°
Balula, 2018,7*
Cuhna Silva, Balula,
2016,

Wang, Li, 2016,7

Ramos-Fernandez,
Gascon, 2012,74
Gascon, 2011,
Hatton, 2013,7¢

Abbasi, 2017,77

Gil, 2012,7®

Zhang, El-Shall, 2015,7
Li, Liu, 2015,%°

Cao, Huang, 2017,%

Rafiee, 2018,5*
Guan, 2015,82
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MIL-100(Cr)

NH2-MIL-
53(Al)

Zr-MOF
Uio-66

Na1o[(PW3034)2C04(H20)2],
K7[Co2W11039(H20)]

HsPMo010V2040, HiPM011VOao,
H3PM012040

HsPMo010V2040
(TBA)sH[PM01:MnO39(H20)]
H3PM012040

H3PM012040

H3PW12040

H3PW1,040 + RuCls

H3PW12040

H3PW12040

K11Eu(PW11030)2

H3PW12040
H3PW12040
Cs2.5Ho.sPW12040
H3PW12040

HaSiW12040

30

~30

16.7

29

25-40

10

20-50

SE

SE
SE
SE
SE

SE

SE

SE

SE

Imp
SE

Imp

SE
SE
SE
SE

SE

H20, 130°C, 72 h

H20, 95°C, 12 h
H20, 130°C, 72 h
H20/MeCN 4/1
130°C, 72 h

H20, 130°C, 72 h

H20, 130°C, 72 h

H>0 or H,O/DMF,
220°C,96 h

or 180°C,3 h
(microwave)
H20, 220°C, 96 h

H20, 220°C, 96 h
H,O/EtOH 1/1, RT,
8h

DMF, 130°C, 1 h
(microwave)

H20, RT, 120 h
DMF, 120°C, 24 h
DMF, 120°C, 24 h
DMF, 120°C, 30 h

DMF, 120°C, 24 h

DMF, 120°C,6 h

Photocatalytic water oxidation

Oxidation of cyclohexene
Anode material

Reduction of p-nitrophenol into p-
aminophenol

Photocatalytic oxidation of benzylic
alcohols
Reduction of Cr(VI)

Conversion of cellobiose and
cellulose into sorbitol
Hydroxyalkylation of phenol with
formaldehyde to bisphenol F

Aldehyde condensation and
polymerization

ODS (T, DBT, 1-BT, 4-DMDBT, 4-
6DMDBT)

Oxidation of cyclopentene to
glutaraldehyde
ODS (DBT, 1-BT, 4,6-DMDBT)

Acidolysis of soybean oil

Oxidation of cyclohexanone to
adipic acid

Esterification of lauric acid with
methanol

Please do not adjust margins

Ru(bpy)sClz, Na2S20s, sodium
borate buffer (pH 9), RT, 300 W Xe
lamp (A > 420 nm)

H202, CH3CN, 70°C

H0, 20-45°C

Benzotrifluoride saturated with
pure O, RT, 300 W Xe lamp (A 2
420 nm)

Ammonium oxalate, H.0, RT, 400
W Xe lamp (420 <A <760 nm)

Hz, H20, 150°C and 190°C

No solvent, 60-120°C

H20/CHsCN, 25°C

H,0,, n-octane/CHsCN, 70°C

H20, tert-butylalcohol, 35°C

H.0,, n-heptane/CHsCN,
gasoline/CHsCN

Capric acid, caprylic acid, no
solvent, 100-170°C

H20., no solvent, 90°C

No solvent, 160°C
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Nadeem, Kégerler, 2018,83

Tong, Bo, 2017,%*

Li, Lan, 2018,%°

Nadeem, Kogerler, 2018,%¢
Roch-Marchal, Horcajada,

2011,%
Wu, 2015,%

Juan-Alcafiiz, Gascon,
2012,
Chen, Chen, 2013,%°

Li, Liu, 2015,

Hatton, 2013,7¢

Balula, Cunha-Silva,
2016,%

Yang, Dai, 2015,
Cao, Huang, 2017,%
Hu, 2017,%

Feng, 2019,

Zhang, Zhang, 2019,>*




Please do not adjust margins

ARTICLE

Zr-MOF
UiO-66-NH:

Zr-MOF
Ui0-66-2CO.H

Zr-MOF
Uio-67

Zr-doped HaSiW12040

H3PM012040

H3PM 012040,
[Bmim]3PMo012040

H3PW12040

H3PW12040 + ILs
(DODA)s[EuW10036)
H3PW 12040,

(TBA)sH3[PW11039],
(TBA)s[P2W150s:]

H3PW12040

H3PW12040 + Cp*Rh(bpydc)Cl>

HaSiW 12040

(TBA)s[P2W15062]

(TBA)10[(PW9034)2Nis(H20)2]

H3PM 012040, COHPM012040

2-20

10

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

DMF, 120°C,6 h

DMF/HAc
(30/3.6), 120°C, 24
h and calcinations
200-500°C

DMF, 120°C, 24 h

DMF, 120°C, 72 h

H20, 100°C, 24 h

DMF, 120°C, 24 h

DMF, 120°C, 24 h

DMF, 120°C, 12 h

DMF, 120°C, 12 h

DMF, 120°C, 24 h

DMF, 100°C, 96 h

DMF, 100°C, 72 h

DMF, 120°C, 24 h

Esterification of oleic acid with
methanol
ODS (DBT)

ODS (DBT, 4,6-DMDBT)

Photocatalytic Hz production,

Degradation of RhB

Transesterification of soybean oil
with methanol

Chemical probe, temperature
sensor

ODS (DBT, 1-BT, 4,6-DMDBT)

Photocatalytic CO; reduction to
formate and H.

Photocatalytic H, production

Photocatalytic Hz production

Photocatalytic H, production

Olefins epoxidation

Please do not adjust margins

Journal Name

No solvent, 140-160°C

TBHP, decalin, 80°C

TBHP, n-octane, 80°C

H20/CHs0H (3/1), RT, 500 W Xe
lamp
H20, RT, visible-light irradiation

With and without oleic acid, no
solvent, 110°C

H.0;, n-heptane/CHsCN, 40-90°C

Ru(bpy)sCl2, CHsCN/TEOA (5/1), RT,
280 W lamp (A > 415 nm)

30 vol% lactic acid aqueous
solution, RT, 300 W Xe lamp (A >
400 nm)

[Ru(bpy)s]?* covalently grafted as
PS, CHzOH aqueous solution (10 %,
pH 1.8), RT, 230 W solid state light
source (A > 400 nm)

[Ir(ppy)2(bpy)]* or [Ru(bpy)s]*
covalently grafted as PS, CH3OH
aqueous solution (10 %, pH 1.2),
230 W solid state light source (A >
400 nm)

H202, CH3CN, 70°C

0, TBHP, no solvent, 80°C

Zhang, Zhang, 2020,%

Wang, Zhang, 2019,%

Wang, Bu, 2020,%”

Li, 2018,%

Xie, 2019,%

Mialane, Serier-Brault,
2018,10

Roch-Marchal, Dolbecq,
2015,%0t

Li, 2018,12

Dolbecq, Sassoye, Mellot-
Draznieks, 2020,%3

Li, Xu, 2016,204

Lin, 2015,

Lin, 2016,0¢

Jia, Yu, 2019,%%7




Journal Name

Zr-MOF
MOF-545

Zr-MOF
MOF-
525(Fe)/PCN-
224(Fe)

