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Metal-organic frameworks (MOFs) are unique hybrid porous materials formed by combining metal ions
or clusters with organic ligands. Thiol and thioether-based MOFs belong to a specific category of MOFs
where one or many thiols or thioether groups are present in organic linkers. Depending on the linkers,
thiol-thioether MOFs can be divided into three categories: (i) MOFs where both thiol or thioether groups
are part of the carboxylic acid ligands, (i) MOFs where only thiol or thioether groups are present in the
organic linker, and (iii) MOFs where both thiol or thioether groups are part of azolate-containing linkers.
MOFs containing thiol-thioether-based acid ligands are synthesized through two primary approaches;
one is by utilizing thiol and thioether-based carboxylic acid ligands where the bonding pattern of ligands
with metal ions plays a vital role in MOF formation (HSAB principle). MOFs synthesized by this approach
can be structurally differentiated into two categories: structures without common structural motifs and
structures with common structural motifs (related to UiO-66, UiO-67, UiO-68, MIL-53, NU-1100, etc.).
The second approach to synthesize thiol and thioether-based MOFs is indirect methods, where thiol or
thioether functionality is introduced in MOFs by techniques like post-synthetic modifications (PSM), post-
synthetic exchange (PSE) and by forming composite materials. Generally, MOFs containing only thiol-
thioether-based ligands are synthesized by interfacial assisted synthesis, forming two-dimensional sheet
frameworks, and show significantly high conductivity. A limited study has been done on MOFs containing
thiol-thioether-based azolate ligands where both nitrogen- and sulfur-containing functionality are
present in the MOF frameworks. These materials exhibit intriguing properties stemming from the interplay
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between metal centres, organic ligands, and sulfur functionality. As a result, they offer great potential for
multifaceted applications, ranging from catalysis, sensing, and conductivity, to adsorption. This perspec-
tive is organised through an introduction, schematic representations, and tabular data of the reported

rsc.li/dalton thiol and thioether MOFs and concluded with future directions.

istics, researchers have dedicated considerable effort to the devel-
opment of stable metal-organic frameworks (MOFs), including

1. Introduction

Crystalline and porous compounds formed by the coordination
interaction between metal ions or clusters with organic ligands
are called metal-organic frameworks (MOFs)."® From the time of
their discovery in the 1990s, MOFs have received the utmost atten-
tion because of their extensive potential applications in fields like
gas adsorption and separation,”” heavy metal adsorption,®®
catalysis,'*® sensing,'®"® drug delivery,">*® electrical conduc-
tivity,”* proton conductivity,>* photocatalysis,” materials with
magnetic properties,”*** and optical devices®®*” etc. The root
cause of their diverse applications is excellent stability,>® high
surface areas,”® ordered porosity®® and fascinating tuneable func-
tionalities.>* To achieve specific physical and chemical character-
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distinct organic ligands with convertible functionalities viz.,
-NH,,** -OH,** -X (halogen),** -R (alkyl),*> -SH and -SR,*® etc.
The presence of thiol (-SH) and thioether (-SR) groups in MOFs
added an extra feature that increases the reactivity and selectivity
of the pristine MOFs.*” Thiol and thioether groups have a unique
feature as they are electronically soft and easily polarisable,
making thiol and thioether-based MOF useful for potential
applications.®”

Li et al. have reviewed the adsorption application of thiol
and thioether-based MOFs, and Deng et al. have reviewed the
conductivity of some of the thiol MOFs.***° Unfortunately, no
perspective or comprehensive review encompasses the entirety
of thiol and thioether-based MOFs with synthesis, structural
analysis and applications. This perspective summarises the
thiol and thioether-based MOF syntheses, structures, and their
multifaceted spectrum of applications in tabular and sche-
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Fig. 1 Schematic overview of thiol and thioether-based MOFs. (PSM: post-synthetic modifications, and PSE: post-synthetic exchange.)

matic form. Finally, this perspective is summarized with limit-
ations and future aspects of the thiol and thioether-based
MOFs (Fig. 1).

2. Thiol and thioether-based MOFs:
an overview
2.1 Chemistry of thiol and thioether functional groups

Thiols (-SH) and thioethers (-SR) are important functional
groups containing sulfur atoms that exhibit fascinating reactiv-
ity and play significant roles in various biological, chemical,
industrial, and environmental processes.’”*' In thiols, the
sulfur-hydrogen bond is polar, which makes it reactive. Thiols
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are integral components of living systems, playing vital roles in
maintaining cellular health and functioning.**> Glutathione, a
tripeptide composed of three amino acids (cysteine, glycine,
and glutamic acid), is a prime example of a thiol-based mole-
cule with significant biological importance.*® Glutathione acts
as a potent antioxidant, scavenging harmful reactive oxygen
species and protecting cells from oxidative stress.** Thiols also
find applications in various industrial and synthetic processes
beyond their biological role.*> Thiols are notable for their
nucleophilic behaviour, participating in nucleophilic substi-
tution, addition, and redox reactions.’® They find use in the
production of sulfur-containing chemicals like thiourea and
mercaptobenzothiazole, as well as in the synthesis of pharma-
ceuticals and agrochemicals.”’” In organic synthesis, thiols are

Sumit Mondal was born in
Burdwan, West Bengal, India. He
obtained his B.Sc. (Honours)
degree in  Chemistry from
Burdwan University, India. His
M.Sc. degree was completed in
Organic Chemistry from Bilaspur
University, Chhattisgarh, India.
Recently he has been working in
the field of porous material syn-
thesis and its application in cat-
alysis and sensing with the
Solid-State  and  Inorganic
Chemistry Group at the Indian
Institute of Technology, Patna.

Sumit Mondal

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3dt02884d

Published on 01 November 2023. Downloaded by Indian Institute of Technology Patna on 5/9/2025 11:25:42 AM.

Dalton Transactions

utilized in thiol-ene reactions, which have implications in
fields ranging from materials science to drug discovery.*$*°

Thioethers feature a sulfur atom bonded to two organic
groups.”® This structural arrangement imparts distinctive pro-
perties to thioethers, making them essential in various chemi-
cal transformations. Thioethers are crucial in stabilizing
protein structures and act as structural anchors, maintaining
protein conformation.>® Furthermore, they are often employed
as protecting groups in organic synthesis, facilitating selective
reactions while shielding sensitive functional groups.*® In in-
organic chemistry, thioethers serve as ligands in coordination
complexes, aiding in the design of novel catalysts and
materials.>

The synthesis of thiols and thioethers has been a focal
point of research due to their importance in diverse fields.
Classical methods for thiol synthesis include nucleophilic sub-
stitution reactions involving halides or sulfonates with thiolate
ions and the reduction of disulfides.”® Thioethers are com-
monly synthesized via nucleophilic substitution or metal-cata-
lyzed coupling reactions.®® Despite their importance, thiol and
thioether chemistry also presents challenges.’® Thiol oxi-
dation, leading to the formation of disulfide bonds, can
impact protein structure and function, causing disease.’”
Developing selective thiol and thioether functionalization
methods remains an ongoing challenge in synthetic chemistry.
In addition, the comprehensive understanding of the complex
relationship between sulfur-containing compounds and bio-
logical systems demands collaborative endeavours across
chemistry, biology, and medicine disciplines.®

2.2 Thiol and thioether-based MOFs

Metal-organic frameworks (MOFs) elegantly merge metal salts
with organic linkers or ligands.>® Depending on the linkers,
thiol-thioether MOFs can be divided into three categories
(Fig. 2): (i) MOFs where both thiol or thioether groups are
present in carboxylic acid-containing ligands, (ii) MOFs where
only thiol or thioether groups are present in the organic
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Fig. 2 Schematic represent of different kind of thiol-thioether-based
MOF (a). MOFs where both thiol or thioether groups are present in car-
boxylic acid-containing ligands. (b) MOFs where only thiol or thioether
groups are present in the organic linker. (c) MOFs where both thiol or
thioether groups are part of azolate-containing linkers.

linker, and (iii) MOFs where both thiol or thioether groups are
part of azolate-containing linkers.

Among these thiol or thioether-based ligands, those
housing carboxylic groups stand out as exceptionally advan-
tageous in synthesising MOFs.? As the exploration of MOFs
has progressed, the landscape has broadened beyond solely
relying on carboxylic acid ligands.®>®" A rich array of alterna-
tive ligands, enriched with carboxylic acid groups, in conjunc-
tion with supplementary functional moieties (such as -R
(alkyl), -NH,, -OH, and -X (halogen)) have gained substantial
attention due to their remarkable stability, fine-tunability, and
distinctive ~ applications  spanning a  multitude of
domains.*>>% In these functional group categories, MOFs
with organic ligands containing thiol (-SH) and thioether
(-SR) functional groups are called thiol and thioether-based
MOFs.*" There are cases when the thiol-thioether functional
groups are installed in pre-synthesized MOFs by the organic
transformation of other functional groups containing MOFs by
post-synthetic treatment, which are also considered thiol and
thioether-based MOFs.*® The combination of hard and soft
functional groups in the MOF framework makes thiol and
thioether-based MOFs stand out as unique in the category of
functional MOFs. Owing to these exceptional attributes, thiol
and thioether-based MOFs find extensive utility across a
diverse spectrum of applications, encompassing catalysis,
sensing, adsorption, and conductivity.*””° In case of linkers
where only thiol or thioether groups are present, the MOFs are
generally synthesized by inert atmosphere interfacial assisted
methods as these ligands are air and moisture sensitive.”"”?
MOFs of this category are well-known for their unique two-
dimensional (2D) sheet structures, which are responsible for
their high conductive nature.” Synthesis of MOFs with both
sulfur and nitrogen functionality is a challenging task, and for
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that reason, only a few reports are available for MOFs contain-
ing thiol-thioether-based azolate ligands.”*7®

3. Synthesis and structure of thiol
and thioether-based-acid ligands
containing MOFs

In general, there are two common ways to synthesize thiol and
thioether-based-acid ligands containing MOFs: (i) synthesis by
utilizing thiol or thioether-based-acid ligands, and (ii) indirect
synthesis involving the strategic incorporation of thiol or
thioether groups to a parent MOF through a spectrum of
diverse techniques, including post-synthetic modifications
(PSM), post-synthetic exchange (PSE), mixed ligand strategies
and composite formulations. The pursuit of thiol and
thioether-based ligands for synthesizing their corresponding
MOFs has captivated considerable attention owing to its ele-
gantly simple nature. However, owing to the inherent versati-
lity of the indirect approach, it emerges as a valuable and
advantageous method for synthesizing thiol and thioether-
based MOFs. MOF composite materials are necessary for prac-
tical uses. Structurally, thiol and thioether-based acid ligand-
containing MOFs can be broadly differentiated into two cat-
egories: (i) thiol and thioether-based MOFs without common
structural motifs and (ii) structures with common structural
motifs, when the structure of MOFs is isoreticular with well-
established MOFs like UiO-66, UiO-67, UiO-68, MIL-53, MOF-5,

etc.77779

View Article Online
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3.1 Synthesis by utilizing thiol or thioether-based acid
ligands

The solvothermal process is a widely used method for synthe-
sizing MOFs.®® Generally, by solvothermal methods, thiol or
thioether-containing ligands (Fig. 3 and 4) react with metal
salts to form the corresponding MOFs. The ligands contain
two electronically different functional groups: one is the elec-
tronically hard carboxylic acids group, and the other one is the
electronically soft thiol or thioether group. As two distinct
functional groups are present in the organic linker, the ligand
and metal ion connectivity follows HSAB principles. The elec-
tronically hard acids groups tend to form a bond with hard
metal ions like Zr**, Fe**, In®*, AI**, Cu**, Zn*', and Co*", and
electronically soft thiols or thioethers remain as free-standing
groups.’®> On the other hand, electronically soft thiol and
thioether functional groups tend to bind with soft metal ions
like Cu*, Ag*, Cd>*, Mn**, and carboxylic acids groups remain
free-standing groups.®’

3.1.1 Thiol and thioether MOFs without common struc-
tural motifs

3.1.1.1 Thiol MOFs without common structural motifs. The
solvothermal reaction between the metal salt and the corres-
ponding thiol ligand directly synthesizes thiol-based MOFs.
Thiol MOFs, which show structures without any specific
common structural motif, are listed in Table 1. Initial reports
of thiol-containing MOFs were with the thiol-based ligand L,
(H,DMBD), reported in 2009 by He et al®® In the report,
different bonding patterns (according to the HSAB principle)
of the thiol-based ligand H,DMBD with metal ions such as

(Lg) (Lo)

(LIO] (L12)

Fig. 3 (Ly) 2,5-Dimercaptoterephthalic acid, (L) 5-mercaptoisophthalic acid, (Ls) 2,3-dimercaptoterephthalic acid, (L4) 2,3,5,6-tetramercaptoter-
ephthalic acid, (Ls) 2,5-difluoro-3,6-dimercaptoterephthalic acid, (Lg) 3,3'-dimercapto-1,1'-biphenyl-4,4'-dicarboxylic acid, (L;) 2',5'-dimercapto-
1,1:4',1"-terphenyl-4,4"-dicarboxylic acid, (Lg) 4,4'4",4"'-(1,6-dihydropyrene-1,3,6,8-tetrayl)tetrakis(2,6-dimercaptobenzoic acid), (L;) 5-(4-
carboxy-3,5-dimercaptophenyl)-3,3",5,5"-tetramercapto-[1,1:3",1"-terphenyl ]-4,4"-dicarboxylic acid, (Lyo) 4',4",4""-(1,3,5-triazine-2,4,6-triyl)tris
(3,5-dimercapto-[1,1'-biphenyl]-4-carboxylic acid), (L1;) 2-mercaptosuccinic acid, (L;,) 2,3-dimercaptosuccinic acid.

17626 | Dalton Trans., 2023, 52,17623-17655
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Fig. 4 (L13) 2,3,5,6-Tetrakis(methylthio)terephthalic acid, (L14) 2,5-bis(2(methylthio)ethylthio)terephthalic acid, (Lys) 2,5-bis(((S)-2-hydroxypropyl)
thio)terephthalic acid, (Lig) 2,5-bis(allylthio)terephthalic acid, (L;7) 4-(methylthio)pyridine-2,6-dicarboxylic acid, (L;g) 2,5-bis(methylthio)terephthalic
acid, (L) 3,3',5,5'-tetrakis(methylthio)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (Lyo) 3-((methylthio)methyl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (L,1)
3,3'-bis((methylthio)methyl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (L) 4,4'-(buta-1,3-diyne-1,4-diyl)bis(3-(3-(methylthio)-2,2-bis((methylthio)
methyl)propoxy)benzoic acid), (Lpz) 2',5-bis((3-(methylthio)-2,2-bis((methylthio)methyl)propyl)thio)-[1,1:4',1"-terphenyl]-4,4"-dicarboxylic acid,
(Lo4) 4,4'-(buta-1,3-diyne-1,4-diyl)bis(3-(3-((4-methoxyphenyl)thio)-2,2-bis((methylthio)methyl)propoxy)benzoic acid), (Ls) 4.,4',4",4"'-(pyrene-
1,3,6,8-tetrayltetrakis(ethyne-2,1-diyl))tetrakis(3-(3-(methylthio)-2,2-bis((methylthio)methyl)propoxy)benzoic acid), (Lps) 2,3-bis(methylthio)ter-
ephthalic acid, (Ly;) 2,2,3,3',5,6'-hexafluoro-5',6-bis(methylthio)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (L,g) 2,2'.5,5-tetrafluoro-3,3',6,6'-tetrakis
(methylthio)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (Lpg) 2,5-difluoro-2',3,3',5',6,6'-hexakis(methylthio)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (Lzo)
2,2',3,3',5,5',6,6'-octakis(methylthio)-[1,1'-biphenyl]-4,4'-dicarboxylic acid, (Lz;) 2,2',5,5'-tetrafluoro-3,3’,6,6'-tetrakis(thiophen-2-ylthio)-[1,1'-biphe-
nyl]-4,4'-dicarboxylic acid, (Lsp) 5"-(4'-carboxy-3,5-bis(methylthio)-[1,1'-biphenyl]-4-yl)-2"",3",5",6"'-tetrakis(methylthio)-[1,1:4',1":3",1"":4™ 1"
"-quinquephenyl]-4,4""-dicarboxylic acid, (Ls3) 4.,4'.4"-((2-((4-carboxy-2-((4-(methylthio)phenyl)ethynyl)phenoxy)methyl)propane-1,2,3-triyl)tris
(oxy)tris(3-((4-(methylthio)phenyl)ethynyl)benzoic acid), (Lz4) 4,4'-(buta-1,3-diyne-1,4-diyl)bis(3,5-bis((4- (methylthio)phenyl)ethynyl)benzoic acid.

