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ABSTRACT: Isoreticular metal—organic frameworks (IRMOFs) are a series of MOFs
that own similar network topology. By simple substitution of organic linkers of IRMOEF-1
(i.e., MOF-5), other IRMOFs can be obtained and have unique features such as large BET
surface areas and high chemical stability. IRMOF has been exalted to be an important
branch of MOFs because the unique features endow IRMOF with potential applications
including adsorption, catalysis, and sensing. Large BET surface areas of IRMOFs make
them candidates for adsorbing small gases such as H,, CO,, and CH,. Additionally,
IRMOF-3, IRMOF-6, and IRMOF-8 can separate various mixtures. Due to different
catalytic active sites and pore sizes, IRMOFs can catalyze a wide range of reactions. For
instance, IRMOF-1 is able to catalyze the Friedel—Crafts alkylation reaction because of its
coordination-unsaturated open metal sites. NH,-containing IRMOF-3 acts as a basic
catalyst for Knoevenagel condensation. Many keen sensors have been fabricated based on
luminescent IRMOEF-1 and IRMOF-3. IRMOF-8 with high porosity can be utilized to

synthesize electrochemical sensor. This Review mainly introduces the applications of IRMOFs-n (n = 1, 3, 6, 8) and their
derivatives in adsorption, catalysis, and sensing. Moreover, different strategies for synthesis and modification of IRMOFs are
compared and discussed in this Review. The experiments and proposed mechanisms related to the applications of IRMOFs-n (n
=1, 3, 6, 8) are also summarized to provide an overview of IRMOFs.

1. INTRODUCTION

1.1. IRMOFs. Metal—organic framework (MOF) is the
main class in the field of porous solid materials. This class of
porous materials is synthesized by connecting metal nodes
with various organic linkers." Numerous kinds of MOFs have
been synthesized successfully including zeolitic imidazolate
framework (ZIF),”® materials of Institut Lavoisier (MIL),"°
Hong-Kong University of Science and Technology
(HKUST),”™ Northwest University (NU),'™"* and so
forth. MOFs have drawn the attention of many physicists
and chemists because of their large pore volumes, high surface
areas, and excellent tunability. These fascinating features
endow MOFs with potential applications. For instance,
MOFs have been employed as powerful adsorbents in different
conditions,">™"° efficient catalysts for some important
reactions,'™'® keen sensors,’”*' and effective drug or
biological substance carriers.”*™*

IRMOF-1 (i.e, MOF-5) is one MOF that was first
synthesized by the group of Omar M. Yaghi and has been
well studied ever since its origin. By utilizing the strategy that
included reticulating metal ions and organic carboxylate, the
group of Omar M. Yaghi synthesized a class of porous
materials which were named isoreticular MOFs (IRMOFs).”
The series of IRMOFs shares the similar pcu topology of
IRMOF-1 as shown in Figure 1. One can construct IRMOFs
from octahedral Zn—O—C clusters and varied organic linkers.
Therefore, the physical and chemical properties of IRMOFs
are quite different. As demonstrated in Table 1, the surface
areas and pore volumes of different IRMOFs vary with their
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Figure 1. Ilustration of IRMOFs-n (n = 1-8, 10, 12, 14, 16) that are
non-interpenetrating IRMOFs. (Reproduced with permission from ref
139. Copyright Elsevier, 2018.)

organic linkers. We also compared these characters of IRMOFs
with other MOFs that have pcu or other topologies in Table 1.

IRMOF-1 is still the frontier domain of MOF research and it
is the prototype of all IRMOFs. The linkers of IRMOEF-3 and
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Table 1. Comparison of Metal Nodes/Clusters, Ligands, Pore Volumes, and Surface Areas of IRMOFs-n with Other MOFs

pore volumes

MOF metal nodes/clusters ligands“ topology [em?-g™'] surface area”[m?g~'] ref
IRMOE-1 Zn,O BDC pcu 1.22 2205 (BET surface area) 26
IRMOE-3 Zn,0 2-NH,-BDC pcu 1.07 1568 (BET surface area) 26
IRMOF-6 Zn,0 Cyclobutyl-BDC pcu 1.14 2516 (BET surface area) 27,28
IRMOF-8 Zn,O 2,6-NDC pcu 0.39 1021 (BET surface area) 29
IRMOEF-11 Zn,0 HPDC pcu - 1911 30
IRMOEF-18 Zn,0 TMBDC pcu - 1501 30
NU-1100 Zrg0,(OH),">* LH ftw 1.53 4020 (BET surface area) 31,32
MIL-100(Cr) trimeric chromium(III) octahedral BTC mtn 1.0 2700 (Langmuir surface 33,34
clusters area)
MIL-101(Cr) trimeric chromium(III) octahedral BDC mtn 1.9 5500 (Langmuir surface 33,34
clusters area)
ZIF-67 Co** 2- sod - 1319.9 (BET surface area) 35,36
methylimidazole 1832.2 (Langmuir surface
area)
ZIF-8 Zn? MeIM sod - 1630 (BET surface area) 36,37
1810 (Langmuir surface
area)
HKUST-1 Cu** BTC tbo 0.75 1568.5 (BET surface area)  7,38,39
2081.4 (Langmuir surface
area)
[Cug(L");(DMF)-(H,0);],- Cu** H,L’ pcu 0.72 2010 (BET surface area) 40
(DMF), 2665 (Langmuir surface
area)
vanadium—salen based Cd- cd* VVOL”, bpdc pcu 0.24 574 (BET surface area) 41
bpde MOF 697 (Langmuir surface
area)
JUC-135 Zn* H,DCPB pcu - 503.7 (BET surface area) 42
718.9 (Langmuir surface
area)
JLU-MOEFS0 Zrg cluster H,MDCPB pcu - 1101 (BET surface area) 43

1404 (Langmuir surface
area)

“BDC = benzene-1,4-dicarboxylate, NDC = naphthalenedicarboxylate, L,H = 4-[2-[3,6,8-tris[2-(4-carboxyphenyl)-ethynyl]-pyren-1-yl]ethynyl]-
benzoic acid, BTC = benzene-1,3,5-tricarboxylate, TMBDC = 2,3,5,6-tetramethylbenzene-1,4-dicarboxylic acid, HPDC = 4,5,9,10-Tetrahydro-2,7-

pyrenedicarboxylic acid, MeIM

2-methylimidazolate, H,L' = 1,1-bis-[3,5-bis(carboxy) phenoxy]methane, L” = (RR)-(—)-1,2-cyclo-

hexanediamino-N,N,-bis(3-tert-butyl-S-(4-pyridyl)salicylidene), bdpc = biphenyl-4,4’-dicarboxylic acid, H,DCPB = 1,3-di(4-carboxyphenyl)-
benzene, H,MDCPB = 1,3-di(4-carboxyphenyl) benzene. bLangmuir surface area from N, adsorption at 77 K; BET surface area from N, at 77 K.

IRMOF-6 are both the resultants of substitution reaction in the
benzene ring of 1,4-benzenedicarboxylate (BDC). Among
numerous IRMOFs, IRMOF-8 (non-interpenetrating) is a
well-studied IRMOF with polycyclic aromatic hydrocarbon as
linkers. Different linkers of IRMOFs-n (n = 1, 3, 6, 8) bring
about their unique features and many applications relating to
these features have been explored. Herein the applications of
IRMOFs-n (n = 1, 3, 6, 8) and their derivatives in adsorption,
catalysis, and sensing are introduced. In addition, diverse
strategies for synthesis and modification of these IRMOFs are
also summarized to give an overview.

