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ABSTRACT: Two Cu(II)-based metal—organic frameworks (MOFs) having paddle-wheel secondary building units (SBUs),
namely, 1y, and 1, were synthesized solvothermally using two new bent di-isophthalate ligands incorporating different
substituents. The MOFs showed high porosity (BET surface area, 2191 m?*/g for 1y, and 1402 m*/g for 1;,,). For 1y, very high
CO, adsorption (98.5 wt % at 195 K, 42.9 wt % at 273 K, 23.3 wt % at 298 K) at 1 bar was found, while for 1, it was significantly
less (14.3 wt % at 298 K and 1 bar, 54.4 wt % at 298 K at 50 bar). 1, exhibited H, uptake of 3.2 wt % at 77 K and 1 bar of pressure,
which compares well with other benchmark MOFs. For 1;,,, the H, uptake was found to be 2.54 wt % under similar experimental
conditions. The significant adsorption of H, and CO, for 1 could be due to the presence of micropores as well as unsaturated
metal sites in these MOFs besides the presence of substituents that interact with the gas molecules. The experimental adsorption
behavior of the MOFs could be justified by theoretical calculations. Additionally, catalytic conversions of CO, and CS, into useful
chemicals like cyclic carbonates, cyclic trithiocarbonates, and cyclic dithiocarbonates could be achieved.

Bl INTRODUCTION Previously, we reported a porous Cu(II)-MOF built with the
tetra-acid linker (Scheme 1a) that afforded a porous structure
with paddle-wheel secondary building units (SBUs) and having
free amine groups in the channels that exhibited a H,
adsorption of 6.6 wt % at 77 K and 62 bar of pressure besides
very high CO, adsorption (60 wt %) at 298 K.” Later on, the
linker was modified with the introduction of OMe, CF;, and
NH, groups on opposite sides of the central aromatic ring

(Scheme 1b,c) to probe their possible influence in the gas

of both metal ions and organic ligands.” Particularly, adsorption behavior.” The Cu(II)-MOF with the linker shown
functionalization of MOFs with the polar fl}lnctional group in Scheme 1b afforded 34.2 wt % CO, at 273 K and negligible
(NH,, NO,, Cl, Br, CO,H, OCHy, or SO3H)” enhances their H, adsorption, while with the linker shown in Scheme I, it
adsorption performances for various gases (mainly H,, CO,,

and CH,) besides developing their heterogeneous catalytic

Metal—organic frameworks (MOFs) are an emerging class of
hybrid porous materials. Due to their structural and functional
tunability, easy synthesis, as well as their ever-expanding scopes
of practical applications, MOFs have become one of the most
pursued classes of materials." The most important aspect is the
fact that the overall structure and porosity in these materials
can be systematically varied and fine-tuned through the choice
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potential. The coordination space that can be rendered

hydrophobic if alkyl or fluorinated (CH; CF;) groups are
present in the linkers could help in retaining gas adsorption
efficiency even under moist conditions.”
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Scheme 1. Schematic Diagram of Various Tetra-Acid
Linkers
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exhibited 35.5 wt % CO, at 273 K and 1.72 wt % H, at 77 K
and 1 bar of pressure. To probe the possible effects of electron
donating methyl and isopropyl groups (Scheme 1d,e), the
linkers H,L1 and H,L2 were synthesized and used to
synthesize two Cu(Il)-MOFs solvothermally. All the Cu(II)-
MOFs built with the linkers shown in Scheme 1 were iso-
structural with copper paddle-wheel-based SBUs (Schemes 2
and 3) having highly porous and water stable architectures,
allowing a comparative study of gas adsorption to be made.
The significant adsorption of CO, and H, could be attributed
to not only micropores and unsaturated metal sites formed in
these MOFs but also enhanced interactions of functional
groups with the gas molecules.”

Inspired by the excellent CO, sorption by the activated 1,
its usefulness as a heterogeneous catalyst in the cycloaddition
reactions between various epoxides and CO, or CS, at 1.0 atm
were probed. Catalytic conversion of carbon dioxide (CO,)
and carbon disulfide (CS,) into useful chemicals like cyclic
carbonates and cyclic tri- and dithiocarbonates is important for
the effective utilization of harmful CO, and CS,.® The
synthesis of cyclic carbonates by reacting an epoxide with
CO, is a profitable reaction.” With the use of this reaction, this
greenhouse gas can be reduced significantly. Also, the product
cyclic carbonates in this reaction are useful in several industries

like pharmaceuticals and dyes, as an electrolyte in Li" ion
batteries, as polar aprotic solvents, as intermediates for the
synthesis of ethylene glycol, as polymeric materials, as a
precursor of polycarbonates, etc.'’ The cycloaddition products
with CS,, e.g., dithiocarbonates and trithiocarbonates, are used
) : . 11 12 .
in radioprotective studies,” polymer syntheses, ~ and making
different insecticides."