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52,17623-17655 | 17627
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Cu’, Pb**, and Eu®" (Table 1, entry no. 1-3) of varying hardness
(hardness Cu® < Pb** < Eu**) were explained. In the reactions
when the ligand H,DMBD reacts with softer Cu’ and forms a
coordination network, only the thiol group of the ligand
bonded with the metal, and the carboxylic acid group remains
as a free-standing group (Fig. 5a). However, in the case of mod-
erately hard Pb>*, both the functional groups of the ligand are
bonded with the metal ion (Fig. 5b). Eu*", a hard metal ion,
only allows the carboxylic group to attach to the metal ion, and
the thiol group remains free-standing (Fig. 5¢). Although the
Eu metal and H,DMBD-containing MOF do not show special
applications due to the absence of a stable porous site, this
bonding pattern concept opens up various routes for synthe-
sizing different thiol-based MOFs. Interestingly, in contrast to
the common idea of the bonding pattern of thiol-based MOFs
Eu(DFDMT), synthesized by the combination of fluorine-con-
taining thiol-based ligand Ls; (H,DFDMT) and EuCl;-6H,0
leads to a 2D structure (Table 1, entry no. 4) where sulfur is
bonded with Eu®* (Fig. 5d).”°

The Eu MOF shows moderate conductivity due to extended
metal thiolate = bonding. Dong et al. reported three different
variants of thiol-containing MOF [((CH;),NH,)Cd(MIPA)],-xG
(n = 4 (compound 1), 2 (compound 2), 1 (compound 3); G =
guest of DMF/DMA and H,0), from the combination of ligand
L, (H3MIPA) and Cd(NO;),-4H,O under solvothermal con-
ditions at 150-160 °C for 3 days.®® Three different ratios of the
solvent [DMA/H,O = 4 :1 for compound 1, DMF/H,0 = 3:2 for
compound 2, and DMA/H,0 = 2: 3 for 3] lead to three different
compounds (Table 1, entry no. 5-7). The ligand [MIPA]*~ in all
the compounds connected with the Cd*" centres by a p’-
bridge, where two carboxylate groups exhibit the same p'-n':n’

(@ (b)

© @ (@) /Q

[ @c
e e
w IS :gu \ :2
©ON
‘ s CH

Fig. 5 Structure of (a) Cug(DMBD)s(en)4(Hen)e, (b) Pba(DMBD)(en),, (c)
Euy(H>DMBD)3(DEF)4,%° (d) Eu(DFDMT),.”® (Drawn from CIF files 713331,
713332, 713333, and 1941723 with permission from Elsevier Inc and the
Royal Society of Chemistry.)

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3dt02884d

Published on 01 November 2023. Downloaded by Indian Institute of Technology Patna on 5/9/2025 11:25:42 AM.

Dalton Transactions

chelate coordination mode and the mercapto group connected
through a p* coordination mode.

3.1.1.2 Thioether MOFs without common structural motifs.
Like thiol-based MOFs, many new thioether-based MOFs have
been synthesized by solvothermal or hydrothermal methods,
listed in Table 2. Zhou et al. did the initial study on thioether-
based MOF in 2008 using the ligand L,; (TMBD).** The ligand
TMBD contains two different functional groups: electronically
hard carboxyl (-COOH) and soft methyl-thio (-SCH3). The first
report showed the bonding pattern of the synthesized MOFs
Cu,TMBD, CdTMBD (Table 2, entry no. 1 and 2) and Zn,O
(H20);(TMBD); (Table 5, entry no. 1) with metal ions of
different hardness. The hardness of the metal ions Cu*, Cd*",
and Zn*" is 6.3, 10.3, and 10.8 (nA), respectively (HASB-prin-
ciple), where the carboxyl group binds with harder metal ions
to form the coordination networks while the softer methyl-thio
group binds with softer metal ions. The three MOFs show
three different bonding patterns. As for different MOFs, the S
atoms of the methyl-thio group bonded differently, like
bonded sulfur with Cu’ in Cu,TMBD (Fig. 6a), half of the
sulfur bonding to Cd** in CATMBD (Fig. 6b), and nonbonding
sulfur in Zn,O(H,0)3;(TMBD);. In the crystal of Cu,TMBD and
CdTMBD, the methyl-thio group is bonded with the metal ion,
so no substantial porosity is observed, but in the case of Zn,O
(H20);(TMBD)3;, as the methyl-thio groups of the TMBD ligand
do not coordinate with the metal ion Zn>" reasonable porosity
is reported. The extension of this study was reported in 2010
by the same group, where three different coordination net-
works are formed by simple hydrothermal synthesis and
varying the ratio of the metal salt Cu(NO3), and the ligand
TMDB (Table 2, entry no. 3 and 4).*> A relatively small (1:1)
Cu(NO;),/TMBD ratio formed Cu(TMBD), 5(H,TMBD), 5
3H,TMBD and crystallizes as a one-dimensional (1D) coordi-
nation assembly based on Cu'-thioether interactions, which is
integrated by hydrogen bonding to additional H,TMBD mole-
cules to form a three-dimensional (3D) supramolecular
network with all the carboxylic acid and carboxylate groups
remaining uncoordinated. When the ratio of metal salt
increases from 1:1 to 1.25:1 [Cu(NO;),/TMBD (1.25:1)],
initially reported Cu,TMBD is observed where the metal ion
Cu' bonds with both the carboxylate and thioether groups.
Again, enhancement of the metal ratio [Cu(NO;),/TMBD
(2.4:1)] leads to a unique mixed-cation compound CulOHCu"
(TMBD),-2H,0 where the carboxylic groups are bonded to Cu**
ions, while the thioether groups bonded to Cu'. In 2018, Liu
et al. published an interesting report where they used water as
a solvent with the same ligand and a different Cu salt (Table 2,
entry no. 5).°® The serendipity occurs while synthesizing
Cu,TMBD-np, and after analyzing and changing the metal salt
from Cu(NO;), to (CH;CN),BF,;, a new MOF (CityU-7) was
formed in the solvothermal process where Cu' ions are simul-
taneously bonded with carboxyl and thioether in the crystal
structure (Fig. 6¢). The same group also synthesized Pb-TMBD
by the solvothermal reaction between Pb(NO;), and TMBD in
DMA-acetonitrile solvent (Table 2, entry no. 6).*” The crystal
study reveals that Pb-TMBD forms a 3D structure where some

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Local coordination environment of Cu,TMBD, (b) local
coordination environment of CdTMBD,®* (c) local coordination environ-
ment of Cu(l) in CitU-7,%6 (d) crystal structure of Pb-TMBD.®” (Drawn
from CIF file with permission from the American Chemical Society and
Royal Society of Chemistry.)

of the thioether groups remain free-standing (Fig. 6d), respon-
sible for their application in HgCl, adsorption. Zhou et al. syn-
thesized Eu MOF (Table 2, entry no. 7) with H,TMBD; the
thioether groups remain free-standing, stabilising soft guests
like AgCL®® Recently, Mohan et al synthesized a new
thioether-based ligand L,; and its corresponding Cd MOF
(Table 2, entry no. 8) by a solvothermal reaction with Cd
(NO;),-4H,0 in water solvent.®® The colourless compound crys-
tallized in the triclinic R3 space group and formed a 3D coordi-
nation network with the free -SCH; group. This water- and pH-
stable MOF acts as a luminescence sensor for heavy metals.

GDUT-7 (Table 2, entry no. 9) was synthesized by He et al.
with L;,.*° The compound was crystalized in the C2/c space
group where the Eu centre is 8-coordinated, and the dimer
formed by Eu is centrosymmetric. The overall structure of
GDUT-7 is 3D with the non-interpenetrated (6,3) net.
Amphoteric MOF, BFMOF-1 (Table 2, entry no. 10), was
reported in 2014 by Cui et al. where L;; was used as a ligand,
and the structure shows the coexistence of free-standing sulfur
donors and labile-capped Pb(u) centres as accessible acceptor
sites.’® BFMOF-1 can effectively take up both Lewis acid (such
as PdCl,) and Lewis base (such as H,S) guests. Pardo and co-
utilized the thioether-based natural ligand
L-methionine to synthesize chiral ligand H,Me,-(S,S)-methox.
The ligand was utilized to a series of bioMOFs {Cul[(S,S)-
methox],}-5H,0,”" {Ca"Cul[(S,S)-methox];(OH),
(H20)}16H,0,°*% and {Sr"'Cul[(S,S)-serimox]; 5o[(S,S)-mecys-
mox]; 5o(OH),(H,0)}-12H,0,*®  with unique structural pro-
perties and applications (Table 2, entry no. 11-13).

workers
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3.1.2 Thiol and thioether-based MOFs with common struc-
tural motifs

3.1.2.1 Thiol-based MOFs with common structural motifs.
Thiol-based MOFs with common structural motifs are listed in
Table 3. On one side is the synthesis of Eu-MOF, where the
electronically soft thiol group remains a free-standing group;
on the other side, the development of the well-known UiO-66
MOF encouraged researchers to synthesize isoreticular thiol-
based MOFs, where the thiol groups remain as free-standing
groups.®®’” Generally, UiO-66 is synthesized by the solvo-
thermal reaction between zirconium tetrachloride salt (ZrCl,)
and terephthalic acid (H,BDC) in N,N'-dimethylformamide
(DMF) solvent.”” Later, Wifimann et al. reported modulated
synthesis using acetic acid (CH;COOH) as a modulator where
Ui0-66 crystalizes in a face-centered-cubic (fcc) arrangement.®®
The crystal structure of UiO-66 contains ZrsO,(OH), clusters
with 12-connected nodes as SBU and 1,4-benzenedicarboxylate
as an organic linker. Like UiO-66, isoreticular UiO-66(SH), was
reported in 2013 by Yee et al, the most studied thiol MOF
(Table 3, entry no. 1).*” The synthetic procedure of UiO-66
(SH), (abbreviated as Zr-DMBD) is similar to the synthesis of
UiO-66 where the ligand L, (H,DMBD) is used instead of ter-
ephthalic acid (H,BDC) (Fig. 7a). The thiol group of the ligand
remains a free-standing group in the MOF structure as only
carboxylic acid groups bind with the Zr-cluster.

The valuable applications of Zr-DMBD are due to this free-
standing thiol group; since it is very reactive and easily functio-
nalizable, there are numerous opportunities for post-synthetic
modifications for specific applications.”” %" All reported post-
synthetic modifications of Zr-DMBD for their significant appli-
cations are listed in Table 4. Compounds derived from Zr-
DMBD via post-synthetic methods have extensive use spanning
multiple domains. The applications are thoroughly discussed
in the dedicated section on applications.

Yee et al. synthesized CAU-1 topological H,DMBD (L,)-
based MOF by reacting with AlCl;-6H,0, and this shows a
surface area of 750 m> g~* (Table 3, entry no. 2).*” Munn et al.
reported the isoreticular analogues of well-known MOF MIL-53
(Al) with the same ligand L, by changing the aluminium salt
in 2016 (Table 3, entry no. 3)."°® The single-step synthesis of
the MIL-53(Al)-SH was done by the solvothermal reaction
between Al(ClO,);-9H,0 and H,DMBD in DMF solvent and
used for iodine adsorption.

The conducting property of a H,DMBD (L;) containing
MOF was reported by Dinca and co-workers in 2013 (Table 3,
entry no. 4)."°° A nitrogen atmosphere reaction between MnCl,
and L, (here denoted as H,DSBDC instead of the generally
used H,DMBD) in DMF and methanol solvent leads to a con-
ducting MOF [Mn,(DSBDC)(DMF),]-0.2DMF containing a 1D
(-M-S-),, chain. The solvent-free Mn,(DSBDC) has charge
mobility, similar to organic semiconductors. This was one of
the significant reports in the category of conductive MOFs,
which provide a roadmap for S-based ligands. The gas storage
property of Mn,(DSBDC) was studied by Runéevski et al.,'*® An
extension work on the conductive Mn,(DSBDC) was published
after two years, in 2015, by Dinca and co-workers, where a
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Fig. 7 Structure of thiol MOFs (a) Zr-DMBD,*” (b) ZrDMTD,®” (c) UiO-67-(SH),,**® (d) ZrOMTP where O, C, S atoms and Zr polyhedra are designated
as red, grey, yellow spheres and green polyhedra respectively,'** (e) Zr-Lo,**° (f) ZFTTA-6SH where Zr coordination polyhedra are displayed in green
and N, S, O, and C atoms are displayed as blue, yellow, red, and grey beads, respectively,''® (g) ZrTST,*” (h) Zr-MSA, where the S atom is designated
as a green sphere.''® (Adapted with permission from the American Chemical Society, the Royal Society of Chemistry, Wiley-VCH and Elsevier Inc.)

Table 4 Post-synthetic modification of Zr-DMBD for various applications

Entry

no. Thiol-based MOF Post synthetic modifications Applications Ref.
1 Zr-DMBD or UiO-66(SH), or UiO-66(SO3H), High superprotonic conductivity 97
2 Zr04(OH),-(DMBD), Zr-DMBD-Hg to Zr-BDSO;-Hg  Acetylene hydration 98
3 Zr-DMBD-1, Catalyst for the iodo-cyclization reactions 99
4 UiO-66-(SO3H), and UiO-66- Photocatalytic property 100

(SCH3),
5 Zr-DMBD-Co(11) Visible-light-driven CO,-to-CO conversion 101
6 Zr-DMBD-Hg Vinylation transfer catalyst 102
7 Ag@Zr-DMBD CO, fixation 103
8 UiO-66-(SH),@Pd Quantitation of oligosaccharide 104
9 UiO-66-(SH),@PdmPtn Colorimetric sensing of D-glucose and 105
chlorophenol isomers

10 Au@UiO-66-(SH), 4-Nitrophenol hydrogenation reaction 106
11 Ag@Zr-DMBD Reversible Li plating/stripping 107

million-fold enhancement of conductivity was achieved for
Fe,(DSBDC) by replacing the metal ion from Mn to Fe (Table 3,
entry no. 5).°* The reason proposed for the enhancement of
the conductivity is the loose bonding of Fe>* p-spin electrons.
Both the (-M-S-),, chain-containing structures are closely
related to MOF-74."**

Zhong et al. recently reported UiO-66-DCBDT (Table 3, entry
no. 6) synthesized from thiol-based ligand L; with UiO-66
topology.''> The presence of the thiol group in the 2,3 position
of the ligand allows the incorporation of a transition metal by
chelation (M = Fe, Ni or Cu) to synthesize UiO-66-DCBDT-M
photocatalyst. Gui et al. reported ZrDMTD (Fig. 7b) from the
extended thiol linker L,, where the thiol groups are well separ-
ated with UiO-68 topology and 12-connected ZrsO,(OH), clus-

17632 | Dalton Trans., 2023, 52,17623-17655

ters nodes connected with the DMTD linker containing a free-
standing thiol group (Table 3, entry no. 7).*” Ls (H,DMBPD)-
containing zirconium MOF, namely Zr-DMBPD or UiO-67-
(SH),, fills the synthetic gap between ZrDMBD and ZrDMTD
(Table 3, entry no. 8).""* Zr-DMBPD features the topology of
UiO-67 (fcu topology) where ZrsO,(OH), clusters are bridged
by the linear H,DMBPD linkers to generate UiO-67-(SH),
(Fig. 7¢).

