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ABSTRACT: An In-based metal—organic framework, with 1D
nanotubular open channels, In,(OH)(btc)(Hbtc),4(L)y¢3H,0
(1), has been synthesized via an in situ ligand reaction, in which
1,2,4-H;btc is partially transformed into the L ligand. Compound
1 exhibits exceptional thermal and chemical stability, especially in
water or acidic media. The activated 1 presents highly selective
sorption of carbon dioxide (CO,) over dinitrogen. Interestingly,
diffuse-reflectance infrared Fourier transform spectroscopy with a
carbon monoxide probe molecule demonstrates that both Lewis
and Brensted acid sites are involved in compound 1. As a result, as
a heterogeneous Lewis and Brensted acid bifunctional catalyst, 1
possesses excellent activity and recyclability for chemical fixation
of CO, coupling with epoxides into cyclic carbonates under mild
conditions. In addition, the mechanism for the CO, cycloaddition reaction has also been discussed.

1. INTRODUCTION ammonium and phosphonium salts,” ionic liquids,'® alkali-
metal salts,"' Schiff bases,'” and metal-centered salen
complex,”> have been employed to promote transformation.
Although they show effective conversion of the coupling of
CO, with epoxides into cyclic carbonates, the inherent
shortcomings of separation of the product and recycling of
the catalyst limit the wide application of the homogeneous
catalysts. Consequently, in order to overcome the defect of the
homogeneous catalyst, heterogeneous catalysts, such as metal
oxides,"* functional polymers,15 and zeolites,'® have been
developed. However, most of them need high temperature
(>100 °C) to activate the reaction, which increases the cost of
the reaction process. There are several requirements for an
efficient heterogeneous catalyst for the cycloaddition of CO,
and epoxide: first, high surface area and CO, adsorption
CO, can be utilized as an economic, nontoxic, and renewable capacit_y; second, en_ough Lewis/ B r«z)nst_ed acidic.: or basic sites
reactant.” However, because of the thermodynamic and kinetic to ac.tlye the epoxide/CO,; third, _hlgh sta.b'lhty and long
stability of CO,, the chemical fixation of CO, is not easy. durability upon exposure to the reaction conditions. '

Therefore, it is imperative and attractive to develop methods to Metal—org;lmlc. framevtlorks (MOFS) are a class of cry.stall}ne
activate and convert CO, catalytically to high-value chemicals. porous organic—inorganic hybrid mate.nal.s by the C9mblnatlon
Particularly, the coupling of CO, with epoxides into cyclic of metal centers or clustelrs and organic ligands, which may be
carbonates is a very efficient route for CO, utilization.” The the most promising cand%datelzg to satisfy the dual challenge of
cyclic carbonates are a kind of chemical intermediate in the CO, capture and conversion.”” They possess large surface area
production of plastics, organic solvents, and so on.® and well-ordered porous structure and, most importantly, could

Homogeneous and heterogeneous catalysts have been

Anthropogenic-emitted carbon dioxide (CO,) is the main
greenhouse gas causing the greatest environmental concerns.”
The emissions mainly originate from the combustion of the
coal, oil, and natural gas.2 Nowadays, more and more protocols
have been proposed to solve the problem.” The fundamental
way is to explore clean energy; however, large-scale industrial
implementation is not sufficient to change the energy
consumption structures in a short time. Thus, carbon capture
and sequestration (CCS) technologies would be an efficient
way to capture CO, from existing emission sources.”

The state-of-art technology of CCS technologies, the amine-
based wet scrubbing approach, is widely accepted.” However, it
still suffers from high cost by regeneration, equipment
corrosion, and solvent boiloff. As a renewable C1 feedstock,
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be designed to selectively capture CO,.'® Many strategies are
employed to reinforce the CO, capture ability of MOFs. For
example, the creation of unsaturated metal sites and decoration
of the pores with basic molecules at the open metal sites and
the basic pore surface could result in effective enhancement of
the CO, adsorption.'”” In addition, MOFs are employed as
types of heterogeneous catalysts in the past decades that usually
contain Lewis acidic sites, Bronsted acidic sites, Lewis basic
sites, and other catalytically active sites.”’ For example,
Cu,(BTC),* ZIF-8,°* Cr-MIL-101,”> MOE-5,>* UIO-66,>
MMFC-2,”° and USTC-253"" have been reported for the
synthesis of cyclic carbonates from CO, and epoxides.
Therefore, the strategies to realize the high CO, uptake and
high activity for CO, conversion are coincident, which is
attractive for reducing CO, emissions, while there are only a
few MOFs that can meet the two requirements of exhibiting
high adsorption capacity of CO, and having enough Lewis or
Bronsted acidic sites at the same time. In addition, chemical
and thermal stability is a precondition of the heterogeneous
catalyst in practical applications. Therefore, it is imperative to
design new MOFs with catalytic centers, high CO, adsorption,
and high stability based on the devisible nature of MOFs.

