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A thiol-containing zirconium MOF functionalized
with silver nanoparticles for synergistic CO2 cyclo-
addition reactions†

Rajesh Patra and Debajit Sarma *

Thiol-containing biomolecules, such as cysteine and glutathione, play essential roles in regulating the

polarity and reactivity of the systems. Among functional MOFs, thiol MOFs, a subclass with a thiol group-

containing ligand, are relatively less explored due to their synthetic challenges and stability and storage

issues. Despite these drawbacks, they have many advantages due to the electronically soft thiol groups

with strong reactivity and affinity toward soft metal ions. Herein, we have taken advantage of the affinity

between thiol groups and a soft metal (Ag) by functionalizing a thiol MOF with Ag ions and finally synthe-

sizing a silver nanoparticle-functionalized heterogeneous catalyst (Ag@Zr-DMBD). The Zr,Ag centre of

the thiol MOF catalyst acts as an active centre and synergistically binds with the electron-rich oxygen

atom of a terminal epoxide for efficient CO2 fixation to the corresponding cyclic carbonates under atmos-

pheric CO2 pressure in 8 h. Finally, a rationalized reaction mechanism is proposed based on literature

reports and current results. This work presents a viable strategy for using thiol MOFs as heterogeneous

catalysts for CO2 fixation under mild conditions.

Introduction

Metal–organic frameworks (MOFs) are a class of porous
materials formed by the combination of metal ions or nodes
and organic linkers.1–5 MOFs have received substantial interest
in the field of porous materials during the last three decades
due to their unique properties such as high crystallinity,6 poro-
sity,7 large surface area,8 etc. and applicability in a variety of
disciplines, such as gas storage and separations,9–11 conduc-
tivity,12 drug delivery,13 catalysis,14–18 sensing,19–23 and many
others.24–27 The presence of the inorganic nodes and organic
linkers in the MOF structure has given the advantage of tuning
both the inorganic and organic parts for a desired application.
Ligands containing carboxylic groups and N-based donor
centres constitute the two major classes of ligands for MOF
structures. Similarly, over the years, carboxylic acid ligands
containing different functional groups such as alkyl(–R),28

halogen (–X),29 amine (–NH2),
30 and alcohol (–OH)31 groups

have been utilized predominantly. In this category of func-
tional MOFs, thiol group (–SH) containing MOFs are relatively
less explored due to the scarcity of thiol-based ligands, syn-
thetic challenges, and storage issues.32,33 The thiol or sulfhy-

dryl group is an important functional group in chemistry and
biology.34 Cysteine, a thiol-containing amino acid, plays an
essential role in the formation and reactivity of almost all
enzymes and proteins.35 Similarly, thiol-rich proteins store
and transport many essential cations (Cu2+, Zn2+, etc.) in
humans.36 Free thiol-containing glutathione (GSH) acts as an
antioxidant in plants.37 Several enzymes use thiol groups as
active sites, which allows them to bind with metal cations and
increase their catalytic activity.38 Hence, thiol-based MOFs are
an area of immense interest but still relatively unexplored.39

Bi-functional ligands (containing carboxylic-acid and thiol
acid groups) such as 2,5-dimercaptoterephthalic acid
(H2DMBD),32 3,3′-dimercapto-1,1′-biphenyl-4,4′-dicarboxylic
acid (H2DMBPD),40 4,4′,4″,4′′′-(pyrene-1,3,6,8-tetrayl)tetrakis
(2,6-dimercaptobenzoic acid) (H4OMTP)41 etc., are commonly
used as thiol-based ligands for synthesizing thiol MOFs. As the
thiol ligands contain two electronically different functional
groups (–COOH as an electronically hard functional group and
–SH as an electronically soft functional group), the electronic
nature of metal ions plays a distinct role in the synthesis and
structure of thiol MOFs, as hard metal ions bind with an elec-
tronically hard functional group and soft metal ions bind with
soft functional groups in accordance with the HSAB principle.
For synthesizing MOFs with free thiol groups, an electronically
hard metal such as zirconium (Zr) is used exclusively.32,40,41 In
2013, Xu and co-workers reported the first stable thiol MOF,
Zr-DMBD, by the reaction between ZrCl4 and 2,5-dimercapto-
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terephthalic acid (H2DMBD), which forms an isoreticular
framework of UiO-66.32,42 As the Zr metal ion is electronically
hard, it only bonds with electronically hard carboxylic acid
groups, and the thiol groups remain free-standing in the MOF
structure. By utilizing the free-standing thiol groups of the
stable MOF, Zr-DMBD was used for various applications such
as heavy metal adsorption,32 photocatalysis,43 heterogeneous
catalysis,44 etc. Many studies have used Zr-DMBD as a Hg
adsorbent due to the propensity of the free thiol group to form
a covalent bond with electronically soft mercury ions.32,45 Xu
and co workers have demonstrated the application of Zr-
DMBD for efficient Hg adsorption.32 In 2018, Sun and co-
workers studied the Hg adsorption mechanism of Zr-DMBD.46