B EXPERIMENTAL SECTION

Materials. Cu(NO;),-3H,0 and other reagent grade chemicals
were purchased from commercial suppliers (Sigma-Aldrich, Alfa
Aesar, an TCI) and were used as received. All the solvents were
acquired from S. D. Fine Chemicals, India. These solvents were
purified following standard protocols prior to use.

Physical Measurements. All spectroscopic data were collected as
described earlier.” Prior to the gas sorption analysis, the as-
synthesized MOFs were kept in dry acetone and then heated at
120 °C under a high vacuum for 12 h to get rid of all the solvent
molecules from the cavity. A Micromeritics 3Flex Surface Area
Analyzer was used for all gas and water vapor sorption experiments.
Sample preparation was achieved using a Micromeritics Flowprep
with a constant flow of N, gas over the sample at 60 °C for 4 h.
Afterward, the sample was heated first at 100 °C under a vacuum for 2
h followed by another hour of heating at 120 °C before the analysis
commenced. The Brunauer—Emmett—Teller (BET) method was
applied to data points with the slope of the Roquerol BET graph
remaining positive.

X-ray Structural Studies. A Bruker SMART CCD diffractometer
with graphite monochromated Mo Ka radiation (1 = 0.71073 A) at
100 K was used for all data collections. The data collection, data
reduction, structure solution, and refinements were carried out as
described earlier.” The solvent molecules present in the structures
were highly disordered. To tackle this, the PLATON-SQUEEZE"*
program was used and the number of solvent molecules calculated
based on TGA and elemental analyses. The crystal data are shown in
Table S1, and selected bond distances and angles are collected in
Table S2.

Computational Details. We have analyzed the H, and CO, gas
storage capacity of the synthesized MOFs in terms of the results from
related computational studies. In order to reduce the computational
cost, we have extracted and simplified the MOF structure from the
associated experimental crystallographic data in such a way that all
relevant interactions were kept intact. We studied the adsorption of
H, and CO, gas molecules at different positions of the model
complex. All of the structures were optimized using DFT-based
@B97x-D" functional in conjunction with the TZVP basis set.
Frequency calculations were done at the same level of theory on the
optimized structures. All real frequency values ensured that the
optimized structures were at the minima on their respective potential
energy surfaces. The Gaussian 09 suite of program package' was
used. The binding energy (BE) per gas molecule and Gibbs’ free
energy changes (AG) per gas molecule for both of the gas storage
processes have been computed as

Scheme 2. Synthesis of the MOF, 1,
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Scheme 3. Synthesis of the MOF, 1,
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BE = _((nEGas + EMOF) - EnGas@MOF) AEmt AEpauh + AEel + AEorb + AEdlSP (3)
n

(1)

1
AG = ;((nGGas + GMOF) - GnGas@MOF) (2)
where the E and G are the computed electronic energies and Gibbs’
free energies of the optimized geometries respectively. The value of n
is 21 for H, and 12 for the CO, gas adsorbed MOFs. The
thermochemical parameters had been computed at 298 K temperature
and 1 atm pressure.

The charge (q) on each atomic center was computed by natural
population analysis (NPA),"” and the Wiberg bond index (WBI)'®
between two atoms was calculated as per the natural bond orbital
(NBO) scheme'® at the @B97x-D/TZVP level using NBO 3.1 as
implemented in Gaussian 09. An ultrafine grid, with 99 radial shells
per atom, and 950 angular points per shell, had been used throughout
the computations.

The energy decomposition analysis (EDA)>' was performed at the
SSB-D**/TZP//wB97x-D/TZVP level of theory using the ADF
2013.01 program package.”*** The SSB-D functional with Grimme’s
dispersion correction was reported to be suitable in representing weak
interactions. In the EDA scheme, the interaction energy (AE,,) is
decomposed into four energy terms, viz., the Pauli repulsion (AEPauh),
the electrostatic interaction energy (AE,), the orbital interaction
energy (AE,y), and the dispersion interaction energy (AEy,), as

The AE,,; represented the repulsion between the electrons having
same spin in the occupied orbitals of the interacting fragments. The
AE, term presented the quasi-classical electrostatic interaction energy
between the fragments under consideration. In general, the AE, term
was attractive in nature. Another attractive energy contribution was
from the orbital interaction energy, AE,, originating from the charge
transfer, mixing of the occupied and unoccupied orbitals between the
fragments, and the polarization effect. The term AEy,, represented
the dispersion energy correction toward the total attraction energy.

