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and task-specific ionic liquids: fundamentals
and challenges
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Metal-organic frameworks (MOFs) and task-specific ionic liquids (TSILs) have been active as a high-
profile class of versatile materials. However, there was no relatively close intersection between MOFs
and TSILs until the concept of hybridization of MOFs and TSILs was proposed in the most recent years.
At present, it has been well witnessed that the development of MOF and TSIL hybrid materials (MTHMs)
is attracting significant attention. In this regard, it is high time to address the recent advances made in
the fast-growing field of MTHMs and provide a critical assessment of this subject matter. In this review,
as an originator of MTHMs, we have presented a logical and easy-to-follow story about the hybridization
of MOFs and TSILs: from their origins, to the motivation behind hybridization, to a strategy to carry out
the hybridization, and finally to the consequences of hybridization based on a few illustrative examples.
Finally, the specific bottlenecks, challenges, and outlooks towards this subject matter have been
proposed according to the state-of-the-art progress as well as our first-hand experiences and personal
perspectives. Hopefully, the knowledge and learning points gained from this review will deepen the
understanding of MTHMs and appeal to more multidisciplinary communities coming forward with their
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1. Introduction

The term hybridization in nature is commonplace, where the
original intention is to create a new offspring resulting from
two discriminatively biological species through artificial
introgression.’™ It is generally accepted that the resulting
hybrid species can display a few unprecedented consequences
due to the combination of advantages of at least two or more
individuals. As a result, these hybrid processes might render an
amplification effect (1 + 1 > 2, as shown in Fig. 1) for a new
hybrid species because of the synergistic effects and/or mutual
promotion rather than a simple mathematic adduct. During the
past few decades, this sort of hybrid concept has been gradually
introduced into material science.*”® One of the most important
reasons for this trend is that this concept can afford access to
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valuable contributions in the coming decades.
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Fig. 1 Schematic of the amplification effect for hybrid processes.

design and re-engineering of a kind of advanced composite
materials with versatile functionalities and extraordinary
properties.

In general, these hybrid materials, with a well-defined
composition and structure, are composed of host and guest
moieties, which are blended at the molecular level. Moreover,
these host and guest materials can be either single inorganic or
organic components as well as binary inorganic-organic
components.” It is well established that some typically inorganic
materials (e.g. simple substances, metal/non-metal oxides, zeolites,
and ceramics) can be rationally designed and controllably
synthesized. Similarly, majority of organic materials can also
be well designed and predicated at the atomic or molecular
level. More importantly, these pristine materials with unique
structures and properties have displayed potential in a wide
range of task-specific application fields such as mechanical
engineering,®® and thermal,'® electrical,'" optical,"” and chemical
behaviours."* However, “there are lees to every wine””. There-
fore, one particular interest is to combine two different
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materials and create a sort of new organic-inorganic hybrid
material to reinforce the individual advantages and remedy the
disadvantages.

During the past few decades, organic-inorganic hybrid
materials (OIHMs) have attracted significant attention'® and
have been involved in many widespread applications such as in
semiconductors,"® electrochemistry,"”” medicine,"® optics,"’
adsorption and separation membranes,>® as well as hetero-
geneous catalysis.”’ In addition to the early interests in hybrid
materials by blending two sorts of independent materials,
significant recent effort has been focused on the design and
development of single compounds containing both inorganic
and organic components. Typically, metal-organic frameworks
(MOFs), a kind of organic-inorganic hybrid materials, are
constructed by assembling metal ions/clusters with organic
ligands using coordination bonds to create open frameworks
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with permanent porosity. Compared with those of the tradi-
tionally porous materials, the chemical compositions and
framework structures of MOFs can be multiply tailored based
on the well-defined molecular building blocks via reticular
synthesis and/or crystal engineering.>>”*® In addition, ionic
liquids (ILs), another kind of organic-inorganic hybrid materials,
are usually composed of organic cations and inorganic anions.>®
In particular, a variety of functionalized groups can also be
incorporated into ILs by altering the combination of their cations
and anions, and this forms the so-called task-specific ionic
liquids (TSILs).>”*®

In this context, it is well-recognized that both TSILs and
MOFs are very versatile materials and show promising potential
for extensive applications. However, there was still no relatively
close intersection between MOFs and TSILs until the immobilization
of TSILs onto MOFs through coordination bonds was proposed in
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the most recent years.>® After this, this concept towards the hybri-
dization of MOFs and TSILs gradually attracted extensive attention
from multidisciplinary communities, especially with a focus on a
variety of applications such as in gas adsorption and separation,®*™**
hybrid membranes,’®® chromatography,”® liquid-phase selective
adsorption of sulfide,*®™> heterogeneous catalysis,”>*"***” jonic
conduction,”®”® and templates for the synthesis of functional
materials.”* Moreover, these abovementioned aspects about MOF
and TSIL hybrid materials (MTHMs) have been summarized in the
literature.”>”® Herein, as an originator of MTHMs, we aimed to
contribute a critical review on the fast-growing field of MTHMSs on
the basis of the state-of-the-art progress as well as our first-hand
experiences and personal perspectives. In this review, we have strived
to tell a logical and easy-to-follow story about MTHMSs through
discussing a few illustrative examples, which may be useful for
anyone who is interested in MTHMs.

2. Why do we propose hybrid
materials of MOFs and TSILs?

2.1 Objective appraisal of MOFs

In the field of porous solids, from zeolites, mesoporous silica,
to MOFs and porous organic frameworks (POFs), MOFs are
recognized as “apple of the eye”” in the most recent years.*° This
high evaluation can actually be attributed to the following
facts: (I) they are crystalline compounds consisting of infinite
constitutional units built up of inorganic nodes and organic
linkers (Fig. 2); (II) the distinctive characteristics of ultrahigh
surface area and porosity and uniform size of nanopores
situated within the range of that of many molecules of interest
make them the desirable catalysts and supports; (III) the well-
defined metal sites within the frameworks have a high content
and are homogeneously distributed; this allows them to serve
as a kind of mild catalytically active centers; (IV) the organic
ligands can be readily pre- and post-functionalized to incorpo-
rate a sort of task-specific group; and (V) the nature of the
chemical composition in MOFs endows them with structural
transformability and flexibility. As a result, MOFs as a porous
matrix or scaffold, by virtue of their intrinsic features, can
usually be employed to introduce a variety of guest functional
molecules by an in situ synthesis or post-synthetic modification
(PSM) method®™® to develop new functional materials.

Task-specific sites
—_—

¢ +

Metal nodes  Organic linkers

Fig. 2 Schematic of the construction of metal-organic framework
materials.
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However, a majority of MOFs themselves still have some fatal
weaknesses such as poor thermal and chemical stability and a
limited number of active or functional sites; this results in their
stringent constitution for chemical modification and special
requirements in specific applications. In this regard, it is a
challenging task to design and synthesize robust MOFs and
understand the host-guest interactions and mutual effects
between the MOFs and guest species.