Phang et al. studied the super protonic conductivity of Zr-
DMBD analogues.47 In 2018, Liu et al. reported the photo-
catalytic conversion of CO2 to CO, using Co-anchored Zr-
DMBD.43 The application of thiol MOFs for heterogeneous cat-
alysis is relatively unexplored.48 However, because they contain
an electronically soft thiol functional group that can anchor
many catalytically active metal centres such as Pd, Ag, and Au,
there is a real possibility that they could be used as catalysts
for effective organic transformations.49–53

Atmospheric CO2 concentrations are rising steadily and
have already surpassed 400 ppm, causing severe environ-
mental concerns, viz., global warming, climate change, ocean
acidification, etc.54,55 Even though several CO2-absorbent
materials have been developed over the years, it’s clear that
this is not a fool-proof strategy for dealing with the
problem.56–58 Much work is being done to find ways to put
carbon dioxide to use that will help mitigate the issue, such as
making valuable chemicals and fuels out of it.59–61 However,
the high thermodynamic stability and kinetically inert nature
of CO2 make the process challenging.62,63 Hence, developing
efficient heterogeneous catalysts for carbon capture and its
utilization (CCU) has attracted significant attention in the past
few decades.64,65 Mainly, synthesis of cyclic carbonates from
epoxides has attracted considerable attention because of their
applications as fine chemicals in pharmaceutical industries,
starting materials in polymer industries, electrolytes in battery
industries, etc.66,67 Over the years, zeolites,68 porous-organic
polymers (POPs),69 coordination organic frameworks
(COFs),70,71 metal–organic frameworks (MOFs),72–77 and nano-
particle supported materials49–53,78 have been utilized for the
conversion of epoxides to cyclic carbonates. Still, due to the
chemical inertness of CO2, the utilized reaction conditions in
these catalysts are relatively harsh.79

Silver-based materials are well known for CO2 fixation
reactions.80–86 In particular, for catalytic conversion of term-
inal epoxides to cyclic carbonates, different silver complexes,87

silver-based MOFs,85 and silver nanoparticle incorporated
materials have been utilized.83,84,86,88 In a recent report Li
et al. demonstrated that silver active sites surrounded by gold
nanoclusters show efficiency in the ring-opening of epoxides,
and the incorporation of CO2 can act as a driving force for the
conversion.89 Still detailing the use of silver-containing
materials in the cycloaddition of epoxides is primarily an

uncharted territory. So, synthesizing a new silver nanoparticle
containing heterogeneous catalyst for converting terminal
epoxides to cyclic carbonates is advantageous.

Herein, we have successfully synthesized a well-known
stable thiol MOF Zr-DMBD and utilized its free-standing thiol
group to functionalize with the catalytically active metal centre
Ag(I) followed by reduction to Ag nanoparticles. The Ag nano-
particle functionalized thiol MOF Ag@Zr-DMBD was utilized
for the CO2 fixation reaction. The catalyst reaches its
maximum conversion capacity (>99%) in 8 hours at ambient
pressure and temperature for the model reaction. Due to the
presence of the electronically soft thiol group (–SH) in the
MOF structure, it can easily form a covalent bond with the
electronically soft Ag centre, which prevents the catalyst from
leaching during the reaction.