1.2. Synthesis. The first and most commonly used
solvothermal method of synthesizing IRMOFs is based on
improved preparation of IRMOEF-1 conducted by the group of
Omar M. Yaghi in 2002. By employing N,N-diethylformamide
(DEF) as solvent and dissolving Zn(NO;),-4H,0 and the acid
form of 1,4-benzenedicarboxylate (BDC), the group obtained a
mixture for reaction and heated it in the range of 85—105 °C
in a closed container. In this way, crystalline IRMOEF-1 was
synthesized with high yield. Following the synthesis of
IRMOF-1, other members of IRMOFs have been simply
obtained by utilizing other organic linkers instead of BDC.
Specifically, 2-NH,-BDC and cyclobutyl-BDC are utilized in
synthesizing IRMOF-3 and IRMOF-6, respectively. IRMOEF-8
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has been yielded through the replacement of BDC by 2,6-
NDC.**

Though the solvothermal method is conventional and has
been used by researchers up to now, the drawback of this
method is apparent due to the long time needed for
crystallization and forming a porous network. Hence,
sonochemical synthesis of IRMOF-1 appears as an alternative
method for the solvothermal method with the development of
sonochemistry. The reagent of this synthesis is quite similar to
those of the solvothermal method except the solvent. 1-
Methyl-2-pyrrolidone (NMP) has been used as a substitute for
DEF because NMP is more economical. By contrast, the
researchers have obtained high quality IRMOF-1 crystal (S-
MOF-5) eventually after sonication treatment that continued
for 10 min. To examine the availability of the sonochemical
method, S-MOEF-5 has been compared with IRMOE-1
prepared via the previous convective heating method (C-
MOF-S), and similar physicochemical properties between
them have been found. The comparison is shown in Figure 2.
Sonochemical synthesis also proves to be effective in lowering
energy consumption.**

Generating and controlling defects is a synthetic strategy of
MOFs that are designed for catalysis and sorption. Adjustment
of the temperature as well as the amount of water and various
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Figure 2. Physical and chemical properties of S-MOF-5 and C-MOF-S: (a) SEM images (1: S-MOF-S, 2: C-MOF-5), (b) adsorbed N, at the same
temperature, (c) thermogravimetric analysis curves. (Reproduced with permission from ref 44. Copyright Royal Society of Chemistry, 2008.)

modulating acids in the reaction mixture can control the
distribution of defects in MOFs. Defect engineering benefits
the applications of MOFs in catalysis and sorption.*** For
instance, tuning the defects of UiO-66 leads to formation of
active binding sites and makes the frameworks more open.
Thus, it can enhance the absorbability of this MOF for
actinide.”” Synthesis of defective IRMOF-1 has been realized
by utilizing 1,3,5-tris(4-carboxyphenyl)benzene (H;BTB)
during the synthesis. Park et al. utilized a solvothermal method
and added a specific amount of H;BTB to the reaction mixture.
H,BDC and H;BTB act as linkers together and the
morphologies of obtained IRMOF-1 varies with the amount
of HyBTB." The types of defects in IRMOF-1 include partial
removal of linkers and so forth. Molecular simulation has
revealed that removal of linkers can influence the mechanical
and chemical stability of IRMOF-1.* Therefore, synthesis of
defective IRMOEF-1 could be meaningful, and defect engineer-
ing is likely to open a new avenue for synthesizing other
IRMOFs.

In the recent years, a more feasible and effective microfluidic
strategy for synthesizing IRMOF-1 and IRMOEF-3 has been put
forward on the basis of the conventional solvothermal method.
Precursor solution has been obtained by adding Zn(NO;),:
6H,0 and H,BDC (H,BDC-NH, for IRMOF-3) to N,N-
dimethylformamide (DMF) and transformed into continuous
phase and dispersed phase. Then, both phases have been
injected into the microfluidic device and the droplet reactor
has been streamed in a perfluoroalkoxyalkane (PFA) tube to
synthesize products (Figure 3). What makes the microfluidic
strategy appealing is that it is comprehensive, energy-efficient,
and time-saving.

Synthesizing MOFs at room temperature can save energy
and push the industrial applications of MOF forward.
Therefore, a novel method of synthesizing MOFs has been
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Figure 3. Graphical representation of the microfluidic strategy
process. (Reproduced from ref 50.)

put forward by Zhao et al. in 2015 and utilized in the synthesis
of IRMOF-3. In their research, hydroxy double salts (HDSs)
have been used as the intermediates. The most important steps
involved in the synthesis of IRMOF-3 are (1) reacting ZnO
with Zn(CH;CO,),-2H,0 at room temperature to form (Zn,
Zn) hydroxy acetate HDS and (2) reacting H,BDC-NH,
solution with HDS.>' In addition to the above tactics, some
novel methods such as the electrochemical method have been
explored to synthesize IRMOFs without the limitation of
special apparatus.®

2. APPLICATION OF IRMOFS

2.1. Adsorption and Separation. 2.7.7. IRMOF-1:
Adsorption of Small Gases and Natural Gas. Adsorption is
one of the most significant applications of porous materials
including MOFs. The use of MOF in adsorption is predicted
to have a bright future in industrial equipment manufacture
and environmental protection. The role of separation is
important in both life and industry.**

There are many advantages of MOFs in adsorption and
separation: (1) many MOFs are physically, thermally, and
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Table 2. Comparison of Gas Adsorption Properties of Some IRMOFs with other MOFs

material N, uptake H, adsorption capacity ~ CO, adsorption capacity total CH, adsorption ref

IRMOF-1 132 mg-g' (77k, 1 atm) 132 mg)-g*l (77k, 21.7 mmol-g™! (rt, 35 bar) 241 cm’g™! (25 °C, 35 bar)  30,27,55
1 atm

IRMOEF-3 - 14.2 mg-g' (77K, 18.7 mmol-g™" (r.t, 35 bar) 228 em>g™" (25 °C,36.5 bar)  27,28,55
1 atrng)

IRMOEF-6 - 14.8 mg-g™' (77k, 19.5 mmol-g™* (r.t, 35 bar) 272 em>g™" (25 °C, 27,28,55
1 atm 36.5 bar)

IRMOE-8 421 mg-g”' (77k, 1 atm)  15.0 mg-g~" (77K, - 254 cm®g™' (25 °C, 35 bar) 30,56
1 atm)

IRMOF-11 548 mg-g”' (77k, 1 atm) 162 mg-g™' (77k, 14.7 mmol-g™" (r.t.,, 35 bar) 30,27
1 atm)

IRMOF-18 431 mg-g™' (77k, 1 atm) 8.9 mg-g™' (77K, - - 30
1 atm%

[Cug(L');(DMF)-(H,0);],- 633 cm®>g™! (77K, 1 bar) - 91 ecm®g™" (273 K, 5999 90 cm®g™" (295 K, 6026 40

(DMF), mmHg) mmHg)
vanadium—salen based Cd-bpdc - 10.55 mg-g™' (77k, 51 ecm*g™" (273 K, 1 bar) 41
MOF 1 bar)
MIL-100(Cr) - - 18 mmol-g~! (304 K, 9.5 mmol-g™" (303 K, 57,58
5.0 MPag) 60 atm)
MIL-101(Cr) - - 40 mmol-g™! (304 K, 13.6 mmol-g~' (303 K, 57,58
5.0 MPa 60 atm)

ZIF-67 - 15.3 mg-g™' (77K, 21.1 em>g™! (298 K, 1 bar) - 59,60
1 bar§

ZIF-8 0.08 mmol-g™' (25 °C,  14.3 mgg™' (77K, 0.66 mmol-g~' (25 °C, 0.28 mmol-g™" (25 °C, 59,61

1 bar) 1 bar§ 1 bar) 1 bar)

HKUST-1 - 22.7 mgg~' (77k, 7.92 mmol-g™' (196 K, 68 cm*cm™ (25 °C, 5.8 bar)  62—64

1 bar% 1 bar)

chemically stable enough to be utilized as adsorbents in some
tough environments; (2) MOFs possess high surface areas and
pore volumes which are beneficial for the capture and storage
of adsorbate; (3) the excellent tunability of MOF makes it
possible to enhance the adsorption performance of them
through modification.

As a class of MOF, IRMOFs have the potential to be
outstanding adsorbents. By variation of organic linkers,
IRMOFs achieve the goal of expanding the pore size with
the topology maintained. This facile design makes IRMOFs
meet the criteria of adsorption of adsorbent molecules in
different sizes. The functional groups of the organic linkers of
IRMOFs can affect MOFs’ attraction for different kinds of
molecules, which also enhances the separation ability of
IRMOFs. Studying adsorption of small gaseous molecules can
not only provide a vital method to evaluate the adsorption
ability of IRMOFs but also inspire us to utilize them in
protecting the environment and storing fuel gases (such as H,
and CH,). The data of adsorption of several small gases (N,,
H,, CO,, and CH,) by IRMOFs and other MOFs is listed in
Table 2. IRMOEF-1 is considered a milestone of MOF research.
It is one of the most highly porous MOFs and it has open 3D
pores that are of ~11.5 A. However, the demerit of IRMOF-1
is that it is not stable enough in moist conditions.”* This
demerit is likely to limit the early mainstream of research to
adsorption in the gaseous phase (Table 3).