Zr-MOF
NU-1000

NU-1000-NDC
NU-1008

Zr-MOF
MOF-808

HKUST-1
(Cu-BTC)

Nazo[(PW3034)2C04(H20)]

(TBA)3PW12040

H3PW12040

H3PW12040
H3PW12040

HsPMo010V2040

H3PW12040

H3PW12040

H3PW4012, H3PM012040,
HsPMo010VOa0, HsPM010V2040,
HsPMo09V3040

H3PW12040, H3PM012040,
HsPMo010V0Oa0, HsPM010V2040,
HsPMo09V3040

K7PW10Ti2040 + Au NP

KsPW11CuOss
(NMe4)[SiW11M0YOao]

HnXM12040 (X =

30-45

7-42,

Imp

SE

Imp

Imp
Imp

Imp

Imp

SE

SE

SE

SE

SE

SE

SE

Please do not adjust margins

H20, RT, 6 h

1) DMF, 130°C, 2 h
2) DMF, 120°C, 1 h

H.0, RT, 72 h

H.0, RT, 72 h
H20, RT, 72 h

H20, RT, 72 h

H20, RT, 72 h

DMF, 130°C, 48 h

H,O/EtOH (3/4),
RT, 120 h

H,O/EtOH (3/4),
RT, 120 h

H20, 180°C, 24 h
H.0/ethylene
glycol (4/3), 80°C,
30 min

H20, 200°C, 16 h,
100°C, 4 h

H20, 180°C, 72 h

H20, 180°C, 24 h

Photocatalytic water oxidation

Photocatalytic CO; reduction

Oxidation of 2-chloroethyl ethyl
sulfide after activation at 120°C

Oxidation of 2-chloroethyl ethyl
sulfide

O-xylene isomerization

Aerobic oxidation of 2-chloroethyl
ethyl sulfide

Oxidation of 2-chloroethyl ethyl
sulfide

ODS (DBT, 1-BT, 4,6-DMDBT)

Oxidation of benzylic alcohol

Esterification of glycerol

Photocatalytic CO; reduction to CO

Oxidation of thiols

Magnetic properties, proton
conductivity
Hydrolysis of esters

Please do not adjust margins

Ru(bpy)sClz, Na:S:0s, borate buffer
solution (pH 8), RT, 280 W Xe lamp
(A>420 nm)

Ru(bpy)sCl>, CH3CN/TEOA (5/1),
280 W Xe lamp (A > 415 nm)

H202, CH3CN, 45°C

H202, CH3CN, 45°C

Hz, vapour phase, 250°C (under
Ar)

0, isobutyraldehyde,
cyclohexane, 70°C

H202, CH3CN, 45°C

H.0,, n-dodecane/n-
heptane/CHsCN, 60°C

H20, H20 (CTAB micellar
solution), 80°C

H20, glycerol, H.0, 40°C

H20 vapor, 40 °C, 300 W Xe lamp

(A>420 nm)

0/air, dichlorobenzene, 45°C

H20/CH3CN, 60-80°C
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Dolbecq, Mellot-
Draznieks, 2018,

Mellot-Draznieks, Sassoye,

Dolbecq, 2020,

Browning, Farha, 2017,1°

Farha, 2018,'*

Farha, Notestein, 2018,112

Farha, 2020,3

Farha, 2019,'%4

Lin, Cao, 2018,'**

Lu, 2014,

Wang, Lu, 2015,*7

Liu, Liu, 2018,118

Hill, 2011,1%°

Xu, 2016,120

Liu, Su, 2009,
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ARTICLE

Fe-BTC

Cu-MOF
rht-MOF-1

10 |

Si, Ge, P, As; M =W, Mo; n =
3,4)

H3PW 12040, H4SiM 012040,
H3PMosWsOa0

NazPW1,040

H3PW12040

H3PW12040

H3PW12040
H3PW 12040, H3PM012040,
HaSiW12040
H3PW12040

H3PW12040

HaSiW12040
KaSiW12010

H4aPM010V2040

HsPMo010V20a40,

HsPMo010V2040, HsPM0sV3040,
H4PMo011VOao, H5SiM011VOao,
H4SiM 012040, H3PM012040
H3PMo012040

H3PM012040, H3PW12040,
H4SiM012040

SB

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

SE

Please do not adjust margins

H20, 230°C, 1 h,
180°C, 24h
H20, 180°C, 72 h

H,O/EtOH 1/1,
lyophilization, 18
h

H,O/EtOH 1/1,
lyophilization, 18
h

H.O/EtOH 12/16,
120°C, 12 h
H,O/EtOH 12/16,
RT, 48-96 h
Anhydrous EtOH,
50-80°C, 1.5h
Mechanochemical
synthesis, liquid
assisted grinding
method

H:0, 180°C, 6 -72
h

H20, 180°C, 72 h

H20, 180°C, 24 h
(single crystals)
H2O/EtOH (1/1),
RT (nanocrystals)
Mechanochemical
synthesis
Anhydrous EtOH,
75°C, 12 h,
distillation and
freeze-drying
H,O/EtOH 1/4, Cu
foil, 100°C, 1 h

H.O/EtOH 1/1, RT,
12h

H.O/DMF 1/1,
85°C,12h

Hydrolysis of dimethyl
methylphosphonate
Esterification of acetic acid

Esterification of acetic acid

Oxidation of cyclopentene to
glutaraldehyde
ODS (MPS, DBT, T)

Conversion of long-chain fatty acids

into monoalkyl esters
Phenol oxidation with H202

Methanol dehydration
NO adsorption and decomposition

0oDS (DBT)

Oxidation of alcohols

Conversion of 5-
hydroxymethylfurfural
Oxidation of alkylbenzenes
Degradation of RhB

Please do not adjust margins

Journal Name

H-0, 50°C

1-propanol, 60°C

1-propanol, 60°C

TBHP, CH3CN, 30°C

H.0,, H20, H,O/EtOH, n-hexane,
25-65°C

MeOH, 65°C

H20;, no solvent, 35°C

Vapour phase, 240-300°C (under
N2)

0, isobutyraldehyde, decalin,
80°C

TBHP, toluene, 100°C

EtOH, 100°C

TBHP, no solvent, 80°C

Naruke, 2003,12
Liu, Su, 2011,%

Martens, 2010,

Martens, 2011,%

Dai, 2015,%%¢
Rafiee, 2015,
Liu, 2015,28

Lu, Liu, 2018,»

Liu, 2011,
Liu, 2012,

Liu, Zheng, 2013,3?

