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The dire need to reduce the atmospheric carbon dioxide (CO,) concentration has attracted worldwide
attention to the capture of this greenhouse gas and its conversion into useful chemicals. Nevertheless, it
is still difficult to achieve variable-temperature and humid-condition adsorption with mild condition
fixation of CO, in metal-organic frameworks (MOFs) due to difficulties in positioning assorted task-
specific sites. We introduced open metal site (OMS), hydrogen-bond operative functionality, and free
amine moiety inside the pore wall of a mixed-ligand robust Cd(i) framework. Two-fold interpenetration
generated high-density acid—base functionalization promotes appreciable CO, adsorption in the guest-
free structure at elevated temperature with considerable MOF-CO, interaction. The aqua-robust MOF
exhibits minimum loss in CO, uptake during multiple capture—release cycles under variable temperature
and retains the adsorption capacities even upon exposure to 75% RH. The atomistic-level snapshots of
temperature-induced inclusion of gas molecules inside this microporous vessel are rationalized from
simulation studies, and portray diverse CO,-philic sites. Particularly, the four-fold increased CO, adsorp-
tion compared to that of an un-functionalized MOF validates the prime role of pore surface engineering.
Moreover, the CO, selectivity shows a drastic improvement upon gradually increasing the temperature,
attaining a CO,/N; value of 380 at 313 K. The framework further demonstrates solvent-free CO, conver-
sion to cyclic carbonates in high yield with broad substrate scope and satisfactory reusability under less
harsh conditions and in a rather short time. In addition to typical OMS/co-catalyst synergism, the mutual
participation of antagonistic active sites in substrate interaction and activation is validated by juxtaposing
the performance of a urea-free isoskeletal framework and by the relative fluorescence modification in the
presence of epoxide. The results corroborate the unique organic-functionality-mediated cycloaddition
mechanism, which provides important structure—function synergy in this unconventional route to non-
redox CO, fixation.
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contributor to worldwide climate destabilization.™* Although
the use of renewable energy sources and energy-efficient indus-
trial processes has been proposed to mitigate this global issue,
achieving total freedom from fossil-fuel-based energy seems
difficult in the near future from a practical perspective.**
Therefore, CO, capture from point sources is a more viable
option, particularly for developing countries.® So far, CO,
capture and removal has been overwhelmingly dominated by
aqueous-amine-solution-based chemisorption, which presents

Introduction

The rising concentration of the major greenhouse gas, carbon
dioxide (CO,), in the atmosphere is recognized to be the prime
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intrinsic difficulties such as energy-intensive adsorbent regener-
ation, leakage of toxic amines and poor recyclability.”® Thus, the
development of recyclable adsorbent material with high stability
and selectivity is becoming the need of the hour.”™* The adsor-
bents must cover certain important parameters, including (1)
maintenance of selective CO, adsorption over a wide range of
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temperatures, (2) stable adsorption/desorption capacity (non-hys-
teretic) during repeated cycles, and (3) prospect to rationalize the
molecular-level adsorption mechanism."*® Additionally, adsorp-
tion capacity is often reduced upon moisture exposure; thus, the
choice of material is very crucial, as most of commercial adsor-
bents show very poor performance for CO, capture under humid
conditions.'” ™ Hence, tailor-made materials with molecule-
specific interactions on their surface have gained immense
importance and popularity.>

The newly developed porous hybrid structures (metal-
organic frameworks: MOFs), because of their remarkable
surface area, excellent thermo-chemical stability, the simplicity
of fine-tuning the pore chemistry, and the ability to affix task-
specific functionalities, are the best potential candidates.*' ™’
Nevertheless, decreased MOF-CO, interaction with increasing
adsorption temperature severely reduces the CO, uptake in
MOFs, and only a handful of examples exist for humid-con-
dition CO, uptake because of MOF instability and/or pore
blockage by water molecules.**® Thus, the fabrication of
robust and tailor-made CO,-phillic frameworks is of utmost
importance.>*' The successful implementation of this strat-
egy requires the judicious amalgamation of multiple task-
specific sites in such a way that they do not hinder MOF for-
mation and/or block the effective pore space during CO,
adsorption.?*??

On a similar note, the valorization of CO, to chemicals is
an alternative effective way to overcome major environmental
problems, which has sparked extensive research on the use of
captured CO, as a C1 feedstock for value-added
chemicals.>****® While high-energy redox processes generally
involve the production of methanol, methane, ethanol, or
ethylene, non-redox reactions of CO, lead to the formation of
urea, polycarbonate, cyclic carbonates, etc.*’”*° In particular,
catalytic CO, fixation to cyclic carbonates is a green and atom-
economic approach, and of particular industrial importance
for their wide applications in polymer synthesis, the electro-
Iytic elements of batteries, pharmaceuticals, polar aprotic sol-
vents, and as precursors to fine chemicals.*"***> However,
homogeneous CO, cycloaddition presents inherent product
separation difficulties, whereas most heterogeneous catalyses
suffer from very low conversion because of the high thermo-
dynamic stability and kinetically inert nature of CO,.**** In
this context, the major advantages of MOFs include: (1) open
metal sites (OMSs) as Lewis acid sites, which provide electro-
static interactions with substrates, (2) heteroatom-bearing
Lewis basic functionalities on organic struts, which confer
favourable interactions with the reactants, and (3) optimized
framework pores, which provide micro-reactor type environ-
ments to augment collisions between incoming CO, gas and
epoxides to facilitate  cycloaddition  reaction.*>*°7?
Nevertheless, non-redox CO, fixation in most MOFs often
requires the use of hazardous solvents, harsh temperatures
and/or pressures, and long reaction time. Additionally, the cre-
ation of high-density OMSs is hindered by thermo-chemical
instability as well as lack of solvent-bound metal nodes, whilst
pendent groups in organic struts not only block the micro-
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pores, but also lead to unwanted structures through coordi-
nation with metal ions. The above discussion clearly indicates
that the rational design of an acid-base bifunctional MOF,
encompassing unsaturated metal nodes as well as built-in
Lewis basic sites and featuring suitably-sized cavities, is
imperative for high-temperature adsorption and non-redox
CO, conversion under mild conditions.

