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We present the use of an amine functionalized two-dimensional clay i.e., aminoclay (AC), in the chemistry
of a three-dimensional metal-organic framework (MOF) i.e., MIL-101(Cr), to prepare MIL-101(Cr)/AC
composites, which are exploited as catalysts for efficient conversion of CO, gas into cyclic carbonates
under ambient reaction conditions. Three different MOF nanocomposites, denoted as MIL-101(Cr)/AC-1,
MIL-101(Cr)/AC-2, and MIL-101(Cr)/AC-3, were synthesized by an in situ process by adding different
amounts of AC to the precursor solutions of the MIL-101(Cr). The composites were characterized by
various techniques such as FT-IR, PXRD, FESEM, EDX, TGA, N, adsorption, as well as CO, and NH3z-TPD
measurements. The composites were exploited as heterogeneous catalysts for CO, cycloaddition reac-
tions with different epoxides and the catalytic activity was investigated at atmospheric pressure under
solvent-free conditions. Among all the materials, MIL-101(Cr)/AC-2 shows the best catalytic efficiency
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under the optimized conditions and exhibits enhanced efficacy compared to various MIL-101(Cr)-based
MOF catalysts, which typically need either high temperature and pressure or a longer reaction time or a
combination of all the parameters. The present protocol using MIL-101(Cr)/AC-2 as the heterogeneous
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Introduction

CO, capture and its subsequent conversion into valuable pro-
ducts offers a unique opportunity to address the serious
environmental threats caused by the continuous increase in
atmospheric CO, level."” This approach mitigates the adverse
greenhouse effect and creates a circular and sustainable
economy by producing important chemicals and fuels.? In this
regard, catalytic CO, organic transformation reactions have
attracted significant research interest.”® In particular, the CO,
cycloaddition reactions with epoxides to produce cyclic carbon-
ates have widely been studied.® The CO, cycloaddition reac-
tions typically need a synergy of a Lewis acid catalyst and a
Lewis base co-catalyst. Traditional catalysts include metal
oxides, metal-porphyrin complexes, lignin-based catalysts and
metal-salen complexes.®'® However, most of these catalysts
work at elevated temperatures and pressures, and the purifi-
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catalyst gives 99.9% conversion for all the substrates into the products at atmospheric pressure.

cation and recycling process is also complicated for these
homogeneous catalysts.

Over the last few decades, metal-organic frameworks
(MOFs) have evolved as novel inorganic-organic hybrid
materials with a unique structure and diverse
applications.*™® The porous structure, periodicity, highly
modular nature and the heterogeneous nature give MOFs an
edge over the conventional homogenous catalysts.'””>* The
chromium-terephthalate MOF MIL-101(Cr) is a prototype MOF
which is well known for its high surface area, hydrothermal
and chemical stability and diverse applications.”*>° The large
mesopores, high thermal stability, good CO, adsorption
efficacy and the presence of Lewis acidic unsaturated metal
sites (UMSs) available for epoxide binding should make it an
ideal catalyst for the cycloaddition reaction of CO, with epox-
ides. However, the crystal field effect makes the Cr(m) centres
inert in the octahedral environment, which affects the catalytic
efficacy.”® MIL-101(Cr) has been tested as a heterogeneous
catalyst for the cycloaddition reactions of CO, with epoxides by
different research groups and successful reactions mostly
require high pressure CO, (8-100 bar) in the temperature
range 298-393 K, with a reaction completion time of
24-48 h.”’° To use the full potential of the MIL-101(Cr)
framework as the desired catalyst, such drastic reaction con-
ditions must be replaced with more ambient conditions, such
as room temperature and atmospheric pressure. Recently,
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MIL-101 composites with polyoxometalates, ionic liquids and
ionic polymers have shown enhanced catalytic properties;*' ™
however, with the synergy of an easy synthetic method,
efficient catalytic conversion at ambient temperature and
atmospheric pressure in a quick time is yet to be achieved. We
aimed to obtain enhanced catalytic CO, conversions under
ambient conditions using new composites based on the robust
and porous structure of MIL-101(Cr). Novel MOF composites
mitigate the typical shortcoming of MOFs like moisture sensi-
tivity, poor water dispersibility, and poor thermal and chemi-
cal stability and exhibit enhanced/new properties based on
judicious Dblending of MOFs with other functional
components.*®*® We envisage that a synergistic combination
of 2D layered clay, aminoclay (AC)*® with MIL-101(Cr) could
result in such composites. Aminopropyl functionalized mag-
nesium phyllosilicate (Scheme 1), popularly known as amino-
clay (AC), has recently shown its potential to form novel MOF
nanocomposites having enhanced CO, adsorption, separation
and catalytic conversion properties.’’* In the present work,
we report the synthesis of new MIL-101(Cr)/AC nano-
composites and their efficacy for CO,-epoxide cycloaddition
reactions (Scheme 1). Three different composites were syn-
thesized under solvothermal conditions by adding different
amounts of AC to the precursor solution, MIL-101(Cr). The
composite MIL-101(Cr)/AC-2 exhibits the best performance
showing 99.9% conversion in the cycloaddition reaction of epi-
chlorohydrin (EPH) with CO, in 6 h at atmospheric pressure
and 30 °C, while the pristine MOF shows a conversion of only
30% under the same reaction conditions. MIL-101(Cr)/AC-2
has also been tested as a heterogeneous catalyst using several
other epoxide substrates and 99.9% conversion could be
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achieved with all the substrates under ambient reaction
conditions.