2.2 Objective appraisal of TSILs

Ionic liquids, a kind of organic molten salt and free-flowing
liquid at room temperature, are composed entirely of cations
and anions. In general, the common cations are organic
imidazolium, pyridinium, pyrrolidinium, ammonium, and
phosphonium, and the anions are inorganic acid radicals or
complex ions, as illustrated in Fig. 3. The nature of ion pairs
(cations and anions) with an asymmetric structure gives rise to a
weak intermolecular interaction, contributing to a set of fascinat-
ing and unique physicochemical properties such as a negligible
vapour pressure, non-flammability, high thermal and chemical
stability, favourable conductivity, wide electrochemical window,
good capability of dissolving various compounds, low toxicity, and
acceptable biocompatibility.”>**°> On the other hand, the synth-
esis of ILs is highly flexible, endowing an ability to tailor the
component of ions and tune the physicochemical properties and
functionalities. Therefore, the chemical and structural diversities
of TSILs make them a sort of potential modifier to decorate
various host materials and improve their properties. In view
of these characteristics, significant interest has been shown in
the application of TSILs in the green synthesis of organic
compounds,’>**** catalysis,”>*° adsorption and separation,'®
extraction,'®™'°®>  lubrication,'® electrochemistry, 48
ionothermal syntheses of materials,"*'* etc.

Actually, use of TSILs also presents several practical issues in
real operation and application due to the intrinsic viscosity and
low diffusion coefficient of TSILs, as well as high cost of their
synthesis. In this regard, it is generally accepted that hetero-
genization of TSILs is a valid strategy to circumvent the
challenging operation in viscous media and reduce the dosage
of TSILs. To date, this concept has been implemented on the
surface of robust supports (e.g. silica, polymer, and carbon
material) by impregnation or covalent attachment."**™"*® More-
over, it has been observed that the combination of TSILs and
solid supports generates several positive responses, such as
synergistic effects, favourable solubility of composites, surface
wettability, straightforward separation, and recycling, in real
applications. In this regard, use of other types of solid materials
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Fig. 3 Main cations and anions of task-specific ionic liquids.
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as supports to explore the heterogenization of TSILs, especially
focusing on the microenvironment effect of the support, is
highly necessary and desired. It is thus expected that these
newborn composite materials would not only remedy the short-
comings of TSILs in application processes, but also open a new
window for TSIL chemistry.

2.3 Superiority of MTHMs

As the saying goes, “‘enhance strengths and circumvent weak-
nesses” or, more widely speaking “win-win”. In the cases of
MOFs and TSILs materials, they are no exception. Undoubtedly,
these unique aspects of MOFs endow them with the potential to
serve as host materials or supports. Similarly, TSILs are entitled
to be a sort of versatile guest molecules since they possess a set
of unusual physicochemical properties. In view of the respec-
tive merits and demerits of MOFs and TSILs, their hybridiza-
tion materials may not only intensify the material strengths and
avoid the weaknesses, but also evoke several new superiorities
as follows:

(1) The functionality and diversity of MOFs can be further
enriched by the incorporation of TSILs, and this would potentially
contribute to a wider range of applications.

(2) Several practical issues towards the recovery, separation,
purification, and recycling of TSILs in handling procedures
may be addressed. Moreover, it is expected to reduce the dosage
and save the cost of TSILs.

(3) The presence of, to some extent, analogous chemical
properties (n-electron and aromaticity) of organic moieties and
the flexible framework within MOFs and TSILs, as well as the
electrostatic field, is conducive to constructing the favourable
interactions between MOFs and TSILs.

(4) The hybridization of MOFs and TSILs and the alliance
between them can potentially trigger an unprecedented perfor-
mance due to the integration of the respective advantages.

3. Fundamental insight into MTHMs
based on theoretical simulations

The initial report on MOF and TSIL composites, to the best
of our knowledge, was proposed by Jiang’s group (National
University of Singapore) based on theoretical calculations and
simulations.*>***> After this, especially in recent years, a few
computational studies on the composite systems of MOFs and
TSILs have been reported in succession.?*373943:119 gpecifi-
cally, these reports were committed to studying the microscopic
properties, structure, and dynamics of ionic liquids inside the
MOF nanopores, the location and dispersion of ionic liquids, as
well as the host-guest interactions. Furthermore, the effects of
the microscopic behaviours on the performance of gas adsorp-
tion and separation were investigated. Hereinafter, these micro-
scopic behaviours have been discussed one by one.

3.1 Location of TSILs

As is known, MOFs are highly porous materials and possess large
and empty nanospaces in their microstructures. Ionic liquids are
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a sort of electrolyte, consisting of anions and cations. Therefore,
it is interesting to probe the location of ionic liquids in the MOF
nanopores. Jiang and co-workers conducted a study on the
IRMOF-1-supported 1-n-butyl-3-methylimidazolium hexafluorophos-
phate ([BMIM][PF;]) ionic liquid by molecular computation.*®> On
the basis of the calculation of radial distribution functions g(r), it
was found that these IL molecules were packed in a more
ordered state inside the nanopores due to the confinement
effect. In addition, it was revealed that the bulky [BMIM] cations
tended to reside in the open pores of IRMOF-1, whereas the
small [PF¢] anions preferred to locate in the corner of metal
clusters of IRMOF-1, as shown in Fig. 4.

On the basis of the abovementioned results, a set of ionic
liquids with the identical cation ([BMIM]'), but four different
anions, ie. tetrafluoroborate ([BF,]”), hexafluorophosphate
([PFs] ), thiocyanate ([SCN] "), and bis(trifluoromethylsulfonyl)
imide ([Tf,N]7), was employed to investigate the effects of the
anions.® It was found that the small anions [PF] ", [BF4]~, and
[SCN]™ preferred to locate near the metal clusters, particularly
the quasi-spherical [PF¢]™ and [BF,] . In contrast, the bulky and
chain-like [BMIM]" and [Tf,N]~ resided near the phenyl rings of
MOFs. Furthermore, the ionic liquid ([BMIM][SCN]) supported
on hydrophobic ZIF-71 and hydrophilic Na-r20-ZMOF with the
same topology and a similar pore size were investigated by
atomistic simulation.** It turned out that [SCN]~ anion pre-
ferred to locate near the metal clusters of ZIF-71 and Na' ion of
Na-rho-ZMOF, whereas the bulky and chain-like [BMIM]" cation
resided in the open cages of MOFs, as shown in Fig. 5.