Building on the above discussion, and our quest to develop
multi-functional, robust frameworks for assorted sustainable
applications,>° we constructed a bipillared-layer Cd(n)-
organic framework (Scheme 1) from the amine-based tri-car-
boxylate ligand 4,4',4"-tricarboxytriphenylamine (H,;TCA) and
the urea-moiety-grafted pyridyl linker 1,3-di(pyridin-4-yl)urea
(L). The guest-free MOF exhibits high CO, adsorption at
diverse temperatures and shows appreciable CO,-framework
interaction with trivial loss during multiple capture-release
cycles under humid conditions. Remarkably, gradually raising
the temperature from 273 to 298 to 313 K leads to significant
improvement in the CO,/N, and CO,/CH, selectivities, which
was also validated by the presence of multiple CO, attraction
sites inside the optimum-sized MOF cavities based on simu-
lation studies. This Lewis acid-base functionalized framework
further demonstrates effective CO, cycloaddition under mild,
solvent-free conditions with a high yield, broad substrate
scope and good reusability. The synergistic role of the contrast-
ing functionalities is demonstrated using rationally designed
control experiments that substantiate the route to CO, fixation.
Overall, this study highlights a rare demonstration of variable-
temperature and selective scavenging of CO, under humid
conditions and organic functionality-assisted non-redox con-
version of a major greenhouse gas to chemicals.

Results and discussion
Structural characterization and stability aspects

Single-crystal X-ray diffraction analysis revealed that the MOF
exhibits the triclinic space group P1, and the asymmetric unit
(Fig. S1a, ESI{) comprises three Cd(u) ions, two deprotonated
H,;TCA ligands, one pyridyl linker (L) and two metal-bound
molecules of the solvent water. Six carboxylate groups adjoin
three Cd(u) centers to form a trinuclear [Cds(COO)¢] unit, in
which two of the terminal Cd(u) centres are attached to the
aqua molecules and provide the chance to create open metal
sites (OMSs) upon activation (Scheme 1). The six-coordination
of the middle Cd(u) ion is satisfied by oxygen atoms from four
carboxylate groups, while terminal Cd(u) ions are attached to
both carboxylate and pyridine ligands. The [Cd;(COO)e] units
are connected through a Cz;-symmetric tripodal ligand and
generate a two-dimensional (2D) bilayer (Fig. 1a) with hexag-
onal pores (15.98 x 18.77 A% (distance refers atom-to-atom
connection). The linkers connect these bilayers to a 3D pillar-
bilayer structure with rhombus channels (22.33 x 25.11 A%
when viewed along b axis.”® Importantly, the urea group of the
linker the and water-bound metal centers are projected inward
the pores (Fig. 1b), providing an appropriate Lewis acid-base

This journal is © the Partner Organisations 2023
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Scheme 1 Structural and functional attributes of the MOF for CO, capture and fixation.

(b)

Fig. 1 (a) View of the nearly hexagonal pores in a single net of the MOF. (b) Free Lewis-basic-site and metal-bound-water (green) decorated pores
along the b axis. (c) Topological representation and (d) void view (along the a axis) of the two-fold entangled structure.

environment for the interaction/activation of incoming guest
molecules. The large cavity dimensions lead to the two-fold
interpenetration (Scheme 1) of the overall framework, resulting
in a (3,8)-connected 2-nodal 3D net (Fig. 1c) with Schlafli
symbol (43674%)(4%),.%°

This journal is © the Partner Organisations 2023

Despite the interpenetration, cavities with dimensions of
6.67 x 10.61 A* still exist along the a axis (Fig. 1d), which
accounts for the large 1689.8 A® (44%) solvent-accessible void
volume per unit cell.*" It is worth mentioning that the number
of contrasting task-specific functionalities (urea moieties,