Liu, 2018,133

Lu, Liu, 2020, 3*

Chen, 2016,3°

Yan, Li, Yang, 2016,'%




Journal Name

Zn-MOF
ZIF-8

Zn-MOF
Rho-ZIF

Co-MOF
ZIF-67

H34nPM012-nVnOao,

H3PW 12040, HaSiW 12040,
H3PMo012040

H3PW12040

KsCoW 12040
KsNasHa[SiWsCo3(H20)3037]

HaSiW12040 + Fe-salen

HsPMo09V3040, HsPM010V2040,
H4PM011VOao

H3PW12040

KsNazHa4[SiWsCo3(H20)3037]

10

SE

SE

SE

SE

SE

SE

SE

SE

SE

Please do not adjust margins

H.0/DMF 1/1,
75°C,3h

Mechanochemical
synthesis

MeOH, RT, 24 h

MeOH/H,0 50/3,
RT, 24 h
MeOH/H,0 50/10,
RT,3.5h

MeOH, RT, 2 h

Mechanochemical
synthesis

H.0, RT, 6 h

MeOH/H0 50/10,
RT, 24 h

ODS (DBT, 1-BT, 4,6-DMDBT)
Adsorption of dyes
Controlled release of 5-FU
ODS (DBT, 1-BT, 4,6-DMDBT)
Electrocatalytic OER
Electrocatalytic OER

Electrocatalytic OER

Oxidation of sulfides to sulfoxides

Photocatalytic OER and HER after
calcination treatment

Electrocatalytic OER

H20,, n-octane/CHsCN, 40-90°C

H»02, n-heptane/CHsCN,
gasoline/CHsCN, 70°C
NazS0s solution (pH 1.9), RT

KOH electrolyte (pH = 13.0), RT

KCl solution (neutral pH), RT

H20,, CH3OH, RT

Ru(bpy)sClz, Na2S20s,
Na2SiFs/NaHCOs buffer solution
(pH 6), RT, 300 W Xe lamp (A > 420
nm)

KOH solution (pH = 13.0), RT

Li, 2020,

Wang, 2014,138

Cao, Huang, 2017,%°
Das, 2018,13°
Abdelkader-Fernandez,

Cunha-Silva, 2020,%4°
Das, 2020,3°

Wei, Xu, 2017,

Li, Wang, 2016,

Abdelkader-Fernandez,
Cunha-Silva 2020,14°

2 SE = synthetic encapsulation; Imp = impregnetion; SB = ship in a bottle.

Table 2. Overview of reported Complex@MOF composites

ARTICLE

MOF Catalyst precursor Charge wt% Synthetic  Solvent, T, time Applications Solvent, T, reactants Ref
method?
MIL-101(Cr) [(H20)(terpy)Mn(u- 3+ 10 SB 1) H20, RT, 20 h Water oxidation K-oxone, acetate buffer, RT Das, 2013,'4
0)Mn(terpy)(H20)](NOs)3 2) H20, RT, 20 h
MPcFi6 (M = Fe, Ru), (FePctBua):N 0 2.1, Imp Acetone for MPcFis, Oxidation of tetralin 0, no solvent, 90°C Farrusseng, 2011,
phthalocyanine 3.6, CH2Cl; for
5.2 (FePctBua):N, RT, 72

h

Please do not adjust margins
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ARTICLE

NH-MIL-
101(Al)

HSOs-MIL-
101(Cr)

MIL-100(Al)

MIL-100(Cr)

MIL-100(Fe)

MIL-125(Ti)

12 |

FePcS phthalocyanine

Na[Co(C0)4)]
Cu-salen

Cu(Il) phthalocyanine

Cu(Il) phthalocyanine

RhH(CO)(PPhs)s + H3PW 12040

Mn-salen
Fe-containing porphyrin (Hemin)
Ru alkylidene

[Cp*Rh(4,4’-bpydc)CI]CI +
[Ru(bpy)2(4,4’-bpydc)](PFs)>

[Rh(COD)(dppe)]BFa,
[Rh(COD)(CHsCN)]BF4
[Ir(COD)(PCys)(py)]PFe

Cu-Phen

Co-salen

Cu-phthalocyanine

[Ru(bpy)s]Cl2

1+

1+

1+

1+

2+

18
17.5
0.25,

0.88
1.10

2.28

10.1

Imp

Imp
SB

SB

SB

Imp

SE
Imp
Imp

Imp

Imp

Imp

SB

SB

SB

SE

Please do not adjust margins

H20, 25°C, 3 h

MeOH, RT, 12 h
EtOH, reflux, 30 min

1) EtOH, 1h

2) [Bmim]Br 180°C,
1h

1) EtOH, 1h

2) DES, 150°C, 30 min
Toluene, 70°C, 18 h

DMF, 110°C, 16 h
DMF, RT, 12 h
Toluene or DCM, RT,
1h

CHsCN, RT, 24 h

DMF, RT, 72 h

Acetone, RT, 20 h

EtOH, RT, 24 h

1) Ethyl alcohol, RT,
12h

2) Acetone, 80°C, 24
h

1) EtOH, 1h
2) DES, 150°C, 30 min

DMF/MeOH (9/1.2)
130°C, 15 h

Journal Name

Oxidation of benzyl alcohol, 2,3,6-
trimethylphenol and 8-
hydroxyquinoline

Ring-expansion carbonylation of
epoxides

Oxidation of styrene to
benzaldehyde

Oxidative amidation of
benzaldehyde

Epoxidation of styrene

Hydroformylation of octene

Epoxidation of dihydronaphtalene
Oxidation of 3,3,5,5-
tetramethylbenzidine

Olefin metathesis

Photocatalytic CO; reduction to
formate

Hydrogenation of alkenes

Hydrogenation of alkenes

Cyclohexane oxidation

Electrocatalytic ORR

Epoxidation of styrene

Photocatalytic oxidative coupling
of benzylamine

Please do not adjust margins

TBHP, CH3CN, CH,Cl,, acetone,
30-60°C

CO, no solvent, 60°C
H,0,, tris-HCl buffer, 30°C

TBHP, CHiCN, RT

02, TBHP, CHsCN, 60-80°C

H/CO, toluene, 70°C

MCPBA/N-methylmorpholine,
CHxCly, RT
H20,, citrate buffer, 50°C

Toluene, CHxCl, or
ethylacetate, RT

CH3CN/TEOA (20/1), RT, 300 W
Xe lamp (A > 415 nm)

H,, DMF, acetone or CeDs, 25-
100°C

CHClz, RT

H20,, CH3CN, 30-80°C

Phosphate buffer (pH=6.8)

TBHP, CHsCN, 80°C

CH3CN, RT, 300 W Xe lamp
(A > 440 nm)

Kholdeeva, 2011,

Dincd, Roman-Leshkov,
2017,146
Wu, 2019,*#7

Shaabani, Amini, 2017,48

Amini, 2019,

Sartipi, Gascon, 2015,

Speybroeck, Van Der
Voort, 2013,1%°

Liu, 2013,5?

Grela, Chmielewski,
2016,2

Fontecave, Mellot-
Draznieks, 2018,%%3
Sanford, 2016,%%4

Weller, Rosseinsky,
2018,155

Fan, Li, 2015,%%¢

Li, 2014,*7

Amini, 2019,

Gao, Cao, 2019,%%8




Please do not adjust margins

Journal Name

NH-MIL-
125(Ti)

Zr-MOF
Uio-67

Zr-MOF
MOF-545(Zn)

MOF-545(Co)

Zr-MOF
PCN-224

Zn-MOF
ZIF-8

Zn-MOF
IRMOF-3

Cu- and Zn-
MOF
HKUST-1

In-MOF
7]U-28

[EtaN]s[Ins(BTC
)al

Co'"-dioxime-diimine

[Co'(TPA)CIICI

[Ru(bpy)s]Cl2

[Ru(bpy)s]Cl2

[Ni"(bpet)(H20)2](ClO4)2

[Ru(bpy)s](PFs)2

[(1"-SCH2)2NC(0)CsHaN][Fe2(CO)e]

MCp2 (M = Fe, Co, Ni)

[Zn"-TMPyP]l4

Mn-TAPP porphyrin

[Fe(salen)Cl] + HaSiW12040

(R,R)-salen(Co(Ill))