Similarly, Zhong and co-workers conducted a study on four
types of ILs combined from the identical cation [BMIM]", but
different anions ([Cl]™, [Tf,N], [PFs]", and [BF,]|) supported
on MOFs (Cu-TDPAT).*® It was found that the anions were
preferentially located around the metal sites of MOFs. Moreover,
the distance between the anions and metal sites was in line with
the sizes of the anions ([CI]” < [BF,]” < [PFe¢]” < [Tf,N]).
Specifically, the quasi-spherical structures of the former three

Fig. 4 [BMIM][PFcl/IRMOF-1 composite at a weight ratio W, jrmor-1 Of
0.4. N, blue; C in [BMIM]*, green; P, pink; F, cyan; Zn, orange; O, red; C in
IRMOF-1, gray; and H, white (reproduced with permission from ref. 45.
Copyright 2011, American Chemical Society).
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Fig. 5 (a) [BMIMI][SCNI/ZIF-71 and (b) [BMIM][SCN]/ZMOF membranes at
a weight percentage W, mor of 0.15. C of [BMIM]* and framework: grey; C
of [SCN]™: cyan; S: yellow; N: blue; Zn: orange; Cl: light green; In: green;
Na™: purple; O: red; and H: white. The metal clusters are shown as
polyhedra (reproduced with permission from ref. 44. Copyright 2013,
American Chemical Society).

anions were closer to the metal centres than that of [Tf,N]~, with
a chain-like structure. In addition, several observations based on
simulated structures of the ILs/Cu-TDPAT composites indicated
that ILs with a larger size (e.g. [BMIM][Tf,N], [BMIM][PF¢], and
[BMIM][BF,]) appeared in three types of Cu-TDPAT cages or in
the intersection regions between these cages, whereas the ionic
liquid ([BMIM][CI]) with a smaller size dominantly occupied the
tetrahedral cages with the smallest pore size.

3.2 Interaction between MOFs and TSILs

Unlike the traditional liquids (e.g. water or organic solvent), the
cations and anions of ionic liquids serve independent roles in
determining their interaction behaviours with MOF materials
since both of them bear a variety of interaction sites or func-
tional groups (Fig. 6a). On the other hand, several accessible
interaction sites or groups can also be found in MOF materials
(Fig. 6b). As a result, there are more complicated interaction
systems such as Coulombic forces (electrostatic attraction or
repulsion), polarization, van der Waals interactions, n-n inter-
actions, and hydrogen-bonding.*>**'*° Therefore, elucidation
and understanding of the specific interactions between MOFs
and TSILs would assist in optimizing the performance of their
hybrid materials; however, it is still a big challenge.

At present, it is generally accepted that there is a stronger
interaction between anions and metal clusters of MOFs due to

Coulombic forces.*>***> Moreover, it has been found that the

(a) TSILs MOFs (b)

@ H-bond donor or acceptor

m-stacking @ npotential interaction sites

< ---> Coulombic force (electrostatic interaction) M

Fig. 6 Schematic of the potential types of interaction between MOFs and
TSILs.
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interaction between MOFs and the anions of TSILs is depen-
dent on the size of anions. In general, a smaller size results in a
stronger interaction such as for [Cl]”, [BF,]”, and [PFs¢] . In
contrast, [Tf,N]” with a larger size has a weaker interaction
with MOFs, and in turn, it interacts strongly with the cation
(IBMIM]").?® Very recently, Kim and co-workers conducted both
DFT calculations and an experimental study on a composite system
of Cu-BTC and an ionic liquid, 1-ethyl-3-methylimidazolium ethyl
sulfate ([EMIM][ETS])."*® Interestingly, it was found that the inter-
action of the ionic liquid with Cu ions of MOFs gave rise to a
perturbation of the symmetry of the MOF structure. In addi-
tion, it was observed that two different types of ion pairs were
formed inside the pores of MOFs. Among these, the first ion
pair represents an enhanced interionic interaction via strength-
ening of hydrogen-bonding and change in the polarizability of
the C,-H bonds between cations and anions, whereas the
second ion-pair configuration shows a weakened interaction
between the ions of the ionic liquid. Moreover, it has been
shown that the imidazole ring of an ionic liquid can directly
interact with either the MOFs or the counterpart anions. As a
result, it is speculated that the transfer and/or redistribution of
electron density are responsible for the molecular interactions
of MOFs and ILs.

3.3 Dispersion and dynamics behaviour of TSILs

In principle, the dispersion and dynamics behaviour of TSILs
in MOFs are strongly dependent on their location and inter-
action with MOFs. It has been well established that the anions
of an ionic liquid prefer to locate around metal clusters,
whereas the cations reside in the vicinity of the organic
ligands of MOFs. Moreover, an ionic liquid with a bulky size
is more inclined to be distributed in bigger cages or in the
pore-intersection regions of MOFs. As a result, it is reasonable
to understand that the preferential distribution of TSILs in
MOFs and the strong interaction between MOFs and TSILs can
facilitate the dispersion and suppress the aggregation of
TSILs, but at the expense of mobility. Very recently, Yang
et al. conducted a systematic computational study by mole-
cular dynamics (MD) simulation to investigate the dispersion
behaviour of an ionic liquid in MOFs and covalent organic
frameworks (COFs).?” Specifically, a series of MOFs and COFs
with diverse pore structures and chemical properties were
employed as supports. The ionic liquid used was 1-n-butyl-3-
methylimidazolium thiocyanate [BMIM][SCN]. They employed
coordination number to characterize the aggregation degree
of the ionic liquid in the pores of the MOFs and COFs,
as shown in Fig. 7. The results revealed that the molecules
of the ionic liquid were more inclined to aggregate in the
two-dimensional (2D) COFs and one-dimensional (1D) MOFs.
On the contrary, they were more favourable to dispersion in
either MOF or COF materials with a three-dimensional (3D)
pore structure. Moreover, it was shown that compared to the
case of COFs (without a metal cluster and pure organic frame-
work), the stronger Coulombic interactions can contribute to a
better dispersion behaviour of the ionic liquid in the pores of
the MOFs.

Mater. Chem. Front., 2018, 2, 219-234 | 223
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Fig. 7 (a) The coordination number of [BMIM[]SCN] in the MOFs and COFs;
(b) the coordination number of the ILs in the IL/MOFs; and (c) IL/COFs
composites obtained with (denoted as charge) and without (denoted as no
charge) taking into account the framework Coulombic contribution of the
support materials for ILs dispersion (reproduced with permission from
ref. 37. Copyright 2015, Elsevier Ltd).

4. General strategy for the
hybridization of MOFs and TSILs based
on experimental studies

Actually, the hybridization of MOFs and TSILs can usually be
defined as the domain of heterogenization of the TSILs. In this
context, heterogenization, according to type of the interaction
(intermolecular forces and chemical bonds) between MOFs and
ionic liquids, is specifically classified by the supported ionic
liquids, immobilization of the ionic liquids, and encapsulation
of the ionic liquids. In this section, three typical strategies
towards the hybridization of MOFs and TSILs, or the so-called
heterogenization of TSILs, have been explicitly introduced and
discussed.

4.1 MOF-supported ionic liquids (intermolecular force)

The concept of supported ionic liquids (SILs) was first proposed
and applied in catalysis by Mehnert’s group in 2002.''>'?!
However, they initially had no intention to make a distinction
between supported and immobilized ionic liquids. However,
herein, to make a clear-cut distinction, we redefined the con-
cept of supported ionic liquids, referring in particular to the
systems without chemical bonds and with intermolecular
forces (e.g. electrostatic interactions, van der Waals inter-
actions, n-n interactions, and hydrogen-bonding) that stabilize
the ionic liquids. Considering this reference, the visibility of
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SILs on traditional solid materials (e.g. silica, carbon, and
polymers) has been confirmed in many cases."*>* However,
only a few studies have been reported on MOF-supported ionic
liquid systems with intermolecular interactions although there
are a number of potential types of interactions between MOFs
and TSILs, as abovementioned in Fig. 6. Typically, mesoporous
metal-organic frameworks, MIL-101 (Cr), are usually used to
support ionic liquids, including 1-butyl-3-methylimidazolium
chloride,*® 1-butyl-3-methylimidazolium acetate ([Bmim]OAc]),”*
and N-methyl-2-pyrrolidonium methyl sulfonate,> by an impreg-
nation method. In addition, a metal-organic framework UiO-66-
supported ionic liquid (1-methylimidazolium-3-propylsulfonate
hydrosulfate, PSMIMHSO,) has been reported.>® However, these
studies fail to elucidate the specific interactions between MOFs
and TSILs although these MTHMs systems demonstrate stability
and reusability to a certain extent. As a consequence, these half-
done works need to be further consummated in follow-up work.