In this study, an exceptionally robust MOF compound,
In,(OH) (btc) (Hbtc)o4(L)os-3H,O (1), which features a 3D
porous architecture with 1D nanotubular open channels, has
been synthesized via in situ ligand reaction (Scheme 1). The

Scheme 1. Ilustration of in Situ Formation of the L Ligand
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high adsorption capacity of CO, and high-density open
catalytic sites in the pores make it a highly efficient Lewis/
Bronsted acid bifunctional heterogeneous catalyst for CO,
coupling with epoxides into cyclic carbonates under mild
conditions. In addition, the reusability and truly heterogeneous
nature of the catalyst for the reaction has also been
demonstrated.

2. EXPERIMENTAL SECTION

2.1. Materials and Methods. All starting materials employed
were commercially available and were used without further
purification. The Fourier transform infrared (FT-IR) spectra were
recorded from KBr pellets in the 4000—500 cm™" range on a Nicolet
SDX spectrometer. Thermogravimetric analysis (TGA) was performed
on a PerkinElmer Pyris 1 [25—700 °C, 5 °C min~!, flowing N,(g)].
Powder X-ray diffraction (PXRD) was recorded with a Bruker AXS D8
advanced automated diffractometer with Cu Ka radiation. Variable-
temperature PXRD studies were heated at a constant rate of 5 °C
min~! from room temperature to 50, 100, 150, 200, 250, 300, and 350
°C in air, respectively. The C, H, and N microanalyses were carried out
with a PerkinElmer 240 elemental analyzer. Solid-state NMR spectra
were collected on a Bruker AVANCE III 600 spectrometer. '"H NMR
spectra were recorded on a Varian-300 MHz NMR spectrometer. The
dinitrogen (N,) adsorption isotherm was measured at 77 K using a
liquid-N, bath. The CO, adsorption isotherm was measured at 273 K
using an ice/water bath and at 298 K using a water bath. The diffuse-
reflectance infrared Fourier transform (DRIFT) spectroscopy of
carbon monoxide (CO) adsorption was obtained on a Nicolet iS10
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spectrometer with a mercury—cadmium—telluride (MCT) detector
and a low-temperature reaction chamber (Praying Mantis Harrick).
The sample was activated completely before DRIFT characterization.
Then, an appropriate amount of sample powder was loaded into the
IR reflectance cell and purged by flowing helium (20 mL min™") for
120 min at 423 K under vacuum to remove the adsorbed water, and
then the cell was cooled to 173 K with liquid N,. CO adsorption was
carried out by generally introducing 10% CO/He (5 mL min™") to the
IR reflectance cell for almost 20 min. The product yield of the catalysis
reaction was monitored by an Agilent 7890A gas chromatograph
equipped with a HP-S column (30 m X 320 gm X 0.25 um; injector
temperature 250 °C) and a hydrogen flame ionization detector. N,
and CO, adsorption—desorption experiments were carried out on an
automated gas sorption analyzer (Quantachrome Instruments ASiQ-
C).

2.2. Synthesis of Iny(OH)(btc)(Hbtc)y4(L)ge3H,0 (1). The
synthetic method of 1 was modified according to the previously
reported literature by our group.28 In(NO;)5-4.5H,0 (50 mg), 1,2,4-
H;btc (80 mg), and 100 mg of piperazine in 3 mL of water were mixed
in a 10 mL Teflon reactor. The mixture was heated in a 160 °C oven
for 72 h. After cooling to room temperature, light-yellow rodlike
crystals were harvested by filtration, washed with water, and dried in
air (73 mg, 72% yield). Anal. Caled for 1: C, 32.38; H, 2.50; N, 2.22.
Found: C, 32.60; H, 2.84; N, 2.01. FT-IR (KBr, cm™): 3431 (m),
2924 (w), 1622 (vs), 1582 (vs), 1489 (s), 1385 (vs), 1302 (m), 1285
(m), 1254 (w), 1170 (m), 1077 (m), 1044 (w), 1023 (w), 1007 (w),
915 (m), 815 (s), 720 (s), 705(w), 666 (m), 542 (s).