FesSP, MnaSP porphyrin

[Rh (COD)(dppe)]BFa

[Rh(COD)(dppe)]BFa,
[Rh(COD)(CH3CN)]BFa

1+

2+

2+

2+

2+

4+

1+

1+

1.1-2.7

0.15,
0.23,
0.31

4.93

3.8

3.5

SB

SB

SE

SE

SB

Imp

Imp

CvD

Imp

SE

SE

Imp

SE

Imp

Imp

1) Acetone, RT, 12 h
2) Acetone, RT, 3 h

1) MeOH, RT, 12 h
2) MeOH, RT, 12 h

DMF/MeOH (9/1)
150°C, 48 h

DMF, 120°C, 24 h

1) CHsCN, RT

2) Acetone/H.0
(20/1), RT, 24 h
DMF, 90°C, 12 h

CHxCl;, 48 h

40°C,2h

DMF, 60°C, 24 h

DMF, 135°C, 36 h

MeOH, RT, 2 h

CHCls, 55°C, 12 h

EtOH/DMF/H.0
(1/1/1),60°C, 7 h

DMF, RT, 72 h

DMF, RT, 72 h

Photocatalytic HER

Photocatalytic HER
Photocatalytic aerobic oxidation
of benzyl alcohol

Photophysical properties of
Ru(bpy)s*

Photocatalytic CO2 reduction to
co

Singlet oxygen generation

Photocatalytic HER

Electrocatalytic CO; reduction to
co

Cycloaddition of CO2 with
epoxides

Acid/base catalysis

Epoxidation of olefin substrates

Electrocatalytic OER

Racemic epoxides/CO, coupling

Peroxidase H20. degradation

Hydrogenation of 1-octene

Hydrogenation of alkenes

Please do not adjust margins

CH3CN/TEA/H20 (5/1/0.1), RT,
500 W Xe/Hg lamp (A > 408
nm)

CHsCN/TEOA/H.0, RT, 500 W
Xe lamp (A > 380 nm)

CHsCN, RT, 500 W Xe lamp (A >
450 nm)

DMF/H20/BIH/TEOA, 15 °C, 82
W LED (A =450 nm)

Ascorbic acid, acetate buffer
(pH 5), RT, 300 W Xe lamp (A >
420 nm)

KHCOs solution, RT

No solvent, RT

TBHP, CH3CN, 80°C

KCl solution (neutral pH), RT

No solvent, RT

EtOH/H0, RT

H,, acetone, 35-75°C

H2, DMF, acetone or CeDs, 25-
100°C
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Reek, van der Vlugt,
Gascon, 2015,%%°

Jiang, 2016,

Yamashita, 2019,6!

Larsen, 2017,162

Jin, Kong, 2019,63

Lee, 2017,64

Feng, 2014,

Chen, Lan, 2020,¢

Nagaraja, 2019,¢7

Jiang, 2016,%68

Das, 2020,3°

Chen, Zhang, 2017,¢°

Larsen, 2011,%7°

Sanford, 2013,**

Sanford, 2016,
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ARTICLE

In-MOF
PCN-99

In-MOF
Rho-ZMOF
[Inag(HIMDC)sg6]
48

[CpFe(CO)2(L)]*, L= weakly bound
solvent

[Ru(bpy)s]Cl>

[H2TMPyP][p-tosyl]a porphyrin

[Pt"-TMPyP]Cls porphryin

1+

2+

4+

4+

2.5

Imp
SE

Imp

SE

SE

Dry acetone, RT, 48 h
DMF, 120°C, 24 h

DMF, RT, 40 min

DMF/CH3CN (1/1),
85°C, 12 h, 105°C, 24
h

EtOH/DMF (1/1),
85°C, 12 h,
105°C, 48-72 h

Journal Name

Diels-Alder reaction between
isoprene and methyl vinyl ketone

Photocatalytic aerobic oxidative
hydroxylation of aryl-boronic acid

Cyclohexane oxidation

Anion selective sensing

CHCly, RT

DMF/'Pr;EtN, RT, 36 W
fluorescence lamp

TBHP, no solvent, 65°C

Weller, Rosseinsky,
2016,72

Zhou, 2016,

Eddaoudi, 2008,

Eddaoudi, 2018,'75

2 SE = synthetic encapsulation; Imp = impregnetion; SB = ship in a bottle.
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ligand leads to a variety of UiO-66’s derivatives. The high
connectivity (12 linkers per Zrg unit in the defect-free structure)
allows preserving its crystallinity even up to 25% linkers
defect.176 UiO-66 is stable to water and organic solvents for
several weeks and can withstand long exposure to acidic or
basic pH at least in the 4 to 12 range. Although it does not show
any XRD or BET changes after several weeks in oxidative
conditions (5% H,0,), the material lacks stability when exposed
to air, leading to its partial destruction after 3 days.177 Stability
tests performed on UiO-66-NH, have shown that the linker
functionalization somehow reduces its stability in water but
increases its stability in air.

UiO-672% (Zrg04(OH)s(bpdc),) derives from UiO-66, as it
incorporates 4,4’-diphenyldicarboxylate (BPDC) linkers instead
of BDC. This induces an increase in the distances between Zrg
nodes as well as in the sizes of pores and windows. UiO-67 is
thus composed of octahedral and tetrahedral cages of 18 A and
11.5 A internal diameter, respectively,0? while exhibiting a
3000 m2.g! BET surface area.?* UiO-67 is notably less stable
than UiO-66, with a decrease in porosity after 3 days in a pH 4-
12 aqueous solution and even in air/moisture, and a total
destruction in 5% H,0,.177

MOF-545 (ZregOs(H20)s(TCPP);),178 also known as PCN-
222,179 is also a Zr-MOF which incorporates tetrakis(4-carboxy-
phenyl)porphyrin (TCPP) ligands. In MOF-545, the TCPP linkers
are bound to four distinct Zrs clusters located on two different
layers, creating two distinct types of channels, large hexagonal
ones of 36 A diameter and smaller triangular channels,
providing a total BET surface area of ~2300 m2.gL. The large size
of hexagonal channels allows easy post synthetic impregnation
of various molecules. Moreover, the photosensitivity of TCPP
and its possible metalation award this hybrid solid interesting
properties for photocatalytic reactions such as CO; reduction or
water splitting (see below).108.180 MOF-545 is stable to organic
solvents, highly stable in water even in very acidic conditions
(concentrated HCl solution) but decomposes at pH above 10.17°

Another Zr-based MOF we will focus on in this review is NU-
1000.181 |t is synthesized by reaction of a Zr precursor with
1,3,6,8-tetrakis(p-benzoic-acid)pyrene (H4TBAPy) under
solvothermal conditions. In ZreOg(H20)s(TBAPY),, the Zrs
oxoclusters are linked via TBAPy ligands located on eight of the
twelve octahedron edges, the remaining edges being occupied
by bridging hydroxo ligands, leading to a porous material with
two kinds of tunnels. The largest tunnel is hexagonally shaped
with a diameter of 31 A and the smallest tunnel has a triangular
shape with a diameter of 8 A. The overall structure is highly
porous with a BET surface area of 2320 m2.g'1. Moreover, NU-
1000 is stable in water in a large pH range (1-10).182