In addition to this conventional post-impregnation method,
MOF-supported ionic liquids can be obtained by ionothermal
synthesis, where the precursors of MOFs are dissolved in ionic
liquids or along with other solvents. Upon crystallization, the
frameworks of the as-synthesized MOF materials are charged.
As a result, a certain amount of ionic liquids as charge-
compensating elements remain in the structure of the MOFs
to maintain electrical neutrality. In this regard, the first successful
example involves the synthesis of Cu(bpp)BF, [bpp = 1,3-bis-
(4-pyridyl)propane] using BMImBF, as a solvent.'*® Subse-
quently, other kinds of ionic liquids and MOFs have been
demonstrated.*?”~*?° Herein, we recommend a couple of review
articles on ionothermal synthesis of MOFs to expand specia-
lized interests.""""°

4.2 Immobilization of ionic liquids on MOFs (chemical bonds)

The immobilization of ionic liquids via the formation of
chemical bonds can be implemented by different ways. Accord-
ing to the ions involved in the formation of chemical bonds,
this method can be classified as cation or anion immobiliza-
tion. Given the nature of MOFs, ie. since they consist of
inorganic metal ions and organic ligands, covalent and coordi-
nation bonds can be formed between MOFs and TSILs, respec-
tively. In addition, ionic bonds are probably formed because
the anions with negative charge in TSILs can interact with the
metal centres in the MOFs with a positive charge. It was,
therefore, concluded that all the immobilization cases can be
systematically categorized, as illustrated in Fig. 8. Notably,
TSILs immobilized on MOFs showed a high dispersion and
uniform distribution by chemical bonds because the anchoring
sites within the MOFs are well defined and periodically
distributed; this allows them to bear the homogeneous
task-specific sites and favourable microenvironment for mass-
transfer and diffusion.

Pioneering studies on the immobilization of TSILs on MOFs
have been reported by our group.>*”*>® Previously, we have
proposed that TSILs can be immobilized inside the nano-
cavities of MOFs via coordination bonds. As the first example,
a tandem post-synthetic modification strategy was used to

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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Fig. 9 The generic tandem procedure for synthesizing BAIL confined in
MIL-101 nanocages by post-synthetic modification (reproduced with
permission from ref. 29. Copyright 2013, The Royal Society of Chemistry).

BAIL BAIL

construct a Bronsted acidic ionic liquid confined inside well-
defined MIL-101 nanocages (Fig. 9), where the electron-rich
N-heterocyclic compounds as the chemical bridge played a key
role in the in situ synthesis of ionic liquids and formation
of stable N-Cr coordination bonds.>® Subsequently, a facile
method for the synthesis of HKUST-1 (or the so-called CuBTC)-
immobilized amino-functionalized basic ionic liquid by
coordination bonds with Cu-NH, was demonstrated, as illu-
strated in Fig. 10.>**® In addition, the 1-carboxyethyl-3-methyl
imidazole Pd-containing chloride ionic liquid was immobilized
on CuBTC through Cu-O coordination bonds.® It is also worth
mentioning that both the metal-organic framework MIL-101
and CuBTC materials used in these studies have metal coordi-
natively unsaturated sites (CUSs) that can serve as anchoring
centres to form chemical bonds."*""*

Afterwards, a few analogical studies about the immobiliza-
tion of TSILs on MOFs have been successively reported.
For example, the ethanedithiol compound was selected as a
chemical bridge to be grafted first on CUS of CuBTC material,
and then, another thiol group was used to react with a vinyl-
containing ionic liquid to prepare a TSILs/CuBTC hybrid
material.** Abbasi and co-workers reported the immobilization
of a dual amino-functionalized ionic liquid on MIL-100 (Fe)
material, where the precursor obtained was further used to
support heteropolyacid H;PW,0,4.°® Similarly, the immobiliza-
tion of phosphotungstic acid into the nanocages of a dual
amino-functionalized ionic liquid (DAIL)-modified MIL-101
(Cr) was also demonstrated by Voort’s group.®’ Therein, one
amino group played a role in the formation of Cr-NH, coordi-
nation bonds, and another amino group was used to interact
with phosphotungstic acid, as illustrated in Fig. 11. In addition,
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Fig. 10 Schematic for the synthesis of the ABIL-OH/HKUST-1 catalyst
(reproduced with permission from ref. 55. Copyright 2014, Elsevier B.V.).

ABIL-OH/HKUST-1

it could be noted that the Pd nanoparticles stabilized via the
TSILs (1,1,3,3-tetramethylguanidinium trifluoroacetate, TMGT)
microphase could be immobilized on the CuBTC material.®>
The results indicate that the nitrogen atom of TSILs gives rise to
the mutual interaction between TSIL and Pd nanoparticles as
well as between TSILs and MOFs (N-Cu coordination bonds).
Besides the abovementioned cases, the manners of the
covalent bond and electrovalent bond are also under investiga-
tion to immobilize ionic liquids. As a representative example,
amino-functionalized MIL-101 (MIL-101-NH,) was used as a
support to immobilize TSILs (N(n-Bu); or P(n-Bu);) via the
formation of covalent bonds between the ionic liquids and -NH,
groups of the organic ligands.®® Interestingly, different from the
post-synthetic approach, a direct synthesis of UiO-67-immobilized
TSIL hybrid material has been reported,"" as shown in Fig. 12.
Specifically, an organic ligand modified using an imidazolium-
based ionic liquid was first synthesized, and then, it was further
used to prepare an UiO-67-TSIL hybrid material via solvothermal
crystallization. In addition, a pyridinium-based ionic liquid immo-
bilized on a zeolitic imidazolate framework (ZIF-90) material by
covalent post-functionalization has been demonstrated by
Park’s group.’® In the case of immobilization through ionic
bonds, only one demonstration on a Bronsted acid ionic liquid
immobilized on amino-functionalized magnetic metal-organic

Dehydration
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/=\
® = HIN/\/"'{}“\/\NHI
Br

DAIL

vV

OH

PW/DAIL/MIL-101(Cr)

DAIL/MIL-101(Cr)

Fig. 11 Schematic for the preparation of PW/DAIL/MIL-101 (Cr) (repro-
duced with permission from ref. 61. Copyright 2017, The Royal Society of
Chemistry).
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Fig. 12 Schematic for the synthesis of an UiO-67-TSIL hybrid material
(reproduced with permission from ref. 41. Copyright 2017, American
Chemical Society).

framework composites (Fe;0,@NH,-MIL-88B) could be found.®”
Therein, the abundant amino groups of the support could
interact with the sulfoacid groups of TSILs by interionic
interactions.