Inorg. Chem. Front,, 2023, 10, 3605-3620 | 3607
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amine groups and OMSs) consequently doubles in the overall
structure, which might be advantageous for the selective
adsorption and transformation of CO, molecules. The dis-
ordered guest molecules were determined using the combined
results of thermogravimetric analysis (TGA), FT-IR, PLATON
calculations and elemental analysis, which support the mole-
cular formula [Cd;(TCA),L(H,0),]-2DMA-11H,0 (for calcu-
lations, see ESIt). The powder X-ray diffraction (PXRD) pattern
of the as-synthesized MOF perfectly matches the simulated
one (Fig. 2a), attesting to high crystallinity as well as phase
purity. The crystalline material was dipped in various solvents
(methanol, chloroform, acetonitrile, acetone and toluene) for a
day, and the PXRD patterns were found to be consistent with
that of the pristine MOF in all cases (Fig. 2a), affirming its
solvent stability. Noticeably, the framework is capable of pre-
serving its structural integrity in open-air-conditions and
exposure to water (Fig. 2a). Presumably, the close-packed struc-
ture with a large aromatic cloud from the organic struts and
strong interactions among layers and pillars in the interpene-
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trated net provides rigidity to this 3D MOF for hydrolytic stabi-
lity. TGA data showed a two-step weight loss (Fig. S2, ESIT),
with a first weight loss of 11.93% (calc. 11.97%) around
120 °C, corresponding to the low-boiling lattice guest (water).
A second weight loss (9.34%, calc. 9.77%) up to 300 °C is
attributed to the loss of the high-boiling guest DMA.

The FT-IR spectrum revealed a peak at 1640 cm™* (>C=0
stretching) due to the presence of DMA guest molecules
(Fig. S3, ESIY), whereas the solvent water molecules gave rise
to a broad peak around 3500 cm™". The C-N stretch for the ter-
tiary amine in the framework could be found at 1210 em™,
and the N-H bend for the urea functionality appeared at
1610 cm™". The peaks at 1384 and 1596 cm ™' represent the
antisymmetric stretching of metal-bound carboxylates.
Scanning electron microscopy (SEM) with energy dispersive
X-ray analysis (EDX, Fig. 2b) indicated homogenous distri-
bution of all the constituent elements of the MOF (C, N, O,
and Cd), which was also observed from the X-ray photoelectron
spectroscopy (XPS) results (Fig. S5a, ESIt). The high-resolution

(b)
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Fig. 2 (a) Powder X-ray diffraction (PXRD) patterns of the MOF as-synthesized, activated, simulated and after being subjected to several organic sol-
vents, water and open air. (b) Elemental mapping of the MOF crystal, showing even distribution of elements (mix, Cd, O, N, and C) throughout the
surface. XPS spectra acquired at a high resolution showing (c) Cd 3d and (d) C 1s.
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C 1s XPS (Fig. 2d) was fitted to peaks at binding energies (BEs)
of 284.5, 285.63, and 287.7 eV, corresponding to C=C, C-N,
and C-O bonding, respectively.®> Two major spin-orbit orien-
tations (Fig. 2¢) corresponding to Cd 3ds, and Cd 3dj,, were
fitted at 405.54 eV and 412.27 eV, respectively.”* The O-Cd and
O-C bonding in the deconvoluted O 1s spectrum (Fig. S5b,
ESIT) were found at 530.3 eV and 531.9 eV, while the high-
resolution N 1s (Fig. S5c, ESI}) exhibited two peaks at 399.59
and 400.62 eV, attributed to the tertiary nitrogen of the tripo-
dal ligand and N-H binding in the N-donor linker,

respectively.”>®?

Porosity measurement and gas adsorption studies

Before proceeding to the projected applications, the framework
was activated by soaking the finely ground crystals in acetone
(for 3 days) and subsequent heating at 120 °C under vacuum
for 6 h. The PXRD pattern of the activated MOF (Fig. 2a)
showed similar peaks to that of the as-synthesized framework,
indicating maintenance of structural integrity and crystallinity.
Additionally, peaks corresponding to DMA molecules were
absent in the FT-IR spectrum (Fig. S3, ESI{), and TGA revealed
no weight loss up to 300 °C (Fig. S2, ESIt), indicating complete
expulsion of the solvent molecules. Further, an SEM image of
the activated crystal revealed an unaltered block-shaped mor-
phology (Fig. S4, ESIf). The nitrogen adsorption isotherm of
the activated MOF (Fig. S8a, ESIf) at 77 K indicated a
maximum uptake of ~149 cm® g~ (P/P, = 1), which corres-
ponds to a Brunauer-Emmett-Teller (BET) specific surface
area of 503 m> g~'. The pore size distribution (PSD) calcu-
lation, which was based on the non-local density functional
theory (NLDFT) models, gave an average pore diameter of
1.022 nm (Fig. S8a, inset, ESIt), which is attributed to the two-
fold-interpenetration-induced generation of small-sized micro-
pores. Although several high-surface-area MOFs are available
in the literature, the present value is still higher than that of
some well-known frameworks like TMOF-1 (Table S4, entry 9,
ESIt), MAC-4-OH (Table S4, entry 27, ESIf), {[Co(BDC)
(L)-2H,0]-xG}(Table S4, entry 29, ESI{), Ni-MOF-1 (Table S4,
entry 31, ESIf), CSMCRI-7 (Table S4, entry 32, ESIf) and
CSMCRI-13 (Table S4, entry 33, ESIf). The presence of the
OMS-, urea- and amine-decorated 1D channels, together with
the high thermo-chemical stability and microporous nature of
the MOF, prompted us to use it for sorption studies of various
small gas molecules (CO,, N,, and CH,). The gas adsorption
studies on the activated framework were performed at different
temperatures at absolute pressures of up to 1.0 bar. As
divulged in Fig. 3a and b, the framework begins to adsorb CO,
in the low-pressure region, and the maximum uptake at 273 K
and 298 K reaches 53.06 cm® g~ (2.37 mmol g%, 10.42 wt%)
and 28.39 cm® g7 (1.27 mmol g7, 5.57 wt%), respectively. It
can be noted that the adsorption capacity is comparable and/
or superior to that of other reported frameworks (Fig. 4c). For
instance, the CO, adsorption capacities of [Cd
(bpydc),(DMF),-2DMF],, (Table S4,f entry 3), [Zn(bpydc)
(DMF)-DMF], (JMS-4) (entry 3), [Col(n-OH,)4
(MTB),-(H,0),],-13nDMF-11nH,0 (entry 5), {[Zn(SDB)(3,3'-