HKUST-1 (or Cu-BTC) is one of the oldest MOF, having been
synthetized in 1999 by Chui et al..18 HKUST-1, which can be
formulated as Cus(H20)3(BTC),, is composed of dimeric cupric

tetracarboxylate units, the 12 oxygens from the carboxylate
groups of the BTC linkers binding four coordination sites for
each of the three copper ions of the formula unit. Each metal
completes its pseudooctahedral coordination sphere with an
axial aqua ligand pointing towards the nanopore. This leads to
a paddle-wheeled framework exhibiting 18.6 A diameter
hexagonal cages and 13 A diameter square pore windows.83
This MOF exhibits a relatively low surface area of 690 m2.g1. It
must be noted that Cu-BTC is moderaterly stable to water and
air.177

Lastly, ZIF-818 belongs to the sub-family of zeolitic
imidazolate frameworks whereby individual zinc tetrahedra are
connected to each other via the organic ligands to form a
sodalite-type network. ZIF-8 has a unique porous structure
made of sodalite-type hybrid cages of 12 A internal diameter
communicating through 6-ring windows of 3.4 A free aperture,
allowing a BET surface area of 1630 m2.gL. ZIF-8 is highly stable
to air, water and steam, showing no degradation after a few
days in harsh conditions. It can withstand acid and basic media
(in the pH 4-12 range) for several days and oxidative conditions
for the same duration.””

Concerning now the catalytic guests, we consider here
successively the whole variety of POMs and organometallic and
coordination complexes that have been successfully
immobilized in one of the MOF mentioned above.
Polyoxometalates are anionic metal oxide clusters built by the
connection of MO, (M = WYV, MoV, VWV ) polyhedra. They
can be divided into two families, isopolyoxometalates and
heteropolyoxometalates, these last incorporating additional
X0, groups (X = PY, SiV, GeV, As'..). To date, only
heteropolyoxometalates have been immobilized in MOFs (see
Table 1). More precisely, [XM12040]™ Keggin and [X2M130¢2]™
Dawson species as well as dimeric sandwich-type Keggin POMs
have been considered (Fig. 2). The structure of the Keggin POM
XM, can be seen as the assembly of four trimetallic subunits
Ms30;13 around a XO4 tetrahedron.1®> By controlled hydrolysis
under basic conditions of the saturated species XM 13, lacunary
(also called vacant) species can be selectively obtained.
Monovacant [XM11039]™, divacant [XM10036]™ or trivacant
[XMsO34]™ derivatives were thus isolated.’® Knowing how
lacunary species are formed, POMs are known to be highly
sensitive to pH. The reaction of lacunary Keggin anions with
transition metals M’ can lead to the formation of substituted
Keggin such as the monomeric [SiWgCo3(H,0)3037]1% and
[XW1:M’O39(H,0)I (M’ = Ti, Fe, Co, Cu, Zn) compounds
represented in Fig. 2. The dimeric sandwich-type POMs
[(XWg034)2M’4(H20)2]™ (M’ = Co, Ni) can also be isolated by
reaction of tri-vacant XWs Keggin units with 3d ions.187
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Fig. 2 Representation of the POM guests mentioned in this review with their dimensions, formulas and abbreviations.

Finally, XoM1g Dawson-type POMs, which may be regarded as
two XMg tri-vacant Keggin units connected via six oxygen atoms,
have been also incorporated in MOF matrices. Still, looking at
Table 1, it is apparent that PWj; stands for ~35 % of the studies
of POMs immobilized into MOF. This can be explained
considering i) its widely recognized catalytic activity, in
particular as an acid catalyst,? ii) its stability in most conditions
used for its incorporation into MOF, iii) its charge and size
among the smallest ones within the POMs family allowing to
reach high POM loadings, i.e. minimizing charge balance issues
upon immobilization into MOF iv) its commercially availability
at low cost and v) its characteristic IR and 3P NMR signatures
highly useful to check its integrity upon immobilization and
before/after the catalytic events.
Concerning the organometallic
complexes, the main species successfully immobilized in MOFs
are represented in Fig. 3. Metallated phthalocyaninel88 and
porphyrin® molecules have been particularly studied, these
species  obviously playing an important
(photo)catalysis1?9-193 including fundamental reactions such as
CO, reduction.1®* Bipyridine transition metal complexes

and  coordination

role in

(typically M(bpy)s (M = Ru, Ir) species) have also been selected
for their photosensitive’®> and catalytic properties.19¢
Importantly, all these complexes present a good chemical
stability. Finally, catalytically active salen complexes have also
been considered.197.198

2.2 Synthetic strategies

The synthesis of the Cat@MOF composites may be performed
using various strategies according to the nature of the catalyst,
its size compared to the size of the cavity windows and its
stability (Fig. 4).

2.2.1 Synthetic encapsulation. Molecular catalysts may be
encapsulated within the cavities of MOF by a direct synthesis
strategy called the ship’ or ‘synthetic
encapsulation’ (Fig. 4a) whereby the catalyst is added as a
reactant during the MOF synthesis. This method thus requires
that the catalyst is both soluble and stable in the conditions of
the MOF’s synthesis. For example, hydrothermal conditions,
with temperatures equal to 180°C (during 72 h) or 220°C (during
8h) are usually described for the synthesis of MIL-101(Cr)

‘bottle around
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Fig. 4 Schematic representation of the various synthetic pathways used for the synthesis
of pore-functionalized Cat@MOFs.
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PW1,@NH,-MIL-53(Al)7¢ composites. Zr-based MOFs
composites are usually synthesized under solvothermal
conditions in DMF at 120°C for 6 to 24 h while HKUST derivatives
are isolated by heating the reactants in water at 180°C for 6 to
72 h or in mixed H,O/EtOH solvents, at lower temperature to
even room temperature (RT). The mechanochemical synthesis
is an original method attracting a growing interest.19%.200 This
method consists in grinding the solid precursors in an agate
mortar or using a ball-milling grinder. Fast and easy, it does not
consume any solvent nor requires any heating. It has been
described for PMoioVo@HKUST-1,132  PW,@HKUST-1,129
XMy @ZIF-8 (X = P, M = W, Mo; X = Si, M = W)138 and PMo,.
Vx@rho-ZIF (x = 0-3).14% In their first attempts to synthesize
POM@HKUST-1,132 Liu et al. showed that the nanocrystals were
not well-faceted and improved their protocol by using liquid-
assisted grinding.12° They thus used small volumes of MeOH and
EtOH (1 to 2 uL per mg of solid reactants) as grinding liquids to
increase the crystallinity of the products.

The synthetic encapsulation method is mostly used when
the targeted molecular catalyst has dimensions greater than
those of the MOF’s accessible windows, prohibiting their
diffusion and any post-synthetic impregnation approach. In this
case, one key advantage of the resulting Cat@MOF composite
is that the catalyst, provided it is stable in the catalytic
conditions, cannot leach. However, the pores may be blocked,
hindering the diffusion of reactants.