4.3 Encapsulation of ionic liquids in MOFs (geometrical
confinement)

The concept of encapsulation is by no means new and has been
widely applied in a variety of research fields."**"** As is known,
one of the greatest strengths of MOFs is their fascinating
textural properties such as ultrahigh porosity, extra-large
surface areas, and open and accessible nanospace. These
characteristics make them a sort of promising host materials
to encapsulate guest species. Actually, there have been many
reports on the encapsulation of functional molecules in
MOFs.5%136713% However, the encapsulation of TSILs in MOFs
is still in its infancy at present. In addition, in a few cases, it is
difficult to define the encapsulation and impregnation of
TSILs. To be more explicit, herein, only real encapsulation
(whereby all the moieties of the TSILs must be located within
the pores or cavities of MOFs, and without leaching) has been
discussed.

In general, the geometrical size and configuration of MOF
materials and TSIL molecules are important parameters to
determine the encapsulation efficiency and stability. As a
result, the traditional impregnation method fails to realize real
encapsulation because of leaching and an outer residual of
TSILs. In this respect, the ship-in-bottle strategy is usually
deemed as an ideal candidate because the reactants with a
smaller size can be allowed to diffuse into the nanopores of the
MOFs, whereas the target product synthesized usually has a
larger size as compared to the pore of the MOFs. The resulting
encapsulated guest species can be trapped in the nanopores by
geometric and steric confinement effects. As a representative
example, Jhung and co-workers reported that ionic liquids
could be synthesized in the nanocages of MIL-101 via a ship-
in-bottle technique,®® as shown in Fig. 13a. Specifically,
N-methylimidazole and 1-bromobutane as initial reactants were
introduced into the nanocages of MIL-101 in sequence and
reacted under given reaction conditions. Similarly, a sort of

226 | Mater. Chem. Front., 2018, 2, 219-234

View Article Online

Materials Chemistry Frontiers

’; ‘ﬂ | ;:j( V@ @@ @ 'ﬁ‘m
, L‘\ ((Q @ ,q‘" L,'W
I/_H 3" Asembly: 1) ‘-Ox.‘ ¥ ,rorwi b
(a) ]] Pores of MOF (b) 10 LOHOA— T,
Fig. 13 In situ synthesis of ionic liquids in the nanocages of MIL-101,
(a) Jhung's work from ref. 52, (b) Jiang's work from ref. 47 (reproduced

with permission from ref. 47 and 52. Copyright 2016, The Royal Society
of Chemistry).

&2 o0
Metal ions B
o® B _conimion

/;%j Organic ligands
&

TSILs/MOFs

Fig. 14 Schematic of the in situ encapsulation of TSILs via the ionothermal
synthesis of metal—organic frameworks.

poly(ionic liquid) was synthesized via assembly in the nano-
cages of MIL-101 and robustly confined within the pore lattice
(Fig. 13b).*” In addition, the impregnation-reaction-encapsulation
process was used to encapsulate a dicationic acid ionic liquid in
the nanocages of MIL-100 (Fe).”’

Apart from the abovementioned ship-in-bottle technique,
so-called post-encapsulation, another typical method involves
in situ encapsulation, namely the assembly of MOFs around
TSILs. This approach refers to the utilization of TSILs as a soft
template to synthesize MOFs by self-assembly. During the
period of synthesis, a certain amount of TSILs are encapsulated
in the nanospace of the as-synthesized MOF materials simulta-
neously. This process is illustrated in Fig. 14. Unfortunately, the
technique is usually fastidious or may be altogether thwarted
because the majority of organic ligands are labile under
extreme conditions of ions; thus, only a limited number of
MOFs can be synthesized. Actually, to some extent, a few cases
of ionothermal synthesis have been roughly regarded as in situ
encapsulation, but the outer and surface-adsorbed TSILs must
be thoroughly removed. Overall, this protocol towards the in situ
encapsulation of TSILs in MOFs is still at the conceptual stage
and needs a realistic breakthrough in experimental strategy.

5. Overview towards the application
of MTHMs

As abovementioned, it is well known that MOFs and TSILs have
many applications. To the best of our knowledge, however, only
a limited number of applications can be migrated to MTHMs
and have been reported to date. In the following section, we
have provided a closer observation of a few specific applications
of MTHMs in gas adsorption and separation, heterogeneous
catalysis, adsorptive desulfurization, and electrochemistry. In parti-
cular, several interesting phenomena, such as the confinement
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effect, molecular size- and shape-selective catalysis, and synergistic
catalysis, observed in heterogeneous catalysis have been high-
lighted. In addition, a couple of emerging but infant applications
(e.g in extraction and chromatography and as precursors or tem-
plates for the synthesis of novel functional materials) have also been
enumerated.

5.1 Gas adsorption and separation

In view of the enhanced properties of MTHMs resulting from the
combination of the respective merits of MOFs and TSILs, one of
the most extensive applications is in gas adsorption and separa-
tion. Therein, the most popular system, CO, adsorption and
separation from the binary mixed gases (e.g. CO,/N,, CO,/CHy,,
and CO,/H,) and CH, adsorption and separation from the binary
mixed gases (e.g. CH,/N, and CH,/H,), has been across-the-board
discussed in the review publications.?®”>767%14% [n addition, the
selective separation of C,H, from the mixture of C,H,/C,H, and
the selective removal of H,S from a H,S/CH, mixture have also
been reported.>>*' To avoid repetitive discussion, herein, we do
not intend to review the former, whereas the latter applications as
representative have been thoroughly introduced.

Zhong and co-workers conducted a computational study and
found that introduction of ionic liquids, in particular ILs with
smallest size ([Cl]7), into metal-organic framework Cu-TDPAT
could significantly enhance the adsorption affinity of H,S as
compared to the case of pristine MOFs. Moreover, they found
that increase in the loading of ionic liquid could generally
increase the adsorption selectivity of H,S/CH, within the
pressure range examined herein.*” In the case of the adsorptive
separation of acetylene and ethylene, the adsorbent reported
was a hybrid material of 1-butyl-3-methylimidazolium acetate
([Bmim][OAc]) and MIL-101. Compared to that of the parent
MIL-101, the adsorption selectivity of C,H,/C,H, over this com-
posite adsorbent could be dramatically increased from 3.0 to 30.>"
Moreover, the breakthrough curve (Fig. 15) and regeneration
experiment results showed that this kind of hybrid adsorbent
not only met the requirements for the industrial removal of low
levels of acetylene from ethylene, but was also very stable during
the adsorption-desorption process.

5.2 Heterogeneous catalysis

To date, both MOFs and TSILs have attracted wide attention in
the field of heterogeneous catalysis due to several distinctive
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Fig. 15 Breakthrough curve (a) for C,H, (solid) and C,H,4 (hollow) binary
mixture separation and regeneration experiment result (b) for the 1.5-
[Bmim][OAc]@MIL-101 composites. (Reproduced with permission from
ref. 51. Copyright 2016, American Institute of Chemical Engineers.)
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properties in their individual parts.
these pioneering efforts, it is a great honour that the applica-
tion of MOF and TSIL hybrid materials in heterogeneous
catalysis has been proposed first by our group. Herein, we have
mainly discussed a few interesting phenomena, such as the
confinement effect, molecular size- and shape-selective catalysis,
and synergistic catalysis, in heterogeneous catalysis observed
using MTHMs as catalysts.