Hydrogen (H,) and methane (CH,) are two clean energy
resources that have high practical value, while the expansion of
their applications relies on the improvement of the storage
technique. The storage of these fuel gases must be attainable
under practical pressure and temperature conditions.”> As
shown in Table 2, the methane adsorption capacity of IRMOEF-
1 (241 cm®g™' at 25 °C, 35 bar) is higher than that of
IRMOF-3 (228 cm®g™' at 25 °C, 36.5 bar) even at lower
pressure. It is considered that the isolated linkers provide a
platform for IRMOEF-1 to sorb molecules from all sides, which
helps to improve the adsorption of gases (including hydro-
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Table 3. Some Applications of IRMOFs-n (n =1, 3, 6, 8)
and Their Derivatives in Adsorption and Separation

applications in adsorption and separation

IRMOF (materials)

IRMOFEF-1

ref

(1) adsorption of gaseous contaminants 26,29,65

especially for ammonia (pristine IRMOF-1)

(2) storage of natural gas, i.e, NG (pristine
IRMOE-1)

(3) storage of H, (modified IRMOF-1 via
spillover)

IRMOF-3 (1) adsorption of gaseous contaminants 26,66
especially for ammonia and chlorine (pristine

IRMOF-3)
(2) selective adsorption of CO, from N,
(pristine IRMOF-3, enhanced in NCMs from
carbonization of IRMOF-3)
(3) capturing dibenzothiophene, i.e., DBT
(IRMOF-3-Ag-n)
IRMOF-6 (1) huge storage of methane (pristine IRMOF-  25,67—69
6)
(2) storage of H, (pristine IRMOF-6)
(2) separation of C,—Cjg alkene isomer mixture.
(pristine IRMOF-6)
(1) storage of H, (pristine IRMOF-8, enhanced
in modified IRMOF-8 via spillover)

2) elective adsorption of ethane from ethylene
Ip 3
(pristine IRMOF-8)

IRMOF-8 29,68,70,71

gen),’® while the hydrogen adsorption capacity of pure
IRMOF-1 (132 mg-g™' at 77k, 1 atm) is not as ideal as
predicted. The metal nodes/cluster and the organic linkers of
MOF are two potential sites for adsorption of gas molecules.
H, proves to adsorb on both sites. As for methane and
nitrogen, the organic linker of IRMOF plays a key role in the
adsorption of both of them according to the investigation by
Raman spectroscopy.’” As a result, the unsatisfactory perform-
ance of IRMOF-1 in sorption of methane can be improved by
substitution of its organic linker. For example, IRMOF-6 is a
better sorbent of methane than IRMOF-1.

DOI: 10.1021/acs.cgd.9b00879
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Excess carbon dioxide (CO,) and other greenhouse gases is
a cause of the greenhouse effect. Effective and efficient carbon
capture (CC) is sure to alleviate the greenhouse effect. MOF is
appealing in the application of adsorbing CO,.”* From Table 2,
one can find clearly that the CO, sorption capacity of IRMOEF-
1 (21.7 mmol-g™" at room temperature, 35 bar) is the greatest
among IRMOFs-n (n = 3, 6, 8, 11, 18). Therefore, pure
IRMOF-1 is identified as an outstanding adsorbent of CO,.
Moreover, the advantage of IRMOFs in adsorption of CO, is
proven by comparison with MOF-2, Norit RB2, MOF-505,
and MOF-74, but not MOF-177 (Figure 4).”’

—&— MOF-177
—O— IRMOF-1
—a— IRMOF -6
IRMOF-3
—=— IRMOF-11
—(-Cuy(BTC),
—+— MOF-74
—o—MOF-505
Norit RB2

15 30
Pressure (bar)

45

Figure 4. CO, capacities for IRMOFs-n (n = 1, 3, 6) and other MOFs
at ambient temperature. (Reproduced from ref 27.)

Activated carbon is a widely used porous material for
sorption. One of the practical applications of activated carbon
is air purification. Nowadays, MOFs are also regarded as
alternatives for activated carbon in this field. In the dynamic
adsorption experiments, it has been found that the ammonia
adsorption capacity of IRMOEF-1 is 6-fold of undoped activated
carbon.”® Though the capacities of other harmful gases
(chlorine and for forth) are not as high as that of its analog
IRMOF-3, IRMOF-1 still shows potential as a manufacturing
air purifier.

Natural gas (NG) is an energy resource with wide
applications because it is economical, clean, and easy to
obtain. The tunable nature of MOFs attracts more attention
for utilizing them in storage of NG. Evaluation of the NG
storage performance of material cannot only rely on the
methane capacity, because the effect of higher hydrocarbon
such as ethane (3.3%) and propane (0.7%) mixed in the NG
should also be taken into account. That is why Zhang et al.
have come up with a thermodynamic tank model.”* The tools
they have used are molecular simulations and macroscopic
thermodynamics. According to their model, IRMOF-1 proves
to be an eligible candidate that has better performance than
NU-111 but not as good as IRMOEF-14 and IRMOF-20. More
significantly, they have discovered four general conditions of
ideal MOF candidates for storage of NG: 0.9, 1850 m%cm3,
5500 mz-g_l, 10 kJ-mol™!, respectively, for helium void
fraction, volumetric surface area, gravimetric surface area,
and heat of sorption of CH, when the loading is low. These
conditions also inspire evaluation of the NG storage perform-
ance of IRMOEF-3, IRMOF-6, and IRMOEF-8.

To our knowledge, some methods have been put forward in
order to enhance the hydrogen storage of IRMOF-1. As
mentioned above, the adsorption of hydrogen is related to
both the metal oxide clusters and the organic components of
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IRMOF-1, which is confirmed by previous inelastic neutron
scattering studies.”® The use of spillover for H, storage is
representative of the physical method to make IRMOF-1 a
more efficient adsorbent. This method has been first used in
carbon materials to increase their storage capacities, and it
needs utilization of catalysts that are able to dissociate H,.
Concretely speaking, the method has been operated by
physically mixing a secondary spillover receptor (namely
MOF) and catalyst (active carbon which is support of 5 wt %
Pt). IRMOF-1 and IRMOF-8 have been selected to undergo
this handling, and then, the products have been tested for their
hydrogen capacities at room temperature over a range of
pressure. The results show that the hydrogen storage
performances of both IRMOFs are improved. For instance,
the enhancement factor is 3.3 for IRMOF-1 at 10 MPa.*’
Though such handling has brought significant enhancement,
there is still room for improvement because creating physical
“bridges” between IRMOF and catalyst might increase the
contacts to accelerate secondary spillover. Based on this
hypothesis, Li and Yang have created carbon bridges with
utilization of sucrose as the precursor.”” The product
manufactured in this way exhibits an enhancement factor of
2 in comparison to the previous physical mixture of IRMOF
and catalyst. The hydrogen storage by spillover is an effective
technique and can be transplanted for the application of other
materials (such as IRMOF-9, IRMOF-993, COF-1, and COE-
5), which has been confirmed by existing experiments.”
Therefore, this technique may be utilized for enhancing the
hydrogen capacities of other IRMOFs besides IRMOF-1 and
IRMOE-8.

As for the applications of IRMOF-1 in the field of
adsorption and separation in aqueous solution, the unavoidable
problem dealt with by researchers is the hydrostability of
IRMOF-1. IRMOF-1 is less stable in the presence of water
than HKUST-1 and far less stable than MIL-100.>* The lack of
hydrostability limits the practical applications of IRMOEF-1
such as removing contaminants from aquatic environments.
With an aim to overcome this drawback, researchers have
come up with some solutions. These include the following: (1)
innovation in the synthesis of IRMOF-1 such as the
microfluidic strategy process that is introduced above,”® (2)
limiting the growth of IRMOF-1 within the pores of a porous
material like mesoporous silica and so on,”® (3) hybridizing
IRMOF-1 with other materials that have outstanding hydro-
stability such as attapulgite.””

2.1.2. IRMOF-3: Adsorption of Small Gases, Sulfur
Compounds, and Selective CO,/N, Adsorption. Though the
structure of IRMOEF-3 is no more different than that of amino-
functionalized IRMOF-1, this unique functional group brings a
different nature to IRMOF-3 and makes it possible to
synthesize ideal materials for wider applications by further
modification of it. Ammonia is one of most common gaseous
contaminants in the environment, and there are always
hydrogen bonds formed among the molecules. As we
mentioned above, IRMOF-1 has the potential to be used for
removing ammonia. Benefiting from the amine group, the
adsorption capacity of IRMOF-3 for ammonia is 105 times as
large as that of BPL carbon, and it is also an improvement over
IRMOEF-1. Moreover, the performance of IRMOF-3 in
adsorbing chlorine is eminent as expected. These results
have been attributed to the strong interaction between
adsorbate molecules and amine groups of IRMOF-3.>
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Figure S. Illustration of the process of synthesizing IRMOF-3-Ag-n with various morphologies. (Reproduced from ref 69.)