2.2.2 Impregnation. When the targeted catalyst is not stable in
the conditions required for the MOF’s synthesis (acidic medium,
high temperature, etc...), an impregnation strategy may be
sufficient in order to perform its immobilization in the MOF’s
pores or channels. This synthetic method requires however that
such catalysts are small enough to diffuse through the MOF’s
windows (Fig. 4b). In this milder synthetic method, the catalyst
is dissolved in a solvent ensuring its stability, usually water or
CH3CN for POM catalysts with protons/alkaline or TBA counter-
cations, respectively (Table 1). Regarding organometallic and
coordination complexes, various organic solvents (acetone,
CH,Cl,, CHCl3, MeOH, toluene, DMF) are used (Table 2). The
MOFs’ crystallites are added and the resulting suspension is
then stirred for a determined amount of time ranging from 2
hours to 4 days, usually at RT. Note that the stability of the
catalyst in the impregnation solution is not sufficient to ensure
its integrity upon its immobilisation. As an illustrative example,
31p NMR together with IR spectroscopy (see below) have shown
that the hybrid sandwich-type POM
[(PW5034)2Co7(0OH)2(H20)4(03PC(0)(C3HsNH3)POs)o] 4 (noted
P,W315Co7(Ale),) evolves into P,W13Cos when immobilized inside
the cavities of the mesoporous MIL-101(Cr) material.3® Two
explanations have been proposed to account for the instability
of this hybrid POM under the impregnation conditions. The first
one is the presence of acid sites inside the MOF, considering
that P,W315Cos(Ale), decomposes in aqueous solution at pH
lower than ca. 6. Knowing that the stability of the POM depends
on the nature of its counter-cations, the second one
hypothesises that the loss of its sodium or
tetramethylammonium counter-ions upon impregnation in
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MIL-101(Cr) could affect the stability of P,W15Cos(Ale),. These
observations might explain why there are no examples of hybrid
organic-inorganic POM immobilized in MOF so far, this type of
POM being generally less stable than the fully inorganic ones.

Lai et al. have compared both synthetic methods for
preparing PW1;,@MIL-101(Cr).52 Using impregnation, the PWi;
POM was immobilized in the largest cages of MIL-101
exclusively because the size of the smaller cages’ windows
prevents the diffusion of the POM into these cavities. By
contrast, the direct synthetic encapsulation of PWi; allows its
immobilization in both types of cavities. In this latter case, the
leaching of PWi, from the large cages of MIL-101 was
performed by soaking the composite in distilled water, this
process being monitored by UV-vis absorption spectroscopy
until no more POM is detected in the lixivium.

A few strategies have been reported to prevent leaching of
the catalyst in composites synthesized by impregnation
strategies. For example, Rh and Ru complexes functionalized
carboxylate groups were co-immobilized in NH,-MIL-101(Cr).133
The authors proposed that hydrogen bond interactions
between the carboxylate groups of these pyridine-based
complexes and the MOF host allows avoiding their leaching. In
the same way, Chen et al. described the post-synthetic
modification (PSM) of the linkers of the MOF after the catalyst’s
encapsulation in order to block the apertures of the MOF
cavities and avoid any leaching.1%® In the first step, the chiral
Co(lll)-salen catalyst was first immobilized in the cavities of the
Zn-MOF IRMOF-3. In a second step, the free-amino groups of
the BDC-NH; linkers were acylated by reaction with acetic
anhydride, the resulting acylamide groups thus blocking the
windows as a fence. ICP analyses indicated that the leaching of
the catalyst was important after soaking the material in CHCI;
before PSM treatment, while it was not the case after PSM
treatment.

Finally, it is worth mentionning that dissociative linker
exchange reactions can afford the encapsulation of molecular
guests larger than the aperture size of a MOF host. For example,
Li et al. have described the encapsulation of the Ru catalyst
(®“PNP)Ru(CO)HCI (tBUPNP = 2,6-bis((di-tert-butyl-
phosphino)methyl)pyridine) in the pores of UiO-66 by exposing
MOF crystallites to a solution of the catalyst in MeOH for 5 days
(Fig. 5).201 The authors thus show that this aperture-opening
process involving the de-coordination/re-coordination of
linkers may exist even in a robust MOF and is highly dependent
on the nature of the solvent used. Protic solvents such as MeOH
are typically adapted to this process. On the contrary, aprotic
solvents do not favour dissociative linker exchange reactions
and are rather required for the catalysis reaction, preventing
linker decoordination and leaching.

On a final note, the main advantage of the impregnation
method is that it is performed under milder conditions than the
synthetic encapsulation method, which are more compatible
with the usual fragility of molecular catalysts. Its drawbacks are
i) a limited amount of catalyst’s loading for MOFs in which the
immobilization of POMs is based on an ionic exchange (see
below, section 3.2), ii) possible leaching (depending on the
strength of the host/guest interactions) and iii) relative spatial

18 |

heterogeneity (see for example Fig. 9, section 3.1) when
compared to the homogeneity reached with synthetic
encapsulation.

2.2.3 Ship in a bottle. This method consists in adding the
catalyst’s precursors in a suspension of the MOF and in
performing its subsequent synthesis within the cavities of the
MOF (Fig. 4c). It is particularly used for catalysts possessing
large dimensions and/or low solubilities, which thus prevent
their immobilisation using impregnation and synthetic
encapsulation methods. The ‘ship in a bottle’ method is poorly
represented in POM@MOF composites (Table 1), since POMs
rarely have solubility problems and their synthetic conditions
are often not compatible with the stability of the MOF hosts.
For example, attempts to synthesise the Keggin-type PMoi>
POM in situ by adding its precursors, Na;MoO4 and H3PO,, into
a suspension of MIL-100(Fe) (pH being adjusted to 1.8) have
failed due to the degradation of the MOF under the acidic
conditions needed for the in situ formation of the POM.87 To our
knowledge, as a unique case in the above classification, only
one example of a one-pot synthesis of both the POM and the
MOF using a mixture of their precursors has been reported.
Yang et al. have thus described the synthesis of the
SiMo1, @HKUST-1 composite by mixing in water/TMAOH, the
POM’s (NazMoOg, Na,SiOs3) and the MOF’s (Cu(NOs); and BTC)
precursors in a precise order and by heating the mixture.122 The
successful synthesis of the composite was demonstrated by
single crystal X-ray diffraction studies along with 2°Si NMR

spectroscopy.
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Fig. 5 Schematic representation of the aperture-opening process allowing the
encapsulation of a Ru complex in the cavities of UiO-66 for the hydrogenation of CO, to
formate in DMF/1,8-diazabicyclo(5.4.0)undec-7-ene (DBU) mixtures,. Reprinted with
permission from ref. 201, Copyright 2018 American Chemical Society.

By contrast, there have been several successful examples of
Complex@MOF composites synthesised by a ‘ship in a bottle’
strategy (Table 2). This is the case of [Ni(bpet)(H,0).]@Ru-UiO-
67 (bpet = 1,2-bis((pyridin-2-ylmethyl)thio)ethane; Ru-UiO-67 =
UiO-67 where 5% of the linkers are 2,2-bipyridine-4,4'-
dicarboxylic ligands coordinated to Ru).183 This composite was



obtained by first adding bpet to a suspension of the MOF in
CHsCN and, after centrifugation and washing, adding Ni(ClO4),
to a suspension of the bpet/MOF in an acetone/H,0O (20/1)
mixture (Fig. 6). Similarly, Co dioxime-diimine or Co-TPA
complexes have been synthesised in situ within the cages of the
visible-light photoactive NH,-MIL-125(Ti) MOF by first adding
the flexible ligands and then the Co ions.159.160 After synthesis,
the full metalated complex is well entrapped inside the MOF. In
the case of the Co-salen@MIL-100(Cr) composite, the order of
addition of the complex precursors is different, whereby the Co
acetate was added before the Hjsalen ligand.’>7 Finally,
phthalocyanines metal complexes were also immobilised in
MIL-101(Cr)14814% and MIL-100(Fe)'*® by ‘ship in a bottle’

synthetic methods.
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Fig. 6 Schematic illustration for the ‘ship in a bottle’ synthetic strategy to prepare
[Ni(bpet)(H,0),]@Ru-UiO-67. Reprinted with permission from ref. 163, Copyright 2019
Science China Press. Published by Elsevier B.V. and Science China Press.