To analyze the nature of noncovalent interactions present in the H,
and CO, adsorbed MOFs, an atoms-in-molecules (AIM)>® analysis
had been performed. Several density based parameters were
computed at the wB97x-D/TZVP level of theory to find out the
nature of the interactions. These calculations were done using
Multiwfn software.*®

The NCIPLOT software®”>® was used to evaluate the noncovalent
interactions between the guest gas molecules and the host MOF. The
NCI analysis was based on the electron density (p) and its reduced
density gradient (s) as

1 IVl
§= ——
2(371.2)1/3 p4/3

(4)

where Vp is the gradient of p.
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Figure 1. (a) Coordination environment around Cu** ions in 1y, and (b)

Al
&,

spherical cages in 1y,

A weak, noncovalent interaction between the molecular pairs could
be identified by the low p and low s values. The Laplacian of electron
density (V?p(r)) was a parameter for describing the nature of the
interaction between the molecular pairs. But, the V2p(r) index solely
could not distinguish between different types of noncovalent
interactions (hydrogen bonds, steric interactions, van der Waals’
(vdW) interactions) by itself. The eigenvalues 4; of the electron
density Hessian (second derivative) matrix such that Vp(r) = 1, + 4,
+ A3 (4 < A, < 1) were useful to identify various noncovalent
interactions. As for H bonds, 4, < 0; for steric interactions, 4, > 0, and
for vdW type of interactions, 4, < 0. Thus, s was plotted against
sign(4,)p(r) (product of sign(4,) and p(r)). The positions of the
troughs associated with the reduced density gradient (s(p(r)))
appearing in the 2D plot give an idea about the type of the
noncovalent interaction. The real space intermolecular interaction iso-
surface was generated using VMD visualization package.””

B SYNTHESIS

Synthesis of the Ligand 2’-Amino-5'-methyl-[1,1":3,1"-
terphenyl]-3,3”,5,5"-tetracarboxylic Acid (H,L1). Synthesis of
the ligand H,L1 was completed in several steps following a published
procedure,'” as illustrated in Scheme 4. The precursor 2’-amino-5'-
methyl-[1,1":3/,1"-terphenyl]-3,3",5,5"-tetracarboxylic ester (H,L1
ester) was characterized by X-ray crystallography (Figure S4), with
Table S3 showing the crystal and refinement data.

Synthesis of the Ligand 2’-amino-5’-isopropyl-[1,1":3",1"-
terphenyl]-3,3”,5,5"-tetracarboxylic Acid (H,L2). Synthesis of
the ligand H,L2 was likewise completed in multiple steps following a
similar procedure as above using p-isopropyl aniline in place of p-
methyl aniline (Scheme S2). Synthetic details for H,L1 and H,L2 are
provided in the Supporting Information.

Synthesis of {[Cu,(L1)(H,0),]-(6DMF)(3H,0)}, (1ye). A sol-
ution of Cu(NO;),:3H,0 (22 mg, 0.092 mmol) and H,L1 (20 mg,
0.046 mmol) in 2 mL of DMF and 1 mL of H,0 was placed in a
Teflon-lined stainless steel autoclave. It was heated under autogenous
pressure to 90 °C for 3 days and then allowed to cool to room
temperature. Blue crystals of 1y, in the form of rectangular
parallelopipeds were filtered, washed with DMF followed by
methanol, and finally dried in the air. Yield ~ 23 mg (45%), based
on the ligand H,L1. FTIR (KBr pellets; cm™): 3314 (b), 2920 (w),
1690 (m), 1630 (s) 1570 (s), 1467 (w), 1423 (s), 1365 (s), 919 (m),
863(w), 780 (m), 722 (m), 646 (m), 468 (m) (Figure S19a). Anal.
Caled for C4HgsN,O,4Cuy: C, 45.29; H, 6.03; N, 9.01%. Found: C,
44.16; H, 6.41; N, 8.96%.

Synthesis of {[Cu,(L2)(H,0),]:(7DMF)(2H,0)}, (1;,,). A similar
procedure as above was followed using H,L2 (20 mg, 0.043 mmol) in
lieu of H,L1. Yield ~ 22 mg (43%), based on the ligand H,L2. FTIR
(KBr pellets; cm™): 3443 (b), 2961 (w), 1655 (s), 1572(w),
1432(m), 1369 (s), 1250(w), 1230 (w) 1103 (w), 1069 (w) 922 (w),
783 (m), 727 (m), 657 (w), 482 (m) (Figure S19b). Anal. Calcd For

C6H74NO,4Cuy: C, 47.21; H, 6.37; N, 9.57%. Found: C, 46.30; H,
6.73; N, 9.49%.