Air-quality problems are among the concerns in environ-
mental protection. Providing fuels without or with only a few
sulfur compounds is an effective way to reduce the harm
caused by vehicle exhaust. Therefore, the synthesis of materials
that are able to adsorb sulfur compounds (such as thiophenic
compounds) is significant. Based on the precedent that MOFs
can be outstanding adsorbents, utilizing JRMOF-3 as an
adsorbent of sulfur compounds is a feasible scheme. However,
the performance of pristine IRMOEF-3 is not comparable to
practical needs. Due to this, IRMOF-3-Ag-n have been
synthesized and eventually proven to capture dibenzothio-
phene (DBT) with larger capacities than their original
framework.””  Poly(vinylpyrrolidone), AgNO, TMAB, and
solvent (DMF—ethanol) play various roles in the one-pot
synthesis of IRMOEF-3-Ag-n. For instance, PVP can change the
interfacial free energy to control the growth of crystals with the
help of AgNO;. The kinetics of reaction is connected with
TMAB for its role as a charge balancing template. Because of
the effect of different modulators, IRMOF-3-Ag-n with various
morphologies have been synthesized (Figure 5). The surface
areas of IRMOF-3-Ag-n are lower than that of IRMOF-3.
However, several kinds of IRMOF-3-Ag-n (such as n = 1-35, 7)
have been tested to enhance the performance of IRMOEF-3 in
removing DBT especially for IRMOF-3-Ag-S, whose morphol-
ogy is a hollow sphere structure. The enhanced property might
be the result of z-complexation between dibenzothiophene and
Ag nanoparticles.”’

Different from conventional modifications of MOFs (like
Atomic Layer Deposition and so on), direct carbonization of
IRMOE-3 is a new, effective method that indicates the rosy
prospect of IRMOF-3 in gas adsorption. The resultant of direct
carbonization of IRMOEF-3 is an N-doped carbon monolith
(NCM) (Figure 6a). As is known to us, some materials can
gain a more marvelous ability of sorption after nitrogen doping.
Such practices in MOFs and their derived materials have also
proven to be feasible.”*™*" 2-Aminobenzene-1,4-dicarboxylic
acid that IRMOEF-3 includes can act as the nitrogen source of
doping, so carbonizing IRMOF-3 can synthesize new, more
attractive materials. Another advantage of carbonizing IRMOEF-
3 to synthesize new materials is that the unique ZnO clusters
play key roles in transforming the microporous structure of
IRMOF-3 to a meso—macroporous one. Experiments have
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Figure 6. (a) Carbonization of IRMOF-3 and synthesis of N-doped
carbon monolith (NCM); (b) enhanced CO,/N, selective adsorption
of IRMOF-3/800. (Reproduced with permission from ref 66.
Copyright Royal Society of Chemistry, 2016.)

shown that the carbonization temperature has a great impact
on the porosity of the resultant product. For example, the N-
doped carbon monolith produced under the carbonization
temperature of 800 °C (named IRMOF-3/800) has higher
porosity than those carbonized at 500—700 °C because of the
evolution of the activator (ZnQ). Transformation of the
structure improves the odds of interacting nitrogen and CO,.
In this way, these N-doped carbon monoliths are believed to
be better selective adsorbents of CO, than the pristine
IRMOF. The result is that IRMOF-3/800 exhibits highly
selective CO,/N, adsorption, which is greater than that of
pristine IRMOF-3 and even most MOFs (Figure 6b).66

2.1.3. IRMOF-6: Adsorption of CO, H, and Effective
Separation for Alkanes. The linkers of MOFs are known to
have an influence in the adsorption ability of MOFs. Therefore,
the cyclobutenyl group of IRMOF-6 makes its nature of
adsorption different from other IRMOFs”.”” In the field of CO,
adsorption, early experiments have shown that IRMOF-6 owns
the capacity for carbon dioxide that is larger than that of MOE-
2, IRMOF-11, and some other MOFs. Concerning the capacity
of adsorbing CO,, the performance of IRMOF-6 is slightly
better than that of IRMOF-3 though their pore sizes are
similar.”’

Compared with IRMOF-1 and some conventional adsorb-
ents (such as carbon nanotube), IRMOF-6 has better
performance in the storage of hydrogen. This has been
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confirmed by the experiment that tested the adsorption of H,
by IRMOF-1 and IRMOF-6 at room temperature and under a
safe pressure (10 bar). The percent uptake of hydrogen by
IRMOF-6 is nearly 2-fold that of IRMOF-1 (4.2 H, per
formula unit for IRMOF-6 and ~1.9 for IRMOF-1).%

The introduction of cyclobutenyl groups strengthens the
spatial hindrance and brings adjustment to pores of IRMOEF-6,
which enhances the separation for C,—Cg linear and branched
alkenes (Figure 7a). With the use of molecule dynamics (MD)
and the grand canonical Monte Carlo (GCMC) method, the
researchers have discovered that n-butane was distributed more
widely than 2-methylpropane in metal clusters of IRMOEF-6,
and the residence time is longer (Figure 7b). A conclusion has
been drawn that it is more difficult for C,—C4 branched
alkenes to get access to the Zn,O of IRMOF-6 due to
cyclobutenyl groups. IRMOF-6 offers the opportunity to be
utilized for the separation of an alkene isomer mixture, and it
has larger capacities for hydrocarbon than some common
inorganic adsorbents (such as silica zeolite).”

2.1.4. IRMOF-8: H, Storage and C,H,/C,H, Separation.
IRMOF-8 is a well-studied isoreticular metal—organic frame-
work. The especial linker (2,6-napthalenedicarboxylic acid, 2,6-
H,NDC) of IRMOF-8 influences its performance in sorption
and separation. Herein, some applications of IRMOF-8 and its
derivatives as sorbents are introduced.

IRMOE-8 has the potential to be a hydrogen and fuel gas
storage material due to its adsorption ability of gases of small
molecular weight such as hydrogen and methane. The
comparison of some properties of IRMOF-8 with other
IRMOFs is shown in Table 1. Though the intrinsic surface
area and pore volume of IRMOEF-8 is lower than those of the
three IRMOFs we introduced above, the capacities of IRMOEF-
8 are quite satisfying. The strong interaction between
adsorbates and IRMOF-8 is likely to contribute to such high
capacities. For example, the interaction between CH, and
IRMOF-8 proves to be greater than for some other IRMOFs
like IRMOF-1, IRMOF-6, IRMOF-16, and IRMOE-18.”* The

7445

adsorption capacities of IRMOEF-8 for H, and CH, reach 15.0
mg-g~' and 254 cm’-g”!, respectively, under the given
conditions (shown in Table 2.), which are both greater than
those of IRMOF-1.>"%

Many methods have been reported to make IRMOF-8 more
suitable for practical hydrogen storage. Feldblyum et al
prepared non-interpenetrated IRMOF-8 in a room temper-
ature synthesis. Moreover, Orefuwa et al. synthesized IRMOEF-
8 in a modified solvothermal method in a shorter time than the
method that uses a convective oven. Compared to traditional
synthesis, these methods can not only increase the efficiency
but also produce IRMOF-8 with similar or even enhanced
hydrogen capacity.*""> Some other methods focus on
enhancing the hydrogen storage of IRMOEF-8 by combining
the MOF with other materials. As we mentioned above, Li and
Yang have utilized hydrogen spillover of IRMOF-8 with the
purpose of enhancing the hydrogen storage of IRMOEF-8.
Furthermore, they have utilized sucrose as the precursor for
bridged hydrogen spillover, and the reported hydrogen
capacities are up to 1.8 and 4 wt % at 298 K and 10 MPa,
which are obviously higher than that of pristine IRMOF-8 (0.5
wt %).””7° In addition, C atom of the organic linker and CO,
group of IRMOEF-8 are found to play significant roles in storing
hydrogen.75 However, it is necessary to note that Ardelean et
al. prepared IRMOEF-8 bridged and unbridged composites with
the use of a Pt/AC catalyst by following the above-mentioned
method, but the enhancement of hydrogen storage was not
reproduced.®® There is still development space for applications
of IRMOF-8 in hydrogen storage.

Materials for separation of ethylene from ethane are of great
significance in the petrochemical industry. The lack of
unsaturated metal sites and two adjacent aromatic rings of
IRMOF-8 makes it advantageous in adsorbing ethane over
ethylene. This has been confirmed by a flow experiment, in
which the mixture of ethane and ethylene is passed in a
IRMOF-8 filled column. As a consequence, ethylene was
obtained first out of the IRMOEF-8 filled column and the
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selectivity values varied from 3.4 to 1.6 depending on
temperature and pressure (Figure 8).71 The intrinsic structure
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Figure 8. Adsorption isotherms of C,H4 and C,H, and selectivity
values at different temperatures (a: 298 K, b: 318 K) that confirm the
selective adsorption of ethane and ethylene by IRMOF-8.
(Reproduced from ref 71.)

of IRMOF-8 leads to different interactions between the MOF
and other organic compounds such as ethane and ethylene,
which makes it possible to apply IRMOEF-8 to separate specific
components from the mixture.