Results and discussion

Synthesis and phase-purity of the composites

Pristine MIL-101(Cr) (PMIL) and aminoclay (AC) were syn-
thesized by following the literature reported procedures.>*”
To synthesize the composites, a simple and facile in situ pro-
cedure was adopted where AC was dispersed in water first fol-
lowed by the addition of the precursors of PMIL, which were
then reacted under solvothermal conditions (see the Synthesis
section for details). Three different composites named
MIL-101(Cr)/AC-1, MIL-101(Cr)/AC-2 and MIL-101(Cr)/AC-3
were synthesized by successively increasing the relative
amount of AC in the reaction mixtures. The well-correspon-
dence between the simulated and experimental PXRD patterns
(Fig. 1) of PMIL suggests high purity of the obtained sample.
All the three composites exhibit PXRD patterns similar to that
of PMIL (Fig. 1), indicating the formation of a pure phase of
PMIL in the composites.

The presence of the AC in the composites is difficult to
interpret from the PXRD patterns as AC is weakly diffracting
compared to the highly crystalline MOF and also the minor
phase in the composites. However, with the increase in AC
content, we observed the appearance of a broad reflection at
260 = 37° in the composites with a higher clay content (particu-
larly in MIL-101(Cr)/AC-3), which is attributed to the presence
of the AC phase in the composite. This 26 = 37° reflection is
also observed in the PXRD pattern of the AC (Fig. S1t), which
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Scheme 1 Synthesis of the self-assembled MIL-101(Cr)/AC composites, where the nanoparticles (NPs) of MIL-101(Cr) are assembled through the
aminoclay (AC) layers. The composites are exploited as catalysts for the CO, cycloaddition reaction with epoxides to produce cyclic carbonates. The

structures of MIL-101(Cr) and AC are also shown in the scheme.
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Fig. 1 PXRD patterns of (a) simulated PMIL, (b) as-synthesized PMIL, (c)
MIL-101(Cr)/AC-1, (d) MIL-101(Cr)/AC-2 and (e) MIL-101(Cr)/AC-3.

is ascribed to the dj30200 = 0.238 nm reflection originating
from the 2:1 trioctahedral Mg-phyllosilicate clay with a talc-
like structure of AC.”°

IR spectra and thermal stabilities of the composites

To ascertain the functional groups of the samples, FT-IR
spectra were recorded (Fig. 2 and S2t). The spectrum of PMIL
shows the characteristic peaks of MIL-101(Cr) as reported in
the literature.*®*>® The IR spectrum of AC suggests its charac-
teristic organoclay structure (Si-C 1116 cm™', Si-O-Si
1014 cm™')*>*" with the presence of a broad N-H stretching
frequency band (~3200-3700 cm™") (Fig. S21). The IR spectra
for all the composites are very similar to that of the PMIL, with
intense bands appearing in the range of ~1400-1625 cm™,
which are corresponding to the stretching frequency of the car-
boxylate group of the 1,4-benzenedicarboxylate (H,bdc) ligand,
originating from the PMIL. Selected FT-IR peaks (in cm™") of
MIL-101(Cr)AC-1: 1625 s, 1509 m, 1398 s, 1090 w, 1050 m,
1016 m, 883 m, 831 w, 745 s (Fig. S2t). Distinct bands around
1090 cm ™" and 1050 cm™" appeared for the composite (which
are absent in PMIL) and are ascribed to the Si-C and Si-O-Si
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Fig. 2 FTIR spectra of (a) aminoclay, (b) as-synthesized PMIL, (c)
MIL-101(Cr)/AC-1, (d) MIL-101(Cr)/AC-2 and (e) MIL-101(Cr)/AC-3.
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stretching, respectively, and these bands originate from the AC
phase (Fig. S27). The shift in the above two vibrations in the
composite compared to that in the pristine AC may be attribu-
ted to the plausible interaction of the NH, groups of AC with
the Cr(u) centres of the MOF. We envisage that in the compo-
site, the nitrogen atoms of NH, groups interact with Cr()
centres and pull the alkyl chain towards itself leading to the
weakening of the Si-C bond, which is reflected in the lower
wavenumber (1090 cm™") in the composite, compared to that
of AC (1014 cm™"). On the other hand, the drift of the electron
density of the alkyl chain towards Cr(ur) makes Si atoms rela-
tively electronegative which consequently pulls the oxygen
atoms towards itself making the Si-O bond stronger, shifting
it to a higher wavenumber (1050 cm™ in the composite vs.
1014 cm™" in AC). The IR spectra of other composites are
similar to that of MIL-101(Cr)AC-1 and suggest the presence of
both PMIL and the AC phase.

To investigate the thermal stabilities of the samples,
thermogravimetric analyses (TGA) (Fig. S31) of the as-syn-
thesized PMIL sample and all the composites were carried out.
PMIL exhibits an initial weight loss of about 41% up to 100 °C,
which matches well with the literature value and corresponds
to a loss of ~25 solvent (H,0) molecules from the
framework.>>>* The dehydrated framework shows a plateau up
to 350 °C temperature, beyond which framework decompo-
sition occurs. All the composites exhibit similar profiles for
thermal stability to that of PMIL and are stable up to the temp-
erature range of 350-360 °C, which suggests that the compo-
site formation does not affect the thermal stability of the
framework structure. However, the initial weight loss percen-
tages (Fig. S3t) for the composites are different compared to
that of PMIL. The lesser initial loss may be attributed to the
presence of a relatively small amount of the highly porous and
solvated PMIL phase in the composites, where the AC content
increases from MIL-101(Cr)/AC-1 to MIL-101(Cr)/AC-3, which is
consistent with the synthetic conditions where an increasing
amount of AC was added in the reaction mixtures for the latter
composites.