Thermal Stability and Activation of the Compounds, 1y,
and 1;,,. The bulk phase purity of the materials could be confirmed
by matching their powder X-ray diffraction patterns (Figures S20 and
S21) with those of crystallographically characterized samples. The
thermogravimetric analysis showed a gradual loss of lattice solvent
molecules from 50 °C onward, and decomposition of the compounds
could be achieved only beyond 400 °C (Figure S22). The
thermograms of the acetone exchanged samples exhibited a loss of
solvent molecules up to 100 °C. Thereafter, no loss of weight could
be observed up to 400 °C (Figures S23), suggesting robustness of the
structures. High thermal stability of the compounds was also
confirmed by the variable temperature PXRD measurements, showing
the frameworks as stable at least up to 200 °C (Figures S20 and S21).
Before gas sorption measurements and catalytic studies (for 1), the
as-synthesized samples were activated as mentioned above to afford
aly and aly,.

General Procedure for the Cycloaddition of CO, to
Epoxides. An epoxide (20 mmol), catalyst aly, (10 wt %), and
cocatalyst TBAB (1 mmol) were added to a Schlenk tube at room
temperature with bubbling CO, (99.999%). Once the reaction was
completed as found by TLC, the catalyst was filtered out, washed with
S mL of DCM, and air-dried. The product was purified by silica gel
column chromatography and characterized by "H NMR spectroscopy.

In a similar way, the conversion of atmospheric CO, into cyclic
carbonate was carried out. We purged the laboratory air as a CO,
source, and the mixture was allowed to stir for 24 h.

General Procedure for the Synthesis of Cyclic Trithiocar-
bonates. Carbon disulfide (40 mmol), an epoxide (20 mmol),
catalyst aly, (10 wt %), and cocatalyst TBAB (1 mmol) were placed
in a sealed pressure tube and stirred at 0, 30, or 80 °C. After
completion of the reaction, it was filtered, and the filtrate was
evaporated off. The product was passed with a short plug of silica
using ethyl acetate as the eluent and analyzed by 'H NMR
spectroscopy.

B RESULTS AND DISCUSSION

Solvothermal reactions between H,L1 or H,L2 with Cu-
(NO;), in the mixed solvent system of DMF and H,O gave
blue-colored crystals of 1y, and 1;,,, respectively. On the basis
of single-crystal X-ray diffraction analysis in addition to thermal
(TGA, Figures S22—24) and elemental analyses, these
compounds were formulated as {[Cu,(L1)(H,0),]-6DMF-
3H20)},, lye and {[Cu,(L2)(H,0),]-7DMF2H,0)},, Lipr
Both the compounds crystallized in the space group P6;/mmc
with the asymmetric unit comprising one-fourth of the ligand
besides a Cu(II) ion and a coordinated water molecule, each
with half occupancy. As expected from an isophthalate moiety,
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Figure 2. (a) Coordination environment around Cu?* ions in Lipe

and (b) spherical cages in 1

ipr*

the structure in 1y, or 1;, was composed of paddle-wheel
[Cu,(CO0),] secondary building units (SBUs) with carbox-
ylate bridging. (The Cu--Cu bond distance was 2.650(3) and
2.6551(15) A in 1y, and 1, respectively; Figures la and 2a.)
The Cu—O bond distances were in the range 1.949(6) to
2.087(11) A for 1y, and 1.950(6) to 2.124(6) A for 1,
forming an overall three-dimensional framework. These and
other bond distances were within normal statistical errors as
found in the literature. The overall structures of the present
two compounds were quite similar to those with other linkers
shown in Scheme 1. As depicted in Figures 1b and 2b, two
types of voids of spherical shape were found with approximate
diameters of 10 A (yellow color) and 8 A (violet color). These
were further connected to each other via small triangular
windows of dimensions ~S A. The bigger void was in close
proximity with the alkyl substituent, while the smaller void had
—NH, groups. Disordered solvent molecules occupied these
voids whose number was established from the weight-loss in
the thermogram, elemental, and IR spectral analyses. The
sharp peaks at 1630 and 1655 cm™ in the IR spectra (Figure
S19) of 1y and 1;,,, respectively, were consistent with the C=
O stretching vibration of the lattice DMF molecules. All these
experimental data were in good agreement with the PLATON
calculated solvent-accessible void volume, which was found to
be 61.3% (4335/7068.2 A3) for 1y, and 57% (4037/7076.3
A%) for 1,,, of the total cell volume.