2.2. Catalysts. 2.2.7. IRMOF-1. Acting as catalysts for many
chemical reactions is another significant application of metal—
organic frameworks. As is known to us, plenty of MOFs can be
synthesized nowadays by choosing various metal centers and
organic ligands. Different kinds of catalytic active sites make
the MOFs promising catalysts for numerous reactions. The
porosity of MOFs provides them with the potential to be
employed as catalysts by modifications.** There are many
methods for expanding the application of MOF in catalysis
such as doping with metal catalyst®>* and post-synthesis
modification (PSM).*”*®

Ever since the origin of IRMOFs, many efforts have been
made to utilize them in effective and efficient catalysis. For
IRMOF-1, there has been much research focused on the
applications in catalysis. For example, the IRMOF-1 derived
carbon deposited with Cu nanoparticles can be a high
performance catalyst for multicomponent synthesis of
propargylamines,” and IRMOF-1 supported Pt nanoparticles
are able to catalyze the reaction of furfural with ethanol.”
Moreover, the derivatives of IRMOF-1 show good catalytic
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performance in Knoevenagel condensation’’ and oxygen
reduction reaction (ORR).”> Herein, the new advances in
utilizing IRMOF-1 in photocatalysis and catalysis of Friedel—
Crafts alkylation are introduced (Table 4).

Table 4. Some Applications of IRMOEF-1, IRMOF-3, and
Their Derivatives in Catalysis

IRMOF catalyst reaction type ref
IRMOF-1 BiOBr/MOEF- Photocatalytic degradation of 52
5(IL) methyl orange
HOQ@MOE-5 Photocatalytic degradation of 93
phenyl
MOF-5@SBA-15  Friedel—Crafts alkylation of benzyl 76
bromide with toluene
hybrid material of  Friedel—Crafts alkylation of benzyl 77
IRMOF-1 and bromide with toluene
attapulgite
IRMOF-3 F-IRMOE-3 the coupling reaction of carbon 94
dioxide with propylene oxide
IRMOF-3-PA-Cu  O-arylation reactions of aryl 9s
alcohols with aryl bromides
NPCNH2-MIL-53 the activation of 96
peroxymonosulfate (PMS)
IRMOE-3(Mem) Knoevenagel condensation reaction 97
between benzaldehyde and ethyl
cyanoacetate
IRMOF-3/Fe;0, Knoevenagel condensation reaction ~ 98
between benzaldehyde and ethyl
Cyanoacetate
CoFe,0,@Si0,@  the synthesis of functionalized 99
IRMOE-3 dihydro-2-oxopyrroles

2.2.1.1. Photocatalysts. Due to the energy crisis, utilizing
renewable clean energy such as light energy has been a hot
topic for a long period of time. Research in IRMOF confirms
that it can play an important role in the utilization of light
energy. The choice of semiconductor is crucial for synthesizing
photocatalysts. Bismuth oxybromide (BiOBr) is a bismuth
oxyhalide which is proven to have a good response for visible
light. However, the low conduction band position and low
surface area of directly synthesized particles limit the
applications of BiOBr in photocatalysis. Innovation in the
synthesis of IRMOF-1 has improved the photocatalysis
performance of BiOBr. Different from the other methods for
synthesizing IRMOFs that we introduced in detail in this
Review (such as solvothermal methods), Yang et al. have
utilized an electrochemical method to synthesize IRMOEF-1 in
the ionic liquid (IL) environment, and the product is named
MOF-5(IL). Through mixing MOF-S(IL) with BiOBr and the
other following process, the researchers have obtained a
BiOBr/MOF-S(IL) composite. The degradation of methyl
orange (MO) has been used for testing the photocatalytic of
BiOBr/MOF-S(IL), and the MO degradation ratio for it
reaches 87.9% in the condition of simulated solar-light
irradiation (58.1% for pure BiOBr). This result confirms that
IRMOF can replace noble metal in enhancing the property of
bismuth oxyhalide in photocatalysis. Further investigation
reveals that -O,” and H' play important roles in the
degradation of MO. The separation of hole and electron and
the formation of hydroxyl radicals can be promoted in the
BiOBr/MOF-5(IL) system, and the MOF is able to speed up
production of -O,". Therefore, the synergistic effect of MOF-
S(IL) and photosensitized BiOBr enhances the photocatalytic
activity of BiOBr/MOE-5(IL).>*
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According to some earlier reports, IRMOF-1 can act as a
semiconductor when exposed to visible light. In addition, M-
IRMOF-1 (M = Ca, Mg, Be, and Cd), which are obtained by
changing metal clusters of IRMOF-1, have similar band gaps as
IRMOF-1. The photocatalytic activity can be different when
the organic linkers of IRMOFs vary, which has been verified by
the photooxidation of propene.'” These observations also
indicate that IRMOFs own the potential in the field of
photocatalysis. Nowadays, synthesizing composite materials by
using IRMOF and sensitizers that absorb light (such as 8-
hydroxyquinoline, abbreviated as HOQ) is a practical way to
utilize IRMOFs. Based on this principle, HOQ@MOFE-S has
been synthesized and the photocatalytic performance of
HOQ@MOE-5 has been tested through the photocatalytic
degradation reaction of phenyl (Figure 9). In the experimental
condition where the initial concentration of the reactant was 1
mmol and the reaction time was 40 min, the degradation ratio
by HOQ@MOEF-5 was 91%. The comparison of degradation
of phenyl catalyzed by various photocatalysts shows that the
pergfg)rmance of HOQ@MOF-5 is excellent (shown in Table
5).”

2.2.1.2. Catalysts for Friedel—Crafts Alkylation. Friedel—
Crafts alkylation is one of the most important substitutions of
aromatic compounds. The application of IRMOEF-1 in
Friedel—Crafts alkylation of aromatic compounds has been
explored and some advances have been made. The

7447

coordination-unsaturated open metal sites of IRMOF-1 imply
that it could be a catalyst for the Friedel—Crafts alkylation
reaction of aromatic compounds, which is often catalyzed by
Lewis acids.””'**'%° However, the catalytic performance of
pure IRMOF-1 is not ideal enough. As a matter of fact, one
way to improve the catalytic performance of MOF is reducing
the size of the MOF crystal. Inspired by this, a unique double-
solvent strategy has been utilized to synthesize IRMOF-1
within the pores of a mesoporous silica, which is named SBA-
15 (Figure 10a). The use of a hydrophilic solution and
hydrophobic solvent makes this strategy different from the
traditional methods by which the bulk IRMOEF-1 is obtained.
Growing IRMOF-1 crystals in silica mesopores reduces the size
of the crystals in order to increase the accessibility of reactant
to the active sites of IRMOEF-1. As a result, MOF-S@SBA-15
shows enhanced performance in catalyzing the Friedel—Crafts
alkylation reaction of benzyl bromide with toluene (Figure
10c). The conversion of benzyl bromide is 100% after 3 h
using MOF-5@SBA-15 as catalyst.”

Another method to synthesize an effective catalyst of
Friedel—Crafts alkylation is hybridizing IRMOF with a natural
material. One of representative experiments is hybridization of
IRMOEF-1 with attapulgite, which is a well-studied silicate
mineral (Figure 10b). Attapulgite is easy available and
economic, which makes it advantageous over other commonly
used materials such as carbon nanotubes. Some reports have

DOI: 10.1021/acs.cgd.9b00879
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shown that fabrication of catalysts with unique -catalytic
performance and high stability can be realized by combining
MOFs with natural clay attapulgite. For example, Cu-BTC
hybridized with natural clay attapulgite and material obtained
by incorporation of functionalized attapulgite into the MOF
HKUST-1 show enhanced hydrothermal stability and catalytic
activity for the styrene oxide ring opening.'*'"” The hybrid
materials prepared by hybridizing IRMOEF-1 with attapulgite
are named MA-n. MA-n owns higher hydrostability and better
performance in catalyzing Friedel—Crafts alkylation of benzyl
bromide with toluene (Figure 10d). The contents of
attapulgite of MA-1 to MA-4 are 4.0, 8.3, 16.5, and 16.5 wt
%, respectively. Compared with pure IRMOF-1, the hybrid
materials are more efficient and catalytically stable. After six
runs and recovery of activity, the conversion still reaches 100%
with the catalysis of hybrid material.”’