Textural properties of the composites

The as-synthesized PMIL particles are known to be octahedral
and nanometer-sized, as reported in the literature.’> We
recorded the FESEM images for our as-synthesized PMIL,
which reveal that faceted octahedral-like particles are present
having sizes in the range of 100-150 nm (Fig. S47). A literature
survey suggests that the FESEM images of AC exhibit a typical
layered structure attributed to the 2D sheet-like organoclay
structure.’® To get an idea about the morphology of the com-
posites, FESEM images were recorded for all the composites,
which show a distinct difference compared to both PMIL and
AC. For MIL-101(Cr)/AC-1, an assembly of fused particles is
observed, where the MOF nanoparticles (NPs) appeared to be
coated with AC layers (Fig. 3a, b and S5t). Such a morphology
is in clear contrast to the faceted particles of the pristine
framework. The size histogram plot (Fig. S61) shows that the
particles have a maximum distribution in the size range of
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Fig. 3 (a) FESEM images of composite MIL-101(Cr)/AC-1, (b) magnified
view of a portion from MIL-101(Cr)/AC-1 showing the AC coated fused
particles, (c) FESEM images of composite MIL-101(Cr)/AC-2 and (d)
magnified view of a portion from MIL-101(Cr)/AC-2 showing the pres-
ence of layered AC junctions between the PMIL NPs.

70-90 nm. The assembly of particles is more evident in the
case of MIL-101(Cr)/AC-2, where distinct faces of the PMIL par-
ticles disappear and the particles gradually become more
spherical-like particles, with an increase in the AC content in
the composite (Fig. 3c, d and S7{). The AC layer coating PMIL
is visible in the case of MIL-101(Cr)/AC-2 in the presence of
layered AC junctions between the PMIL NPs (Fig. 3d). We envi-
sage that the assembly of the PMIL particles through AC in the
composites occurs due to the specific interaction between
unsaturated surface functionalities (e.g., Cr’" sites) in the
PMIL NPs and the amine-functionalized clay, which results in
a self-assembled MOF-clay nanocomposite. To the best of our
knowledge, only one report is known so far to document such
self-assembled nanocomposites, where the MOF (ZIF-8) par-
ticles were ‘glued’ by clay (AC) driven by the interaction
between the Zn>" sites of ZIF-8 and the NH, groups of AC.>
The size histogram plot reveals that the maximum particles of
MIL-101(Cr)/AC-2 have sizes in the range of 50-70 nm
(Fig. S8t1). It is noteworthy that the average sizes of particles
decrease in the order: PMIL < MIL-101(Cr)/AC-1 < MIL-101(Cr)/
AC-2. This may be attributed to the downsizing efficacy of AC
through coordination modulation via the NH, group, as litera-
ture reports indicate that AC can also act as a functional tem-
plate to assist growth of MOF NPs.”> The FESEM images of
MIL-101(Cr)/AC-3 exhibit that NPs are also fused similar to the
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first two composites, but with an increased amount of AC
coating (Fig. S97). This is attributed to the use of excessive AC
in the reaction mixture, which results in an inhomogeneous
composite having too much AC content. It’s difficult to
comment on the size of the particles in MIL-101(Cr)/AC-3, as
the PMIL particles are highly coated and deeply buried in the
increased number of AC layers.

To understand the element content and their distribution,
we performed an energy dispersive X-ray (EDX) study and
element analysis for one of the composites, MIL-101(Cr)/AC-2.
The EDX spectrum (Fig. S10t) clearly shows the presence of
Mg and Si elements coming from AC and Cr from PMIL and
thus confirms the presence of both the parent materials (PMIL
and AC) in the composite. Furthermore, elemental mapping
indicates that the different elements are distributed uniformly
throughout the sample, suggesting the formation of a homo-
geneous composite (Fig. 4). The homogeneous nature of
MIL-101(Cr)/AC-2 prompted us to check its solution processa-
bility, as enhanced dispersibility can be expected from such a
homogeneous composite. When the same amount of PMIL
and MIL-101(Cr)/AC-2 was dispersed in methanol (5 mg in
2 ml), PMIL settled down within 15 min, but the dispersion of
MIL-101(Cr)/AC-2 remained stable even after 4 days (Fig. S11+).
This result clearly demonstrates the high solution processabil-
ity of the composite.