This journal is © the Partner Organisations 2023
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L)o.s]-xG}, (entry 23), {[Zn,(SDB),(4,4-L)]-xG}, (entry 23),
CSMCRI-7 (entry 32) and CSMCRI-8 (entry 32) are comparable
or lower to the that of the present MOF. Further, the adsorp-
tion—desorption pathways at both temperatures exhibit
minimal hysteresis with no apparent saturation at pressures
up to 1.0 bar, which indicate the possibility of greater adsorp-
tion capacity in the high-pressure range. The adsorption iso-
therms for CH, and N, were also recorded (Fig. 3a and b) and
showed uptake capacities of 14.70 cm® g™ and 0.52 cm?® g™ at
273 K, and 4.53 cm® g and 0.19 ecm® g at 298 K.
Furthermore, the adsorption data for this MOF were investi-
gated at elevated temperature. As depicted in Fig. 3c, the
framework still exhibits a type-I isotherm with negligible hys-
teresis and an uptake of 20.63 cm® g~' (0.92 mmol g7},
4.05 wt%) of CO, at 313 K. Although the adsorption capacity
was reduced as a result of the temperature effect, the value is
still comparable to those in the handful of reports on CO,
adsorption in crystalline frameworks at 313 K.'328:6

Nonetheless, further studies indicated negligible uptake of
CH, (2.80 cm® g7") and N, (0.08 cm?® g™") at this temperature.
Taking advantage of the hydrolytic stability of the MOF, and in
light of the importance of CO, adsorption under humid con-
ditions, we examined the CO, adsorption of a water-vapor-
exposed sample. For this purpose, the MOF was exposed to
75% relative humidity (RH) overnight (Fig. 3d), and thereafter
degassed under mild conditions (50 °C, 2 h) to ensure that
complete expulsion of the aqua molecules from the water-
encapsulated structure did not ensue. The CO, isotherms were
separately recorded using these samples at 273, 298, and 313 K
(Fig. S8c, ESIt), which showed a minor drop in the uptake
capacities (Fig. 3d) with no alteration in the MOF integrity
(Fig. S8d, ESIY). To check the reusability of this material, we
tested the CO, sorption capacity for five consecutive cycles at
three different temperatures (degassing the same sample prior
to each cycle). Pleasingly, all the experiments showed complete
sorption recurrence with no hysteresis (Fig. 4a), indicating the
great prospects of this material in retaining adsorption
capacity at diverse analysis temperatures. To explore the effect
of functionality on CO, adsorption, we synthesized a TCA-
based Cd(u) framework by replacing the urea-functionalized
linker with 4,4'-bipyridine (bpy). The CO, adsorption capacity
for this un-functionalized framework was only 15.1 cm?® g™* of
uptake at 273 K (Fig. S8e, ESI{), which is four times less than
that of the present MOF and clearly validates the essential role
of the structural aspect and CO,-specific sites in this tri-func-
tionalized framework.

Adsorption selectivity and computational insights

To further understand the potential of the MOF for gas separ-
ation, the selectivity for CO, (S) over other gases was deter-
mined at three different temperatures using the ideal adsorbed
solution theory (IAST).®® At the onset, all the adsorption iso-
therms were fitted using a single-site Langmuir (SSL) equation
(see ESIt for details), and fitting parameters were
computed.”®*® Subsequently, this SSL fitting equation pro-
vided the saturation capacities (¢y,) and affinity coefficients for

Inorg. Chem. Front., 2023, 10, 3605-3620 | 3609
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Fig. 3 Gas adsorption isotherms for CO,, CHy, and N, at (a) 273 K, (b) 298 K, and (c) 313 K. (d) Amount of CO, adsorbed before (red) and after
(green) exposure of the MOF to humidity at different temperatures (inset shows a schematic of water vapour exposure).