2.2.2. IRMOF-3. Introduction of basic groups such as the
—NH, group into MOFs is a practicable way to prepare basic
catalysts. MOF-derived solid bases can be excellent catalysts
for many important chemical reactions including Aldol
condensation, Michael addition, and Knoevenagel condensa-
tion."”'”” The uncoordinated amine moieties make the
modification of IRMOEF-3 easier to realize, and many advances
in converting pure IRMOF-3 into efficient and effective
catalysts in the chemical industry have been made. To the best
of our knowledge, the methods to synthesize catalysts based on
IRMOFEF-3 are quite different from those for IRMOF-1. Herein,
we have demonstrated a summary of the representative work in
improving the catalytic performance of IRMOEF-3.

2.2.2.1. Catalysts Fabricated by PSM of NH,-Containing
IRMOF-3. Post-synthesis modification (PSM) can not only
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enhance the adsorption ability of IRMOEF-3 but also be used to
develop functionalized IRMOEF-3 as catalysts. By treating as-
synthesized IRMOF-3 with methyl iodide (CH,I), the
functionalized IRMOF-3 (named F-IRMOF-3) is obtained.
The procedure is shown in Figure 11a. This product of post-
synthesis modification shows excellent catalytic activity for the
coupling reaction of carbon dioxide with propylene oxide
(abbreviated as PO), in which propylene carbonate is yielded.
Unlike the low yield of the desired product when IRMOEF-3
and methyl iodide are used as the catalysts respectively, the
yield with functionalized IRMOEF-3 as heterogeneous catalyst is
89—98%. Furthermore, the catalytic activity is related to the
functionalization time. The catalytic performance of function-
alized IRMOEF-3 is improved with the time of functionalization
added.”* IRMOF-1 has also been used as a catalyst for the
coupling reaction of carbon dioxide with propylene oxide with
the existence of different kinds of quaternary ammonium
salts.'” The performance of F-IRMOF-3 is compared with this
synergetic catalyst in Table 5. Otherwise, the reusability of F-
IRMOF-3 has been confirmed (Figure 11b). The Zn,O
clusters and —NH, groups of IRMOF-3 are able to activate the
epoxy ring. I" in F-IRMOF-3 can open the epoxy ring.
Therefore, the synergistic effect of metal clusters, —NH,
groups, and I" makes F-IRMOF-3 a catalyst for the synthesis
of cyclic carbonates with improved performance. However, the
instability in moist air hinders the process of exploiting this
catalyst.”* This problem might be resolved by extending
methods for enhancing hydrostability of IRMOEF-1.
Post-synthetic modification of IRMOF-3 has been devel-
oped into a series of facile processes. The copper-catalyzed O-
arylation method is one of the most important ways to produce
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Figure 11. (a) Preparation of F-IRMOF-3 and (b) high yield of
propylene carbonate (PC) and recyclability of F-IRMOF-3-4d. (F-
IRMOF-3-4d is F-IRMOF-3 with the functionalization time of 4
days.) (Reproduced with permission from ref 94. Copyright Elsevier,
2012.)

diaryl ethers. In order to anchor copper(II) into IRMOF-3 and
apply IRMOEF-3 in catalysis, multistep post-synthetic mod-
ification of IRMOF-3 has been undertaken. After treating
IRMOF-3 with pyridine-2-aldehyde, the obtained IRMOEF-3-
PA is stirred with CuCl,-2H,0. By the following treatment,
IRMOF-3-PA-Cu has been synthesized (Figure 12a). IRMOF-
3-PA-Cu is tested to be an effective and reusable catalyst for O-
arylation reactions, in which aryl alcohols react with aryl
bromides to produce various diaryl ethers (Figure 12b).

Additionally, the shape selectivity in the product of this
recoverable heterogeneous catalyst makes it more attractive. In
other words, the yields of products are dependent on their
sizes with the application of IRMOF-3-PA-Cu.”

The utilization of doped carbon materials in catalysis is
emerging nowadays. The sources of these doped carbon
materials include natural substances and MOFs."'"~'"* For
instance, they act as catalysts in activating peroxymonosulfate
(PMS). As a consequence, hydroxyl radical (-OH) and sulfate
radical (SO, ™) are yielded. High surface areas and porosity of
MOFs make them attractive for synthesizing nanocarbon
materials. Nitrogen-doped porous carbon (NPCigyor.;) has
been obtained by carbonization of IRMOF-3 at various
temperatures and shows an instinct in catalyzing the activation
of peroxymonosulfate (PMS). The characterization of different
kinds of NPC prepared in similar ways is shown in Figure
13a,b. The yield of hydroxyl radical and sulfate radical indicates
that the NPCgpop.3/PMS system could be used for removing
organic pollutants such as phenol and methyl orange (Figure
13¢,d). NPCryior.3 has better catalytic performance than Co?*,
which is a catalyst with high efficiency for activating PMS.
Compared among the products of carbonization of MOFs,
NPCrpor.3 is also a promising catalyst. The nitrogen species
(pyridinic N, pyrrolic N, and graphitic N) prove to influence
the catalytic activity of NPC. Among them, the graphitic N
plays a key role in activation of PMS for the possible reason
that it can boost the electron transfer from carbon to oxygen.
Therefore, NPCyyor3 is a more ideal catalyst than
NPCyizmiss due to its higher graphitic N content (Figure
13e,f).”°

Synthesizing a MOF membrane in substrate is a research
trend in catalytic application of MOFs.''*~"''® Bare IRMOF-3
particles have provem to be catalysts for some reactions such as
the Knoevenagel condensation reaction between benzaldehyde
and ethyl cyanoacetate, which is an important reaction in the
chemical industry. The Knoevenagel condensation reaction is

Q)

[ —

IRMOF-3

b)

|
S 0

Isolated Yield (wt %)

&84 84d

IRMOF-3-PA

CuCl,

IRMOF-3-PA-Cu

Figure 12. (a) Procedure of synthesis of IRMOF-3-PA-Cu and (b) IRMOF-3-PA-Cu proves to be a reusable and efficient catalyst for O-arylation
reaction. (Reproduced with permission from ref 95. Copyright Elsevier, 201S.)
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also used to test the basic strength of the solid base which
catalyzes the reaction.''” The carboxylate oxygen of IRMOF-3
acts as an electron donor and makes a intramolecular hydrogen
bond interaction with amino, which leads to the stronger
basicity of the amino group of IRMOEF-3 than that of aniline.
The enhanced basicity of IRMOEF-3 is the reason for its high
catalytic activity for the Knoevenagel condensation reaction.' '
Lee et al. utilized the developed sonochemical technique to
synthesize the IRMOF-3 membrane on porous AlL,O; disk
support. The obtained IRMOF-3 membrane has been
designated as S-IRMOF-3(Mem). S-IRMOF-3(Mem) exhibits
far better catalytic performance than M-IRMOF-3(Mem),
which is synthesized by the process of microwave heating
(Table S). M-IRMOF-3(Mem) can not only maintain the
nearly high catalytic activity of IRMOF-3 particles synthesized
by the similar sonochemical method but also enhances the
stability and recyclability.””

2.2.2.2. Core—Shell IRMOF-3 Composites as Catalysts.

Synthesis of core—shell MOF composites is also an effective
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way to harness the strength of MOF."""~"** As a case in point,

combining MOFs with small-sized particles can prepare
catalysts that meet the actual needs of production. Besides
outstanding catalytic performance, the convenience of
separating catalyst from reaction system is also a requirement
for an ideal catalyst. Core—shell composites with magnetic
particles such as Fe;0, and CoFe, O, are synthesized, and then
the goal of separating catalyst from the reaction system can be
achieved by using an external magnetic field. This method has
been employed to synthesize IRMOF-3/Fe;0, composites and
CoFe,0,@Si0,@IRMOEF-3.

The core—shell composites IRMOF-3/Fe;O, are improved
catalysts for the Knoevenagel condensation reaction between
benzaldehyde and ethyl cyanoacetate. The synthesis process of
IRMOF-3/Fe;0, is shown in Figure 14a. Several crucial steps
of synthesis are (1) adding the mixture containing poly-
vinylpyrrolidone (PVP), ethanol, and N,N-dimethylformamide
(DMF) into the precursor solution for synthesizing IRMOF-3,
(2) adding Fe;0,, and ultrasonic treatment. The catalytic
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performance of products Fe;O,/IRMOF-3 is better than that
of Fe;0, as well as IRMOF-3 (Figure 14b) and varies with the
time of repetition of synthesis. FI-3 refers to products that go
through three cycles of synthesis. With the adjustment of
temperature and catalyst dosage, the conversion of ethyl
cyanoacetate in the presence of FI-3 can be 100%. The TEM
image and magnetic property of FI-3 are also shown in Figure
14c,d. In addition, the slight decrease of conversion of
reacte;l;ts indicates that FI-3 has excellent recyclability (Figure
14e).