Adsorption and TPD studies

In order to investigate the porous nature and to know the
surface area of the samples, N, adsorption isotherms at 77 K
of the activated PMIL and the composites were recorded
(Fig. 5). The as-synthesized PMIL sample shows high uptake of
N, gas and a typical type-1 profile with a BET surface area of
2300 m> g~ The value of the surface area is consistent with
the literature reported values®>* of MIl-101(Cr). On the other
hand, the densely packed 2D layers of AC are known to inhibit
any N, uptake at 77 K (ref. 51-53) and exhibit negligible N,
uptake (Fig. 5). MIL-101(Cr)/AC-1 exhibits a type-I profile, but
the total uptake (~800 cc g™') at P/P, = 1 and the BET surface
area (1434 m” g~ ") are much lower than those of PMIL. Such a
decrease in the surface area is attributed to the presence of the
non-porous AC phase in the composite. Similarly, the other
two composites also exhibit type-I profiles with lower N,
uptake (Fig. 5), and the uptake gradually decreases with an
increase in AC content from MIL-101(Cr)/AC-1 to MIL-101(Cr)/
AC-3. The BET surface areas are found to be 1332 m”> g~* and
921 m> g ' for MIL-101(Cr)/AC-2 and MIL-101(Cr)/AC-3,
respectively. Furthermore, the pore size distribution plot
(Fig. S12%) of the PMIL and all the MIL-101(Cr)/AC composites
shows the presence of characteristics pores of the MIL-101(Cr)
framework (~29 A and ~34 A) which matches well with the lit-
erature.*® In the case of MIL-101(Cr)/AC-2, we observed a broad
distribution centered near ~45 A and we attribute this to the
formation of some random large pores at the MOF-clay inter-
face, which may also enhance the substrate diffusion and
enhance the catalytic efficacy.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Elemental mapping of MIL-101(Cr)/AC-2 indicating uniform distribution of various elements (Cr, Mg, Si, N, O) throughout the material.
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Fig. 5 N, Adsorption isotherms of PMIL, MIL-101(Cr)/AC-1, MIL-101
(Cr)/AC-2, MIL-101(Cr)/AC-3 and AC at 77 K. Open symbol denotes
adsorption and closed symbol denotes desorption of gas molecules.

To investigate the presence of any Lewis acidic and basic
sites in MIL-101(Cr)/AC-2, we performed TPD experiments with
NH; and CO, (Fig. S137). The acidity and basicity were deter-
mined from the peak area of the desorbed NH; and CO,. The
NH,-TPD profile shows a desorption peak in the temperature
range of 30-350 °C with 1.629 mmol g~ of desorption
capacity, suggesting moderate acidic sites, which may be
attributed to the Cr(m) UMSs. The CO,-TPD profile shows a de-
sorption peak in the temperature range of 200-350 °C with
1.125 mmol g~ of desorption capacity, suggesting the pres-
ence of moderate basic sites in the composites, which may be
attributed to the NH, groups at the MOF-clay interface.

This journal is © The Royal Society of Chemistry 2024

Catalytic study

We envisage that the composites, particularly MIL-101(Cr)/AC-2,
can be efficient as a catalyst for the CO, conversion, as the catalytic
reaction can occur at pores as well as at the surface of the compo-
site and at the MOF-clay interface where the basic NH, groups are
present. The synergy of Lewis acidic Cr(m) UMS and Lewis basic
NH, sites was expected to enhance the catalytic activity.

For a comparative study, we studied the catalytic perform-
ance of all the composites, along with the pristine MOF
(PMIL) and AC in the CO, cycloaddition reactions with epox-
ides, using tetrabutylammonium bromide (TBA'Br~) as a co-cata-
lyst under solvent-free conditions and conversion (%) for the
product formation was calculated using the 'H NMR spectrum
(see the Experimental section for details). To start with, EPH as
the model epoxide substrate (Table 1) was selected and catalytic
reactions were performed with different catalysts under the iden-
tical optimized reaction conditions. AC shows only 10% catalytic
activity (entry 1, Table 1), while a Cr(m) salt exhibits only 27% con-
version (entry 2, Table 1) up to 6 h, and the catalyst is homo-
geneous. The heterogenous catalyst PMIL exhibits only a slight
increase in the conversion (entry 3, Table 1) compared to that of
the homogeneous Cr(m) salt, and the poor conversion (30%) can
be attributed to the inertness of the Cr(m) centres of PMIL, which
typically needs high CO, pressure for the cycloaddition
reaction.***>”* To our delight, under the same reaction con-
ditions, the composites exhibit an enhanced performance com-
pared to the PMIL. MIL-101(Cr)/AC-1, MIL-101(Cr)/AC-2 and
MIL-101(Cr)/AC-3 show conversions of 44, 99.9 and 42%, respect-
ively (entries 4-6, Table 1) in 6 h and the conversion (%) was cal-
culated using "H NMR spectra (Fig. S141). We also recorded the
FT-IR spectra (Fig. S157) of the model substrate i.e., EPH and the
reaction mixture of the product in the cycloaddition reaction of
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Table 1 Results of cycloaddition of CO, with EPH using the as-syn-
thesized PMIL and MIL-101(Cr)/AC composites as catalysts®

o
E\/CI + co, -Catalyst TBA'Br OJ(O
30 °C, 1 bar

cl
Entry Catalysts Time (h) Conversion (%)
1 Aminoclay 6 10
2 Cr(NO;);-9H,0 6 27
3 PMIL 6 30
4 MIL-101(Cr)/AC-1 6 44
5 MIL-101(Cr)/AC-2 6 99.9
6 MIL-101(Cr)/AC-3 6 42
7 PMIL + AC” 6 5
8 TBAB® 6 20
9 TBAB? 6 30

“Reaction conditions: 9.2 mmol (851 mg) EPH, 30 mg activated cata-
lyst and 0.92 mmol (296 mg) TBA'Br~ under 1 bar CO, and 30 °C.
b physical mixture. ¢ Without the catalyst at 30 °C. ¢ Without the cata-
lyst at 40 °C. Conversion (%) were calculated from the "H NMR spectra
by integration of epoxide peaks versus cyclic carbonate peaks.