the different gases at different temperatures. To our delight,
the adsorption selectivity (Fig. 4b) for CO,/N, was found to be
237 (273 K), 301 (298 K), and 380 (313 K), while that of CO,/
CH, was found to be 8 (273 K), 11 (298 K), and 18 (313 K). The
systems tabulated in Table S4,f ie., [NH,(CHs),],[Cds(BTA)
(BTC),(H,0)], (entry 2), [Zn,(btm),]-4H,O (entry 7), CSMCRI-16
(entry 10), and IITKGP-5 (entry 37) have a lesser value of
selectivity towards CO, adsorption. Despite the obvious
reduction in the adsorption capacity, the selectivity values
greatly increased upon elevating the temperature, which is
unique in comparison to porous carbon and/or zeolitic
materials. These values further substantiate that polar CO,
molecules (quadrupole moment: 13.4 x 10~*® C m?; polariz-
ability: 26.3 x 107>°> ¢cm?) interact strongly with the available
interaction sites (OMS, urea, and amine functionalities) inside
the MOF channels and are preferentially adsorbed.>®®” To
confirm this verdict, we measured the isosteric heat of CO,
adsorption (Qs) using the Clausius-Clapeyron equation for the
data at 273 and 298 K.°® The Q value (Fig. S7, ESI) at zero
loading was found to be 32.2 k] mol™, and maintains a steady

3610 | /norg. Chem. Front, 2023, 10, 3605-3620

curve at higher coverage, even though the sites for maximum
affinity become saturated. Comparative Qg data of recent as
well as some benchmark MOFs possessing OMSs are pre-
sented in Fig. 4d and Table S4 of the ESI,f which show that
the present value is ideal for physisorption-based CO,
adsorbents.®®””! However, the relatively superior uptake of CH,4
in spite of its larger kinetic diameter (3.8 A) compared to that
of N, (3.64 A) can be explained based on the greater polariz-
ability (26 x 107> ¢m®) of CH, molecule compared to that of
N, (17.6 x 107> cm?). These influences improved interaction
with the available zn-electron cloud in the framework, causing
it to be adsorbed more than N,.>%7%73

To gain molecular-level understanding of the highly pre-
ferred uptake of CO, over other gases in this MOF and deter-
mine the actual binding interactions of the adsorbed CO, gas
with three different CO,-philic sites (the bridgehead nitrogen
in the carboxylate ligand, the free urea site of the linker, and
the coordination-frustrated Cd(u) centre), computational
studies employing a configurational bias Monte Carlo (CBMC)
simulation were carried out. Analysis of the CO, sorption was

This journal is © the Partner Organisations 2023
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Fig. 4 (a) Multicyclic CO, adsorption at 273 K (black), 298 K (red), and 313 K (green). (b) Selectivity toward CO, over other gases (CH4 and N,) at
three temperatures. Comparison of (c) CO, uptake capacity with CO,/N, selectivity and (d) the Qg values of some benchmark MOFs as well as other

MOFs.

calculated using a framework consisting of (1 x 1 x 1) unit cells
at three experimental temperatures (273 K, 298 K, 313 K) at
pressures of up to 1.0 bar (Fig. 5). The patterns seen in the
experiments are in exact accordance with the trends shown in
the models of CO, capture at these temperatures (Fig. 5a—c). A
progressive reduction in the CO, uptake amount in the unit
cell is evidenced upon gradual increase in the temperature
from 273 to 313 K.

It is clear that strong dipole-quadrupole and quadrupole-
quadrupole interactions exist between incoming CO, gas mole-
cules and the functional adsorptive sites in the framework. To
validate the CO,—framework interactions, we closely examined
these structures. The unsaturated metal centers of the
[Cd3(COO0)g] units interact with the oxygen atoms of the CO,
molecule (Cd---O-C = 3.05 A) (Fig. 5d). Moreover, the CO,
molecule exhibits interaction (Fig. 5e and f) with the free basic
nitrogen of the TCA®>~ ligand (N---C-O = 3.6 A) and the -NH
group of urea (N-H---O-C = 3.01 A) inside the channel. These
binding distances are in good agreement with those of litera-
ture reports.'®’*”7¢ Further insights regarding the adsorptive

This journal is © the Partner Organisations 2023

locations were obtained from the density distribution map
(Fig. S9, ESI{), which demonstrates that the majority of the of
CO, molecules lie inside the available porous channels of the
framework. These results are also in accordance with the
number of CO, molecules present per unit cell at 273 K (7),
298 K (4), and 313 K (3).

Solvent-free non-redox fixation of CO,

The presence of the exposed OMS as a Lewis acid site and the
urea and amine moieties as Lewis basic sites, together with
the appreciable CO, adsorption, indicated that the framework
might serve as a catalyst for CO, conversion. Based on this
conjecture, we employed this tri-functionalized MOF for
effective CO, cycloaddition reaction (Scheme 2) with the model
substrate styrene oxide (SO). The optimization was performed
under solvent-free conditions (Table 1), and provided excellent
conversion of SO (99.9%) with 100% selectivity. Further experi-
ments were conducted to ensure maximum conversion under
mild conditions. However, the catalyst-free reaction did not
lead to any styrene carbonate (SC) formation. Although the use

Inorg. Chem. Front., 2023, 10, 3605-3620 | 3611
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Fig. 5 Snapshots of the location of CO, molecules in the framework configurational bias derived from Monte Carlo simulation at (a) 273 K, (b)
298 K, and (c) 313 K at a pressure of 1 bar. Interaction between CO, molecule and different functionalities, including the (d) OMS, (e) urea, and (f)

amine sites of the framework with their interaction distances.