Experimental sections
Materials and methods

All commercially available reagents were purchased from
different sources and used without further purification. 2,5-
Dihydroxyterephthalic acid diethyl ester and anhydrous di-
methylformamide (DMF) were acquired from Sigma Aldrich
Corporation. CDH Chemicals supplied 1,4-diazabicyclo[2.2.2]-
octane (DABCO), tetrabutylammonium bromide (TBAB), di-
chloromethane (DCM) and silver nitrate (AgNO3). TCI India
Corporation was the source of all terminal epoxides.

Synthesis and characterization

Synthesis of the thiol ligand 2,5-dimercaptoterephthalic
acid (H2DMBD). The thiol-based ligand 2,5-dimercaptoter-
ephthalic acid (H2DMBD) was synthesized by a three-step organic
transformation following the previously reported procedure.32,46,90

The details of the organic transformation are given in the ESI,†
and it was characterized by 1H NMR (Fig. S1–3†).

Synthesis of the catalyst Ag@Zr-DMBD. The silver-functiona-
lized catalyst Ag@Zr-DMBD was synthesized by post-synthetic
silver nanoparticle functionalization in the well-known stable
thiol MOF Zr-DMBD which was synthesized following the
reported procedure given in the ESI.†32,46 A solution impreg-
nation method was utilized to synthesize the catalyst
(Scheme 1).91 Briefly, 50 mg of Zr-DMBD was stirred for
8 hours in an acetonitrile solution with a certain amount of
AgNO3 to obtain Zr-DMBD–Ag(I). Finally, reducing Zr-DMBD–
Ag(I) with NaBH4 leads to the silver nanoparticle functiona-
lized catalyst Ag@Zr-DMBD. Detailed synthetic procedures are
given in the ESI.†

Results and discussion
Structure of Zr-DMBD

The stability of the metal–organic framework (MOF) UiO-66
(UiO = University of Oslo) reported in 2008 by Lillerud and co-
workers was a significant milestone.42 It was synthesized by
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reacting 1,4-benzenedicarboxylic acid (H2BDC) with ZrCl4. The
formula of UiO-66 is Zr6O4(OH)4(BDC)6, where 1,4-benzenedi-
carboxylate struts are connected to Zr6O4(OH)4 clusters as
12-connected nodes. Zr-DMBD, with the chemical formula
Zr6O4(OH)4(DMBD)6, is isostructural to UiO-66 (Fig. 1), which
is confirmed by the PXRD pattern.32 In the Zr-DMBD structure,
the carboxylic group is connected to the electronically hard Zr
cluster, and the electronically soft thiol group remains a reac-
tive free-standing group.

Characterization

The phase purity of the as-synthesized thiol MOF Zr-DMBD
was analyzed by powder X-ray diffraction (PXRD). The PXRD
peaks perfectly match with the simulated UiO-66 (comprises
Zr6O4(OH)4 clusters as 12 linked nodes and linear 1,4-benzene-
dicarboxylate struts) patterns which confirm the phase purity
of the synthesized Zr-DMBD (Fig. 2a). The FTIR spectra of Zr-
DMBD show the corresponding thiol peak at 2555 cm−1, con-
firming the presence of free-standing thiol groups (Fig. 2b).
The Ag functionalization in the thiol group of Zr-DMBD was
confirmed by SEM analysis (Fig. 2c and Fig. S4†), which is also

supported by IR spectroscopy where the –S–H peak of the
parent compound is diminished (Fig. 2b). The PXRD pattern
of the corresponding catalyst Ag@Zr-DMBD also matches well
with that of Zr-DMBD (Fig. 2a), confirming the framework’s
stability but the absence of any characteristics peak of Ag
nanoparticle indicates the low loading of Ag nanoparticles.