The advantages of the ship in a bottle strategy are similar to
that of the synthetic encapsulation method. Catalyst leaching is
prevented by the large dimensions of the catalyst compared to
those of the cavities windows. Catalyst loading must however
be controlled in order to leave some porosity available and
allow the diffusion of reactants and products within the MOF.

Overall, it can be noticed that since the first syntheses of
PW1,@HKUST-1 in 2003 and PW;;@MIL-101(Cr) in 2005, an
increasing number of Cat@MOF combinations has been
explored these last years, using the appropriate synthetic
technique (synthetic encapsulation, impregnation or ship in a
bottle)
compositions, considering the huge number of molecular
catalysts and of MOFs available. The synthetic method used for
the
important role in the crystallinity, the loading, the localisation
of the catalytic species in the cavities and finally on the catalytic
properties, as detailed in the following sections.

leaving room however for a larger diversity of

immobilisation of the molecular catalysts plays an

3. Characterisations of Cat@MOF composites

3.1 Determination of the composition (ICP, solution NMR, UV-vis,
TGA, EDS)

Combining several techniques is usually required to
determine the composition of Cat@MOF materials and give
access to the Cat loading, having in mind that controlling the

loading is of utmost importance in view of catalytic applications.
On the one hand, a material loaded with only a small amount of
immobilised catalyst may have low performances. On the other
hand, an overloading could block the cages or windows and thus
limit the accessibility of the reactants to the catalytic species.
This has been typically described for PW1,@MOF-808X (X =F, A,
and P where the coordinated monocarboxylate ligand is
formate, acetate or propioniate, respectively).1l> Precise
knowledge of the Cat@MOF’s chemical composition is also
needed for the determination of turn over numbers (TONs) in
catalytic studies. The most common and precise techniques are
ICP analysis of digested solutions of Cat@MOFs for determining
the metal content and C,H,N elemental analysis for the organic
content. For example, the Co/In ratio in
[Cp2Co]@[R4N]3[In3(BTC)4] (R = Et, nPr, nBu) digested in diluted
HNOs (1/10 v/v) was measured by ICP-OES and allowed to
quantify the amount of immobilised complex.172 Note that ICP
is also a powerful technique to monitor the uptake of catalysts
upon impregnation by analysing the supernatant solutions as
reported for PW1,@NU-1000, for example.l0 This analytic
method was also used to follow the leaching of the POM in this
material when dispersed in acidic aqueous solutions. Also,
solution NMR spectroscopy may be successfully used to
determine the relative amounts of immobilised species. For
example, 1H NMR spectroscopy allowed to establish the extent
of cation exchange via the integration of the relative peaks’
areas of the benzene ring of BTC, of the Cp’s protons in [Cp,Co]*
and of tetraethylammonium after the digestion of
[Cp2Col@[TEA]3[In3(BTC)4] in 2DCl/dé-dmso (1/5 v/v).172

Several other techniques may be used to apprehend the
chemical composition. UV-vis spectroscopy can monitor the
incorporation of the catalyst into the MOF during the
impregnation and estimate the amount of Cat immobilised in
the MOF. The decrease of the bands of the POM in solution
around 250 nm (assigned to the charge transfer from the
bridging O-atoms to W-atoms) thus allowed to follow the
immobilisation of PWg,32 PW11]34 SiW11,34 PW11Ti36 and PW11CO36
in MIL-101(Cr) in a qualitative fashion. A detailed UV-vis study
was also performed to measure the catalyst’s concentration in
the supernatant after the impregnation experiment of various
Ru catalysts in NH,-MIL-101(Al) and MIL-101(Cr) MOFs!>2 and of
a Rh catalyst and a Ru photosensitiser (PS) in NH,-MIL-
101(Al).153 This study allowed determining the loadings in
catalysts and the best solvent for their
immobilisation. However, the analysis of digested solutions of
the Cat@MOF composite itself rather than that of the
supernatant should
determination of the catalyst’s loading. Indeed, it has been
reported that the amounts of immobilised catalyst may be
overestimated using the analysis of the supernatant solutions
owing to adsorption of Cat species at the surface of the MOF
crystallites, which should be eliminated with a careful
washing.1°8 For example, the amount of di-p-oxo dimanganese
catalytic complex, [(terpy)Mn(u-O).Mn(terpy)]3* (denoted as
MnTD, terpy = 2,2';6',2"-terpyridine), immobilised in MIL-
101(Cr) was determined by measuring the intensity of the
absorption band at 328 nm (arising from the terpy ligand of the

identifying

solutions allow a more accurate
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complex) of a solution of MnTD@MIL-101(Cr) digested in
concentrated sulfuric acid.143
Thermogravimetric analysis (TGA)

complement to confirm the chemical

may be a useful
composition of a
Cat@MOF. A typical example of TGA is represented in Fig. 7 for
the PW1:Zn@MIL-101(Cr) composite.3® The first weight loss is
assigned to the loss of solvent molecules, the second one to the
decomposition of the hybrid framework. The total weight loss
of the POM@MOF composite is lower than that of the parent
MOF due to the presence of POM guests which decompose into
oxides. Hence, the comparison of the weights calculated from
the results of elemental analysis with the experimental TGA
weight losses allows confirming the molecular formula of the
composite and in particular the guest loading. Note that one of
the main purposes of TGA is also to study the thermal stability
of the composites. In that respect, the temperature of
decomposition of a POM@MOF composite is usually very close
to that of the MOF host, as exemplified in Fig. 7, which indicates
that the insertion of the POM only slightly affects the thermal
stability. This seems also the case for the few examples of TGA
curves reported for Complex@MOFs. There are however some
exceptions to this rule. For example, SiW1,@HKUST-1 (also
named NENU-1), after a thermal treatment at 180°C under
vacuum to remove TMA* cations and H,O molecules (NENU-1a
material), is stable up to 300°C while the POM-free MOF is
stable up to 240°C only.130 The authors attributed this
difference to physicochemical interactions between the POM
and the MOF framework. Similarly, the thermal stability of the
composite obtained by immobilisation of the MnTD complex in
MIL-101(Cr) was reported to be improved by 40°C.143
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Fig. 7 Typical TGA curve of a Cat@MOF composite: TGA curves under air of the
PW1,Zn@MIL-101(Cr) composite (red curve) and of the parent MIL-101(Cr) (dashed blue
line) with the attribution of the weight losses. Adapted with permission from ref. 3°.
Copyright 2014 Elsevier B.V.

Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDS) are largely used techniques to characterise the
morphology and composition of materials, often employed after
synthesis, however less often after the catalytic event. SEM images
can confirm the degree of the crystallinity of the Cat@MOF
composite while EDS analysis may map the distribution of the
chemical elements of interest. In most reported cases, SEM-EDS
analysis suggests a uniform distribution of immobilized species.
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However, one has to be cautious for composites prepared by
impregnation since SEM-EDS mapping may not be sufficient to prove
a homogeneous distribution. For example, SEM images of
P,W13Cos@MOF-545 pointed towards an homogeneous distribution
of the Co, W and P elements of the POMs while HRTEM revealed
higher concentrations of those elements at both extremities of MOF-
545 crystal rods (Fig. 8).1%8 This observation is consistent with the
alignment of the channels of MOF-545 along the c axis, i.e. the
longest dimension of the rods, and an accumulation of POMs at the
channels’ extremities upon impregnation. Along the same line, Juan-
Alcafiiz et al. concluded from the analysis of the HRTEM images that
stirring the reaction mixture during the POM@MOF synthesis
improved dramatically the distribution of PW1; in the MIL-101 matrix
and the resulting catalytic performances.?! Also, EDS analysis may be
useful to follow anion exchange reactions during impregnation steps.
In the two-step procedure leading to the [Co(CO)4]@MIL-101(Cr)
composite, it first showed the F- = Cl- exchange (absence of the F Ka
peak, presence of the Cl Ka peak) and then the ClI- = [Co(CO)4]
exchange (absence of the Cl Ka peak and presence of the Co Ka and
La peaks).146
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Fig. 8 Comparison of a) SEM images and EDS elemental mapping and b) STEM-HAADF
images and EDS mapping of P,W3Co,@MOF-545. Adapted with permission from ref,108
Copyright 2018, American Chemical Society.
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The crystallites of a Cat@MOF composite usually exhibit a
morphology similar to that of the parent MOF. Still, there are a
few reports of altered morphologies. For example, PW1,@UiO-
66 crystallites obtained by synthetic encapsulation do not
exhibit regular shapes typical of UiO-66 but rather look like
agglomerated small particles with irregular inter-grown
microcrystalline poly-octahedra morphologies.®* SEM images of
(Fe-salen,SiW1,) @ZIF-8 showed the uneven surface of the
nanocrystals, which contrasts with their rather smooth surface
in the absence of POM.13° This provides strong evidence in
support of the growth of POMs on the surface of ZIF-8
crystallites, which was also suggested by the very large amount
of POM determined from ICP-OES analysis. Similar SEM images
were observed for the vyolk/shell ZIF-67/PWi, composite
prepared by stirring a suspension of ZIF-67 nanocrystals in a
solution of H3PW3i; and supported the hypothesis of the
presence of the POMs on the surface of the MOF crystals.205

3.2 Presence of counter-ions. In most cases, the molecular
catalyst is charged, bearing a negative charge in case of POMs
and most often a positive charge for organometallic and
coordination complexes (Table 2). The question thus arises of
the charge compensation of the catalysts upon their



immobilization into the MOF host. Discussions on the matter
are quite For composites prepared by
impregnation or in situ synthetic methods, the catalysts may be
immobilised with their native counter-ions, thus inducing no
modification of the composition of the MOF. This is the case of
POM@HKUST-1 composites (also called NENU-n), where the
Cu-based MOF framework is neutral and the negative charge of
the encapsulated Keggin is compensated by their
associated TMA cations and/or protons. The proposed formula
for these composites is [Cu12(BTC)g(H20)12][(TMA)2HXM12040]
(X = Si, Ge, P, As; M = W, Mo; n = 1, 2)12L122 o
[Cu12(BTC)g(H20)12][H3PW12040]*?% for non-metalated Keggin
ions, with protons located on the Keggin ions,
[CUlZ(BTC)s(HzO)lz] [(T|\/|A)4PW11CUO4[J]119 for the Cu-
substituted POM and [CUlZ(BTC)g(HzO)lz][(TMA)2H5PW10Ti204o]
118 for the Ti-substituted POM. Interestingly, TMA cations may
be exchanged with K* ions in
[Cu12(BTC)s(H20)12][(TMA),HPW1,040]  without  loss  of
crystallinity292 or eliminated by thermal treatment (180°C under
vacuum).130  The cationic Zn(ll) porphyrin complex
[Zn"NMeTPyP]** (NMeTPyP = 5,10,15,20-tetrakis(1-
methylpyridinium-4'-yl)porphyrin) was also immobilised in the
Zr porphyrinic MOF PCN-224 together with its iodide counter-
ions as shown by EDS analysis.'®7 In the CoW1,@ZIF-8 composite
prepared by synthetic encapsulation, the absence of K* counter-
ions (although present in the POM precursor) is evidenced by
elemental analysis and the authors propose that charge
compensation of the [CoW1,040]% POM is ensured by solution
protons trapped by the composite.2%3 The localisation of the
protons is however not discussed.

By contrast, the immobilisation of anionic catalysts in MIL-
101(Cr) by impregnation involves ion exchange reactions. It is
important to note that, if the solvent is water, the value of the
pH determines the charge of the MOF. Zeta potential can be
measured to determine surface charge characteristics of MOFs
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ions

in aqueous solution as a function of pH. For example, zeta
potential measurements showed that MIL-101(Cr) particles are
positively charged for pH values lower than 7.204 This favours
the encapsulation of anionic species like POM. MIL-101(Cr) also
possesses negatively charged counter-ions (mostly F- or NOjs-
counter-ions coordinated to the metal nodes) which can be
exchanged with negatively charged Cats. This anion exchange
reaction implies a limitation in the catalyst’s loading that may
be reached upon impregnation. Indeed, the total charge carried
by the catalysts cannot exceed the maximum initial negative
charge of the counter-ions present in the targeted MOF. For
example, with the formula of MIL-101(Cr) synthesised with
Cr(NOs)3 as a precursor without HF being
[Cri3(H,0)30(0,CCsH4CO,)3INO3, the maximum number of
POMs that be loaded depends on their charge, n, and amounts
to 1 POM for n formula units of MIL-101(Cr). Consistently, the
immobilisation of the Co-POMs, [PW11C0o039(H,0)]15~ (PW11Co)
or [(PW9034)2CO4(H20)2]10_ (P2W13C04), in MIL—lOl(Cr) by
impregnation in a solution containing a large excess of POMs
thus led to composites with the following formula,
[Cr3(HzO)aO(OzCC5H4COz)3][PW11039C0(H20)]0_2 (PW11C0@|V||L-
101(Cr)) and [CI’3(HzO)gO(OzCC5H4COz)3][P2W18053C04(H20)2]0.1

(P2W18Co4@MIL-101(Cr)), which both correspond to the highest
possible POM loading on the basis of charge balance.38 Similarly,
the immobilisation of the anionic [Co(CO)4]- complex in MIL-
101(Cr) is based on an ion-exchange process following two
steps: first, the charge-balancing F- anions — directly
coordinated to the Cr(lll) sites in the as-synthesised MIL-101(Cr)
— are exchanged by ClI- anions (by reaction with AICI5). Second,
the labile CI- ions are exchanged by the negatively charged
complex by reaction with Na[Co(CO),4].146

In a similar fashion, the immobilisation of the sandwich-type
P,Wi1sCos POM by impregnation of MOF-545 in an aqueous
solution of the POM is also based on an ionic exchange
reaction.’% The MOF-545 framework is positively charged due
to the protonation of the Zrg oxoclusters compensated by Cl-
counter-anions. The latter can be exchanged by POMs, leading
to a composite formulated [ZrgO16H18][TCPPH2]2[P2W15C04]0.2-
Likewise, in PW1,@NU-1000, the charge compensation of the
POM is claimed to result from hydrogens which protonate the
hydroxyl groups on the Zrs nodes. The synthesis of the
composite is performed in acidic pH (pH 2.5) to favour this