The thiol-containing Zr-OMTP (Table 3, entry no. 9) syn-
thesized with ligand Lg (H,OMTP) was reported by Li et al."**
The eight thiol group-containing ligand (H,OMTP) solvo-
thermally reacted with ZrCl, in the presence of benzoic acid as
a modulator, and dithiol as a stabilizer, to form a polycrystal-
line framework of Zr-OMTP (Fig. 7d). Zr-OMTP is isoreticular

This journal is © The Royal Society of Chemistry 2023
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H,TP H,OMTP H4TEP
forms hexagonal net forms cubic net of forms cubic net of
NU-1000 NU-1100 topology NU-1100 topology

Fig. 8 Structural information of Zr-MOFs with three different tetracar-
boxylic acid linkers.

with NU-1100 (where the organic linker is 4-[2-[3,6,8-tris[2-(4-
carboxyphenyl )ethynyl ]-pyren-1-yl Jethynyl]-benzoic acid
H,TEP) (Fig. 8) which is a contrast to the expected NU-1000
(where the organic linker is unsubstituted 1,3,6,8-tetrakis(p-
benzoic acid)pyrene (H,TP))."** In 2020, Wu et al. reported a
thiol functional 2D-MOF (3,6-connected) which was used as an
electron extraction layer at the interface of a perovskite and
cathode interface. Thiol-containing ligand Lo (H3Lo) is used to
synthesize Zr-MOF (Table 3, entry no. 10),'*® The structure
reveals that electronically hard Zr*" metal centres bond with
the electronically hard carboxylic acid group and leave thiol
groups as free-standing groups, which offer benefits in perovs-
kite solar cells (PVCs) (Fig. 7e). The structure also matches
with MOF UMCM-309a derived from the tritopic linker H;BTB
(1,3,5-(4-carboxylphenyl)benzene)."*® The Zr MOF ZrTTA-6SH
(Table 3, entry no. 11) reported with ligand L,, reveals that the
ZrTTA-6SH crystallizes into a kgd net and is isoreticular to the
known MOF UMCM-309a (Fig. 7f). The porphyrin-grafted
material of the MOF shows high efficiency in the photo-
catalytic hydrogen evolution reaction."'® Recently, He et al.
reported a new dense thiol-based ligand (L,) (H,TST) and syn-
thesized Zr-MOF (ZrTST) with same topology of UiO-66 as Zr-
DMBD (Table 3, entry no. 12).""” Zr-TST (Fig. 7g) shows excel-
lent ability to remove mercury because of the enhancement of
the free-standing thiol groups. Its oxidized form (where thiol
groups are oxidized to -SOzH) by m-CPBA (meta-chloroperoxy-
benzoic acid) shows the highest proton conductivity among
the other sulfonate-equipped MOF materials. There are
minimal reports available on thiol MOFs with aliphatic
ligands. Yang et al. reported thiol MOF Zr-MSA (Fig. 7h and g)
and Zr-DMSA using the aliphatic ligands mercaptosuccinic
acid L;; (MSA) and dimercaptosuccinic acid L;, (DMSA)
respectively (Table 3, entry no. 13 and 14)."'®'*° The synthesis
procedure is sustainable, unlike other thiol-based MOFs,
where ZrCl, reacts with MSA and DMSA in water in the pres-
ence of a formic acid modulator. The structural analysis
reveals that Zr-MSA and Zr-DMSA MOFs are iso-structural with
the UiO-66-FUM with fcu topology, also called MOF-801."%*
3.1.2.2 Thioether-based MOFs with common structural motifs.
Like thiol-based MOFs, the concept of the HSAB principle is
also applicable in thioether-based MOFs. When thioether-
based ligands form MOFs with electronically hard metal ions,

This journal is © The Royal Society of Chemistry 2023
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the thioether group of the ligand remains a free-standing
group and generates structures with some well-known topo-
logy. Thioether-based MOFs with isoreticular MOF structures
are listed in Table 5. Zhou et al. have reported Zn-TMBD
(Table 5, entry no. 1) constructed with the thioether ligand L,
(TMBD); the thioether group remained as a free-standing
group and forms an isoreticular MOF-5 structure (Fig. 8a).%*
He et al. reported a thioether-based MOF SESMOF-5 (Table 5,
entry no. 2) in 2011 with the ligand Ly,."*> The structural study
reveals that the compound is crystallized in the Fm3m space
group with the formula Zn,O(Li4)3(DMF),(H,0), and o-Po
topology (i.e., a simple cubic net) which is isoreticular with the
MOF-5 structure, with a free-standing (-SCH,CH,SCH3) group
(Fig. 9b). Again in 2012, He et al., reported a comparative study
between two closely related Pb MOFs PbL,, and PbL;s syn-
thesized from the ligands L,4 and L,5 (Table 5, entry no. 3 and
4)."*® The structure of PbLy4, where Pb(i) bonded with the car-
boxylic group of the ligand and only the S atom which is right
next to the carboxylic group and the other S atom (that of
-SCHj;) remains as a free-standing group, is similar to MOF-70
(PbBDC; BDC: 1,4-benzenedicarboxylate) (Fig. 9¢). The PbL,5
structure is similar to PbL,4, the only difference being that
both the S and O atoms of the side chain are bonded with a
common Pb ion (Fig. 9d). The structural difference leads to
different properties; e.g., the photoluminescence of PbL,, is
yellowish-green, whereas PbL,; features bright white emission.
Zirconium-based MOFs are generally 3D in structure, but Liu
et al. in 2020 reported a unique 2D Zr-based MOF (USTS-7)
with the ligand L, (Table 5, entry no. 5).** The structure is not
isoreticular to the UiO-66 system; instead, it has a 2D hexag-
onal lattice in a layer with UMCM-309 topology (Fig. 9e).
USTS-7 is stable in a wide range of acidic and basic water solu-
tions (pH 1 to 10). He et al. reported two thioether-based MOF,
ASMOF-5 and ASUiIO-66 (AS: allylthio) with L, ligand, in 2013
and 2015, respectively (Table 5, entry no. 6 and 7).'*%'?°
ASMOF-5 crystalizes as an (Fm3m) space group like MOF-5.
Zn,0°% nodes are present as a metal cluster in ASMOF-5 where
the carboxylic group is bonded with the metal cluster, and the
allyl-thioether groups are present as pendants groups (Fig. 9f).
The corresponding Zr-MOF ASUiO-66 is isoreticular to UiO-66
where the allylthio group of the ligand remains as a free-stand-
ing group (Fig. 9g)."*°

Zr-TMBPD (Table 5, entry no. 8) containing TMBPD (L)
ligand was reported by Wong et al., and is isoreticular with
UiO-67 (fcu topology) where ZrsO,(OH), clusters act as an SBU
and the ligand L9 as organic linker where the thioether
groups remain as free-standing groups (Fig. 9h), which shows
high stability in air, boiling water and a broad range of pH."?*®
It also retains its structure after H,O, oxidation. Burrows et al.
synthesized two thioether-based Zn-MOFs (Table 5, entry no. 9
and 10) from a 4,4-biphenyldicarboxylate (BPDC) backbone
containing the mono- and di-substitute thioether-based
ligands L, and L,;."*” As the thioether ligand is not bonded
with the metal, it forms structures similar to IRMOF-9. They
have also synthesized corresponding sulfones by post-synthetic
modifications (Fig. 9i). The unique thioether-based ligand L,,

124

Dalton Trans., 2023, 52,17623-17655 | 17633


https://doi.org/10.1039/d3dt02884d

View Article Online

Dalton Transactions

Perspective

(se1) (p1oe d10zUaq
(Axodoxd([Ayrow(oryAyrou))
$19-¢‘¢-(0MIAYIdaW)-€)-€)s P e1Id)

as ((1A1p-1g-2ud39)snyenaAena)
00TT-NN 0ST  [BULIOYIOAIOS -8'9‘¢‘T-0UdIAd)-,, 7.7 F'Y {0*H)Y(**1)"(0°H)¥(HO)"0%1Z §71-17 a8
(v#1) (proe orozuaq
(&xodoxd([Aqprow(oryAyow))
as s1q-¢‘z-(ory([Ausydixopowr-v))
89-0In 68T  [BULIDYIOA[OS  -€)-€)SIq(IAIP-p* T-oukip-¢“T-eng)-v'y %(0°H)"("*1)"(0°H)¥(HO)"0%1Z o1z €T
(£21) proe o1jAxoqresp
- v-1Auaydia-, 1,72, T'T)
as -(orp(1Adoxd(jAyrew(orypdou))
6¢1 uondiospe 3H 89-01N I¥E  [EUWISYIOA[OS s1q-¢‘¢-(onpfypow)-€))sig-,5,¢ §(0%H)S(ANa)<(5?1) Y0*H)°(HO)"0%1Z €017 41
(¢%1) (proe o10zuaq(Axodoid(jAyrow
ac (orpfpaw))siq- z-(orpdyow)
8T uondiospe 34 89-01N —  [ewIaYIOA[0S  -£)-€)sIq([AIp-F T-ouhIp-¢‘T-eing)- ¥y 9(¢e1)"(HO)"0%1Z w117, 11
as (*%7) proe ondxoqreatp- v ¢-[[Auaydiq
LTI ~ UONEPIXO 0 3[qeIS 6-10NA1 —  [eWIdYOA[OS - TT]-(1Apaw(oryAyow))sig-,¢‘c Jnas-[¢(**1oruz] — 01
as (°@7) proe orAxoqresip- y*p-[[Ausydiq
LTI~ UOBEPIXO 0} 3[qelS 6-10NNI —  [eWIdYIoA[0S - T THApew(orAyIom))-¢ ANAr-[(ama)é(°*1)o"uz] — 6
(°'1) (Ad9NL°H)
o3uer Hd apm as proe d1Axoqrea1p- vy [Auaydiq
9T ur A1iqers y3ig £9-01N €GTT  [eWIdYIOA[OS - TT]HorpAyow)syenal- cs e's 2¢(0°H)-*(aaa@)-°("S*O°"HB"D)-"(HO)"0%1Z Ad9N1-1Z 8
wnipe[red ag (0?H)"(HOODEHD)E(ANA)
ST1 jo uonoenxg 99-0IN 995 [BULIOYIOA[OS -(HOODH)*(°*1)¥(HO)"0%1Z 99-01NSV L
suor wnrpejred as (o¥7)
%48 Jo uonoaea S-10N /19  [BULIOYIOA[OS poe orreqiydara(oTyATe)sig-s‘z Y(0"H)-Ydaa)-¢(°*1)-0"uz S-IONSV 9
_L0%D ac (¥*1) proe o1peyiydaiay
%9  Jo Sulsuas aAndI[ag 60€-INDINN 80T  [BULIdYIOA[OS (o1ypardps(orpAyrow)-z)sig-6‘c — £-SLSN S
(€77) proe oreyydaray
as —  [eWIAYIOA[OS (ory3(1AdoxdAxo1pAy-z-(s)))sta-s‘c %sqd°0°'H"'0 S'19d i4
("*1) proe oreypydaray
a8 uoIssIwd 3y 0£-I0 —  [BWIdYI0A[0S (orymdyss(orypdyrow)-g)sia-s‘e ¥$qd*0%'H'D "qd €
apeydn [ejow
pue ‘ousdsaionyy
‘Aqers as ("¥11) proe oreyydaay
443 ay3 anoxduig S-10N —  [euwwIdtoajos (opAqa(oryAyIow)z)sig-6‘c Y(O%H)* (ANa)é(" T)O"uz S-I0ONSAS T
as (£1) (agw) proe orreyrydara)
78 S-I0N —  [ewIdy)oA[0S (orAyrowr)snyenaL-9‘s‘c‘c {(agmiL)¥(0*H)0"uz AgNL-uUzZ 1
PEN| uoneorjdde urewy A1reuorsuawiip (,_8  ABoropoyrowt puesdr1 B[NUWLIOJ IB[NOJ[OIN wAuoIoy ‘ou
pue NEV vaoIe ONIYIUAS Anug
Jjnouw [eInjonns JoeJINS
Lag

"INV 2V'G2:TT G202/6/S Uoeuied ABojouyoa ] Jo anisu| uelpu| Ag papeojumoq ‘€202 JSquWanoN TO Uo paus!iand

SJII0W 1_ANIDONIIS UOWILIOD YUM S{OW Paseq-4ayiaolyl G aiqel

This journal is © The Royal Society of Chemistry 2023

17634 | Dalton Trans., 2023, 52,17623-17655


https://doi.org/10.1039/d3dt02884d

Published on 01 November 2023. Downloaded by Indian Institute of Technology Patna on 5/9/2025 11:25:42 AM.

Dalton Transactions

(=]
S| =
i
2z
g | .2
.g g
S|
= | 2
s o
o, )
=
18
(o o
=
= | A
|
e
[
- =R =)
s S|
=} RN
g G|y
E2E|L
N <O | P
N
s E
Sl
=R b 2 > 2
M ®n < 0| O =] © <
Rl = T T T
BlE OB B E
= Qo 5} 9] 5} o
gg S S S S
Z£l2 ¢ B @
FE |3 3 3 3
]
— B = n.,.0 —
o o 2. A
2% B Sxg o - S
S g2 T3 < %
R I S e )
> = = = =
PR SER LER 2R
ST O O w g R
SSm Qom wvoAm BcoAM
gSe&e PEQ nEe S50
£8L g8L 5L 85T
f£oum 89T dnm I0E
U~ 0 = g <~ 0 © — 0
TZF BxTS 9TF gxF
g2 £22 g2 nel
% SE% S5% Hi%
o > n > &= > o >
gl sEE_SE5E_FEE_aE¢2
S|l NS A8 E -8y
Blngs dnge Sha20 Angs
O cESEdETSETETETES
[}
=
2
o0
=) )
« Sl B n
— E [} o
) = %) T
S ~ S jas)
@) Q @) Q
o o
=) O =) &
= T it S5
" = M 5
= = = 3
- 2 5 5
[75] ;l; ©n 3
- bl 5 o)
= | Q 5 @) T
g a) o] a =
g & 2, & ]
S| & 2 8 g
S1E = = 28
5|z T T T2
s | O ] ] o9
o ~— ~— ~— \_/U
o1 d 3 3 o
S|z 2 2 =5
= | Q N N SESH
50585 g
el = @ ¥ ©° o
g =) 0 Q ) )
<] < . . . a . a
O o R R R R
= < | N[ N @ N/ N/
n
()]
= & A 3 = 3

This journal is © The Royal Society of Chemistry 2023

131

Conductivity

Uio-67
3D

177

Solvothermal

(thiophen-2-ylthio)-[1,1-biphenyl]-

2,2',5,5"-Tetrafluoro-3,3',6,6'-tetrakis
4,4"-dicarboxylic acid (Ls;)

(Lo)

ZrBPD-4F4TS  ZrsO4(OH),(BPD4FATS); 5(HCOO), 4(H,0)s

19

View Article Online

Perspective

containing a pentaerythrityl side chain and equipped with
three-pronged thioether donors was synthesized and utilized
for the synthesis of a new thioether-based MOF namely Zr-L,,
by the solvothermal reaction between the ligand L,, and ZrCl,
(Table 5, entry no. 11)."*® The crystal structure of Zr-L,, was
not suitable for SCXRD analysis due to weak diffraction spots,
so the initial analysis was done by NMR spectroscopy, which
indicates the structural formula is [ZrsO4(OH),(Ly,)s] associ-
ated with guest molecules like benzoic acid, DEF, and water.
The PXRD pattern also indicates towards a UiO prototype
where the linear linkers bridge ZrsO,(OH), clusters, but when
the crystal Zr-L,, was loaded with HgCl, (Zr-L,,-HgCl,), it can
be easily solved (Fig. 9j) by SXRD due to the improvement of
the diffraction spots (Fig. 10). The MOF Zr-L,, is efficient for
mercury adsorption applications because regular thioether
groups bind with mercury covalently, which complicates the
adsorbent recycling process, but in this case, thioether binds
with mercury by chelation, and extricating mercury is easier.