Based on a similar principle, CoFe,O0,@SiO,@IRMOF-3
has been synthesized by modifying CoFe,O, with a SiO, layer
and depositing IRMOF-3 on the microsphere of CoFe,0,@
SiO,. The CoFe,0,@SiO,@IRMOF-3 is able to effectively
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catalyze the synthesis of functionalized dihydro-2-oxopyrroles,
which is a one-pot reaction. A series of synthesis reactions with
the variation of reactants has been used to test the activity of
this core—shell composite. The yields for all are more than
80% in the experimental condition. In addition, CoFe,O,@
SiO,@IRMOE-3 is easy to separate and reuse.”

2.3. Sensors. 2.3.1. IRMOF-1. The utilization of MOFs is
one of the most significant trends in sensing and detecting.
The superb stability, large surface area, and tunable pore size of
MOFs have inspired researchers to utilize MOFs and their
derivatives to fabricate keen, selective, and stable sensors.
These sensors are promising in applications detecting organic
contaminant, biotic component, heavy metal ions, and so forth.
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2.3.1.1. Fluorescent IRMOF-1 Based Sensors for Isobuta-
nol and Heavy Metal lons. Numerous strategies for
applications of IRMOFs in sensing and detection have been
put forward. Besides the advantages mentioned above, the
fluorescence of IRMOF-1 and IRMOEF-3 endows them with
great potential in sensing. The mechanism of fluorescence of
IRMOF-1 has been revealed to be the good coplanarity of
benzene and six-membered Zn—O—C rings in excited as well
as ground states.'>’ Based on the principle of cataluminescence
(CTL), IRMOF-1 has been doped with yttrium, a rare earth
element. The CTL emission has been observed with isobutanol
passing through the surface of obtained Y-doped IRMOEF-1.
Compared with undoped IRMOF-1, the CTL intensity of Y-
doped IRMOF-1 is improved because Y** can catalyze the
oxidation of isobutanol (Figure 15a,c). Moreover, the CTL
intensities have proven to depend linearly on the concentration
of isobutanol in a specific range, and the limit of detection
(abbreviated as LOD) is low (3.7 mg L") (Figure 15b).
Therefore, the Y-doped IRMOF-1 is an excellent sensor that
can be used to determine isobutanol.'**

The composite materials based on IRMOEF-1 can also play
important roles in the field of detecting heavy metal ions.
Excess heavy metal ions that exist in bodies of water cause
harm to human health. Therefore, effective and sensitive
detection of heavy metal ions is of great significance. Several
fluorescence sensors for heavy metal ions have been fabricated
with the use of IRMOF-1 including mixed matrix membranes
(abbreviated as MMMs) incorporated with IRMOF-1 and
CH;NH;PbBr;@MOF-S composites.

To synthesize MMMs, a priming method has been utilized
and IRMOF-1 particles are mixed with sulfonated poly(arylene

7453

ether nitrile) (SPEN) in this process. The basic steps are
shown in Figure 16a. Benefiting from the high thermal stability
and fluorescent nature of IRMOEF-1, the MMMs incorporated
with a small amount of IRMOF-1 exhibit improved
fluorescence emission over the neat one. It is known that
some heavy metal ions play the role of fluorescence quenchers
and some probes based on this principle have been
fabricated."**~"*” Cu®* has been found to have an apparent
fluorescence quenching effect for mixed matrix membranes
incorporated with IRMOF-1. The negligible interference from
analogues such as Mg**, Na*, Hg*", and Zn*" further confirms
the applicability of MMMs incorporated with IRMOF-1 as
selective sensors for trace level Cu®* (Figure 16b)."*"

The role that IRMOF-1 plays in CH;NH;PbBr;@MOF-5
composites is quite different from that in MMMs. One of the
hindrances to employ CH;NH;PbBr;, a hybrid organic—
inorganic halide perovskites, is that CH;NH;" is unstable. To
overcome this problem, IRMOF-1 has been chosen as matrix
material to encapsulate CH;NH;PbBr;QDs (i.e.,
CH,;NH;PbBr; quantum dots). Specifically, PbBr,@MOF-S
was obtained by solvothermal methods and was subsequently
reacted with CH;NH,Br ethanol solution (Figure 17a). It is
noteworthy that perovskite QDs own luminescent properties
and so does the composite (Figure 17b). The
CH;NH;PbBr;@MOEF-S composite has been considered as
sensors for several heavy metal ions such as Fe**, AI**, Bi**,
Cd**, Co?", and Cu®" because of the different luminescent
responses. The consistently impressive performances in various
pH values, enhanced thermal stability, and water resistance
make this sensor more useful in detection of heavy metal ions
in real aqueous solution (Figure 17¢,d)."*
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2.3.1.2. IRMOF-1 Based Electrochemical Sensor and
Microgravimetric Sensor. IRMOF-1 and its derivatives have
also been applied as electrochemical sensors and micro-
gravimetric sensors. Reduced graphene oxide (rGO), poly-
(diallydimethylammonium chloride) (PDDA), nickel nano-
particle, and IRMOF-1 have been used to synthesize MOF-5@
PDDA-rGO-Ni (abbreviated as MOF-S@PGN). Furthermore,
methylene blue (MB) encased MOF-5@PGN nanocomplex
has been prepared by incorporating MB molecules into
IRMOF-1. By depositing MOF-S@PGN and MB encased
MOE-S@PGN, respectively, onto the surface of glassy carbon
electrode (GCE), two electrochemical sensors for echinacoside
have been fabricated. The excellent adsorption capability of
IRMOF-1 is beneficial to the sensitive response of these
voltammetric sensors. MB encased MOF-5@PGN/GCE has
more ideal properties, which is confirmed by the wider linear
range as well as lower LOD for echinacoside (Figure 18a)."°
Lv et al. inkjet-printed ink that contained IRMOF-1 crystal on
a resonant microcantilever and thus synthesized a micro-
gravimetric sensor for trace amounts of aniline, a carcinogenic
substance. Figure 18b is the SEM image of this micro-
gravimetric sensor. IRMOF-1 is known to adsorb aniline and
the mass varies during the adsorption. Owing to this nature of
IRMOF-1 and unique structure of microcantilever, the sensor
can transform mass addition to the signal of frequency shift
(Figure 18c). Moreover, this sensor owns outstanding
sensitivity and repeatability. The little change in response of
tests in a given time ?eriod also confirms that it is long-term
stable (Figure 18d)."
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2.3.2. IRMOF-3: Luminescent Sensors Based on IRMOF-3.
Nanoscale IRMOF-3 is a promising material in sensing and it
has been synthesized on the industrial scale in different ways
including the hydrothermal method and the electrochemical
method. The pure nanoscale IRMOF-3 prepared by the
hydrothermal method is a selective fluorescent sensor for
glucose and Fe®* ions with LOD of 0.56 uM and 4.2 nM
respectively under the experimental conditions. Furthermore,
IRMOF-3 prepared in this way can be used for visual detection
of glucose and Fe*" ions (Figure 19a)."** The electrochemical
synthetic method has successfully realized the rapid fabrication
of nanoscale IRMOF-3. It has been reported that the obtained
nanoscale IRMOF-3 has an enhanced fluorescent response for
2,4,6-trinitrophenol (TNP) than that prepared by the
solvothermal method. The nanoscale IRMOEF-3 with high
crystallinity exhibits LOD for TNP (0.1 ppm), which signifies
that nanoscale IRMOF-3 synthesized by the electrochemical
method is an improved sensor for TNP (Figure 19b,c).
Compared with other nitro explosives such as nitrobenzene
(NB) and p-nitrotoluene (4-NT), the higher value of (I,/I) —
1 indicates that TNP has more distinct fluorescence quenching
effect (Figure 19d). In addition, the mechanism is inferred
from cooperation of the electron transfer effect and the
fluorescence inner filter effect.'*’

The fluorescent IRMOF-3 has also been employed as a
sensor for biorecognition. The pendent amine group of
IRMOEF-3 plays a significant part in bioconjugating with
receptors such as bacteriophages. An optosensor bacterio-
phage/IRMOF-3 has been prepared by immobilizing a
bacteriophage that is specific to S. arlettae (i.e., Staphylococcus
arlettae) on the surface of IRMOF-3. Combining the specificity
of bacteriophages with the fluorescent nature of IRMOEF-3, this
biosensor exhibits excellent performance in detecting the S.
arlettae. Moreover, there is a linear relationship between the
logarithm of photoluminescence intensity and the logarithm of
concentration of S. arlettae in the range of 10*~10° cfu mL™".
The practicability of bacteriophage/IRMOEF-3 has also been
verified because of the nearly consistent results obtained by
using an optosensor and the colony counting method."** The
variation of the specific bacteriophages makes it attractive to
use IRMOF to fabricate selective and sensitive sensors for
determining different bacteria.