Furthermore, FESEM analysis revealed that the cubic mor-
phology of Zr-DMBD was retained even after Ag functionali-
zation (Fig. 2c and Fig. S4†). The amount of Ag functionali-
zation in the thiol MOF was examined by SEM-EDX, and it shows
a 2.96 weight% loading of the Ag nanoparticles in the MOF
moiety (Fig. S5†). The comparison between the TGA plots of the
parent MOF Zr-DMBD, Zr-DMBD–Ag(I) and the catalyst Ag@Zr-
DMBD shows that the stability of the catalyst is retained upon Ag
functionalization (Fig. S6†). The size and distribution of silver
nanoparticles were analyzed by TEM (Fig. 2d). In the HR-TEM
image of the material, lattice fringes were observed, spaced at
0.23 nm, corresponding to the (111) plane of the Ag nanoparticle,
further confirming the material’s crystallinity (Fig. 2e). The
average size of the spherical Ag nanoparticles is around 5.50 nm
(Fig. 2f). The XPS survey spectrum confirms the presence of all
elements Zr, C, O, S, and Ag (Fig. 2g). XPS analysis also confirms
the presence of silver nanoparticles through the corresponding
peaks of Ag 3d5/2 and Ag 3d3/2 at 368.2 and 374.2 eV, respectively
(Fig. 2h).91 The S 2p peaks of the synthesized catalyst were
observed at 163.2 eV, which is shifted from the reported value of
163.5 for Zr-DMBD, confirming the interaction of thiol with silver
nanoparticles, and the peak at 168.4 is due to oxidized sulfur,
which could happen upon contact with the AgNO3 salt
(Fig. S7†).43,92

Gas adsorption analysis

For gas adsorption analysis, the compound was made solvent-
free by immersing in methanol, changing to fresh methanol at
12 h time intervals, and finally drying in a vacuum oven for 12 h
at 60 °C. N2 adsorption measurements were carried out to
confirm the microporous nature of the pristine MOF Zr-DMBD
and the silver nanoparticle functionalized catalyst Ag@Zr-DMBD
at 77 K. From the N2 adsorption–desorption isotherm, it can be
seen that both Zr-DMBD and Ag@Zr-DMBD show type IV plots.
The as-synthesized thiol MOF Zr-DMBD shows (Brunauer–
Emmett–Teller) a BET surface area of 190 m2 g−1 which is close
to the reported surface area of 262.81 m2 g−1.46 The synthesized
catalyst Ag@Zr-DMBD exhibits a BET surface area of 89 m2 g−1

(Fig. 3a), and the reduction of the surface area in the catalyst
indicates the functionalization of silver in the pristine MOF. The
average pore width of the catalyst increases from 1.18 nm to
2.47 nm for Zr-DMBD to Ag@Zr-DMBD conversion (Fig. S8†).
The CO2 adsorption analysis shows 18 and 5.2 cm3 g−1 uptake at
298 K (Fig. 3b) for Zr-DMBD and Ag@Zr-DMBD, respectively.

Utilization of the Ag@Zr-DMBD catalyst for solvent-free
fixation of CO2 to the corresponding cyclic carbonates

The catalyst Ag@Zr-DMBD contains catalytically active Ag
nanoparticles, which can act as auxiliary binding sites for CO2;
it also contains Brønsted acidic sites (Zr-OH/OH2) and moder-

Scheme 1 Synthesis of the Ag nanoparticle functionalized thiol MOF
Ag@Zr-DMBD.

Fig. 1 Structure of UiO-66 and replacement of the organic linker by
the thiol linker (DMBD) to form the thiol-MOF with a UiO-66 topology
(drawn by modifying the CIF file Information card for entry 4512072).
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ately polar thiol groups, which encouraged us to study the
efficiency of the catalyst for CO2 fixation. Therefore, the activity of
the catalyst was investigated using epichlorohydrin (EPH) as a
model reaction under solvent-free and atmospheric pressure con-
ditions (1 bar CO2 balloon). The initial reaction screening was
done using a blank reaction (without a catalyst), which shows no
conversion of the starting material to cyclic carbonate (Table 1 Sl.
no. 1). The precursor materials showed no evidence of catalytic
conversion (Table 1 Sl. no. 2 and 3). Silver nitrate (AgNO3) alone
exhibits 20% conversion of epichlorohydrin to the corresponding
cyclic carbonate at 60 °C (Table 1 Sl. no. 4). On the other hand,
the thiol MOF Zr-DMBD shows a low conversion of 36% without
any co-catalyst (Table 1 Sl. no. 7).