Gas Adsorption Studies for 1y. The permanent porosity
in alyg, was established by nitrogen adsorption experiments at
77 K. As shown in Figure 3, it exhibited a reversible type I
sorption behavior, revealing its microporous nature with a
maximum N, uptake of 568 cm?(STP) g~' at 1 bar,
corresponding to the BET surface area of 2191 m’g™".

The high permanent porosity, presence of open metal sites,
and more importantly the presence of free amine/methyl
groups prompted us to carry out CO, adsorption measure-
ments. We have carried out the measurements at different
temperatures (Figure 4). The CO, measurement results are
summarized in Table 1.

The CO, adsorption capacities of aly, (Figure 4 and Table
1) at 195,273,278, 283, 288, 293, and 298 K were found to be
502 cm® ¢! (98.5 wt %), 219 em® ¢! (42.9 wt %), 199 cm®
g (39.0 wt %), 183 cm® ¢! (35.8 wt %), 171 cm® g™' (33.6
wt %), 146 cm® g_1 (28.7 wt %), and 119 cm? g_l (23.3 wt %),
respectively. These high uptake capacities compared well with
some of the MOFs known for CO, adsorbing ability (Table
S4). At zero loading, the Qst value calculated using the
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Figure 3. N, physisorption isotherm of 1, at 77 K.
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Figure 4. Physisorption isotherms: CO, at 195 to 298 K for aly.

Clausius—Clapeyron equation was 26.63 k] mol ™, indicative of
a favorable interaction of CO, with the host framework (Figure
5). For the process to calculate heat of CO, adsorption from
the Clausius—Clapeyron equation, see the SL

The ability of aly, to adsorb H, gas at 77 K had also been
carried out, with the results shown in Figure 6. The gas uptake
reached about 355 cm® (STP) g™/, corresponding to 3.2 wt %
at a pressure of 1.07 bar. The adsorption and desorption follow
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Table 1. CO, Gas Sorption Results for 1, 500 ~

CO,, 195 K, 0.95 bar 502 em® g7! (98.5 wt %) 490 4

CO,, 273 K, 1.04 bar 219 em® g7 (42.9 wt %)

CO,, 278 K, 1.07 bar 199 cm® g7! (39.0 wt %) o

CO,, 283 K, 1.12 bar 183 cm® g~' (35.8 wt %)

CO,, 288 K, 1.22 bar 171 em® g7* (33.6 wt %)
CO,, 293 K, 1.14 bar 146 cm® ¢! (28.7 wt %)
CO,, 298 K, 1.06 bar 119 em® g7! (23.3 wt %)
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Figure 6. Physisorption isotherms: H, at 77 K (aly).

the same path without hysteresis. Noticeably, the hydrogen
uptake value was higher than those of MOF-S (2.0%), MOF-
505 (2.47%), Cu-BTT (2.42%), Fe-BTT (2.3%), PCN-68
(1.87%), PCN-66 (1.79%), SNU-4 (2.07%), MOF-74(Mg)
(2.2%), and L¢, (2.57% and 1.72%) by Bharadwaj et al.*>®"
and many among the NOTT measured at 1 bar of pressure
(Table SS).

The structure of 1y, was isostructural with 1p,. The only
difference was 1, had an isopropyl group in place of the
methyl group. The permanent porosity in 1;,, was established
by N, adsorption experiments at 77 K. As shown in Figure 7,
al,,, exhibited a maximum N, uptake of 491 cm® (STP) g™" at
1 bar, corresponding to the BET surface area of 1402 m’g™".
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Figure 7. Physisorption isotherms: N, at 77 K for al,,.

The CO, adsorption capacity of al;,, up to 1 bar of pressure
(Figure 8) at 298 K was found to be 73 cm® (STP) g™* (14.3
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Figure 8. Physisorption isotherms: CO, at 298 K at 1 bar pressure for

aly,.

wt %), which was significantly less than the value obtained in
the case of aly,. This could be attributed to the larger size of
the isopropyl group compared to the methyl group reducing
the available space.

We also compared the CO, gas sorption in isostructural
MOFs at 298, 1 bar. When there is a methyl group, it is
showing the highest uptake (119 cm® g™'), while when there is
no group, the uptake was moderate (90 cm® g~'; Table 2). But
when the methyl group is replaced by a triflouromethyl group,
the uptake was reduced to 106 cm® g~*. The trifluoromethyl
group is electron withdrawing in nature, while the methyl
group is electron donating, which increases the electron
density at the amino group, leading to a favorable interaction
with gas molecules. One should also notice that the
trifluoromethyl group is bulkier than the methyl group,
which can also lead to a decrease in gas sorption. But when
the bulkier trifluoromethyl group was replaced by a smaller
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Table 2. Comparison of CO, Gas Sorption at 298 K, 1 Bar in Isostructural MOFs

®

COOH

H;
MOF having | 50c O COOH
ligand 0 NH, O

COOH

NH,

O COOH

HOOC.