Besides sensors that are based on the luminescence
quenching effect, luminescence turn-on sensors have been
fabricated by using IRMOF-3. The absorbance of IRMOEF-3 is
improved with the presence of M** ions (Cr**, AI**, Ga**, In**)
and consequently the luminescent intensity is increased.
According to Wang et al,, this absorbance-caused enhancement
(ACE) mechanism can be used to explain the potential of
IRMOF-3 in detecting M>" (Figure 20). The advantage of
luminescence turn-on sensors is that they can be used with
complex interference and this makes them more practical. The
luminescence turn-on effect is not obvious when the M** ions
(like Pb**, Cd**, and Cu**) and M" ions (such as Na* and Ag")
are added. This result proves the selectivity of IRMOEF-3 as a
luminescence turn-on sensor for M>* metal ions.'*

2.3.3. IRMOF-8: Carbonization of Porous IRMOF-8 to
Fabricate Electrochemical Sensors. Carbonization of
IRMOF-8 can be achieved by different approaches. The
various carbon materials are important components of sensors
applied in environmental protection and healthcare. Porous
carbon (abbreviated as PC) can be obtained from direct
carbonization of IRMOEF-8, and PC/GCE has been prepared
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(Reproduced from ref 129.)

by dropping the PC dispersion onto the surface of GCE.
Subsequently, a voltammetric sensor has been obtained by
fabricating molecularly imprinted polymer (MIP) on PC/GCE
(Figure 21a). The considerable surface area and pore volume
of PC are helpful for electron transportation. Thus, the
conductivity of the sensor has been enhanced. This MIP/PC/
GCE sensor can be utilized in detecting ultratrace levels of
lidocaine (LID), a drug that might cause disease.'*®

With the addition of dispersing IRMOF-8 in a ceramic boat
before the direct carbonization, IRMOF-8 derived nanoporous
carbon (NPC) has been prepared. Then, NPC—Nafion/Bi/
GCE composite electrode, a sensor for Pb(II) ions, has been
synthesized by comodifying GCE electrode with NPC, Nafion,
and bismuth (Figure 21b,c). The selectivity of this sensor has
been confirmed by its anti-interference performance for
Co(II), Zn(II), and other heavy metal ions as shown in Figure
21d. Additionally, interference of Cu(II) can be suppressed
with the use of ferrocyanide. Similar to the case of MIP/PC/
GCE, the excellent electrical conductivity of NPC can help to
improve the sensitivity of NPC—Nafion/Bi/GCE. The
satisfactory performance of NPC—Nafion/Bi/GCE in real
tap water also indicates the applications of IRMOF-8-based
sensors in environmental protection.137

To transform IRMOF-8 derived nanoporous carbon
(abbreviated as DPC) into exfoliated porous carbon (EPC),
Xiao et al. have employed the method of solvent exfoliation
that includes dispersion of DPC in appropriate solvent,
sonicating the solution, and subsequent processes. The BET
surface areas and N, adsorption—desorption curves of DPC
and EPC are exhibited in Figure 21e. EPC/GCE has been
fabricated in a simple drop-casting method that is also utilized
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in synthesis of PC/GCE. In comparison with DPC/GCE,
EPC/GCE exhibits better performance in detecting chlor-
amphenicol (abbreviated as CAP) (Figure 21f). The low LOD
(2.9 x 107 mol L") and linear range for CAP reflect the
practicality of EPC/GCE (Figure 21g). Moreover, this
electrochemical sensor also owns outstanding repeatability,

reproducibility, and stability."**

3. CONCLUSIONS AND OUTLOOK

MOFs including IRMOFs have drawn much attention for their
excellent properties and attractive applications. In this Review,
we have summarized the synthesis and potential applications of
IRMOFs-n (n = 1, 3, 6, 8) in adsorption, separation, catalysis,
and sensing.

Large surface areas and high pore volumes of IRMOFs-n (n
=1, 3, 6, 8) imply that they can act as high-performance
sorbents. The published results of adsorption experiments of
several small gases such as H,, CO,, N,, and CH, in IRMOFs-
n (n =1, 3,6, 8) show that pure IRMOF-1 is an outstanding
adsorbent of CO, while pristine IRMOF-6 and IRMOEF-8 are
both candidates for H, storage. The pristine IRMOFs can also
be adsorbents of gaseous contaminants. For example, IRMOEF-
3 with NH,-containing linkers can be used to remove ammonia
and chlorine. The selective adsorption is another highlight of
IRMOFs. Specifically, IRMOF-3 adsorbs CO, over N, and
IRMOEF-8 can adsorb ethane from ethylene selectively.
IRMOF-6 is also able to separate the alkene isomer mixture.
It is desirable that the adsorption performance of IRMOFs can
be improved in various ways. The use of spillover is an effective
way to make IRMOEF-1 and IRMOEF-8 more ideal for hydrogen
storage. IRMOF-3 derived N-doped carbon monolith shows
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Figure 18. Applications of IRMOF-1 on electrochemical sensing and microgravimetric sensing. (a) Linear relationship between concentration of
echinacoside and the ratio of electrochemical signal of echinacoside and peak current of methylene blue (Igy,/Iys); (b) SEM image of MOF-S
based microgravimetric sensor and MOEF-$ serve as sensing materials; (c) response of microgravimetric sensor to aniline vapor with different
concentrations; (d) long-term stability of MOF-$ based microgravimetric sensor. (a: Reproduced with permission from ref 130. Copyright Elsevier,
2018. b—d: Reproduced with permission from ref 131. Copyright Elsevier, 2018.)

enhanced selective adsorption of CO, from N,, and IRMOEF-3-
Ag-n are remarkable capturers of DBT.

IRMOFs are emerging materials for catalyzing various
reactions. We have focused on applications of IRMOF-1 in
photocatalysis and catalyzing Friedel—Crafts alkylation in this
Review. The BiOBr/MOF-S(IL) composite and HOQ@MOF-
S prove to be photocatalysts for degradation of methyl orange
and phenyl, respectively. Two high-performance catalysts for
Friedel—Crafts alkylation have been fabricated by hybridizing
IRMOF-1 with attapulgite and SBA-15, respectively. We have
also introduced the employment of IRMOEF-3 as catalysts.
Many approaches have been put forward to transform this
IRMOF into outstanding catalysts, for instance, (1) single step
and multistep postsynthetic modification of IRMOF-3; (2)
utilization of IRMOF-3 derived nanocarbon materials; (3)
synthesis of IRMOF-3 membrane in substrate; (4) preparation
of core—shell IRMOF-3 composite.

IRMOFs and their derivatives can also act as keen sensors
and detectors. The luminescence nature of IRMOF-1 and
IRMOF-3 has been well-studied and utilized in the detection
of isobutanol, glucose, and some heavy metal ions including
Fe(III) and Cu(II). Metal ions (Cr**, AI**, Ga**, In**) can be
detected by luminescence turn-on sensor based on IRMOF-3
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because of the absorbance caused enhancement (ACE)
mechanism. Additionally, it is a new developing trend to
make use of IRMOFs in electrochemical and microgravimetric
sensing. MB encased MOF-S@PGN/GCE sensor for
echinacoside and IRMOF-1 loaded microcantilever sensor
for aniline are good examples in this field. The effective
detection of S. arlettae also signifies the potential of IRMOFs in
biorecognition. Unlike IRMOF-1 and IRMOE-3, IRMOEF-8
plays a role of sensor in the form of its derived carbon
materials. Sensors for LID, Pb(Il) ions, and CAP have been
fabricated by combining these carbon materials and other
components including GCE.

As introduced in this Review, many advances have been
made in the synthesis, modification, functionalization, and
application of IRMOFs. However, there remain some barriers
in employing IRMOFs-n (n = 1, 3, 6, 8) and other IRMOFs in
fields like energy industry and environmental protection: (1)
lack of synthetic strategy that is handy, economic enough, and
universal for IRMOFs; (2) the methods to enhance the
hydrostability of IRMOFs might need some improvements
because the instability in moisture limits the applications of
some IRMOFs (such as IRMOF-1 and IRMOE-3); (3)
IRMOFs and their derivatives show properties (such as
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hydrogen storage capacity) that are more outstanding than
some other MOFs but not up to the standard of the industry.
The current experiments in applications of IRMOFs-n (n = 1,
3, 6, 8) provide some inspiration for future work. For instance,
preparing IRMOFs in small size might endow these crystals

with fascinating characteristics like improved catalytic activity.
As known to us all, the use of natural materials in fabricating
hybrid materials is not only more economic but also more
environmentally friendly. The successful trial in preparing
hybrid material of IRMOEF-1 and attapulgite shows promising
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prospect to fabricate composites by utilizing IRMOFs and
other natural materials.
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