So, for further enhancement of the conversion of the
product, tetrabutylammonium bromide (TBAB) was chosen as

a co-catalyst. We have also used TBAB as a solo catalyst, which
shows a conversion of 29% (Table 1 Sl. no. 5), and when TBAB
is mixed with the precursor MOF, Zr-DMBD, it shows a conver-
sion of 66% (Table 1 Sl. no. 8). The catalytic potential of Ag(I)-
functionalized thiol MOFs (Zr-DMBD–Ag(I)) was also investi-
gated, but only at room temperature, where they were found to
achieve a conversion of 32%; this catalysis was avoided at high
temperatures, which would have led to their decomposition
and the formation of nanoparticles in the reaction mixture
(Table 1 Sl. no. 9), where the nanoparticle functionalized cata-
lyst Ag@Zr-DMBD shows a comparatively high conversion of
38% at room temperature in 8 h (Table 1 Sl. no. 11). Finally,
the reaction demonstrated maximal conversion of epichlorohy-
drin to the corresponding cyclic carbonate for 5 mmol of sub-
strate when carried out using 10 mg of the Ag@Zr-DMBD cata-

Fig. 2 (a) PXRD of simulated UiO-66, Zr-DMBD, Zr-DMBD–Ag(I) and Ag@Zr-DMBD; (b) FTIR spectra of H2DMBD, Zr-DMBD, Zr-DMBD–Ag(I) and
Ag@Zr-DMBD. (c) SEM image of the catalyst Ag@Zr-DMBD; (d) TEM image of Ag@Zr-DMBD. (e) HR-TEM images of Ag@Zr-DMBD showing fringes;
(f ) size distribution histogram of Ag nanoparticles; (g) survey spectrum of Ag@Zr-DMBD; (h) XPS spectra of Ag 3d.

Fig. 3 (a) N2 adsorption isotherms for Zr-DMBD and Ag@Zr-DMBD at 77 K and (b) CO2 adsorption–desorption isotherms at 298 K.
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lyst combined with TBAB (2 mol%) at 60 °C and 1 bar CO2

pressure for 8 hours (Table 1 Sl. no. 12 and Fig. S9†).
It is worth noting that a wide range of metal–organic frame-

works (MOFs) and zeolitic imidazolate frameworks (ZIFs) con-
taining Lewis acidic and nanoparticle (NP) sites are used for
CO2 fixation reactions, and many of these show catalytic
activity in the presence of solvents and under high tempera-
ture and pressure conditions (as summarised in Table S1†).
The thiol MOF based catalyst Ag@Zr-DMBD is utilized for CO2

fixation reactions, and the results demonstrate comparable
activity with that of reported benchmark catalysts.82

Optimization and kinetics study

Since temperature is a major component for thermo-
dynamically and kinetically regulated products, the reaction
was carried out at varying temperatures to optimize it, keeping
the amount of the catalyst and co-catalyst constant. To stop
the formation of unintended by-products (diols),93 the reaction
was carried out at relatively low temperatures viz., 30, 40, 50,
and 60 °C, resulting in 38, 73, 90, and 99% conversions of epi-
chlorohydrin to cyclic carbonate, respectively, in 8 hours,
which was examined by proton NMR of the reaction mixture
(Fig. 4a). At 60 °C, a similar kinetics study with varying time
intervals yielded 34% conversion after 2 hours, 60% conver-
sion after 4 hours, 85% conversion after 6 hours, and 99%
conversion after 8 hours, as confirmed by proton NMR
(Fig. 4b).

After fixing the two significant parameters of the reaction,
temperature and time, the kinetics of the reaction was also
studied to optimize the amount of catalyst and the amount of
co-catalyst (TBAB). The co-catalyst is a very important factor in

this reaction; on changing the mol% of TBAB, the reaction
conversion changes, showing 60, 76, 90 and maximum conver-
sion of 99% for 0.5, 1, 1.5 and 2 mol% of the co-catalyst
(Fig. 4c) as observed by NMR spectroscopy (Fig. S9†). The cata-
lyst shows maximum conversion with 10 mg catalyst when all
other parameters are constant, and when 4, 6 and 8 mg of the
catalyst was used for the reaction, it shows conversions of 49,
59, and 85%, respectively (Fig. 4d), as observed from NMR
spectra (Fig. S10†).