EPH with CO, using the MIL-101(Cr)/AC-2 catalyst. The IR spectra
(Fig. S157) clearly suggest the conversion of the EPH to the cyclic
carbonate product exhibiting the characteristic carbonyl stretch-
ing frequency at 1783 cm™" arising from the carbonate group of
the product. To confirm that the enhanced catalytic efficacy is
indeed the effect of the composite formation, an experiment
under the same reaction conditions was carried out, using a
physical mixture of PMIL and AC as the catalyst (entry 7, Table 1).
This physical mixture exhibits a negligible conversion (5%) of the
substrate. This observation clearly indicates that a physical
mixture does not have the synergistic effect as in the case of a
composite. Such negligible conversion may be attributed to the
densely packed non-porous AC layers in the mixture which
inhibit accessibility to the catalytic sites. The catalytic reaction
without any catalyst and only using the co-catalyst, TBA'Br~, was
also performed at 30 °C and 40 °C (entries 8 and 9, Table 1),
which shows only 20% and 30% conversion within 6 h, respect-
ively. Reactions were also performed using the catalyst (MIL-101
(Cr)/AC-2) only at 30 °C and we got negligible conversion (entry
29, Table S1t), suggesting that the presence of the co-catalyst is
essential for effective reaction. Apart from TBAB as a co-catalyst,
we also tried catalytic reactions using other co-catalysts such as
tetrabutylammonium chloride (TBAC) and tetrabutylammonium
iodide (TBAI) to compare the effectiveness of the co-catalyst on
the catalytic activity of the reaction. An ideal co-catalyst for cata-
lytic reaction should have suitable nucleophilicity as well as
better leaving group ability. Upon co-catalyzing the CO,/EPH
cycloaddition with TBAC, we observed a conversion of approxi-
mately 50% within 6 h and 80% within 24 h. However, when
employing TBAI, the conversion was only around 5% within 6 h,
with a subsequent increase to 50% after 24 h of reaction, while
the reaction is completing within 6 h using TBAB as a co-catalyst.
From our observations the enhanced efficiency of TBAB over
TBAI may be attributed to its smaller molecular size, which
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enables facile diffusion within the confined channels of the MOF
structure. Additionally, the observed superiority of TBAB com-
pared to TBAC could be attributed to the better leaving group
ability of bromide ions in TBAB, which facilitates the ring-
opening reaction and subsequent carbonate formation more
effectively. The efficient catalytic activity of TBAB as a co-catalyst
may be attributed to the less energy barrier for opening of the
epoxide ring of the substrate for the addition of CO,. So, the intri-
cate interaction among molecular properties emphasizes the
impact of co-catalysts on determining the effectiveness of the
cycloaddition reaction.>”*° We have also conducted an additional
experiment to evaluate the catalytic performance of MIL-101(Cr)/
AC-2 with EPH at an elevated temperature (at 70 °C). As a result of
our analysis, we observed that the CO, cycloaddition reaction is
accomplished in 5 h at 70 °C. This indicates that the temperature
has minimal impact on the catalytic reaction under the optimized
conditions, as it also reaches completion within 6 h at 30 °C.

Among all the composites, MIL-101(Cr)/AC-2 shows the best
performance owing to its homogeneous structure having a
uniform distribution of the different elements, as revealed by
the FESEM images. Furthermore, this composite also exhibits
the smallest size particles (50-70 nm) among all the compo-
sites, and the network structure of the fused small NPs is
expected to enhance the substrate diffusion to the catalytic
sites, as the catalytic efficacy is found to be high for well-dis-
persed MOF NPs.>»*"62 Finally, the synergy of the Lewis acidic
Cr(m) UMSs and the Lewis basic NH, groups, as revealed by
the TPD experiments, is expected to enhance the catalytic
efficacy in this composite.

A plausible mechanism for CO,-epoxide cycloaddition
using the MIL-101(Cr)/AC composites as catalysts is presented
in Scheme 2. This involves coordination of an epoxide oxygen
atom with a Lewis acidic site (LAS), which is the Cr(u) UMS in

j TBA*
(o) .
N Br

LBS =CE0
o]

R

TBA'Br
e r

@_
Px

R
LAS: Cr** UMSs
MIL-101(Cr)/AC LBS: NH, groups at MOF-AC interface

Scheme 2 Proposed mechanism for cycloaddition of CO, with epox-
ides catalyzed by MIL-101(Cr)/AC-2 involving LASs, LBSs and TBA*Br™.
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the composite structure. This results in polarization of the C-
O bond and subsequently Br~ of the co-catalyst (TBA'Br-)
attacks the less sterically hindered carbon atom of the epoxide
nucleophilically, causing a heterolytic cleavage. Subsequently,
the CO, carbon atom is activated by the Lewis basic site (LBS),
which we assign to the NH, groups in the composite structure,
which are possibly present at the MOF-clay interface. This
facilitates the nucleophilic attack on the CO, carbon atom by
the ring-opened alkoxide intermediate. This process allows
carbon dioxide to enter and intramolecular ring-closure takes
place to produce cyclic carbonate, regenerating the catalyst
and co-catalyst.