O
CO, Catalyst 0’40

BuyN*Br

Scheme 2 Cycloaddition reaction of CO, and styrene oxide.

of Cd(NOj3),-4H,0 resulted in a conversion of nearly 17.2%,
the use of the organic struts (H;TCA and L) showed no conver-
sion (Table 1, entry 2). Subsequent screening studies were con-
ducted to establish the need for the co-catalyst tetrabutyl-
ammonium bromide (TBAB), which is known to assist in the
ring-opening step in this reaction.”” However, TBAB alone and/

or mixed with 4,4',4"-tricarboxytriphenylamine provided little
conversion. In contrast, the combination L/Bu,N'Br~ resulted
in better conversion due to the presence of the urea moiety as
a potential interaction site (Table 1, entry 5).">'® To our
delight, the use of the activated MOF (0.25 mol%) and TBAB
(0.2 mol%) afforded remarkable >99% conversion in the
absence of solvent, which attests to the synergistic effect of the
catalyst and co-catalyst in this reaction.

All the parameters, including the amount of catalyst and
co-catalyst, CO, pressure, reaction temperature, and time and
were subsequently optimized. Upon gradually increasing the
catalyst loading (0.05 to 0.25 mol%), the conversion reached a
maximum value of 99.9% (Fig. 6a), and further increase led to
a slight reduction in the conversion due to alteration in the
mass transfer process.”® Next, the outcome of cycloaddition

Table 1 CO; cycloaddition reactions with styrene oxide using different catalysts®

Entry Catalyst/precursors Temperature (°C) Selectivity (%) Conversion (%) Time (h)
1 Blank 70 — — 10
2 H3;TCA/L 70 — — 10
3 Cd(NO;),-4H,0 70 93 17.2 10
4 Bu,N'Br~ 70 94 15.7 10
5 L/BuyN'Br~ 70 98 53.2 10
6 H,TCA/Bu,N"Br~ 70 97 20.2 10
7 Cd(NO3),-4H,0/Bu,N'Br~ 70 97 22.5 10
8 As-synthesised MOF 70 97 23.4 10
9 Activated MOF/Bu,N'T~ 70 100 70 10
10 Activated MOF/Bu,N'Br~ 70 100 99.9 4
11 Activated MOF/Bu,N"Br~ 50 100 99.9 4
12. Activated MOF/Bu,N"Br~ RT? 100 20 8
13. Activated MOF/Bu,N'Br™ RT? 100 38 24
14. Activated MOF/KCl 50 100 42 4
15. Activated MOF/KBr 50 100 73 4
16. Activated MOF/KI 50 100 71 4

“Reaction conditions: epoxide: 26.46 mmol; CO, pressure: 0.5 MPa. ® CO, pressure: 0.1 MPa.

3612 | /norg. Chem. Front, 2023, 10, 3605-3620
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Fig. 6 Effects of various reaction parameters on the conversion and selectivity of styrene oxide: (a) dosage of catalyst, (b) amount of co-catalyst, (c)
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with varying the co-catalyst amount (0.05 to 0.15 mol%)
(Fig. 6b) was studied, which revealed a significant increase
from 28 to 76%. Further increasing the amount of TBAB to
0.2 mol% led to 99.9% conversion. We also examined the per-
formance of other co-catalysts, like TBAI (BuyN'T") and KX
salts (X = Cl, Br, I) under the optimized conditions. The co-
catalyst TBAI resulted in decreased conversion (70%) (Table 1,
entry 9) in comparison to TBAB. In the case of the halide salts,
we observed that the conversion of styrene oxide was lowest in
the presence of KClI (42%) (Table 1, entry 14), while KBr (73%)
and KI (71%) produced comparable conversion (Table 1,
entries 15 and 16). These findings are in accordance with pre-
vious literature reports.>*’®%° Given that the MOF possesses
optimum-sized cavities, we speculate that the larger sized I~
experiences steric hindrance in entering the channels for

synergic catalysis*>”® which explains the lower conversion of

This journal is © the Partner Organisations 2023

the product for TBAI and KI. This fact was additionally proved
when bulkier epoxide substrates were considered (vide infra).
Although reduction of the CO, pressure from 1.0 MPa to 0.5
MPa did not make any difference (Fig. 6¢), further lowering it
to 0.3 MPa resulted in reduced conversion (65%), demonstrat-
ing the enrichment effect of CO, in the reaction vessel towards
the formation of the desired product. On the other hand,
monitoring of the reaction at temperatures from 30 to 60 °C
showed a gradual increase in the SC conversion (%) with temp-
erature, and product formation remained constant beyond
50 °C (Fig. 6d). The time-dependent reaction analysis revealed
maximum conversion within 4 h (Fig. S10, ESI{). Thus, the
optimum cycloaddition conditions were set as: 0.5 MPa CO,
pressure, 50 °C temperature, and 4 h duration, with no for-
mation of diols and dimers as side products.*>”*%" A compari-
son with literature data revealed that present non-redox CO,