For instance, in the acetalization of benzaldehyde with
glycol as a probe reaction with a Bronsted acidic ionic liquid
(BAIL) confined inside well-defined MIL-101 nanocages as a
catalyst (BAIL/MIL-101), it was observed that there was an
enhanced catalytic performance over the BAIL/MIL-101 catalyst
as compared to the case of its homogeneous counterpart (BAIL)
and pure MIL-101.>° Due to the combination of the advanta-
geous merits of the ionic liquid and the desirable microenvir-
onment of MIL-101, it was expected that the BAIL/MIL-101
catalyst could be used as a kind of nanoreactor, as shown in
Fig. 16. In addition, a molecular size- and shape-selective
catalyst by introducing an amino-functionalized basic ionic
liquid (ABIL-OH) into the nanocavities of HKUST-1 was demon-
strated in Knoevenagel condensation (Fig. 17).>**" It was found
that the diffusion kinetics of the reactants might be the con-
trolling step and might play a more important role than the
nature of the substituents in the confined microenvironment.
Finally, we also reported that the PdCI,-ILs/CuBTC catalyst
could enhance the catalytic activity in the selective oxidation
of cyclohexene with molecular oxygen as an oxidant and
TBHP as an initiator due to Pd-Cu synergistic catalysis
(Fig. 18).>° On the other hand, it is noteworthy that the

¢\ Bronsted acidic
ionic liquid (BAIL)

Acetalization

HO OH BAIL/MIL-101 Nanoreactors

Fig. 16 Bronsted acidic ionic liquid (BAIL) confined inside well-defined
MIL-101 nanocages as a nanoreactor for the acetalization reaction.

Selectivity (%)

HKUST-1

Fig. 17 Molecular size- and shape-selective Knoevenagel condensation
over a microporous HKUST-1 immobilized amino-functionalized basic
jonic liquid catalyst (reproduced with permission from ref. 55. Copyright
2014, Elsevier B.V.).
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Fig. 18 Selective oxidation of cyclohexene over a PdCl,-ILs/CuBTC
catalyst (reproduced with permission from ref. 56. Copyright 2016, The
Royal Society of Chemistry).

formation of coordination bonds between MOFs and TSILs play
an important role in determining the stability and reusability of
these catalysts.

Afterwards, a variety of catalyst systems with task-specific
functionalities, such as Bronsted/Lewis acidic ILs,>%33>7:59:64.67
basic ILs,”*°® acidic-basic bifunctional ILs,*">#6%143
metalate ILs,*"*®'** as well as metal nanoparticle-**> and metal
salt-containing ILs,>® involved in the corresponding acidic/
basic or redox reactions (e.g. the cycloaddition of CO, with
epoxides, the esterification reaction, oxidative desulfurization,

polyoxo-
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the oxidation of benzyl alcohol, Friedel-Crafts acylation, and
selective hydrogenation), have been reported in the last few
years. Herein, we present a summary of these research results,
as listed in Table 1. Upon conducting a general survey of these
literature reports, it was found that there was a common
ground that these catalysts derived from the hybridization of
MOFs and TSILs could significantly enhance the catalytic
performance or trigger a sort of unique catalytic behaviour
and maintain favourable stability and recyclability in various
catalytic reactions. As a result, it was expected that MTHMSs
could afford a new protocol to develop MOF-based and sup-
ported TSIL heterogeneous catalysts.

5.3 Adsorptive desulfurization

In recent years, the increasingly serious deterioration of air
quality resulting from the utilization of fossil fuels and strin-
gent environmental regulations are inexorably driving us
towards a world of clean fuel. As a result, ultra-deep desulfur-
ization from transportation fuels has become a significantly
important research subject."*>™*” Among these, selective adsorp-
tion desulfurization using adsorbents is considered as an effi-
cient method to remove sulfides from transportation fuels.'**™>°

Table 1 Summary towards the catalytic applications of MTHMs in different reactions and the derived catalytic behaviours

MOFs TSILs Catalytic reaction Catalytic behaviour Reference
MIL- Bronsted acidic quaternary ammo- Acetalization of benzaldehyde with Enhanced catalytic performance due 29
101 (Cr)  nium salt glycol to confinement effect
MIL- Dual amino-functionalized phos- Selective oxidation of benzyl alcohol Enhanced catalytic performance 61
101 (Cr)  photungstic acid ionic liquid
MIL- Quaternary ammonium salt and Cycloaddition of CO, and epoxide High activity under mild condition 65
101 (Cr)  quaternary phosphorus salt (N(n- due to synergistic catalysis (Cr’* and

Bu); and P(n-Bu)s) Br)
MIL- N-Methyl-2-pyrrolidonium methyl Esterification of acetic acid with amyl Favourable catalytic performance 53
101 (Cr)  sulfonate (([NMP]'CH;3SO;") alcohol and the Friedel-Crafts acyla- and reusability

tion of anisole

MIL- Heteropolyanion-based ionic liquid Esterification of oleic acid with ethanol =~ High activity due to the coexistence 63
100 (Fe) of Lewis and Bronsted acid sites
MIL- 1,4-Bis[3-(propyl-3- Esterification reaction of oleic acid and  Catalytic activity is comparable with 57
100 (Fe)  sulfonate)imidazolium] butane methanol homogeneous IL counterparts

hydrogen sulphate
MIL- Peroxopolyoxotungstate ionic liquid Oxidation of benzyl alcohol Enhanced catalytic performance 66
100 (Fe)
HKUST-  1,1,3,3-Tetramethylguanidinium tri- Selective hydrogenation of Catalytic activity is higher than that 62
1 fluoroacetate and Pd nanoparticles phenylacetylene of other Pd-supported catalyst
HKUST-  Amino-functionalized basic ionic Knoevenagel condensation Molecular size- and shape-selective 54 and 55
1 liquid catalysis
HKUST-  Thiol-functionalized ionic liquid Esterification of oleic acid with short- Catalytic activity is roughly equal to 64
1 ((HVIm-(CH,);SO;H]HSO,) chain alcohols that of the same kind of catalyst
HKUST-  1-Carboxyethyl-3-methyl imidazole Selective oxidation of cyclohexene Enhanced catalytic activity due to 56
1 chloride salt and PdCl, Pd-Cu cooperative catalysis
NH,- 1,4-Butanediyl-3,3’-bis(3-sulfopropyl) ~ Esterification of oleic acid and ethanol  Fine catalytic performance due to the 67
MIL- imidazolium dihydrogensulfate combination of ILs and the support
88B
(Fe)
UiO-66 1-Methylimidazolium-3- Oxidative desulfurization Sulfur removal is better than that of 59

propylsulfonate hydrosulfate pure UiO-66

(PSMIMHSO,)
Ui0-67 Imidazolium-based bromine Cycloaddition of epoxides and CO, Favourable catalytic performance 41

under atmospheric pressure
ZIF-90 Pyridinium-based iodate Cycloaddition of propylene oxide and Enhanced catalytic activity due to 58
CO, synergistic catalysis (Zn>" and 1)