He et al. synthesized Zr MOFs by utilizing the ligands L,,,
Ly, Ly, and L,s (Table 5, entry no. 12-14)."%° Zr-L,; (Fig. 9k) is
isoreticular with UiO-68 with free-standing thioether groups.
Zr-L,, and Z-L,, (Fig. 91) are isostructural. **Zr-L,; (Fig. 9m) is
isoreticular with cubic NU-1100. The stability order of the
different MOFS is Zr-L,, < Zr-L,5 < Zr-Lyy < Zr-Lys.

Xian et al. reported a series of stable MOFs by fluorine-con-
taining thioether-based ligands with zirconium (Table 5, entry
no. 15-18)."*° They have synthesized thioether-based linkers
with precisely controlled thioether numbers and positions
L,,—L3o. These MOFs are structural prototypes of the UiO-67
framework with high stability. The self-assembly synthesis of
the MOF (ZrBPD-4F4TS) was done by the solvothermal reaction
between ZrCl, and L3, (H,BPD-4F4TS) in DMF solvent with the
help of a trifluoroacetic acid modulator (Fig. 9n)."** The MOF
ZrBPD-4F4TS (Table 5, entry no. 19) crystallizes in the F43m
space group and features ZrsO4(OH),(CO);, clusters in a face-
centered cubic (fcc) array, which are connected by the ligand
BPD-4F4TS and generate fcu topology, and are isoreticular
with UiO-67 (Fig. 90). The reported MOF shows electronic con-
ductivity of 1.1 x 10~ S em ™", and a band-gap of 2.75 eV. The
electronic conductivity increases about 200 times (2.2 x 107> S
em™") in the case of crystalline ZrBPD-4F4TS-Ox (band-gap
1.66 eV) synthesized from ZrBPD-4FATS by oxidative treatment
by FeCl; because it couples the thiophene units of the MOF to
form a covalent conjugate bridge. The cross-linked solid
ZrBPD-4F4TS-Ox also shows proton conductivity which can be
broadly increased by acid (H,SO,) treatment (e.g., from 5.0 x
1077 t0 1.6 x 10> Sem ™).

3.2 Synthesis by indirect methods

3.2.1 Post-synthetic modifications. Post-synthetic modifi-
cations are a vital tool for synthesizing thiol and thioether-
based MOFs, as only a limited number of associated ligands
are available.’*® The key advantage of this technique is that the
topology of the MOF remains unchanged. Robust MOFs con-
taining free amine groups are widely used for introducing
sulfur functionality via reactions with sulfurizing agents like
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Fig. 9 (a) 3D coordinate structure of Zn-TMBD,%* (b) crystal structure Zn,O(L14)3(DMF)4(H>0)4 with a cavity,'?? (c) crystal structure of PbLys,*?® (d)
crystal structure of PbL;s,*23 (e) crystal structure of USTS-7 when seen along an axis; C, O, and S atoms are depicted as grey, red, and yellow spheres;
Zrg clusters are shown in blue,®* (f) two-face-sharing crystal structure of ASMOF-5,12* (g) pictorial representation of the crystal structure of
ASUi0-66,'%° (h) single-crystal structures of the Zr-TMBPD unit cell of the cubic framework where Zr-SBU — green, O - red, S — yellow, and C —
grey,"?® (i) [ZnsO(L20)3(DMF),]-4DMF,*?7 (j) structure of Zr-Lp,*%® (k) Zr-Lys,"2° (1) Zr-L24,"%° (m) Zr-Lys,*?° (n) Zr-BPDC-4S4F framework where Zr
coordination polyhedra are depicted as cyan and O, S, C, and F atoms are depicted as red, yellow, grey, and blue spheres,**° (o) pictorial representa-
tion of the crystal structure of ZrBPD-4F4TS.1%! (Adapted with permission from the American Chemical Society, the Royal Society of Chemistry,

Wiley-VCH and Elsevier Inc.)

thioglycolic acids (Fig. 11). Thiol-based MOFs synthesized by
the PSM strategy are listed in Table 6. In 2015, Cheng et al.
incorporated the thiol group in an MIL-53(Al) framework by
reacting NH,-MIL-53(Al) with thioglycolic acid (Table 6, entry
no. 1)."*? Due to the free thiol group’s presence, it can stabilise

17636 | Dalton Trans., 2023, 52,17623-17655

the Ag nanoparticle. In 2019 Li et al. used the same strategy to
synthesize SH-MIL-68(In) from MIL-68(In)-NH, (Table 6, entry
no. 2).°® Deng et al. also reported a Pd nanoparticle encapsu-
lated thiol-based MOF by installing the thiol group in UiO-66-
NH, by the same strategy, which shows high catalytic

This journal is © The Royal Society of Chemistry 2023
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HgCl,
CH,CN

Zr-Ly, Zr- Ly, -HgCl,

Fig. 10 Synthesis of an SC-XRD suitable crystal.?® (Reproduced with
permission from the American Chemical Society.)

Fig. 11 General strategy for synthesizing thiol-based MOF from amine-
based MOFs.

efficiency (Table 6, entry no. 3)."** A Ag nanoparticle incorpor-

ated thiol MOF, which was synthesized by the post-synthetic
modification of NH,-MIL-101(Cr) reported by Liu et al, shows
good photocatalytic RhB dye degradation and CO, fixation
capability (Table 6, entry no. 4)."** A three sulfur atom-contain-
ing moiety 2,5-dimercapto-1,3,4-thiadiazole was introduced in
the UiO-66-NH, framework by Fu et al., where thiol reacts with
the amine group of the pristine MOF to form UiO-66-DMDT
via S-N bond formation (Table 6, entry no. 5).°°

3.2.2 Post-synthetic exchange. Direct and PSM synthesis
may fail to produce the desired thiol and thioether-based
MOFs in various instances. Post-synthetic exchange (PSE) may
be useful and viable to overcome this. This strategy is mainly
utilized for making corresponding thiol and thioether-based
MOFs of UiO-66. In 2015 Fei et al. reported the synthesis of
UiO-66-TCAT where the direct synthesis route of the solvo-
thermal reaction between 2,3-dimercaptoterephthalate acid
(TCAT) and ZrCl, was unsuccessful.*® In this method, the
reaction between 2,3-dimercaptoterephthalate acid (TCAT) and
UiO-66 leads to UiO-66-TCAT (Fig. 12a). The thiocatechol
group of the MOF UiO-66-TCAT was utilized for metalation by
soft metal palladium and UiO-66-PdTCAT, which act as a very

Table 6 MOFs synthesized by the PSM strategy
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(a] 0 OH
SH H,0
g e——
. 85°C,24h
SH
PSE SH
HO

SH
Ui0-66 Ui0-66-TCAT
ZrCI Direct Synthesis l

Metalation|Pd(0OAc),

5 °C,4h
Ui0-66-TCAT ?
S—!’Id -solv

solv
Ui0-66-PATCAT
(b) Ti(oc,an

o nu
SCHy 7<
HyCS \W‘ SCHy

HO )

mu,

4%

MIL-125 X %-MIL-125-(SCH3),

Fig. 12 (a) Synthesis of UiO-66-TCAT and UiO-66-PdTCAT,*¢ (b) syn-
thesis of MIL-125-(SCH3),.*” (Reproduced with permission from the
American Chemical Society and Wiley-VCH.)

efficient heterogeneous catalyst. In 2018 Han et al., reported a
photocatalyst as x%-MIL-125-(SCH3), (where x = 20 and 50%)
using MIL-125 reacts with L;; H,BDC-(SCH;), (Fig. 12b)."*”
Recently, Muhamed et al. reported NU-1000-SH where 2-MBA
(2-mercapto-benzoic acid) was introduced in the MOF struc-
ture by a solvent-assisted ligand incorporation (SALI) pro-
cedure (Fig. 12c¢)."*® Finally, Ag and Au nanoparticles were
immobilized in NU-1000-SH to form Ag@ NU-1000-SH and
Au@ NU-1000-SH, both of which are efficient catalysts for the
hydrogen evolution reaction.'*%'%°

3.2.3 Synthesis by the mixed linker strategy. Recently,
Mandal and co-workers synthesized a defective thiol-based
UiO-66-SH-10 by the reaction between ZrCl,, terephthalic acid
and 2-MBA (2-mercapto-benzoic acid) as a modulator
(Fig. 13)."*° The modulator 2-MBA slows down the reaction
process and creates a defect in the structure, installing the
thiol group in the MOFs. After synthesizing, Pd nanoparticles

Entry Organic Surface

no. MOFs ligand Sulfurizing agent area Applications Ref.

1 HS-MIL-53(Al) H,BDC-NH,  Thioglycolic acid 2610 Stabilization of Ag nanoparticles 133

2 SH-MIL-68(In) Thioglycolic acid 287 Hg adsorption 68

3 UiO-CH,SH/ Mercaptoacetic acid, — Efficient catalytic hydrogenolysis of 134
UiO-PHSH 2-mercaptobenzoic acid biomass-derived aromatic aldehydes

4 NH,-MIL-101 Thiomercaptanoic acid — Photocatalytic degradation of RhB dye and 135
(Cr)-s CO, fixation

5 UiO-66-DMDT 2,5-Dimercapto-1,3,4-thiadiazole 651 Hg removal from water 66

This journal is © The Royal Society of Chemistry 2023
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HO. 0 0 W&‘\ “U

HO.
Ag@Ui0-66-SH
Zrcl, + ;’:‘;c
o OH
Ui0-66-SH-10 q.

Pd@Ui0-66-SH-10

Fig. 13 Synthesis of thiol-based MOFs by a mixed linker strategy.'*°
(Adapted by taking permission from the Royal Society of Chemistry.)

were incorporated, which can photocatalytically reduce Cr(wv).
In the same MOF UiO-66-SH-10, Ag nanoparticles are incorpor-
ated, which act as an efficient catalyst for A*> coupling reactions
and electrocatalytic CO, reduction.™*"***> Moll et al. introduce
thiol functionality in the Zr cluster by adding thioglycolic acid
while synthesizing UiO-66, which eventually synthesizes
UiO-66-Mac, showing improved Ag(i) uptake capacity from
aqueous solutions."*?

3.2.4 Composite materials. Numerous MOFs have been
synthesized over the last four decades, but only a small
number have found commercial success due to their draw-
backs in actual working environments. The potential use of
MOFs in composite materials is encouraging because the
strength of the MOFs increases dramatically in many compo-
sites.'** Preparing the composite material from MOFs is essen-
tial for using thiol and thioether-based MOFs on an industrial
scale.

Some of the stable thiol MOFs like Zr-DMBD are used
widely for the synthesis of well-constructed composite
materials. In 2020 Yang et al. reported a 3D macroporous
carbon/Zr-2,5-dimercaptoterephthalate nano-composite
(Table 7, entry no. 1) that shows excellent efficiency in remov-
ing and detecting Hg()."**> Nano-composite Zr-DMBD MOFs/
3D-KSC were synthesized solvothermally by the in situ inert
atmosphere reaction between ZrCl,, H,DMBD, and 3D-KSC in
DMF solvent (Fig. 14a). Microscopic studies (SEM) reveal that

Table 7 Composite of thiol-based MOFs
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(a)
0. OH
SH
HS ZrCl,
(o}
107 N0 DMF, 130 °C, 36 h
Zr-DMBD MOFs/3D-KSC
(b) 7t
..
./\
R )
0%0
() (*]
00000 == °
acetic acid (¢} -
(+]
Ni,P
2 Ni,P/UIOS

Fig. 14 (a) Schematic diagram of the synthesis of Zr-DMBD MOFs/
3D-KSC and Hg(i) detection,**® (b) Synthesis of Ni,P/UIOS.*! (Adapted
with permission from Elsevier Inc and the Royal Society of Chemistry.)

Zr-DMBD MOFs are dispersed uniformly on 3D-KSC in the
composite, which leads to uniformly grown free thiol groups
on the surface of the 3D-KSC. In recent years, MOFs have
become a promising photocatalyst for the photodegradation of
organic pollutants.*®* MOFs combined with semiconductor
nanoparticles have been investigated for photocatalysis, such
as MIL-88, which interacts with a variety of semiconducting
materials and exhibits high photocatalytic activity."*® The
stable thiol-based MOF Zr-DMBD or UiO-66-(SH), shows
photocatalytic activity for the degradation of RhB under visible
light because of its effective electron transfer and simul-
taneously ZnIn,S,, a stable semiconductor, acts as an excellent
photocatalyst for hydrogen production. In 2019 Chen et al
reported a series of composite materials of UiO-66-(SH), and
ZnIn,S,; named ZIS/US, which showed high photocatalytic
activities for the degradation of RhB (Table 7, entry no. 2).'*”
In 2020, Boix et al. incorporated CeO, and Fe;O, nanoparticles
in the UiO-66(SH), to form the nanocomposite CeO,/

Entry
no. MOF Matrix Composite Applications Ref.
1 Zr-DMBD 3D-KSC Zr-DMBD MOFs/ Removal and detection of Hg(u) 145
3D-KSC
2 Zr-DMBD ZnIn,S, ZnIn,S,/Ui0-66-(SH),  Visible-light photocatalyst for RhB 147
degradation
3 Zr-DMBD Cerium-oxide nanoparticles CeO,/Fe;0,@Ui0-66-  Heavy metal adsorption 148
(SH),
4 Zr-DMBD CdS/ZnS quantum dots to the Cu- UiOS-Cu-CdS/ZnS Photocatalytic hydrogen evolution 149
decorated Zr-DMBD
5 Zr-DMBD Carbon cloth CC@ UiO-66(SH), Integrated interlayer—-current collector 150
for Li-S batteries
6 UiO-66- Ni,P NP Ni,P/UIOS Photocatalytic hydrogen evolution 151

(SCH,),(UIOS)

17638 | Dalton Trans., 2023, 52,17623-17655
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Fe;0,@Ui0-66-(SH),, which can simultaneously remove heavy
metals from river water samples (Table 7, entry no. 3)."*®* Mao
et al. synthesized UiOS-Cu by fabricating CdS/ZnS quantum
dots in thiol-functionalized UiO-66. UiOS-Cu acts as an
efficient photocatalyst for hydrogen evolution reactions
(Table 7, entry no. 4).**°

Recently Liu et al reported a composite material
CC@UiO-66(SH), where UiO-66(SH), nanoparticles grow in situ
on the carbon cloths (CC), which act as an interlayer current
collector for Li-S batteries (Table 7, entry no. 5).">° A Ni,P
nanoparticle-incorporated thioether-based MOF composite
was synthesized by Li et al. by an in situ impregnation tech-
nique (Table 7, entry no. 6), which was utilized for photo-

catalytic hydrogen evolution reactions (Fig. 14b)."*

4. MOFs containing only thiol-
thioether-based ligands

Metal-thiolate bonding is extensively studied in inorganic
chemistry, but for synthesizing thiol and thioether-based
MOFs, much attention was given towards thiol and thioether-
based MOFs with carboxylic acid linkers."”>™*** However, in
recent years, many MOFs with only thiol and thioether-con-
taining ligands have been synthesised, showing the potential
towards newer avenues.”"