Catalyst recyclability and substrate scope

Ideally, heterogeneous catalysts have to be chemically stable
and reusable. In this case, the synthesized catalyst is stable in
the reaction media and recyclable for up to four cycles, but
after the fourth round of recycling, conversion slightly reduces
to 96% (Fig. 5a). The catalyst shows 99, 99, 98 and 96% conver-
sion from the 1st to 4th cycle, respectively (Fig. S18†). This
experiment was performed thrice and it exhibited minimal
standard deviation. The recyclability of the catalyst was tested
by extracting the catalyst by centrifugation, washing it with
methanol, and reusing it after drying at 60 °C for 12 h. The
PXRD of the catalyst was tested after 1st and 4th cycles. After
the 1st cycle, the crystallinity remains almost similar to that of
the parent catalyst, and after the 4th cycle, the crystallinity
decreases, although the characteristic PXRD peaks are almost
identical (Fig. S19a†). The IR spectra of the catalyst were also
collected after 1st and 4th cycles, and no significant changes
were observed (Fig. S19b†). The catalyst leaching test was per-
formed by the hot filtration method where the catalyst was fil-
tered after 2 h and the reaction continued for another 8 h; only
a negligible increase in catalytic conversion (due to TBAB) was
observed, which ruled out the possibility of leaching (Fig. 5b).
SEM-EDX analysis shows near identical Ag amount in the cata-
lyst after the catalysis reaction, which supports the non-leach-
ing behaviour of the catalyst (Fig. S20†).

To examine the versatility of the catalyst, a range of term-
inal epoxide substrates were examined under the optimized
conditions. Since our model reaction was based on a liquid
substrate, epichlorohydrin, different liquid substrates were
chosen to cover a wide range of substrate scope (Table 2). High
conversions such as 99% and 94% were observed for propy-
lene oxide (Fig. S12†) and 1,2-epoxybutane (Fig. S13†), but the
conversion decreases i.e. 90% for the substrate 1,2-epoxyhex-
ane (Fig. S14†), 60% for styrene oxide (Fig. S15†) and 50% for
1,2-cyclohexane oxide (Fig. S16†). The decreasing trend of con-
version can be explained by electronic and steric factors.94 The
ring-opening of epoxide is considered as the rate-determining
step in the cycloaddition process. The electron-withdrawing
properties of the chloromethyl group in epichlorohydrin make
this process easier and result in high conversion values com-
pared to those of the electron-donating group containing sub-
strates. The steric hindrance increases from propylene oxide to
1,2-epoxyhexane with increasing chain length of the aliphatic
moiety and leads to a decline in conversion. Similarly, the
bulky phenyl group in styrene oxide and two rings in 1,2-cyclo-
hexane oxide enhanced the steric crowding and decreased the

Table 1 Screening of the catalyst for the cycloaddition of epichlorohy-
drin and CO2

Sl.
no. Catalyst

Temperature
(°C)

Time
(h)

Conversion
(%)

1 — 60 8 —
2 ZrCl4 60 8 —
3 H2DMBD 60 8 —
4 AgNO3 60 8 20
5 TBAB 60 8 29
6 AgNO3/TBAB 60 8 47
7 Zr-DMBD 60 8 36
8 Zr-DMBD/TBAB 60 8 66
9 Zr-DMBD–Ag(I)/