Fs

®

COOH

HsC

HOOC

®

Hy

COOH
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®

COOH

) .G

O 0

HOOC. O

NH, O

COOH

COOH

COOH

COOH

COOH

COOH

COOH

COOH

CO, uptake in

119 (23.4 wt %)

90 (17.7 wt %)

106 (20.8 wt %)

73 (14.3 wt %)

106 (20.9 wt %)

cc/g (wt %)

fluoride group, no change in the gas sorption uptake was
observed (Table 2). This shows that the size of the methyl
group is appropriate at this pore size. The trifluoromethyl and
fluoride groups showed more gas sorption when there was no
group because of their favorable interactions with the gas
molecule.

An attempt to increase the electron density at the amino
group by replacing the methyl group with an isopropyl group
leads to less gas uptake (73 cm® g™"). In this case, the bulkiness
of the isopropyl group as compared to the methyl group causes
inferior results. Hence, from the above observation, it can be
concluded that the stereoelectronics are responsible for higher
gas sorption.

The ability of al;, to adsorb H, gas at 298 K up to a
pressure of 1 bar has also been carried out, and the results are
shown in Figure 9. The gas uptake reaches about 284.6 cm’
(STP) g™, corresponding to 2.54 wt % up to a pressure of 1
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Figure 9. Physisorption isotherms: H, at 77 K (alipr)‘

The gas adsorption selectivity for both the frameworks was
measured”’ according to the ideal adsorbed solution theory
(IAST) at 273 K up to 1 bar of pressure using single-
component adsorption isotherms for CO,, H,, and N, (Figure
10). From the Figure, it was clear that the amounts of N, and
H, uptake were negligibly small, whereas aly, and al,
adsorbed significant amounts of CO,. For alyy, the selectivity
of CO, over N, was found to be 43, while it was 24 for aly,.

Computational Study. The optimized geometries of the
MOFs and H, and CO, adsorbed MOFs presented in Figure
11 with the —CH;, —iPr, and —CF; substitution in the
aromatic linker represented as 1y, iy, and 1cgs, respectively,
in this study. The preferred binding sites for the H, gas

molecules in the paddle-wheel of the MOFs had been studied
earlier and explained.””** The H, molecules were placed in
these preferred binding sites and optimized. Two H, molecules
resided near each of the Cu atoms of the MOFs. The Cu—H
bond lengths were in the range of 2.312—2.315 A for all of the
H, gas adsorbed MOFs. In these gas adsorbed MOFs, the H—
H bond lengths of the two H, molecules close to the Cu atoms
were elongated to 0.750 A compared to 0.744 A in the free H,
molecule (see Table S6). The remaining H, molecules were
distributed over the Cu-paddle and aromatic linkers. The
elongation in the H—H bond was small in these H, molecules
compared to free H, molecules (see Table S6). A similar type
of scenario was present in case of the CO, adsorbed MOFs.
Two Cu atoms were found to be bound with two CO,
molecules showing Cu—O interactions. The Cu—O distances
were in the range 2.403—2.425 A for all of the MOFs (see
Table S7). The C—O1 bond distance (1 referred to the O
close to the Cu atom) in CO, was increased, whereas the other
one (C—02 bond) was shortened as compared to free CO,.
For the remaining CO, molecules, the elongation was very
small. The O1-C—02 bond angle was bent in the adsorbed
form for all CO, molecules. As we could see for the H, as well
as for the CO, gas molecules, the change in the structural
parameters was very small. Hence, physisorption of these gases
was expected in the case of all the MOFs.

The binding energy per gas molecule (BE) and the Gibbs’
free energy change per gas molecule (AG, kcal/mol) were
computed and are presented in Table S8. The BE values were
the same for a particular gas in case of the 1y, as well as for
the 1;,, and 1cg;. The H, and CO, storage capacity could be
explained in terms of the AG values. The AG values for both
of the CO, adsorbed MOFs were the same, which supports
almost equal CO, storage capacity in the MOFs at 298.15 K
and 1 atm. For the H, desorption process, the AG value for
Ly was —4.9 keal/mol; for 1;,,, —5.0 kcal/mol; and for 1¢g;,
—S5.1 keal/mol. Thus, the high H, gas storage in 1y and 1;;, as
compared to the 1cp; was thermochemically supported. The
computational results were in conformity with those obtained
from related experiments.