4.1 MOFs containing only thiol-based ligands

There has been significant interest in two-dimensional (2D)
materials such as graphene,'® covalent organic frameworks
(COFs),"® metal-organic layers (MOLs),"”” and metal-organic
nanosheets (MONs)'*® etc. due to their notable conductivity
and distinctive electrical properties.'>**¢°

Linkers containing bis(dithiolato), bis(diimino), and bis
(catecholato) have been used extensively to synthesize 2D con-
ductive MOFs as they have p-conjugated systems with flat
molecular structures, and the p-conjugated system spreads
over the nanosheets when metal complexes are formed.'®"'°
Thiol-containing ligands like benzenehexathiol (BHT/HTB), tri-
phenylenehexathiol  (THT/HTT), 1,2,3,4,5,6,7,8,9,10,11,12-
perthiolated coronene (PTC), and benzene-1,2-dithiol (BDT)
(Fig. 15) are ideal for synthesizing conductive MOFs because
the p orbital of a dithiolate ligand and the d orbital of a metal
centre synergize to create quasi-aromaticity, enabling electron
delocalization across the five-membered metalladithiolene
ring."®*'% 1In accordance with this principle, numbers of
thiol-based MOFs have been synthesized and utilized mostly
for conductive applications.

Generally, this type of MOF is synthesized by an interface-
assisted synthesis methodology. Benzenehexathiolate (BHT/
HTB) is an important ligand in the category of thiol-based
ligands, and a wide range of MOFs have been synthesized over
the years. Generally, BHT-based MOFs show two types of struc-
ture, M3(BHT), and M3;BHT (Fig. 16), depending on the metal
ions. Usually, when cobalt (Co), palladium (Pd) or platinum
(Pt) ions are used as the metal centre, the resulting MOFs

This journal is © The Royal Society of Chemistry 2023
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exhibit a porous M3(BHT), structure. In contrast, most other
metal ions lead to the formation of the densely-packed M;BHT
structure. Interestingly, Nickel (Ni) shows both types of
structure.

The utilization of BHT/HTB to synthesize MOFs was
initially started by Kambe et al., where the pi-conjugated 2D
semiconducting material Niz(BHT), was synthesized by a
liquid-liquid interfacial reaction between BHT in the organic
phase and nickel(n) acetate in the aqueous phase (Table 8,
entry no. 1).”"%* Recently, Banda et al. synthesized nonporous
Ni;BHT, which behaves as an pseudocapacitor.'®® In 2015 Pal
et al., synthesized Pd;(BHT), by an interface-assisted synthesis
method in the presence of oxidizing buffer K;[Fe(CN)y] which
prevents the formation of Pd° nanoparticles (Table 8, entry no.
2)."%” Interface-assisted synthesis was also utilized by Huang
et al. to synthesize a 2D coordination polymer Cuz(BHT) with
exceptionally high conductivity (Table 8, entry no. 3).'°®
Structurally, the ligand BHT binds with six Cu", which
enhances the framework density and lowers the porosity. Later

Dalton Trans., 2023, 52, 17623-17655 | 17639


https://doi.org/10.1039/d3dt02884d

Published on 01 November 2023. Downloaded by Indian Institute of Technology Patna on 5/9/2025 11:25:42 AM.

Perspective

Table 8 MOF synthesized from thiol-based linkers

View Article Online

Dalton Transactions

Entry no. Thiol ligand MOFs Synthetic method Ref.
1 Benzenehexathiol (BHT/HTB) NiBHT Interface-assisted synthesis 71, 162 and 166
2 PdADT Interface-assisted synthesis 167
3 Cu-BHT Interface-assisted synthesis 168-171
4 Cus(BHSe) Homogeneous reaction 172
5 Ag-BHT Interface-assisted synthesis 163
6 Ag;BHT, Interface-assisted synthesis 173
7 Auz;BHT, Interface-assisted synthesis 173
8 CoBHT Interface-assisted synthesis 174
9 FeBHT Interface-assisted synthesis 73
10 Triphenylenehexathiol (THT/HTT) Pt;(HTT), Interface-assisted synthesis 72
11 Fe;3(THT),(NH,);3 Interface-assisted synthesis 175
12 Co;(THT), Interface-assisted synthesis 176
13 Solvent-free Fe;(THT), and Coz(THT), Interface-assisted synthesis 177
14 THTA-M (M = Co and Ni) Interface-assisted synthesis 178
15 THTNi Interface-assisted synthesis 179
16 CoTHT Interface-assisted synthesis 174
17 1,2,3,4,5,6,7,8,9,10,11,12-perthiolated Fe-PTC Solvothermal synthesis 165
18 coronene (PTC) Co-PTC One-pot reflux 180
19 Ni-PTC Homogeneous reaction 181
20 Benzene-1,2,4,5-tetrathiol (BTT) FeBTT Interface-assisted synthesis 182
CoBTT Interface-assisted synthesis 183
NiBTT Interface-assisted synthesis 164
ZnBTT Interface-assisted synthesis 182

Huang et al. reported a significantly crystalline Cu-BHT with a
perfect kagome structure, which again enhanced the conduc-
tivity of the sample."”® The selenite analogoue of BHT, benze-
nehexaselenol (H¢BHS), was utilized to synthesize the 2D n-d
conjugated conductive coordination polymer Cus(BHSe) by a
homogeneous reaction between cupric ions and HgBHS
(Table 8, entry no. 4)."”> Huang et al. reported highly crystal-
line films of a silver-based coordination polymer [Ag5(CsSe)]
(Ag-BHT), which is structurally different from Niz(BHT), as
well as Cuz(BHT) (Table 8, entry no. 5)."® The structure of Ag-
BHT is formed by many Ag-Ag and Ag-S-Ag chains which are
responsible for their charge transport behaviour. Chen et al.
synthesized Ag;BHT, and Au;BHT, by a liquid-liquid inter-
facial reaction; these are structurally related to Cuz(BHT)
(Table 8, entry no. 6 and 7)."”* A gas-liquid interfacial reaction
was utilized by Clough et al. for synthesizing the 2D electroca-
talyst Co-BHT which adopts a M;(BHT), structure (Table 8,
entry no. 8)."”* Downes et al. synthesized FeBHT by a similar
interfacial assisted method, which is also an efficient electro-
catalyst for the HER (Table 8, entry no. 9).”

Cui et al. synthesized conducting Pt;(HTT), by the reaction
between 2,3,6,7,10,11-hexakis(butyrylthio)triphenylene
(HBUTT) and Pt(CH;3;CN),Cl, with permanent porosity (Table 8,
entry no. 10).”> The synthesized material is anionic and forms
an almost neutral framework upon oxidation. The compound
is not highly crystalline due to the strong covalent interaction
between the thiol and platinum. However, based on the unit
cell calculation, a structural model was presented in which
square-planar Pt" ions connect the ligands. Dong et al. syn-
thesized conductive Fe;(THT),(NH,); by liquid-liquid inter-
facial synthesis where the structure is composed of an iron-bis
(dithiolen) linkage and NH," counter-ions, which gives the

17640 | Dalton Trans., 2023, 52,17623-17655

semiconducting property to the material (Table 8, entry no.
11)."”®> The material is not highly crystalline in nature;
however, from PXRD and HRTEM, it was found to have a
layered honeycomb structure similar to Pt;(THT),. Clough
et al. synthesized a conductive 2D MOF Cos(THT), exhibiting a
structure similar to Pt3(THT), with better crystallinity (Table 8,
entry no. 12)."7° The significantly improved conductive prop-
erty of guest-free Co;(THT), and Fe;(THT), was studied in 2019
(Table 8, entry no. 13)."”” Dong et al. synthesized 2D molecular
metal dithiolene-diamine complexes (THTA-M, M = Co and
Ni) which act as an electrocatalyst (Table 8, entry no. 14)."7% A
gas-liquid interfacial reaction was utilized by Dong et al. to
synthesize an electrocatalyst THTNi, which has a thickness of
0.7-0.9 nm (Table 8, entry no. 15)."”° CoOTHT was synthesized
by Clough et al. and also acts as an electrocatalyst for the HER
reaction (Table 8, entry no. 16)."”* Dong et al. have reported a
very interesting result by synthesizing a 2D semiconducting Fe
MOF, Fe-PTC from a coronene-based thiol ligand (PTC =
perthiolated coronene) (Table 8, entry no. 17)."°> In contrast to
the usual catechol-like mode found in Pt;(THT),, the thiols in
the nanoporous Fe-PTC exhibit coordination modes more akin
to acetylacetonate. Later Chen et al., synthesized 2D electroca-
talyst Co-PTC'®® for the HER and Ni-PTC for thermoelectric
conversion (Table 8, entry no. 18 and 19)."*" Downes et al. syn-
thesized three 1D metal dithiolene (M = Ni, Fe, Zn) coordi-
nation polymers with benzene-1,2,4,5-tetrathiolate (BTT) by a
liquid-liquid interfacial synthesis method (Table 8, entry no.
20)."®> The cobalt analogous COBTT was synthesized by
Downes et al. by gas-liquid interfacial synthetic method-
ology."®® Fe and Zn-dithiolene (FeBTT and ZnBTT) are inactive
for the HER reaction, and between Co and Ni-dithiolene,
NiBTT shows better HER efficiency."®*

This journal is © The Royal Society of Chemistry 2023
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4.2 Thioether-containing MOFs

Xiao et al. utilized the SALI strategy to synthesize MOF-A,
which was unsuccessful, by the direct reaction between the
thioether-based ligand 1,4-dibromo-2,3,5,6-tetrakis(4-carboxy-
phenyl)benzene carboxylates (TCPBBr), 4-((pyridin-4-ylthio)
methyl)pyridine (Ls) and Zn(NOj3),-6H,0.'** MOF-A was uti-
lized for heavy metal uptake.

5. MOFs containing thiol-thioether-
based azolate ligands

There are only a handful of reports on thiol-thioether-based
azolate linkers containing MOFs. Pyrazolate-based MOFs are
well-known for their stability in comparison with carboxylate-
based MOFs.'® Introduction of the sulfur functionality is a
challenging task, and their stability remains a challenge.'®®
Yang et al. introduced thiol functionality in a free amine-con-
taining pyrazolate MOF by reacting with thioglycolic acid (PSM
strategy).”* The Ag(1)anchored thiol MOF was utilized as a cata-
lyst for a CO, fixation reaction. Yang et al. synthesized a flex-
ible MOF PCN-41, by using a thioether-based triatopic linker
(1,3,5-tris(4-pyridylsulfanylmethyl)-2,4,6-trimethylbenzene)

and star-like {Cu,l,} cluster.”® This triazine-based material can
act as a crystalline sponge for the structural characterization of
liquid organic molecules like dimethylformamide (DMF),
methyl cyanide (MeCN), N-methyl-2-pyrrolidone (NMP),
dimethyl sulfoxide (DMSO) and benzaldehyde (CH;CHO). Gai
et al. introduced a novel strategy to form a ZIF-8-type (CPM-8S)
net with disulfide bonds between the triazolate linkers by
reacting ZnCl, and a triazole-based thiol linker (1,2,4-triazole-
3-thiol).”® In the structure of CPM-8S, Zn(n) is tetrahedrally co-
ordinated by four nitrogen atoms of three DS-TRZ (where
DS-TRZ is bis(1,2,4-triazole-3-yl)-disulfide, which generates
in situ) ligands by both chelating and bridging modes, which
create a sodalite type structure (4>-6*) and can be utilized for

Table 9 Catalysis by thiol-based MOFs
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ethane/ethylene separation. Hu et al., synthesized a cruciform
linker with pyrazolate and thioether functional groups fol-
lowed by the corresponding Ni-MOF."®” The [Nig(OH),(H,0),]
cluster containing MOF shows fcu topology and can act as an
efficient electrocatalyst.

6. Applications

Thiol and thioether-based MOFs are extensively employed in a
wide range of applications due to their distinctive character-
istics such as tunability, stability, porosity, and electronically
diverse functional groups. These applications include catalysis,
sensing, heavy metal adsorption, conductivity, photocatalysis,
and gas storage. The following sections will provide discus-
sions on each of the significant applications.

6.1. Heterogeneous catalysis

A catalytically active MOF could be a heterogeneous catalyst
with reaction medium stability and reusability."* There are dis-
tinct advantages of using MOF as a heterogeneous catalyst,
such as MOF with intrinsic catalytic activity, where the cata-
Iytic activity of MOFs originates from open metal sites (coordi-
natively unsaturated sites), defects, or catalytically active
organic linkers."®® In the case of thiol and thioether MOFs, the
catalytic activity is due to the introduction of active metal
centres like Pd, Au, Ag etc."®® The reactive nature of the thiol or
thioether group towards soft metal ions plays a vital role in
introducing catalytically active metals in thiol and thioether
based-MOFs. The active metal-incorporated MOFs act as an
efficient catalyst for a wide range of reactions. The utilization
of thiol and thioether MOFs-based catalysts is listed in
Table 9.

In 2015, Yee et al. post-synthetically modified Zr-DMBD to
Zr-DMBD-Hg (Table 9, entry no. 1) by reacting it with an
aqueous solution of HgCl,, which was then reacted with H,0,

Entry

no. MOFs Active site Reaction Ref.