The conversion decreases from MIL-101(Cr)/AC-2 to
MIL-101(Cr)/AC-3, which is attributed to the inhomogeneous
nature of MIL-101(Cr)/AC-3, however it still shows a consider-
able conversion (comparable to that of MIL-101(Cr)/AC-1). To
study the reaction completion time using each of the compo-
sites as a catalyst, we continued the reactions for a longer time
and the conversions were recorded at regular time intervals
(entries 15 and 25, Table S1, Fig. S16 and S17f). We also
checked the heterogeneity of one of the composites, MIL-101
(Cr)/AC-2. To confirm the heterogeneity for the catalytic
process of the cycloaddition reaction of EPH, filtration tests
were carried out. After 1 h of catalytic reaction at 1 bar of CO,
and at temperature 30 °C, the solid catalyst was removed, and
a conversion of 33% was obtained. The catalytic reaction was
further continued with the filtrate and it was observed that
after removal of the solid catalyst, the conversions were 36, 37,
38, 39 and 40% at 2, 3, 4, 5 and 6 h, respectively, which clearly
indicates that there is no significant conversion after the fil-
tration (Fig. 6). On the other hand, the undisturbed catalyst
shows conversions of 43, 63, 69, 92 and 99.9% at 2, 3, 4, 5 and
6 h, respectively (Fig. 6). These observations further confirm
the heterogeneity of the catalyst. The recyclability test was also
performed with the recycled MIL-101(Cr)/AC-2 catalyst in the
cycloaddition reaction of EPH with CO, and no significant

100 (b)

o]
o
1

Conversion (%)
[«2]
o
1

0'1‘2';’:'4'5'6
Time (h)

Fig. 6 CO, conversion % with EPH (a) catalyst MIL-101(Cr)/AC-2
removed after 1 h of catalytic reaction and (b) reaction continued undis-
turbed with catalyst MIL-101(Cr)/AC-2 up to 6 h.
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decrease in the catalytic conversion was observed up to five
cycles (88% conversion after the 5™ cycle) (Fig. 7). Following
each catalytic run, the heterogeneous catalyst can be effectively
recovered from the reaction mixture by filtration and can be
reused without losing its active properties. When comparing
with the recovered catalyst’s PXRD and FTIR data (Fig. S18 and
S191) with that of the MIL-101(Cr)/AC-2, no significant
changes were observed, implying that the catalyst’s structural
integrity has not been compromised.

The superior catalytic performance of MIL-101(Cr)/AC-2
inspired us to further expand the application of this novel
composite as a catalyst in the cycloaddition of CO, with other
epoxides. After the catalytic reaction with EPH, we carried out
a catalytic reaction with styrene oxide (SO) which is a larger
rigid epoxide with a bulky phenyl ring attached to it. Under
the optimized reaction conditions for EPH, there was no sig-
nificant conversion with both the PMIL and the composite
while SO was used as the substrate. Therefore, we carried out
this reaction at a little elevated temperature (i.e., 40 °C) which
resulted in good CO, conversion efficiency for MIL-101(Cr)/
AC-2. CO, conversion using PMIL was also carried out at 40 °C
with SO keeping all other conditions the same. In the first few
hours (i.e., up to 12 h), PMIL does not show any conversion,
but the composite shows significant conversion (60% at 12 h).
As the reaction continued, PMIL shows a little conversion (5,
12, and 15% at 24, 42 and 48 h, respectively), whereas MIL-101
(Cr)/AC-2 shows conversion of 71.4, 92.5 and 99.9% at 24, 42
and 48 h, respectively (Fig. 8 and Table S2).

These results also indicate that the catalytic activity is sig-
nificantly enhanced for the composite when a bulkier sub-
strate is taken. The optimization of reaction conditions with
various other substrates was also performed and we observed
that, some of the substrates were not showing efficient cata-
Iytic activity at 30 °C and required a little elevated temperature
(40 °C), which may be attributed to the different sizes

100

80+

60

404

Conversion (%)

20

3
Catalytic Cycles

Fig. 7 Recyclability test using MIL-101(Cr)/AC-2 as a catalyst for the
cycloaddition reaction of CO, with EPH. Identical reaction conditions to
those of Table 1 were employed.
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Fig. 8 Conversion as a function of time using PMIL and MIL-101(Cr)/
AC-2 as catalysts for the cycloaddition reaction of CO, with SO.
Conversion (%) were calculated from the *H NMR spectra by integration
of epoxide versus cyclic carbonate peaks.

(Table S31) and reactivities of the substrates. The catalytic
activity of the MIL-101(Cr)/AC-2 catalyst was examined
(Table 2). It was observed that the small epoxides [propylene
oxide (PO) and epoxy butane (EB)] undergo full conversion
(99.9%) within 6 h (entries 2 and 3, Table 2), whereas for
larger or bulkier epoxides [allyl glycidyl ether (AGE), butyl gly-
cidyl ether (BGE)] (Table S31), the reactions are relatively slow,
but also shows full CO, conversion when the reaction time is
extended up to 12 h for AGE and 15 h for BGE at 40 °C (entries
4 and 5, Table 2).

In general, the percentage conversion decreases as the size
of the substrate molecule (Table S31) increases. It becomes
difficult for bigger molecules to interact with Cr(m) because of
the steric hindrance and can be considered as a key factor of
barrier for the interaction of the epoxide with the chromium
center in the catalyst.®® The results indicate that efficient con-
version of the bulky substrates can be achieved using elevated
temperatures and an extended reaction time.

From the above results, the features of MIL-101(Cr)/AC-2 as
a heterogeneous catalyst for the CO, conversion reaction can
be summarized as below:

(a) Excellent conversion at ambient temperature and atmos-
pheric pressure while the parent MOF catalyst typically
requires high temperature and pressure.