Inorg. Chem. Front,, 2023, 10, 3605-3620 | 3613
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fixation performance is among the best reported for MOFs
(Table S5, ESIt) with milder catalytic conditions. Moreover, the
CO, conversion can reach equilibrium within a rather short
time compared to other materials, indicating that this MOF
can efficiently accelerate the CO, conversion process in a less-
energy-consuming and time-saving manner. This effective CO,
conversion performance may be attributed to the modification
of the microenvironment in the 1D channels via the introduc-
tion of multiple task-specific sites, which include two different
functional organic groups and an OMS. Particularly, the urea
group and OMS should be the key factors to actively interact
and activate SO, as is detailed in the mechanistic validation
below.*®#*#3 The catalytic performances of the various systems
presented in Table S5t clearly indicate that this MOF can
perform the non-redox transformation of CO, into the corres-
ponding cyclic carbonates under relatively milder conditions
than Mg-MOF-74 (entry 1), NH,-MIL-101(Al) (entry 2), Ni@ZrOF
(entry 14), CSMCRI-13 (entry 15) and DUT-52(Zr) (entry 17).

The catalyst activity under the optimized conditions was
further extended by considering various other epoxides. As
detailed in Table 2, complete maintenance of catalytic efficacy
was observed for a wide range of aromatic and aliphatic sub-
strates (Fig. S11-S15, ESIt). Nevertheless, cyclohexene oxide
exhibits low conversion due to the steric crowding, which
deters the Sy\2 attack of the Br~ ion on the intermediate
species (Scheme 3).%* From the results, it was further noticed
that the conversion decreases with increasing alkyl chain
length of the epoxides (Table 2, entry 6). This fact can be
attributed to limited diffusion of larger epoxides in the narrow
voids of the microporous framework, and alternately, indicates
size-selectivity. To check the reusability performance of the
catalyst over multiple cycles, we recovered the MOF by centrifu-
gation, washed it with acetone and then reused the powdered
material after drying in vacuum at 100 °C. The spent catalyst
showed almost constant SC conversion over five consecutive
cycles (Fig. 7a). The slight reduction in the conversion might
stem from catalyst loss during the recovery process. The PXRD
pattern of the recovered MOF shows precise agreement with
that of the unused catalyst (Fig. S16, ESIT). The FT-IR (Fig. S17,
ESIt) and FE-SEM analyses (Fig. S19a, ESIt) of the MOF after
multiple runs show no alteration in its structural and/or mor-
phological properties, attesting to its great potential for
repeated cycloaddition. Also, elemental mapping (SEM-EDX)
shows a uniform distribution of elements in the selected area
of the MOF crystal after catalysis (Fig. S19b, ESIt). To check for
any leaching of metal ions during CO, fixation, the MOF was
separated after reaction, and the filtrate was dried and ana-
lyzed using inductively coupled plasma mass spectrometry
(ICP-MS), which showed a negligible Cd(u) ion concentration
(0.003 ppm). Furthermore, the XPS spectra (Fig. S18e, ESIT) of
the recovered MOF was found to be similar to that of the fresh
catalyst. The N, adsorption isotherm at 77 K did not reveal any
significant differences (Fig. S20, ESIT), corroborating the main-
tenance of the porous structure. In a nutshell, this MOF exem-
plifies an efficient heterogeneous catalyst for non-redox con-
version of CO, under mild conditions.

3614 | /norg. Chem. Front., 2023, 10, 3605-3620
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Mechanistic validation of CO, cycloaddition reaction

Given that this MOF contains multiple potential substrate
interaction sites, as confirmed during the CO, adsorption
studies, we conducted a series of control experiments to vali-
date the exact catalytic pathway of the cycloaddition reaction.
At the onset, the role of classical OMS was probed by compar-
ing the activities of the as-synthesized and activated MOFs in
the presence of TBAB under the optimized conditions. As indi-
cated in Table 1 (entry 8), the guest-loaded MOF provided
hardly any SO conversion, which was ascribed to the unavail-
ability of the OMSs for substrate activation. Based on this
observation, coupled with prior literature reports, we propose
the OMS-mediated tentative mechanism shown as Path-1 in
Scheme 3. Here, the cycloaddition reaction is initiated by the
activation of the epoxide through interaction from the Lewis-
acidic Cd(u) centre. Subsequently, the Br~ of TBAB participates
in a nucleophilic attack on the less-crowded carbon atom of
the epoxide, which leads to ring opening.*>>>”*% Finally, an
intramolecular ring closure reaction produces the expected
cyclic carbonate with the regeneration of the MOF catalyst,
which takes part in activation of another epoxide molecule.