MOF-5 Quaternary ammonium salts Cycloaddition of epoxides and CO, High yield at mild conditions due to 143

(Me,NCl, Me,NBr, Et,NBr, n-Pr,NBr,
n-Bu,NBr)
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To date, MOFs and TSILs as adsorbents have been reported for
the removal of sulfur compounds from diesel fuel, gasoline, jet
fuel, and model fuels.>"**” However, only a couple of studies on
adsorption desulfurization using MTHMs can be found in the
current literature. For instance, Jhung and co-workers reported
that 1-butyl-3-methylimidazolium chloride ionic liquid sup-
ported on MIL-101 showed a remarkable improvement in
adsorption capacity (ca. 71%) as compared to the pure MIL-101
material.>® Moreover, they reported that an IL@MIL-101 compo-
site prepared via a ship-in-bottle technique showed excellent
stability and reusability in the liquid-phase adsorption of ben-
zothiophene from liquid fuel.”> More importantly, it can be
concluded from their contributions that an adequate porosity/
pore size and specific adsorption sites (acid or base) are key
parameters for the efficient removal of sulphur compounds.

5.4 Electrochemical behaviour

The electrode and electrolyte materials play a crucial role
in electrochemistry.'*®*'®! Both MOFs and TSILs have been
studied extensively in electrochemical devices due to their
unique properties (e.g. high electrochemical stability and ionic
conductivity),'0101627166  Ag 3 result, the electrochemical
applications of MTHMs are emerging as a topic of research,
which involves applications in charge storage,”* ionic conduc-
tion and phase behaviour,*®’%”*73 proton conduction,®® as well
as the electrochemical reduction reaction.'®” For example, a new
type of proton-conducting material, EIMS-HTFSA@MIL-101
(EIMS = 1-(1-ethyl-3-imidazolium)propane-3-sulfonate; HTFSA =
N,N-bis(trifluoromethanesulfonyl)amide), can be prepared by
impregnating the binary ionic liquid into MIL-101,°® as shown
in Fig. 19. This composite material showed potential application
as a safe electrolyte in proton conduction above 100 °C.

In the case of ionic conduction, Kitagawa’s group made a
major contribution. Typically, they reported a hybrid system
consisting of an ionic liquid (1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)amide, EMI-TFSA) and microporous
ZIF-8 material. It was found that EMI-TFSA@ZIF-8 had no phase
transition, and it showed higher ionic conductivity than bulky
EMI-TFSA below 250 K (Fig. 20).”> Moreover, it was found that
doping a lithium ion into EMI-TFSA could affect the ionic
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Fig. 19 (a) Model structure of EIMS-HTFSA@MIL-101, (b) schematic of the
binary ionic liquid EIMS-HTFSA and a Bronsted acid—base buffer, and (c)
schematic of H* hopping within the matrix of EIMS-HTFSA (reproduced
with permission from ref. 68. Copyright 2017, Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim).
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Fig. 20 (a) Model crystal structure obtained from the Rietveld refinement
of EZ25; (b) Arrhenius plots of the ionic conductivity of EZ50, EZ75, EZ100,
EZ125 and bulky EMI-TFSA on heating (EZ is an abbreviation of EMI-
TFSA@ZIF-8, and the Arabic numerals refer to the micropore volume
occupied in the ZIF-8 at loadings of 50%, 75%, 100%, and 125%) (repro-
duced with permission from ref. 73. Copyright 2015, The Royal Society of
Chemistry).

conductivity because of the exchange of Li* and the solvating
TFSA™ in the micropores of ZIF-8.”° Similarly, UiO-67 and
1-ethyl-3-methylimidazolium chloride (EMIMCI) hybrid material
prepared by capillary action through specific grinding and
diffusing in a heating process could obtain a high ionic
conductivity of 1.67 x 107> S cm™" at a working temperature
of 200 °C. In addition, it is worth mentioning that the combi-
nation of an MOF electrode and ionic liquid electrode can be
used to efficiently catalyze the electrochemical reduction of CO,
to CH, and generate a high current density."®”

5.5 As precursors for the synthesis of heteroatom-doped
carbon materials

In fact, it is well known that the carbonization of organic
carbon-rich precursors at high temperatures is a general pro-
tocol to prepare carbonaceous materials. In this regard, MOFs,
as an ideal sacrificial template for fabricating highly porous carbon-
based materials, have aroused extensive attention.'®*”* Moreover,
together with the unique properties (negligible vapour pressure and
element diversity) of ionic liquids, it is expected that introduction of
ILs into MOFs can be used to form a sort of composite precursor to
achieve heteroatom-doped carbon materials via pyrolysis. Very
recently, the viability of this concept was confirmed by Xu’s and
Jhung’s groups.”*'”>'”* Specifically, N- and B-decorated micro-
porous carbon materials with a large surface area can be syn-
thesized by the impregnation of 1-ethyl-3-methylimidazolium
dicyanamide ([EMIM|[DCN] and 1-ethyl-3-methylimidazolium tetra-
cyanoborate [EMIM][TCB]) within the nanocages of MIL-100 (Al),
followed by carbonization under given pyrolysis conditions, respec-
tively. The resulting nanoporous carbons exhibited high CO, and H,
uptake capacities.”* In addition, Jhung and co-workers reported that
the pyrolysis of IL@ZIF-8 composites obtained via the ship-in-bottle
method could produce highly porous carbons with a high nitrogen
content. Notably, these porous carbon materials derived from the
pyrolysis of MTHMs demonstrated a remarkable adsorptive removal
of contaminants in liquid-phase adsorption.'”>'”

5.6 Others

Finally, MTHMSs have also been involved in other applications;
however, very few reports on their applications, such as in
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chromatography®® and tuning of the phase behaviour (e.g.
decreasing the freezing point of ionic liquids) have been
reported.’”* Herein, we highlighted an interesting study from
Kitagawa’s group. They demonstrated the first example of
anomalous dynamics phase behaviour concerning the freezing
point of ILs via the incorporation of ILs within the micropores
of MOFs. Specifically, differential scanning calorimetry and
solid-state NMR measurements showed that 1-ethyl-3-methyl-
imidazolium bis(trifluoromethylsulfonyl) (EMI-TFSA) ionic
liquid inside the micropores of ZIF-8 exhibited no freezing
transition down to 123 K, whereas bulk EMI-TFSA was frozen at
231 K. This anomalous dynamic phase behaviour was attributed
to the nanosize effect of MOFs on ionic liquids. More impor-
tantly, it was expected that this result would offer an alternative
strategy to stabilize the liquid-state of ILs in lower temperature
regions.