TBAB
RT 8 32

10 Ag@Zr-DMBD 60 8 51
11 Ag@Zr-DMBD/

TBAB
RT 8 38

12 Ag@Zr-DMBD/
TBAB

60 8 >99

Reaction conditions: 5 mmol epichlorohydrin, catalyst 10 mg, co-
catalyst (TBAB) 2 mol%, atmospheric pressure (CO2 balloon).
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conversion. The synthesis of α-alkylidene cyclic carbonates
from propargylic alcohol is another vital area of CO2

fixation.95,96 Silver-based catalysts have been utilized owing to
their efficiency in converting propargylic alcohol to the corres-
ponding cyclic carbonates.97,98 The alkynophilic silver centre
of the catalyst interacts with the CuC of propargylic alcohols
and polarizes the alkyne bond, which leads to cyclic carbon-
ates in the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) and a CO2 balloon.18,99 To utilize the alkynophilic
nature of Ag@Zr-DMBD, we examined our catalyst for the con-
version of propargylic alcohol (2-methyl-3-butyn-2-ol) to the
corresponding cyclic carbonate, which showed 60% conversion
in 24 h at 60 °C and complete conversion in 48 h (Fig. S17†).

Proposed mechanism

Based on our result for the formation of cyclic carbonates
from terminal epoxides and following the related literature, a
mechanism is proposed (Fig. 6).53,78,85,86 The catalytically
active Zr,Ag centre of the thiol MOF catalyst acts as an active
centre and synergistically binds with the electron-rich oxygen
atom of the terminal epoxide.53,78,85,86,88,100,101 Then the
bromide ion of the co-catalyst TBAB reacts with the α-carbon
of the polarised epoxy ring to open it, which then readily
reacts with CO2 to form an intermediate anion. This inter-
mediate anion is prone to ring closing, which forms cyclic car-
bonate with the regeneration of the catalyst.

Fig. 4 1H NMR (CDCl3, 400 MHz) spectra for the cycloaddition of epichlorohydrin with Ag@Zr-DMBD with respect to (a) temperature and (b) time
(kinetic study). Conversion of epichlorohydrin with respect to (c) co-catalyst (TBAB) and (d) catalyst amounts represented by a bar diagram.
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Conclusion

In conclusion, we have accomplished the synthesis of the
silver nanoparticle functionalized thiol MOF-based hetero-
geneous catalyst Ag@Zr-DMBD by utilizing the free-standing
thiol group of the well-known stable thiol MOF Zr-DMBD and
used it for CO2 fixation reactions. The catalyst can convert the
terminal epoxide epichlorohydrin to the corresponding cyclic
carbonate in 8 h and can convert a wide range of terminal
epoxide substrates with good conversion capacity. This study
shows the utilization of a thiol MOF as a heterogeneous cata-
lyst by functionalizing it with a catalytically active metal centre.
In comparison to other functional group containing MOFs,
thiol MOFs are less explored because of the scarcity of thiol-
based ligands and their tedious synthetic procedure, but the
presence of the free sanding thiol group in the thiol MOF
framework makes it attractive for post-synthetic modifications.

Fig. 5 (a) Recyclability test (error bars correspond to standard deviation) and (b) leaching test of the catalyst in the model reaction.

Table 2 Substrate scope for the catalytic system Ag@Zr-DMBD/TBAB

Sl. no. Substrate Product Temp (°C) Time (h) Conversion (%)

1 60 8 99

2 60 8 94

3 60 8 90

4 60 8 60

5 60 8 50

Reaction conditions: terminal epoxide (5 mmol), TBAB (2 mol%), Ag@Zr-DMBD (10 mg), 60 °C, CO2 atmospheric pressure (1 bar).

Fig. 6 Proposed reaction mechanism of the cycloaddition reaction
between CO2 and terminal epoxide by the catalyst Ag@Zr-DMBD and
co-catalyst.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2023 Dalton Trans., 2023, 52, 10795–10804 | 10801

Pu
bl

is
he

d 
on

 1
3 

Ju
ly

 2
02

3.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

T
ec

hn
ol

og
y 

Pa
tn

a 
on

 5
/9

/2
02

5 
11

:3
2:

34
 A

M
. 

View Article Online

https://doi.org/10.1039/d3dt01583a


Previous reports on thiol-based MOFs rarely explored the
heterogeneous catalytic activity of thiol MOF-based com-
pounds. In brief, this work shows a feasible method for using
a thiol MOF for Ag nanoparticle functionalization and utiliz-
ation in CO2 fixation reactions, which further boosts efficiency
compared to that of the parent thiol MOF Zr-DMBD.
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