On the other hand, urea group in the framework can also
principally act as an efficient activation site for the epoxide via
hydrogen-bonding interactions.*®®” Preliminarily, CO, fixation
using the linker in the presence of a co-catalyst revealed 53.2%
conversion for the L/TBAB combination (Table 1, entry 5). This
experiment indicates that reaction must have proceeded via
using the urea site of the organic strut. In order to more expli-
citly rationalize the preferred interaction site between the
amine and the urea functionality, a comparison of the catalytic
activity of an isoskeletal MOF that lacks the urea moiety was
carried out. To this end, we used one of our previous systems,
which forms an identical 2-fold interpenetrated network, con-
taining the TCA®™ ligand and aqua-molecule-bound
[Cd;(COO0)s] secondary building unit, but without a urea
moiety in the linker (Fig. S1, ESI). This MOF exhibited the fol-
lowing optimized conditions for CO, cycloaddition: 1.0 MPa
CO, pressure, 65 °C temperature, and 6 h duration, and a
higher loading of the catalyst (0.35 mol%) and co-catalyst
(0.36 mol%).* This fact clearly demonstrates that urea
functionalization has a positive impact in effectively catalyzing
CO, with epoxide under milder conditions in the present
system. The role of the urea moiety in substrate activation was
further proven by fluorescence modification of the MOF in the
presence of a model epoxide. First, 2 mg of finely ground as-
synthesized MOF powder was well-dispersed (in 2 mL toluene)
in a cuvette. Freshly prepared SO solution (1 mM in toluene)
was then incrementally added to the cuvette under stirring
conditions. To our delight, the luminescence intensity of the
MOF considerably decreased (Fig. 7b), which signifies strong
host-guest interaction. In sharp contrast, the isoskeletal MOF
without the urea unit did not show much influence on the
spectral intensity (Fig. S21b, ESI}), which instead demon-
strates the obvious interaction and activation of the epoxide
molecule by the urea functionality in the present system
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Table 2 Study of cycloaddition activity using various substrates®
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?Reaction conditions: epoxide: 26.46 mmol; MOF: 0.25 mol%; Bu,N'Br™: 0.2 mol%; CO, pressure: 0.5 MPa; temp: 50 °C; time: 4 h; selectivity

>99%. TON = (moles of product/moles of catalyst).

through spatially controlled and pore-wall-aligned H-bonding
sites in the present framework.’>®® Building on these, we
propose the urea-group-triggered CO, cycloaddition shown as
Path-2 in Scheme 3. Here, the epoxide molecule is activated
through formation of two-point H-bonding interactions.
Subsequently, the bromide ion (Br~) of the co-catalyst attacks
in Sy2 fashion at the less-hindered carbon atom of the
epoxide, resulting in ring opening. After coupling between CO,
and the ring-opened epoxy species, the thus-formed alkyl car-

This journal is © the Partner Organisations 2023

bonate anion subsequently attacks the electrophilic p-carbon
atom of the ring-opened epoxide, leading to ring closure via
elimination of Br~.*°® Although the cycloaddition reaction
using OMS-based Lewis-acidic sites is well explored, the
present version through H-bond-donating sites in the frame-
work is hitherto unprecedented. To the best of our knowledge,
this work represents a unique demonstration of CO, cyclo-
addition, in which the mutual participation of contrasting
functionalities in the MOF facilitates substrate interaction and

Inorg. Chem. Front,, 2023, 10, 3605-3620 | 3615
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of the activated framework upon incremental addition of styrene oxide.

activation, which in turn paves catalysis of the reaction under
less-harsh conditions.

Conclusions

In conclusion, we successfully introduced a Lewis acid centre,
H-bond operative site, and free amine moiety inside the micro-
porous channels of a mixed-ligand Cd(u) MOF. The two-fold
interpenetration of this three-dimensional (3D) pillar-bilayer
framework leads to the creation of suitably sized unidirectional
porous channels and doubles the number of active sites.
Benefiting from these outstanding structural attributes and
pore functionalization, the activated MOF shows high CO,
adsorption at 273, 298 and 313 K, with the adsorption capacity
at every temperature remaining unaltered for up to five
uptake-release cycles. Interestingly, the selectivity for CO, over
N, and CH, displays a remarkable improvement upon gradu-

3616 | /norg. Chem. Front,, 2023, 10, 3605-3620

ally increasing the temperature, while variable-temperature
CO, adsorption under humid conditions revealed remarkable
sorption recurrences, making this MOF a potential material
for practical CO, sequestration. A configurational bias Monte
Carlo simulation gave molecular-level insights into the sequen-
tial insertion of CO, molecules inside the multi-functionalized
porous channels and portrays structure-property synergy
through depicting the individual roles of the CO,-philic sites.
In situ grafted Lewis-basic and H-bond operative sites,
together with activation-generated open metal centres,
promote the performance of the MOF as an excellent hetero-
geneous catalyst in the solvent-free fixation of CO, to cyclic car-
bonates with high yield, broad substrate scope and multicyclic
reusability. In addition to the mild catalytic conditions and
conventional catalyst-co-catalyst synergism, the mutual
participation of the contrasting functionalities towards sub-
strate interaction and activation was validated via the fluo-
rescence modification of the framework in the presence of
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epoxide and comparison with the catalytic activity of an iso-
structural MOF, which confirm the unique organic-functional-
ity-driven mechanistic route to CO, valorization. Given that
the adsorption and chemical fixation of CO, are highly
important global agendas for environmental remediation, this
one-of-a-kind tri-functional MOF satisfies important pre-
requisites for real-time CO, capture and demonstrates uncon-
ventional organic-functionality-actuated CO, fixation, which
promises to unlock new avenues to resolve modern-day issues
of concern.

Experimental section

Detailed description of the synthesis of the linkers and frame-
work has been provided in the ESL
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