In the EDA scheme, we had considered three fragmentation
processes as shown in Table S9. In the first scheme, two gas
molecules near the two Cu centers were considered as one
fragment, and the remaining part (n—2)gas@MOF was
considered as the other fragment. In the second fragmentation
process, we had considered the two nearby gas molecules near
the Cu atoms and the MOF, i.e., 2gas@MOF, as one fragment,
and the remaining (n—2) gas molecules as another fragment.
In the last fragmentation process, we had considered the MOF
as one fragment and all of the n gas molecules as the second
fragment. For all of the fragmentation processes, the
contributions from the noncovalent interactions (AE, .+
AEdisp) were more than the covalent interaction (AE,,). The
two gas molecules near the Cu atoms were mainly stabilized by
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the AEgq, (49.1—58.7%), which was followed by the AE_
(28.6—40.3%) and AEg, (10.5-17.7%) as per the first
fragmentation way. For the remaining (n—2) gas molecules,
the AEgq, contributes 42.0—45.4% toward the total stabiliza-
tion energy, becoming the major stabilizing factor for these gas
molecules as per the second fragmentation procedure. Overall,

it was clear that the noncovalent interactions (AE,, and

AEdiSP) were the major stabilizing factor compared to the
AE .

The molecular graphs of the H, and CO, adsorbed MOFs
had been generated at the wB97x-D/TZVP level and presented
in Figure S25. Large numbers of bond paths cropped up
between different atoms of the MOFs and gas molecules,
indicating all of the interactions in these gas adsorbed MOF
systems. The computed density based descriptors at the bond
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critical points (BCP) are presented in Table S10. We had
considered only one of each kind of BCP for the discussion.
The electron density (p(r.)) values were low at the BCPs
originating between the adsorbed gas molecules and MOFs.
The low p(r.), positive Laplacian of the electron density
(V?p(r.)), and positive energy density (H(r.)) at the BCP
indicated noncovalent type interactions present between the
gas molecules and MOFs. The NCI plots for all of these gas
adsorbed MOF systems have been presented in Figures 12, 13,
§26, and S27. The generated green surface between the gas
and MOFs surface indicated the origin of van der Waals
interaction among them. The 2-D plot showed the generation
of a green area near the electron density equal to zero,
indicating all of the interactions between the MOF surface and

gas molecules. The H, and CO, near the Cu atom had their
finger prints near the region of sign(4,)p(r) & —0.021 to
—0.028, which almost coincided with the Cu—Cu interaction
in the paddle-wheel.

The results obtained from the NBO analysis for the H, and
CO, adsorbed MOF systems have been presented in Table
S11 and Table S12, respectively. The charges on the Cu atoms
in 1y, are 1.093 and 1.094 lel, in 1;,, are 1.093 and 1.094 lel,
and in 1cg; are 1.093 and 1.093 lel. On H, adsorption, the
charges on the Cu atoms decreased to 1.045 for 1y, 1.045 for
Ly and 1.046 and 1.045 for 1¢g;. The two H, molecules near
the Cu atoms had a positive charge on them. This signified a
transfer of electron density from the H, molecules to the Cu
centers. The remaining H, molecules in the vicinity of the
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aromatic linkers were polarized, which was the origin of the
vdW force. The total charges on the two CO, molecules near
the two Cu atoms were 0.048 and 0.044 lel in 12CO,@1,, and
0.045 and 0.044 lel in 12CO,@1;;, and 0.046 and 0.044 lel in
12CO,@1¢g;, respectively. This accumulation of positive
charge on CO, with a concomitant decrease of the charge
on both the Cu atoms indicated that electron density donation
occurred from CO, toward the MOFs. The remaining 10 CO,
molecules were polarized. The Cu—H and Cu—O(CO,) WBI
values were low, supporting the noncovalent type of
interactions. The WBI;_y; values in the adsorbed H, molecules
were slightly smaller compared to those in the free H,
molecules. A similar picture was found for the WBI-_q in
the adsorbed CO, molecules.

Catalytic Studies. Cycloaddition of CO, to Different
Epoxides. High CO, adsorption ability with significant heat of
adsorption for aly, convinced us to attempt to fix adsorbed
CO, as cyclic carbonates by reacting with different epoxides. In
a typical experiment, an epoxide (20 mmol), catalyst aly, (10
wt %), and cocatalyst TBAB (1 mmol) were placed in a
Schlenk tube with stirring at room temperature, and CO,
(99.999%) was allowed to bubble into the reaction mixture.
The catalyst system was quite versatile, as structurally different
epoxides could be converted to the corresponding cyclic
carbonates in excellent yields (Table 3).