1 ZrBDSO;-Hg Hg”" and Acetylene hydration 98
-SO;H

2 Zr-DMBD-I, S-1 Iodocyclization of 2-ethynylbenzyl alcohol 99

3 Zr-DMBD-Hg Hg Vinylation transfer reaction 102

4 Ag@ Zr-DMBD Zr, Ag CO, fixation reaction 103

5 UiO-66-PdTCAT Pd complex Regioselective C-H oxidation 136

6 UiO-68-(SH),-Pd Pd complex Suzuki-Miyaura reaction (SMR) 67

7 UiO-67-(SH),-Pd Pd complex Suzuki-Miyaura reaction (SMR) 113

8 Pd@UiO-CH,SO;H and Pd@UiO-PHSO;H Pd Hydrogenolysis of biomass-derived aromatic 134
nanoparticle aldehydes

9 Ag@ MOF-s-SH Cr, Ag CO, fixation reaction 135

10 Ag@UiO-66-SH Ag A® coupling reaction 141
nanoparticle

11 Au"" BioMOF and Au' BioMOF Au*', Au* Conversion of alkynes to hydroalkoxylation 92

12 (Pt°,)o.5(Pt"CL)@[Ca" Cul{(S,S)-methox}; Pt°, cluster CO, methanation, alkene hydrogenations, synthesis 93

(OH),(H,0)]-15H,0 of HCN and NH,CN
13 {sr"cul[(s,S)-serimox]; 50[(S,S)- — Hemiketalization and ketalization 94

mecysmox|; so(OH),(H,0)}-12H,0

This journal is © The Royal Society of Chemistry 2023
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to generate ZrBDSO;-Hg, an effective Lewis acidic hetero-
geneous catalyst for room-temperature acetylene hydration
(Fig. 17a).”® Interestingly, the catalysis occurred within the
pores of the ZrBDSO;-Hg material, which is confirmed by the
incapability of the catalyst in relation to larger substrates like
5-propagryloxyisopthalic acids. Wang et al. recently reported
an exciting result in using the mercury-adsorbed material
Ui0-66-S-Hg (Table 9, entry no. 3) as a catalyst for vinylation
relations, showing good catalytic performance and recyclability
(Fig. 17g).'°* The stability of sulfenyl iodides (RS-I) is environ-
ment-dependent, making them an interesting family of com-
pounds. In the solution phase, it is precarious for its dispro-
portionation tendency (2RS-I — RSSR + I,). However, it is
stable in a mosaic virus scaffold, and this difference in behav-
iour inspired the use of a solid support, such as Zr-DMBD, for
its unique orientation to synthesize sulfenyl iodides. Solid-sup-
ported sulfenyl iodide anchored by Zr-DMBD, abbreviated as
Zr-DMBD-I,, (Table 9, entry no. 2), was synthesized simply by a
reaction between Zr-DMBD and I,.°° Zr-DMBD-L, acts as an
efficient heterogeneous catalyst for the iodocyclization of
2-ethynylbenzyl alcohol (Fig. 17b) with a conversion of 93%.
Patra et al. utilized Zr-DMBD to synthesize a heterogeneous
catalyst Ag@Zr-DMBD (Table 9, entry no. 4) by functionalizing
the free thiol group of the MOF with an Ag ion and then sub-
sequent reduction to Ag nanoparticles (Fig. 17e). Ag@Zr-
DMBD acts as an efficient catalyst with synergistic usage of the
Zr and Ag centre for CO, fixation by converting the terminal
epoxide to corresponding cyclic carbonates in ambient con-
ditions."”® Ag@MOF-s-SH (Table 9, entry no. 9) synthesized by
Liu et al. also acts as an efficient catalyst for CO, fixation reac-
tions.”®® The Pd metallated MOF UiO-66-PAdTCAT synthesized
by a PSE strategy from UiO-66 shows heterogeneous catalytic
efficiency for the regioselective functionalization of the sp® C-
H bond (Table 9, entry no. 5)."*® This catalyst is one of the
select examples of chelation-assisted C-H functionalization
done by a recyclable MOF catalyst. The halogenation of the
benzo[h]quinoline with N-chlorosuccinimide (NCS) was per-
formed by the Pd**-thiocathecolate complexes catalyst (UiO-66-
PATCAT) with 95% of yield and recyclability up to 5 cycles
(Fig. 17c). In the thiol-based MOF Zr-DMTD (Table 9, entry no.
6), formed by the expanded linker, the distance between the
sulfur atoms of two adjacent ligands in Zr-DMTD is longer
than 5.24 A.®” The Pd(u) guest forms a covalent link with only
one thiol group, freeing up the rest of the coordination sphere
for catalysis. The orientation of the thiol groups reduces the
thiol’s poisoning effect, which is a major problem in solution
chemistry. When Pd-loaded Zr-DMTD, namely Zr-DMTD-Pd (S/
Pd atom ratio = 2.9:1), is examined for the Suzuki Miyaura
reaction (SMR) it gives more than 80% yield for iodo substrate
(TON > 800) (Fig. 17h). A similar catalytic activity was also
observed in the case of lower Pd-loaded samples like Zr-
DMTD-Pd (S/Pd atom ratio = 5.2:1), from which a conversion
rate of 63% was achieved (TON: 1563) with the same reaction
conditions [temperature/reaction time (80 °C/8.0 h)]. However,
in UiO-67-(SH),-Pd (Table 9, entry no. 7), the thiol groups of
the adjacent ligands are situated near to each other (2.0 A),
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and the Pd centre is bonded more exclusively with thiol groups
which reduce the catalytic activity."*> The same reaction con-
ditions for Pd loading as for Zr-TBDD lead to a polycrystalline
powder UiO-67-(SH),-Pd with a S/Pd atom ratio 4.7 :1 which
does not show any catalytic activity in the Suzuki Mayaura reac-
tion; however, with a high temperature of 100 °C the reaction
occurs with a conversion rate of 23%. The catalytic activity of
the two thiol-based MOFs highlighted the importance of the
spatial configuration of the thiol arrays for controlling the
coordination environment around the Pd centre.

The post-synthetically synthesized thiol MOF UiO-CH,SH/
UiO-PHSH (Table 9, entry no. 8) is utilized as an efficient cata-
lyst for the hydrogenolysis of biomass-derived aromatic alde-
hydes (Fig. 17d)."** Catalyst Pd@UiO-CH,SO;H and Pd@UiO-
PHSO;H were synthesized by the incorporation of Pd nano-
particles in UiO-CH,SO;H and UiO-PHSO;H (the oxidized
form of UiO-CH,SH and UiO-PHSH) which was the first
report of the integration of an acid site and Pd nanoparticles
in MOF cages. The catalyst shows 89.0 and 86.0% DMF yield
from MF and HMF and a 99.4% yield of MMP (2-methoxy-4-
methylpheno) from lignin-derived VA (vanillin) and shows
recyclability up to 4 cycles. Mandal and co-workers have
recently utilized silver nanoparticle functionalized thiol MOF
Ag@UiO-66-SH as a catalyst for an A® type click reaction
(Table 9, entry no. 10).'*' The three-component reaction
between benzaldehyde, amine and aromatic alkyne leads to
the corresponding propargylamine derivatives by C-C bond
formation with excellent conversion and recyclability
(Fig. 17f). The Ag sites activate the alkyne, which is the rate-
determining step of this reaction. Pardo and co-workers exten-
sively work on thioether-based MOFs and their catalytic
efficiency.”>°* The strong affinity of the thioether group was
utilized by Mon et al. by anchoring a Au salt in BioMOF
{ca"Ccul[(S,S)-methox]s(OH),(H,0)}-9H,0 to synthesize hetero-
geneous catalysts Au™ BioMOF and Au' BioMOF (Table 9,
entry no. 11).°> Both the catalysts display high efficiency for
the conversion of alkynes to the corresponding hydroalkoxyla-
tion product (Fig. 17i). Mon et al. also utilized these thioether-
based MOFs to introduce ultrasmall Pt°, clusters containing
heterogenous catalyst (Pt%,)o.5(PtCl)@[Ca" Cul{(s,S)-
methox}; (OH),(H,0)]-15H,0 which significantly decrease the
temperature requirements of some industrially important reac-
tions like CO, methanation, alkene hydrogenations, and syn-
thesis of HCN and NH,CN (Table 9, entry no. 12).”* Negro
et al utilized multivariate (MTV) MOF {sr''Cul[(s,S)-
serimox}; so[(S,S)-mecysmox}; 5o(OH),(H,O)}-12H,0  for the
hemiketalization of aldehydes and ketalization of (Table 9,
entry no. 13) cyclohexanone by mimicking natural nonacidic
enzymes.”*

6.2. Photoswitching and luminescence behaviour

Thiol and thioether-based MOFs display characteristic lumine-
scence behaviour through tuning of the functionalities. Two
Pb MOFs synthesized by Xu and co-workers show distinct
luminescence behaviour and have only a little difference in
their structure with functional changes in the ligand."*® PbL,;

This journal is © The Royal Society of Chemistry 2023
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emits bright white light, while PbL,, is unable to display white
light emission upon exposure to UV radiation. The pertur-
bation caused by the -OH group in the ligand L15 (the struc-
ture restricts ligand-to-metal charge transfer (LMCT) and
weakens the metal-carboxylate ion interaction in the crystal
structure, which stimulates this photophysical changes). The
water- and pH-stable thioether-based cadmium MOF reported
by Ren and co-workers acts as an efficient luminescence
sensor for the detection of heavy metal ions (Cu®*, Hg>*, and
Pb>") from an aqueous medium.®® Photoinduced electron
transfer (PET) between donor-acceptor in the framework gen-
erates luminescence activity in the Cd-MOF. The presence of
Lewis centres (Cu®", Hg>*, and Pb®") inhibits the internal elec-
tron transfer which leads to quenching of the emission. Along
with the PET mechanism, Forster resonance electron transfer
(FRET) (Fig. 18) is also responsible for sensing these heavy
metals. Zhou et al. reported the colorimetric detection of NH;
gases using a [Cu(TMBD),s(H,TMBD),5-3H,TMBD] struc-
ture.®® The green crystal of the sample becomes blue with
exposure to NH; gas due to the presence of a stronger ligand
field around the Cu®" centres. Zhang and co-workers utilized
water-stable Zr-based 2D MOFs (USTS-7) for the selective detec-
tion of Cr’0,>~ with a detection limit of 2.2 x 107® mol L™.5*
Spectroscopic detailed investigation suggests a synergetic
effect of the inner filter effect (competitive absorption) and
energy transfer phenomena for the selective sensing of dichro-
mate ions. The -OH group in the Zrg cluster of USTS-7 shows a
strong inclination for dichromate ions and a sizeable overlap-

This journal is © The Royal Society of Chemistry 2023

ping zone between the donor emission (USTS-7) and acceptor
absorbance band (Cr’0,””) dictates towards the energy trans-
fer mechanism. He et al reported a luminescent thioether
linker-mediated MOF which was a prototype of MOF-5 and uti-
lised to detect HgCl, and nitrobenzene (NB).'*> The blue
luminescence of SESMOF-5 diminished after treating with NB
vapour and HgCl, selectively through the inclusion of these
molecules into the pores of the framework structure.'*>

A thioether-based linker with alkene functionality induces
distinct luminescence properties in ASMOF-5 as reported by
Xu and co-workers. The terminal alkene group in the
thioether-conjugated aromatic linker potentially activated the
interaction between soft metal centres. ASMOF-5 can be used
for the selective detect of Pd** calorimetrically. The orange
colour crystal changes into a deep brick red crystal after
immersing the compound in an acetonitrile solution of
PdCl,."** Luo et al. recently reported a thiol-functionalized
MOF-nanocomposite decorated with PdPt nanoparticles,
which exhibits peroxidase (POD) enzymatic activity.'®> Using
this POD like activity, a colorimetric detection technique was
built up for sensing D-glucose and isomers of chlorophenol.

6.3. Heavy metal adsorptions

The heavy metals mercury (Hg), lead (Pb), arsenic (As),
cadmium (Cd) etc., are significant environmental hazards
because of their high toxicity.'® MOFs have been utilized
extensively for heavy metal adsorption. Notably, thiol and
thioether-based MOFs exhibit significant utility in this domain
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owing to the existence of electrically soft functional moieties
that readily interact with heavy metal species. Li et al. have
recently provided a comprehensive review of the adsorption
capacities of S-based MOFs; thus, we will only give a concise
description.*®

6.3.1 Mercury adsorption. Thiol and thioether-based MOFs
have exceptional efficacy in mercury adsorption due to the
presence of S-containing functional groups, which possess a
high affinity for mercury.*®'°* Mercury exists in highly acidic
conditions (pH < 3) as Hg>* and in moderately acidic con-
ditions (3 < pH < 6) as Hg(OH)", but at pH > 6, mercury exists
as Hg(OH),, so pH plays a critical role in the adsorption of

Table 10 Mercury adsorption by thiol-based MOFs

Host-guest interaction

Changes in luminescence
property

-Excitation of thiol-based MOFs
-Emission of thiol-based MOFs
-Absorbance band of analyte

600 800

mercury.'®® Mercury adsorption by thiol and thioether MOFs
is listed in Table 10 and 11, respectively. The first report of Zr-
DMBD shows a potential application in Hg>" adsorption in
both the solution phase and the gaseous phase (Table 10,
entry no. 1).>” The water-stable Zr-DMBD offers more than
99.9% mercury removal efficiency (Table 10, entry no. 2). Ding
et al. reported in 2018 an elaborated study of the mechanism
of mercury adsorption of Zr-DMBD in different conditions
(Table 10, entry no. 3).*°®> The maximum capacity for mercury
adsorption in Zr-OMPT is 403 mg g~ due to the presence of 8
thiol groups (Table 10, entry no. 4). Since it has incredibly
high removal effectiveness, just 10 mg of it can reduce

Entry Thiol-based Technique Adsorption capacity (mg Removal Time Initial concentration

no. MOF used g™t efficiency (min) (ppb) Ref.
1 Zr-DMBD ICP — >99.9% 720 10 000 37
2 Zr-DMBD AFS 171.5 99.64% 10 10 000 193
3 UiO-66-(SH), ICP-MS 236.4 99.9% 1440 10 000 195
4 Zr-OMTP ICP-MS 403 99.98% 180 6570 114
5 Zr-MSA ICP-MS 734 99.95% 5 10 000 119
6 Zr-TST ICP-MS 804 99.5% 2880 6200 117
7 SH-MIL-68(In) ICP 450.36 >98% 720 10 000 68
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Entry Thioether-based Technique Adsorption capacity (mg  Removal efficiency  Time Initial concentration

no. MOF used ) (%) (min) (ppb) Ref.
1 PbTMBD ICP Hg/Pb 1.06 >79 2880 20 87
2 Zn-MOF ICP Zn/Hg 5.56 >94 2880 84 000 122
3 Zr-Ly, ICP-AES 275 >96 1200 8000 128
4 Zr-Lys ICP-OES 193 66 1200 10000 129
5 Zr-Lyy ICP-OES 245 >91 1200 8000 129
6 Zr-Lys ICP-OES 322 96 1200 10000 129
7 MOF-A/S ICP-AES 9.236 97 — 10000 184

mercury ion concentrations from 6.57 ppm to 1 ppb. Along
with the removal efficiency, Zr-OMPT received special attention
because of its high air and boiling water stability. Zr-MSA, syn-
thesized by an aliphatic thiol-based ligand, shows high
mercury affinity and adsorbs mercury up to 734 mg g~'
(Table 10, entry no. 5).**°

The primary challenge associated with thiol-based MOFs in
mercury adsorption is the high affinity between the thiol group
and the mercury ion. This strong interaction poses difficulties
during the desorption phase and lowers the recyclability. This
issue may be resolved by using thioether-based metal-organic
frameworks (MOFs), which enable adsorption and desorption
processes to occur at ambient temperature without using strong
acids or bases. In the series of thioether-based MOFs reported
with ligands L,,-L,5 by He et al., they have explored the influence
of sulfide side chains on the framework stability and capacity of
mercury adsorption (Table 11, entry no. 3-6)."*° The MOF Zr-L,;
shows a high adsorption efficiency of 96%. Zr-L,s not only
adsorbed mercury ions; it also acts as an electrochemical mercury
sensor, explored by Fu et al. The sensitivity range of the prepared
sensor is 0.01 nM to 3 pM, and the detection limit is 7.3 fM."**
The reversibly bonded Hg?" with the thioether group was regener-
ated by using 2-mercaptoethanol.

6.3.2 Adsorption of other metal ions. The retrieval of
minute quantities of precious metals such as palladium,
silver, and gold is essential due to their considerable economic
worth and environmental implications. The electronically soft
nature of thiol and thioether groups shows strong attraction
towards soft noble metals. Thiol and thioether-based MOFs,
with their noble metal adsorption capacity, are listed in
Table 12.