(b) Complete conversion in a shorter reaction time.

(c) Enhanced solution dispersibility and processibility
(compared to the parent MOF).

(d) Easy recyclability as compared to other traditional
organic homogeneous catalysts.
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The above advantages make our composite indeed a better
catalyst than the pristine MOF. In order to compare the
efficiency of MIL-101(Cr)/AC-2 as a catalyst towards the CO,
conversion reactions with respect to the reported MIL-101(Cr)
and MII-101(Cr)-based MOF catalysts, a literature survey was
done and the results are summarized in Table S4.7 Table S4}
indicates that most of the pristine MOF catalysts need rela-
tively higher temperatures (30-100 °C) and high pressure (5-20
bar) for the CO,-epoxide cycloaddition reactions. The catalyst
MIL-101(Cr)/AC-2 presents almost complete conversion com-
paratively in less time and under ambient reaction conditions.
Thus, our composite catalyst would be the one of the best can-
didates among the MIL-101(Cr) based materials.

Conclusions

In summary, this work showcases the synthesis of new
MIL-101(Cr)-Aminoclay composites and their utilization as
heterogeneous catalysts for efficient conversion of CO, gas into
valuable cyclic carbonates. The highly porous and robust
framework of MIL-101 is a well-studied prototype MOF con-
taining Lewis acidic Cr(um) sites, but when employed as a
heterogeneous catalyst for the cycloaddition reaction of CO,
with various epoxides, it mostly exhibits a poor conversion and
requires drastic reaction conditions such as high temperature
and pressure for a good conversion. On the other hand, the
synergy of the two-dimensional clay, AC with the MIL-101(Cr)
yielded novel nanocomposites which act as efficient catalysts
under ambient conditions. One of the composites exhibits
excellent catalytic efficiency showing 99.9% conversion with a
variety of substrates at atmospheric pressure. This composite
acts as a heterogeneous catalyst with recycling efficiency and
also exhibits highly enhanced solution processability com-
pared to the pristine MOF. It is believed that the present work
would open a new route towards the fabrication of MOF-clay
composites for promising energy and environmental appli-
cations like CO, conversion and enhance the scope of novel
MOF composites with enhanced functions.

Experimental
Materials

No further purification was done to any of the commercially
available reagents or solvents that were used. Terephthalic acid
(CgHgO,), chromium nitrate nonahydrate (Cr(NO;);-9H,0),
magnesium chloride hexahydrate (MgCl,.6H,0), 3-amino-
propyltrimethoxysilane (APTMS), ammonium fluoride (NH,F),
tetrabutylammonium bromide (Buy,NBr), epichlorohydrin
(EPH), styrene oxide (SO), propylene oxide (PO), allyl glycidyl
ether (AGE), butyl glycidyl ether (BGE), and epoxy butane (EB)
were purchased from Sigma-Aldrich Chemical Company, tetra-
butylammonium chloride (TBAC) was purchased from TCI
Chemicals (India) Pvt. Ltd. and tetrabutylammonium iodide
(TBAI) was purchased from CDH Chemicals.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Cycloaddition of CO, to different epoxides using MIL-101(Cr)/AC-2 as the heterogeneous catalyst®

&\ . co, Catalyst TBA'Br o o
R

1 bar

>§O

R

R = CH,Cl, CH3, CHy-CHy, CH,-O-CHy-CH=CHy, CH,-O-CHy-CH,-CH,-CHa, Ph

Entry Substrates Products Temperature (°C) Time (h) Conversion (%)
1 O o 30 6 99.9
%CI >\O
o\/K/CI
2 Q 30 6 99.9
O/X %O
0\)\
3 o 40 6 99.9
0&/ % o
o\/K/
4 0%0\/\\\\ 0>\0 40 12 99.9
[0)
\)\/0\/\
5 0 40 15 99.9
O%O\/\/ %0
O\)\/o\/\/
40 48 99.9

“Reaction conditions: 9.2 mmol respective epoxide substrates, 30 mg activated catalyst and 0.92 mmol (296 mg) TBA'Br~ under 1.0 bar CO, and
at the optimized temperature (30/40 °C). Conversion (%) were calculated from the 'H NMR spectra by integration of epoxide peaks (a) versus

cyclic carbonate peaks (a’) (Fig. S20-S247).

Physical measurements

Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku Smart Lab SE instrument using Cu-Ko radiation (4 =
1.5406 A) in the range of 2-50°. Fourier transform infrared
spectroscopy (FTIR), recorded on a Bruker IFS 66v/S spectro-
photometer in the area 4000-600 cm ™', was used to character-
ize the synthesized MOF and its composites. The Mettler
Toledo-TGA 850 instrument was used to measure the thermal
stability in a N, atmosphere within the temperature range
30-800 °C at a heating rate of 5 °C min~'. Morphological
studies have been carried out using a Zeiss GeminiSEM 500
Field Emission Electron Microscope (FESEM) by placing
samples on a silicon wafer under high vacuum with an acceler-
ating voltage of 20 kV. Energy dispersive spectroscopy (EDS)
analysis was performed with an EDAX genesis instrument
attached to the FESEM column. Adsorption isotherms of N, (at
77 K) were recorded with the desolvated samples using the
AUTOSORB iQ2 instrument. To prepare the desolvated
samples, PMIL and the composites were degassed at 120 °C
under 107" pa vacuum for 12 h before measurements. The
surface areas of the samples were calculated from N, adsorp-
tion data using the ASiQwin software. The temperature-pro-
grammed desorption of carbon dioxide (CO,-TPD) and
ammonia (NH;-TPD) was performed using a BELCAT II instru-
ment. Prior to each measurement i.e., CO,-TPD and NH;-TPD,
50 mg of sample were placed in a quartz reactor heated (10 °C