6. Concluding remarks and outlooks

Taking into consideration all the abovementioned discussion,
it can be explicitly recognized that the respective strengths of
MOFs and TSILs endow a god-given opportunity and potential
for their hybridization. On the other hand, their individual
weaknesses have also exposed more or less limitations and
challenges in the hybridization process of MOFs and TSILs and
real applications. In any case, it is witnessed that the develop-
ment of hybrid materials derived from MOFs and TSILs is step
by step moving to a mature class of hybrid composite materials.
Together with their current potential applications, it is expected
that MTHM systems represent not only an excellent playground
to enrich the functionality and diversity of MOFs, but also an
alternative toolbox to address several practical issues in the
scale-up applications of TSILs, such as the recovery, separation,
purification, and recycling of TSILs.

After knowing the advantages of MTHM systems, it is also
necessary to stress herein what the specific bottlenecks and
challenges are in the design, synthesis, application, optimiza-
tion, and fundamental understanding of MTHMs because this
is of the utmost importance to determine how far MTHMSs can
move forward and how likely they can be applied in real and
even industrial processes. In combination with our first-hand
experience and state-of-the-art progress in MTHM systems, we
herein attempted to put forward a few specific challenges
including compatibility between MOFs and TSILs, hybridization
strategy, fundamental understanding on interaction of MOFs
and TSILs, as well as stability and reusability of MTHMs in real
applications.

6.1 Compatibility between MOFs and TSILs

To date, a large number of MOFs and TSILs have been synthe-
sized. However, only a few of them are available to realize the
hybridization. The main reason is related to the compatibility
between MOFs and TSILs. In other words, whether the host
MOFs can bear guest TSILs without interference of their
intrinsic structures and compositions. Therefore, the stability
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of MOFs, without a doubt, is a fatal factor to determine
the feasibility of MTHMSs. However, the robust MOF materials
(with good thermal and chemical stability) synthesized to date
are limited to a few representatives of MIL-101, MIL-100,
UiO-66, ZIF-8, and HKUST-1. As a result, a long-term and big
challenge is to design and synthesize robust MOFs. In addition,
the intrinsic physicochemical properties, including polarizabil-
ity, electronegativity, acidity-basicity, molecular volume and
size, as well as the chemical behaviour in different solvents,
of TSILs have a profound effect on the preparation of MTHMs.
In this regard, while using a given MOF material, the rational
selection of TSILs and hybridization strategy must be cautiously
considered, especially with appropriate compatibility between them.

6.2 Hybridization strategy

In all hybridization methods, TSIL immobilization via coordi-
nation bonds has an obvious limitation since only a few MOF
materials bear metal coordinatively unsaturated sites. More-
over, TSILs are bound to contain an electron-rich group, such
as amino, thiol or carboxyl, with a coordination ability. In
comparison, the strategy for immobilization via covalent bonds
is more flexible because organic ligands usually present more
accessible active-sites or functional groups to anchor TSILs.
With regard to the encapsulation of TSILs, this seems to be a
specific technique because of the tailor-made MTHMs, but still
has certain limitations due to the strict requirements towards
the precursors of the TSILs. Finally, MOF-supported TSILs
obtained by intermolecular force might be more appropriate
to investigate the host-guest interaction, but this is not a
vigorous approach to implement in real applications because
of inevitable problems of leaching of the TSILs. Overall, it is
expected that the most popular and promising strategy for the
hybridization of MOFs and TSILs would be immobilization
via covalent bonds within the organic linkers.

6.3 Fundamental understanding on interaction of MOFs and
TSILs

With regard to the interaction between MOFs and TSILs, it is a
relatively complicated system due to the presence of various
interaction types including strong chemical binding (coordina-
tion bonds, covalent bonds and ionic bonds) and weak chemical
interaction (n-n interactions and hydrogen-bonding), as well as
intermolecular forces (Coulombic force and van der Waals
interaction). As a consequence, there is a general lack of funda-
mental understanding of these systems; this, in turn, hampers
the rational selection of MOFs and TSILs to design their hybrid
systems. In the case of chemical bonds, it is relatively easy to
elucidate the interaction mechanism via spectroscopic charac-
terization. In general, the formation of covalent bonds can be
evidenced through FT-IR and NMR, whereas the presence of
coordination bonds is usually characterized by employing X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectro-
scopy (XAS). It is worth mentioning that, herein, paramagnetic
MOFs (e.g Cr-MOFs) are always troublesome for solid-state
CP/MAS-NMR characterization due to the cut-off of signal trans-
formation. Intermolecular interactions, however, are still suspicious
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in the majority of systems to date due to the lack of direct
experimental evidence. Much effort has been focused on theoretical
calculations and simulations to reveal the interaction mechanism. It
is generally accepted that the main interaction between MOFs and
TSILs is ascribed to Coulombic forces resulting from the anions of
TSILs and metal clusters of MOFs. From a personal perspective,
however, the existence of van der Waals interaction,
n-m interaction, and hydrogen-bonding in MTHM systems cannot
be excluded although there is no report in this respect. Overall, to
figure out the intrinsic interaction mechanism, it is highly desired to
perform more systematic studies, especially a combination of experi-
mental and theoretical calculations. To this end, the simple model
system of MTHMSs and advanced spectroscopic techniques need to
be involved in the follow-up work.

6.4 Stability and reusability of MTHMSs in real applications

No matter what kind of application is involved in the utilization
of MTHMs, the stability and reusability of MHTMs are of great
importance for their applications. In particular, the solid-
liquid two-phase systems involved in adsorption or catalysis
are most concerned with the abovementioned two aspects. In
this regard, it is necessary to provide importance to the
intrinsic stability of MOFs and the leaching of TSILs from
MHTMs, which are usually dependent on the reaction/adsorption
media (solvent) and reactor technology (batch or continuous-flow
reactor). First, it is worth mentioning that the reaction/adsorption
case selected should be compatible with MTHMs because a
few reactants/adsorbates (e.g. aldehyde or ketone group) with
reducibility can change the valence state of the metal centre
within MOFs; this leads to a collapse of the framework. Second,
taking into consideration the solvent effect, the solubility and
chemical behaviour (ion or molecular state) of TSILs are two
key parameters to be considered while selecting the appropriate
reaction/adsorption medium. For instance, if a sort of ionic
liquid has a good solubility in a polar solvent, a non-polar
solvent as the reaction/adsorption medium may be preferable.
Finally, the leaching issue of MHTMs in a batch reactor, in
principle, is more serious than that in a continuous-flow
reactor. As a consequence, the stability and reusability of
MHTMs might be a chronic concern, especially for scale-up
applications. Based on the abovementioned analysis, together
with various applications of MTHMs, it is thus speculated that
the application fields involving gas-solid two-phase systems
(e.g. gas adsorption and separation), or relatively deprived of
severe mass-transfer and diffusion (e.g. electrochemical
devices) are more suitable and promising for MTHM:s.

In summary, MOF and TSIL hybrid materials are attracting
significant attention and are being widely developed. There-
fore, this is only the beginning, and in the next decades, we
would witness a rapid development of MTHMs. This is why we
wrote this critical review to address the recent advances. Hope-
fully, the knowledge and learning points gained from these
pioneering works would serve as a modest spur to appeal to
more multidisciplinary communities coming forward with their
valuable contributions in the coming decades although this
review is still only the tip of the iceberg.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2018
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