ASMOF-5 and ASUiO-66 (synthesized from ligand L;¢) can
effectively detect Pd*>* in a water medium by a colour change
by utilizing the strong interaction between Pd>" and the free-
standing alkene group (Table 12, entry no. 1 and 2)."**'**

Table 12 Noble metal adsorption by thiol and thioether-based MOFs

ASUi0-66 is also an efficient adsorbent for Ag'. UiO-67-(SH),
can adsorb Pd**, which can detect the colour change from
light yellow to blood red (Table 12, entry no. 3)."** The post-
synthetically synthesized HS-MIL-53(Al) shows a considerable
adsorption capacity (182.8 mg g™') for the Ag* (Table 12, entry
no. 4)."* Thiol-functionalized UiO-66-MAc-50 eq. shows
higher adsorption capacity (84 mg g') in comparison with its
non-functionalized compound UiO-66 (Table 12, entry no.
5)."% There are some thiol-based MOFs which can adsorb
chromium. Cr(vi) adsorption capabilities of 202 and 138.7 mg
¢~ ! are shown by Zr-MSA and Zr-DMSA, respectively, efficiently
decreasing Cr(vi) by the use of the interaction between the Cr
(vi) and thiol groups.'*®

6.3.3 Iodine adsorption. Compared with other functional
MOFs, a limited number of thiol and thioether-based MOFs
are utilized for iodine adsorption, listed in Table 13. Thiol
MOFs CityU-7 and SH-MIL-53(Al) were used for iodine adsorp-
tion (Table 13, entry no. 1 and 2). The formation of S-I bonds
in MIL-53(Al)-SH shows an adsorption capacity of 325 mg g™
in the equilibrium state.’®® CityU-7 can capture more than
99% of iodine from hexane solution within 6 hours, but the
material’s recovery is difficult.®® Thioether-based MOF GDUT-7
(Table 13, entry no. 3) also shows capacity in iodine
adsorption.®®

6.3.4 Dye absorptions. 5-Mercaptoisophthalic acid-contain-
ing MOFs [((CH3),NH,)Cd(MIPA)],-xG showed high porosity
and were tested for dye adsorption, exhibiting selective dye
adsorption capacity toward methylene blue (MB).** The selec-
tive dye adsorptions occur through an ion-exchange mecha-
nism caused by large pore spaces, a high surface area, and the
presence of [(CH;),NH,]" cations in the framework.

6.4. Conductive property

6.4.1 Electrically conductive MOFs. In the history of MOFs,
their electronic properties received little attention due to their

Entry no. S-based MOF Metal ions Technique used Adsorption capacity (mg g™') Ref.
1 ASMOF-5 pd* ICP-OES — 124
2 ASUIO-66 Pd** ICP-AES 45.4 125
3 Ui0-67-(SH), pd* ICP-OES — 113
4 HS-MIL-53(Al) Ag" ICP-AES 182.8 133
5 UiO-66-MAc Ag* AAS 84 143

This journal is © The Royal Society of Chemistry 2023
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Entry no. Thiol and thioether-based MOF Adsorbate Technique used Adsorption capacity (mg g™") Time (min) Ref.
1 MIL-53(Al)-SH . UV/Vis spectroscopy 325 600 108
2 CityU-7 I, — 360 86
3 GDUT-7 I — 120 89

lower conductivity and they were considered insulators.'®
However, in the last few years, they received recognition after
the synthesis and characterization of some electrically conduc-
tive MOFs."”” The electrical conductivity of a material is quan-
tified by the convolution by the charge carrier concentration,
n, and the carrier mobility, 4*. The charge transfer phenomena
in conductive MOF generally occur through three pathways: (i)
through-bond, (ii) extended conjugation, and (iii) through-
space. Thiol or thioether-based MOFs often exhibit conduction
via a through-bond mechanism. Charge transport may occur
via continuous coordination or covalent routes known as
charge transfer through-bond pathways.”!
property of some of the thiol-based MOFs was reviewed by
Deng et al. recently.® The MOF-74 family of MOFs have a great
contribution in the category of conducting MOFs (formula
M,(DOBDC) where M = divalent metal; DOBDC = 2,5-dioxido-
benzene-1,4-dicarboxylate) because it exhibits 1D hexagonal
channels and infinite SBUs connecting through (-M-O),
chains, which are responsible for its conductivity."*®***° Sun
et al. proposed that if the thiol group can replace the hydroxy
group of the linker, it can increase the conductivity of the
MOF because of the better energy matching between the fron-
tier orbitals of the metal and the thiolate group.>®® So, the
main idea for synthesizing thiol-based MOFs for conductive
application is to replace the (-M-O-), chains to (-M-S-),, for
better conductivity. Experimentally it was observed that the
framework Mn,(DSBDC)(DMF),, where M = divalent metal and
DSBDC = 2,5-disulfidobenzene-1,4-dicarboxylate, exhibits a
one order higher conductivity (2.5 x 107> S em™") value than
their corresponding oxygen-analogous Mn,(DOBDC) (3.9 x
107" S em™") because of the presence of an infinite (-M-S-),
chain (Table 14, entry no. 1 and 2).'° The conductivity of Fe
material (3.9 x 107° S cm™") Fe,(DSBDC) (Table 14, entry no. 4
and 5) reported by Dinci and co-workers in 2015 is nearly 10°
times higher than Mn,(DSBDC) which is also higher than the
corresponding oxygen-analogous Fe,(DOBDC) (3.2 x 1077 S
em™").*® The higher conductivities of Fe material may be due
to the loosely bound electrons in the  spin d band of the Fe**,
which decreases the bandgap. Sun et al. also studied the effect
of DMF in the framework and observed that the guest-free
compound shows a little lower conductivity than the as-syn-
thesized material. The defect that originates from the solvent
exchange and evacuation process may be the reason for the
lowering of conductivity. Eu(DFDMT), with a band gap of 1.31
eV shows the conductivity of 4.56 x 107® S cm™" due to the
presence of a metal-thiolate network with extended
n-conjugation (Table 14, entry no. 6).”° ZrBPD-4F4TS reported
by Zhou et al. shows a conductivity of 1.1 x 107> S em™" and a

The conductive

17646 | Dalton Trans., 2023, 52,17623-17655

Table 14 The conductivity of different thiol and thioether-based MOFs

Entry  Thiol and thioethers E,

a
no. based MOF 6(Sem™) (eV) Ref.
1 Mn,(DSBDC)(DMF), solv. 25x107% — 109
2 Mn,(DSBDC)(DMF), desolv.  1.2x107"*  0.81
3 Fe,(DSBDC)(DMF), solv. 3.9x107° — 63
4 Fe,(DSBDC)(DMF), desolv. 5.8x1077 0.27
5 Fe,(DSBDC) act. 1.5x107° —
6 Eu(DFDMT), 4.56x107°  1.31 70
7 ZrBPD-4FATS-Ox 2.2%x107° 1.66 130
8 Niz(BHT), 0.15 71
9 Niz(BHT), red. 6.7x107° 71
10 Niz(BHT), ox., vac. 160 0.010 162
11 Ni;(BHT), vac. 2.80 0.026 162
12 NizBHT 5 — 166
13 Pd;(BHT), 2.8 x1072 — 167
14 Cu-BHT 1580 168
15 Cu,(BHT) 2500 169
16 Cu;(BHSe) 110 172
17 Ag;(BHT) 250 0.0163 163
18 Ag;(BHT), 363 173
19 Au,BHT, 1.12x107* 173
20 Pt;(THT), 3.86x107* 72
21 Fe;(THT),(NH,); vac 0.034 175
22 Fe;(THT), 0.2 177
23 Co;(THT), 1.39x107° 176
24 Fe;(PTC) 10 165

band-gap of 2.75 eV. The conductivity increases about 200
times (2.2 x 1072 S cm™) in the case of crystalline
ZrBPD-4F4TS-Ox (synthesized from ZrBPD-4FATS by oxidative
treatment by FeCl;) because it couples the thiophene units of
the MOF (Table 14, entry no. 7) to form a covalent conjugate
bridge.'?!

Ni;(BHT), exhibits a conductivity value of 0.15 S cm™" in a
two-probe pressed pellet, which increases to 2.80 S cm™" for a
four-probe pressed pellet (Table 14, entry no. 8-12).”""®* The
presence of a mixed valent charge state (0 and 1) may be the
reason for the high conductivity in this material. The oxidised
form of the material shows the highest conductivity of 160 S
em™', whereas the reused form shows the lowest conductivity
value of 6.7 x 107 S em™". Niz;BHT is nonporous in nature and
shows a very small surface area of 25 m”> g™, although it
showed a high specific capacitance of 245 F g, corresponding
to a volumetric capacitance of 426 F cm™>, and behaves as a
pseudocapacitor, which is very rare for this type of nonporous
material.'®® In comparison with Ni;(BHT),, Pd;(BHT), shows a
relatively lower conductivity of 2.8 x 107> S cm™" which may be
due to the lower quality of the sample (Table 14, entry no.
13)."®” Cu-BHT shows the highest conductivity (1580 S cm™" at
room temperature) among this type of dense (lower porosity)

This journal is © The Royal Society of Chemistry 2023
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material (Table 14, entry no. 14)."°® A higher conductivity of
2500 S cm™" was observed for the better crystalline sample as
reported by Jin et. al (Table 14, entry no. 15)."”° Cu-BHT is the
first example of a coordination polymer which could act as a
superconductor due to its unique structural density."”® Huang
et al. utilized Cu-BHT as an efficient electrocatalyst for the
HER."" Cu;(BHSe) also exhibits similar conductivity to Cu-
BHT but in thermally activated conditions (Table 14, entry no.
16)."> The infinite silver-sulfur network containing 2D
Ags(BHT) shows the conductivity of 250 S cm™". The charge
carrier capacity of this MOF originated from Ag-Ag and Ag-S-
Ag chains, which is different from Cu-BHT and Ni-BHT
(Table 14, entry no. 17)."°®> Ag;BHT, and AuzBHT, are relatively
dense in structure and show significant conductivity of 363 S
em™' and 1.12 x 107" S cm™" (Table 14, entry no. 18 and
19)."”® M-BHT (where M = Co, Ni, Fe) acts as an efficient elec-
trocatalyst for the HER, and the efficiency order is found to be
CoBHT > NiBHT > FeBHT.”

Thiol-functionalized triphenylene based MOFs are also well
known for their significant conductivity. Pt;(THT), shows the
conductivity of 3.86 x 10™* S em™" (Table 14, entry no. 20).”>
Structurally similar Coz(THT), and Fe;(THT), exhibited signifi-
cant conductivity of 1.4 x 10> Scm™ and 3.4 x 107> S cm ™" at
300 K (Table 14, entry no. 21).">'7® Co,(THT), is also an
efficient electrocatalyst for the HER whereas Fe;(THT), shows
the highest conductivity among this type of material due to
band-like charge transportation (Table 14, entry no. 22 and
23)."7* According to Clough et al., while investigating solvent-
free Fe3(THT), in the presence of air, the conductivity was
further improved, exhibiting metallic behaviour, which can be
attributed to the compound’s propensity for easy oxidation.'””
Electrocatalyst Co-THT or Ni-THT shows an overpotential of
283 mV and 315 mV with the Tafel slope of 71 and 76 mV
dec™ in 0.5 M H,SO, solution.'”® Nis(THT), acts as an
efficient electrocatalyst, which shows the overpotential of
333 mV and a Tafel slope of 80.5 dec™" in 0.5 M H,SO, solu-
tion.'”® 1In acidic conditions (pH = 1.3) the MOFs
[Cos(BHT),]*~ and [Cos(THT),]*~ show an overpotential of 0.34
V and 0.53 V at 10 mA cm™?, respectively, for the HER reac-
tion."”* The mechanism involves protonation of the sulfur
sites on the dithiolene ligands subsequent to the first
reduction of Co’"/Co**. Perthiolated coronene-based MOF
Fe3(PTC) shows conductivity up to 10 S em ™" at temperatures
below 20 K; the observed phenomenon can be attributed to
the hybridization of d and p orbitals originating from iron
(Fe), the coronene core, and the iron-sulfur Fe-S, nodes
(Table 14, entry no. 24)."®® Co-PTC shows a conductivity of 45 S
em™' and acts as an excellent HER catalyst whereas Ni-PTC
exhibits a conductivity of 10 S ecm™."®>'¥" The benzene-
1,2,4,5-tetrathiolate (BTT)-containing thiol MOF NiBT exhibits
an overpotential of 470 mV at pH = 1.3 with a current density
of 10 mA cm™>.'%*

Thiol MOF-based composite CC@UiO-66(SH), combined
with a Li-S battery exhibits a better discharge capacity of
1209 mA h g" at 0.1 C, outstanding cyclic stability, and high
efficiency.’®® Recently, Mandal and co-workers reported the

This journal is © The Royal Society of Chemistry 2023
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HER activity (hydrogen evolution reaction) of Au and Ag nano-
particle immobilized thiol NU-1000-SH."**'*° The composite
material Au@NU-1000-SH exhibits an overpotential of 101 mV
at a current density of 10 mA cm > with a Tafel slope of 44 mV
dec™. The control experiment explains the importance of
specific thiol MOF and Au nanoparticle interaction in the HER
experiment, which shows cycling stability up to 36 h."**
Ag@NU-1000-SH demonstrated an overpotential of 165 mV at
a current density of 10 mA cm™? with a Tafel slope of 53 mA
dec™'.”®® Mandal and co-workers have also synthesized
Ag@UiO-66-SH and utilized it as an efficient electrocatalytic
catalyst for carbon dioxide reduction.'”® The silver nano-
particle-incorporated catalyst shows a mass activity of 218 A
¢! with a faradaic efficiency (FE) of 74% and a high partial
current density of 19.5 mA cm > at —1.2 V for CO. Recently Li
et al. utilized Ag@Zr-DMBD to to achieve reversible stripping,
which shows a specific capacity of 159.8 mA h g~ *.*%”

6.5. Proton conductivity

In recent years proton exchange membrane fuel -cells
(PEMFCs) have received enormous attention because of their
efficient energy conversions and nearly zero emission.*""
Popular PEMFCs contain terminal sulfonic acid groups, which
help with high proton conductivity in humid conditions.>*?
Polysulfones, polybenzimidazoles, polyimides, and polyaryl
ether ketones are some of the alternative materials being inves-
tigated for use in PEMFCs; however, the aromatic-based poly-
mers need functionalization with a sulfonic acid group to
provide effective proton conductivity.>®® The construction of
PEMFC membranes using MOFs is important because of the
tunable pore surface and the regularity of the void space in the
structure. The proton conductivity of a substance is a measure
of its proton mobility. One method to boost proton mobility is
to include guest molecules in the MOF structure, such as tri-
azole or imidazole ammonium cations or hydronium ions.
These encased molecules create a proton conduction route by
hydrogen bonding with water molecules already present in the
lattice. The alternative strategy takes advantage of an acidic
organic moiety since the pK, values of the functional group
determine the proton conductivity.?** The commercially avail-
able, highly efficient PEMFC Nafion contains sulfonic acid
groups in terminal positions. So, researchers tried to install
the sulfonic acid groups in the MOF for high conductivity. The
direct interaction between a sulfonic acid-containing ligand
and a metal ion to introduce a non-coordinating sulfonic acid
group in a metal-organic framework (MOF) is not a favourable
approach due to the tendency of the sulfonic acid group to
coordinate with metal ions. Due to these difficulties, post-syn-
thetic modifications of MOFs containing suitable functional
groups received attention.’®> Easily oxidizable thiol and
thioether-group-containing MOFs are advantageous in this cat-
egory. Thiol and thioether-based MOFs reported for proton
conductivity are listed in Table 15.