This journal is © The Royal Society of Chemistry 2024

min~") to 120 °C in a flow of helium (50 ml min™") for 12 h.
After heating the sample was cooled to 30 °C and saturated
with CO, or NHj, using a flow of a gas of CO, or NH; in
helium (50 ml min™") for 30 min. Then, the sample was
purged with helium for 30 min to remove the physically
absorbed CO, or NH;. Finally, the TPD experiment was carried
out with a linear heating rate of 10 °C min™" in a flow of He
(50 ml min™"). The desorbed products were analyzed using a
mass spectrometer. H NMR spectra were recorded in CDCl;
solvent using Magritek, Spinsolve Benchtop NMR.

Catalytic study

Prior to catalytic studies, all the catalysts were activated at
120 °C under vacuum for 12 h. The performance of the
different catalysts in the CO, fixation experiments was checked
under different reaction conditions varying the reaction time
and temperature and the optimized reaction conditions were
used for further catalytic reactions. All the catalytic reactions
were performed by taking 30 mg of the respective activated
catalyst (as entered in Table 1), 0.92 mmol (296 mg) of the co-
catalyst tetrabutylammonium bromide (TBA'Br~) (10 mol%
with respect to substrate), and 9.2 mmol of the substrate in a
30 ml Schlenk tube with CO, purged at 1 bar (using CO,
balloon). For the catalytic reaction using a physical mixture of
PMIL and AC, 95 mg of PMIL and 5 mg of AC (5 weight% w.r.t.
total amount) were taken. Catalytic reactions were also per-
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formed without any catalyst and only using the co-catalyst
TBA'Br™, at 30 °C and 40 °C (Table 1). Every cycloaddition
reaction was carried out under solvent-free conditions in the
Schlenk-tube with magnetic stirring. After the reaction, the
solid heterogenous catalyst was removed by centrifugation and
the product was purified by separation using ethyl acetate and
water. The conversion (%) was calculated based on "H NMR
analysis by integration of epoxide peaks (a) versus cyclic car-
bonate peaks (a’) that are circled in the structures (refer to the
"H NMR spectra in the ESI{). For the recyclability tests, the
recovered catalyst was washed with fresh CHCI; thoroughly,
air-dried and finally was activated at 120 °C under vacuum for
12 h perform further catalytic reactions under identical
conditions.

Synthesis

Pristine MIL-101(Cr) (PMIL). PMIL was synthesized by fol-
lowing a literature reported procedure.’ In a typical synthesis,
Cr(NO;);-9H,0 (1200 mg, 3 mmol) and terephthalic acid
(Hybde) (400 mg, 3 mmol) were added to water (15 ml,
265 mmol) and stirred for 10 minutes. The resultant suspen-
sion was heated under autogenous pressure for 8 h at 220 °C
in a Teflon-lined autoclave and then cooled to room tempera-
ture. Following centrifugation, the product was separated as a
green powder and washed with EtOH. The sample was further
purified under refluxed conditions using ethanol and aqueous
NH,F, respectively, as reported in the literature.>® Yield: 45%,
relative to Cr(m). The phase purity of the sample was checked
by PXRD analysis (Fig. 1).

Aminoclay (AC). Aminoclay was synthesized by following a
literature reported method.>® Typically, aminopropyl-functio-
nalized magnesium phyllosilicate clay was synthesized by
adding dropwise 1 ml (5.85 mmol) 3-aminopropyl-
trimethoxysilane into an aqueous solution of 0.84 ¢
(3.62 mmol) magnesium chloride in ethanol (25 ml) at 25 °C.
The solution was agitated for 24 h and reprecipitated from
ethanol before being dried. A colourless product was obtained
after drying at 40 °C. The phase purity of AC was analyzed by
PXRD (Fig. S17).

MIL-101(Cr)/AC composites. The syntheses of the compo-
sites were performed by dispersing AC in water first and then
adding the precursor solution of MIL-101(Cr). MIL-101(Cr)/
AC-1 was synthesized in situ by a solvothermal method and
45 mg (2.5 weight% of total amount of reactants) of AC was
dispersed in 1 ml of water first and then a 10 ml aqueous solu-
tion of Cr(NO3);-9H,0 (1200 mg, 3 mmol) was added to it and
stirred for 10 min. Then, terephthalic acid (H,bdc) (400 mg,
3 mmol) was added to the above mixture and the resulting
mixture was stirred for 10 min and transferred to an autoclave
coated with Teflon. The resultant suspension was heated
under autogenous pressure at 220 °C for 8 h and cooled to
room temperature. After centrifugation, the green product was
separated and washed with ethanol. The sample was purified
further using aqueous NH,F and hot ethanol solutions.>* The
material was then dried under vacuum. For preparing the
other two composites, similar synthetic processes were
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adopted where 90 mg (5 weight%) and 138 mg (7.5 weight%)
of AC were taken for the synthesis of MIL-101(Cr)/AC-2 and
MIL-101(Cr)/AC-3, respectively.
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