To confirm the heterogeneous nature of the reaction, a hot
filtration technique was adopted. The reaction using
epichlorohydrin as the substrate was stopped by hot filtration
of the catalyst at partial conversion (~50%) after dilution with

Table 3. Cycloaddition of CO, and Various Epoxides
Catalyzed by al, in the Presence of TBAB“

O
[0} al 0’«
/N + COp ——Me o
R ® TBAB,25°C - g~
Entry Epoxide Product Time(h) =~ Conversion

%

1 c|\/oA o \/z'/(o 12 =99
2 /& /a‘/(o 12 >99
o] O_qo
3 ) 12 99
SO

Aicaarce

5 Oo (:[Z\Fo 22 84
o \/&‘/(o 32 4

7 C|\/LOA o \/&'/(oo 32 o

“Catalyzed by 1y, only. "Catalyzed by the cocatalyst TBAB alone.

dichloromethane. No further reaction occurred when the
filtrate was allowed to react under the same reaction conditions
(Figure S28). To check the reusability of the catalyst, it was
collected by filtration, washed with CH,Cl,, and dried under a
vacuum at 120 °C for 5 h and used for the second run using
the same reactants. The catalyst could be reused without any
noticeable loss of activity (Figure $29) and crystallinity (Figure
S30) at least up to four cycles. The yields in four runs were
almost the same. Formation of the desired carbonate was
confirmed by its "H NMR (Figures S31—S35). High yields of
the desired products in these reactions under mild conditions
may be due to high accessibility of the empty Cu(Il)
coordination sites where an epoxide could easily bind.

We then attempted bubbling of laboratory air into the
reaction mixture of an epoxide, TBAB, and the catalyst aly,
taken in the same proportion as above for 24 h at room
temperature. The results were quite interesting (Table 4), and
a significant amount of the product could be isolated this way.

Table 4. Cycloaddition Reactions by Bubling Laboratory Air
for 24 h into the Reaction Mixture at 298 K

Entry Epoxide Product COII\";rSlon
(]
(o]
1 A 0
oA e Ao 65
[0} O
o
o
> O O w

oA 0 —g 60
3 ©/ ©/ AL
O:z):o 35

Cycloaddition of CS, to Epoxides. We next attempted to
catalyze the reaction between an epoxide and CS, in the
presence of 1y,.. The reaction was performed in a sealed
pressure tube using an epoxide (20 mmol), CS, (40 mmol),
catalyst aly, (10 wt %), and the cocatalyst TBAB (1 mmol) at
different temperatures under solvent free conditions. At 0 °C,
after 12 h, two major products could be isolated after
purification through silica chromatography and characterized
as a mixture of cyclic dithiocarbonate and trithiocarbonate
through 'H NMR. On increasing the temperature to 30 °C,
still the mixture was obtained. On further increasing the
temperature to 80 °C, thin-layer chromatography (TLC)
showed a single major spot, which was passed through a short
plug of silica using CH,Cl, as an eluent and characterized by
"H NMR (Figures S36—540) and matched with the reported
literature,>® which confirmed the formation of exclusive cyclic
trithiocarbonate (Table S). In some cases, crystals appeared
after some time. X-ray structure data were also collected for
those crystals, which confirmed the presence of cyclic
trithiocarbonate (Figure S41). The probable mechanism™™® is
provided in Figure S42. A heterogeneous nature (Figure $43)
and recyclability (Figures S44 and S45) were also confirmed as
in the case of cyclic carbonates.
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Table 5. Cycloaddition of CS, and Various Epoxides
Catalyzed by aly,

alyge ’«
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Entry Epoxide Product Time(h)
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B CONCLUSIONS

Two 3D Cu(II)-MOFs were synthesized solvothermally with
two new tetra-acid ligands and characterized by single crystal
X-ray diffraction. Each structure had a metal-bound aqua
ligand in addition to a number of solvent molecules in the
voids. All these could be removed upon heating without a
breakdown of the 3D architecture, leading to highly porous
structures. The amino group remained uncoordinated in the
voids, which along with uncoordinated metal centers exhibited
very high H, and CO, adsorption by the MOFs. With activated
1y, the adsorbed CO, could be easily fixed as a cyclic
carbonate on reacting with an epoxide at room temperature in
the presence of TBAB as the cocatalyst. Even CO, from
laboratory air could be fixed this way. Conversion of
carbondisulfide (CS,) into cyclic trithiocarbonates was also
achieved using 1. Theoretical calculations supported high
uptake capacity for CO, and H,.
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