Water-stable Zr-DMBD, which contains a free-standing thiol
group, is suitable for the post-synthetic incorporation of a sul-
fonic acid group to increase the charge carrier density. Phang
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Entry no. MOFs Conductivity 6/S cm™ E,/eV Ref.
1 Ui0-66(SO;H), 8.4 x 1072 (80 °C, 90% RH) 0.32 97

2 Zr-BPDC-4SO,Me4F 1.75 % 10_4 (80 °C, 90% RH) — 130
3 ZrBPD-4F4TS 6.0x10°" (80 °C, 90% RH) 2.75 131
4 ZrBPD-4F4TS-Ox 5.0 x 10_7 (80 °C, 90% RH) 1.66 131
5 ZrTST 9.2x10" (80 °C, 90% RH) 0.97 117
6 ZrTSaT 0.37 (90 °C, 90% RH) 1.18 117

et al. reported UiO-66(SO;H), with the simple oxidation of Zr-
DMBD by H,0, (Table 15, entry no. 1).” The H,O present in
the pores of the MOF is easily converted to H;O" by the easily
donated proton from -SO;H and shows a long-term proton
conductivity of 8.4 x 107> S cm™" at 80 °C (90% relative humid-
ity). The boiling water-stable thioether-based Zr-BPDC-4S4F
(Table 15, entry no. 2) synthesized by Xian et al. shows high
proton conductivity when its thiol group is oxidized to the sul-
fonic acid group by a similar strategy."*® Zr-BPDC-4S0,Me4F is
the oxidized form of Zr-BPDC-4S4F and shows proton conduc-
tivity of 1.75 x 107* S em™ at 80 °C (90% relative humidity),
which is a thousand times more than the precursor Zr-
BPDC-4S84F (Fig. 19). The Zr MOF ZrBPD-4FATS (Table 15,
entry no. 3 and 4) synthesized by He and co-workers reported
in 2021 shows proton conductivity of 6.0 x 107> S ecm™" at
80 °C (90% RH)."**

ZrBPD-4F4TS is not acid-stable, so treating it with acid was
impossible for better proton conductivity. When acid-stable
ZrBPD-4F4TS-Ox is examined for proton conductivity, it shows
a lower proton conductivity of 5.0 x 1077 S cm™" at 90% RH
and 80 °C, which is due to the rigidity of the framework, but
when it is treated with dilute sulfuric acid, the proton conduc-
tivity increases a thousand times (1.6 x 107 S ecm ™" at 90% RH
and 80 °C).

The recently reported MOF ZrTST (Table 15, entry no. 5) by
He et al. shows proton conductivity of 9.2 x 10™* § em™
(80 °C, 90% relative humidity), which is 37 times more than
well-known thiol-based MOF Zr-DMBD (2.5 x 107> S em ™" at
80 °C, 90% RH). The m-CPBA oxidized form of ZrTST is highly
stable ZrTSaT (Table 15, entry no. 6) and shows excellent
proton conductivity of 0.22 S em™" at 80 °C and 90% RH and
0.37 S em™" at 90 °C and 90% RH.

20
duster S/
S

ZrBPD-4F4TS-Ox

ZrBPD-4FATS

H,BPD-4F4TS

Fig. 19 Synthesis of ZrBPD-4F4TS-Ox.»*! (Adapted with permission
from the Royal Society of Chemistry.)
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6.6. Photocatalytic property

Recent studies have shown MOFs as a novel class of photocata-
lysts that can degrade different materials under light
irradiation.”® The facile synthesis of MOFs is facilitated by the
availability of many metal-containing nodes and organic func-
tionalized linkers.>*® Different organic functional group-con-
taining ligands like -OH, -SH, -NO,, and -NH, are more
capable of narrowing the band gap of the MOF, which leads to
a bathochromic shift of the spectrum.*®” Some thiol and
thioether-containing MOFs show efficient photocatalytic
activity for H, evolution, CO, reduction and pollutant
degradations.100’116'137'151

6.6.1 Photocatalyst for H, evolution reaction. Thiol and
thioether-based MOFs, which are efficient photocatalysts for
HER, are listed in Table 16. Chen et al. studied the visible-
light-driven photocatalytic property of the three isoreticular
MOFs with S-functionality UiO-66-(SO3H),, UiO-66-(SH), and
Ui0-66-(SCH3),."°° Pt nanoparticles are used as a co-catalyst as
noble metal nanoparticles act as an electron reservoir.
Between these three MOFs, Pt/UiO-66-(SCH3), shows (Table 16,
entry no. 1) the highest efficiency for photocatalytic H, gene-
ration (3871 pmol g™') from water with sacrificial ascorbic acid
(0.2 M) under 4 > 400 nm irradiation (Fig. 20a).
Metalloporphyrin compounds are well known for their diverse
photophysical properties, like strong absorbance in the UV
region, outstanding photosensitizing ability, and feasible
functionalization by peripheral substitution or metal ion com-
plexations. These photophysical properties of metallopor-
phyrins make porphyrin-grafted MOFs an efficient photo-
catalyst (Fig. 20b)."'° Generally, when metalloporphyrins are
excited by photons, they create electrons and holes. The posi-
tive holes are quenched immediately by a sacrificial electron
donor (triethanolamine), and the excited electrons migrate to
the Pt co-catalyst, which leads to the reduction of H' on Pt to
generate hydrogen gases.

Pristine Zr'TTA-6SH (Table 16, entry no. 2), when tested for
its photocatalytic applications, exhibits a minimal capacity for
H, evolution, but when the pristine MOF is grafted with
different metal porphyrins (i.e., Zn, Ni, Fe), it enhances its
photocatalytic activity. Metalloporphyrin (MTFPP) guest also
acts as a robust anchor of the photocatalyst, preventing the cat-
alyst’s leaching and increasing recyclability. UiO-66-DCBDT-M
(M = Fe, Ni, Cu) synthesized by Zhong et al."'?> were examined
for the photocatalytic H, evolution reaction, where UiO-66-
DCBDT-Cu shows the best result. The noble metal free hetero-

This journal is © The Royal Society of Chemistry 2023
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Table 16 Photocatalysis activity of thiol and thioether-based MOFs for the H, evolution reaction

Entry no. Photocatalyst Light source Scavenger H, evolution (mmol h™" g™) Ref.
1 Pt/UiO-66-(SCH3), (4> 400 nm) xenon lamp Ascorbic acid 3871 100
2 Porphyrin grafted ZrTTA-6SH (4> 400 nm) TEOA 110 116
3 UiO-66-DCBDT-Cu@TiO, 300 W xenon lamp TEOA 12.63 112
4 Pt/20%-MIL-125-(SCH3), (4> 400 nm) xenon lamp TEOA 3814 137
5 SCu-CZS 225 W xenon lamp TEOA 42.55 149
6 Ni,P/UIOS (4 > 420 nm) xenon lamp Ascorbic acid 3724 151
(a) 2 tage of Co(u) ions 0.002 to 0.2%) was synthesized by reacting
By 1::2:322:.?" with different concentrations of CoCl, solution to obtain the
§ —— PUUI0-66-SO,H, photocatalytic activity of the Zr-DMBD-Co, and from the experi-
= 15] . .
5 ment, it is observed that Zr-DMBD-Co0-0.002% shows the
£ highest TON (97 941) in a water-containing system.
=
% 5 6.6.3 Catalytic reduction of Cr(vi). Cr(vi) is a water-soluble,
& . . .
highly toxic element that has a range of detrimental effects on
®) v living organisms.**® Reducing Cr(v1) to less soluble Cr(m) is a

Oy OH

HS. O SH Zr(v)

—_—

O SH SH OH v

water solution

Fig. 20 (a) At room temperature, the time course of H, production of
Pt/UiO-66-X, from aqueous solution with 0.1 vol% TEOA as an elec-
tronic sacrificial reagent.’°® (b) Schematic diagram of photocatalysis by
porphyrine-grafted ZrTTA-6SH.'® (Adapted with permission from
Elsevier Inc and the American Chemical Society.)

junction UiO-66-DCBDT-Cu@TiO, shows the HER rate of
12.63 mmol g~' h™" (Table 16, entry no. 3). The -SCH; group
containing X%-MIL-125-(SCH3), (where X is 20% and 50%)
reported by Han et al. shows high photocatalytic activity for H,
production in the presence of Pt co-catalyst (Table 16, entry
no. 4). It was found that 20%-MIL-125-(SCHj3), shows the
highest efficiency for H, production 3814 pmol g h™" in com-
parison with other well-established amino-functionalized
MIL-125."%7 This report indicates the importance of the
thioether group containing MOFs as a photocatalyst. Ni,P
nanoparticle-incorporated thioether-based composite shows
an excellent photocatalytic H, evolution efficiency of
3724 mmol h™" g7, which is 187 times the corresponding
UIOS MOF. Moreover, the composite outperforms the pre-
viously published UIOS catalyst using Pt nanoparticles
(Table 16, entry no. 6).">"

6.6.2 Photocatalysts for CO, reduction. CO, is a highly
stable linear molecule with fully oxidized carbon, which makes
the reduction of CO, unfavourable. Visible light-driven photo-
catalyst plays a vital role in CO, reduction.”®® Cobalt anchored
Zr-DMBD, abbreviated as Zr-DMBD-Co(u), is an efficient cata-
lyst for visible-light-driven CO,-to-CO conversion with high
selectivity.'®" A series of Zr-DMBD-Co-x (x is the weight percen-

This journal is © The Royal Society of Chemistry 2023

helpful strategy to address this problem. Compared with the
chemical approach, the photocatalytic reduction of Cr(vi) has
garnered interest due to its high efficiency, cheap cost, and
environmental friendliness. Some thiol-based MOFs are
efficient as a photocatalyst for Cr(vi) reductions, like
SH-Ui0-66(Zr)/Pd, which shows very high efficiency in photo-
catalytic Cr(vi) reduction.™*°

6.6.4 Photocatalytic dye degradation. Organic dyes can act
as pollutants, particularly when they are released into the
environment without proper treatment. Recently the photo-
catalytic degradation of organic dyes received considerable
attention because of their cost efficiency and sustainability.

The Ag nanoparticle composite (Ag@MOF-s-SH) of the
mesoporous MOF NH,-MIL-101(Cr)-s can photocatalytically
degrade RhB dye efficiently."*>

6.7 Gas adsorption

Runcevski et al. reported Mn,(DSBDC) containing coordina-
tively unsaturated Mn>" centres, which promotes the adsorp-
tion of multiple gas molecules simultaneously."’® Generally,
maximum gas-adsorbing MOFs are capable only of adsorbing
a single gas molecule, which limits the storage capacity of the
MOFs, but activated Mn,(DSBDC) can adsorb two gas mole-
cules, such as D,, CD, and CO,, at a time. The reason behind
this capability of the MOF is the structure where two Mn are
present with two different coordinate environments. In the
structure, six atoms from the DSBDC linker connected with
Mn(1) and in Mn(2), four atoms from DSBDC linker and two
DMF molecules with a cis arrangement connected to form two
different kinds of octahedral centre. It is hypothesized that if a
metal centre contains more than one terminal solvent mole-
cule, the activated material containing an unsaturated low
coordinating metal centre can effectively accommodate more
gas molecules.

In the case of CPM-8S, the surface area is surprisingly lower
than in ZIF-8, but it shows a high adsorption of 107 cm® g™*
for CO,, which is much higher than ZIF-8 (29 em® g~').”°
CPM-8S can separate light hydrocarbons like C,Hs, C,H, and
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C,H,. Triphenylenehexathiol-containing MOFs with Co, Ni,
and Cu were examined for the electrochemically controlled
reversible capture and release of ethylene.*'® It was observed
that the application of a positive potential (+2.0 V) promoted
ethylene capture, and by applying a negative potential of (—2.0
V), the gases could be released, which was quantified by NMR.

7. Concluding remarks and future
perspectives

In recent years, there has been significant interest in thiol and
thioether-based MOFs due to their distinctive advantages, viz.
a combination of both hard and soft functional groups, high
stability, and wide-ranging applications, including catalysis,
sensing, gas adsorption, conductivity, and heavy metal adsorp-
tion. Despite the benefits of thiol and thioether-based MOFs,
it is essential to highlight related challenges like the following.
(i) Synthetic difficulties: due to the limited accessibility of thiol
and thioether-based ligands, a perpetual shortage of these
ligands persists. In the majority of instances, the synthesis of
ligands involves a series of sequential reactions that require
inert conditions and anhydrous solvents. This requirement
renders the synthesis process both laborious and costly. The
propensity to oxidation of thiol and thioether groups also
creates difficulties for synthesizing thiol and thioether-based
MOFs. (ii) Difficulties in structure determinations: as many
thiol and thioether-based MOFs are powder in nature, it
creates difficulties in analyzing the structures. (iii) Strong
interaction with heavy metals: many thiol-based MOFs act as
an adsorbent, so strong interactions between the S and heavy
metals make reversible processes difficult and make the adsor-
bent less efficient by slowing the desorption process. (iv)
Practical applications: maximum reported thiol and thioether-
based MOFs are far from their industrial application and only
prove the concept.

Despite the difficulties of thiol and thioether-based MOFs,
a decent number of MOFs of this family were synthesized,
characterized, and utilized for catalysis, sensing, heavy metal
adsorption, conductivity, and other applications. Regardless of
the explorations of thiol and thioether-based MOFs from the
last 15 years, there is always the opportunity for synthesizing
new thiol and thioether-based ligands by organic transform-
ations, which will lead to corresponding thiol and thioether-
based MOFs. Post-synthetic modifications are vast, so there is
always scope for synthesizing new thiol and thioether-based
MOFs from well-established MOFs with different functional-
ities. Many directions are yet to venture, like synthesizing
different thiol and thioether-based MOFs containing other
functional groups, which may bring an exciting property to the
MOF. There is also the opportunity to synthesize different
MOFs from thiol and thioether-based MOFs, like thiol oxi-
dation to sulfonic acid groups, thiol groups to other thioether
chains, etc.

Considering the potential and difficulties that lie ahead, we
think this particular class of MOFs has a diverse and exciting
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future. In this perspective, we have summarized all the aspects
of the bi-functional thiol and thioether-based MOFs like syn-
thetic approaches where two major classes of synthetic
approach, i.e. synthesis from thiol and thioether-based ligands
and synthesis by indirect methods, along with structural differ-
ences, has been discussed. Thiol and thioether-based MOFs
show applications in a wide range of areas.

In conclusion, thiol and thioether-based MOFs represent
a fascinating and rapidly evolving area of research in func-
tional materials. Their unique properties, structural versati-
lity, and diverse applications underscore their potential
impact across heavy metal adsorption, sensing, catalysis, gas
adsorption and conductivity. As researchers continue to
push the boundaries of MOF science, it is clear that thiol
and thioether-based MOFs will continue to captivate our
attention and contribute to scientific advancements in the
years to come.

We believe this perspective will help the researcher
understand the area of thiol and thioether-based MOFs pre-
cisely. We want to highlight Dr. Zhengtao Xu’s contribution
(https://orcid.org/0000-0002-7408-4951) for his substantial
contributions in this area (thiol and thioether-based
MOFs). We sincerely apologize for missing any significant
results.
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