2.3. X-ray Crystallography. Crystallographic data of the complex
were collected at 100 K with an Apex II diffractometer with Mo Ka
radiation (1 = 0.71073 A) and a graphite monochromator using the w-
scan mode. The structure was solved by direct methods and refined on
F* by full-matrix least squares using the SHELXTL-2014 crystallo-
graphic software package.”” Two guest water molecules were highly
disordered, and attempts to locate and refine the peaks were
unsuccessful. The diffused electron densities resulting from these
residual molecules were removed from the data set using the
SQUEEZE™ routine of PLATON and refined further using the data
generated. The contents of guest water molecules are not represented
in the unit cell contents for the crystal data. Crystallographic data for
structural analyses are summarized in Table S1. The CCDC reference
number is 1437309 for 1.

2.4. Catalytic Performance Evaluation. Before the reaction, the
catalyst was activated at 423 K for 12 h under vacuum to remove the
guest water molecule. The catalytic reactions at high pressure were
carried out in a 25 mL stainless steel high-pressure reactor. The
activated catalyst was transferred to the reactor immediately. The
temperature of the reactor was increased and maintained at 80 °C, and
the reactor was pressurized with CO, up to 2.0 MPa. The reaction
mixture was stirred (500 rpm) under pressurized conditions for 4 h
and catalyzed by activated 1 and a cocatalyst of tetra-n-tert-
butylammonium bromide (TBAB). When the reaction was completed,
the reactor was quickly cooled in cold water. The catalytic reactions at
ambient temperature and pressure were carried out in a 10 mL
Schlenk tube using epoxide (20 mmol) with CO, catalyzed by
activated 1 and a cocatalyst of TBAB for 48 h. The products were
monitored by gas chromatography—mass spectrometry (GC—MS).
After catalytic reactions, the catalyst was separated by centrifugation
and the product yields were determined by GC. The catalyst was
isolated from the reaction solution at the end of the catalytic reaction,
washed with ethanol three times, dried at 423 K for 12 h under
vacuum, and then reused in the second run of the reaction.

3. RESULTS AND DISCUSSION

3.1. Crystal Structure. The synthetic method of 1 was
modified according to the previously reported literature.”® We
recollected the crystal data of 1, which revealed that part of
1,2,4-H;btc reacted with piperazine to form the L ligand. After
carefully comparing the structure of 1 with the previously
reported structure, we found that they were almost the same.
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The previous data were not good, and therefore the partial
occupancy of piperazine was not solved. In this work, with
high-quality single crystals and other characterization tools, we
were able to decide on the exact structure. Herein, we
redescribe the crystal structure of 1. It features a 3D porous
network with 1D nanotubular open channels. The asymmetric
unit consists of two In™ centers, one p,-OH group, one btc
ligand, 0.4 Hbtc, 0.6 L ligand, and one lattice water molecule, in
which the L ligand is derived from 1,2,4-H;btc and piperazine
via an in situ ligand reaction (Figure S1). The C13, C14, C15,
C16, and C18 atoms of the Hbtc and L ligands are disordered.
The ratio between the Hbtc and L ligands was decided by
elemental analysis and "H NMR integral results. The binuclear
In"™ subunits are connected through u,-OH groups to form an
extended zigzag {In—OH—In}, chain along the b axis (Figure
S2). Furthermore, the four extended infinite chains were
connected by the btc and L or Hbtc ligands to form a 1D
nanotubular open channel that runs through the crystallo-
graphic b axis with a cross section of approximately 16.3 X 15.5
A? (Figure 1a,b). The only channel is further connected by the

(@)

Figure 1. (a) Polyhedral presentation of the 1D channel of 1. (b) Ball-
and-stick representation of the 1D channel along the b axis. (c) 3D
single network of 1. (d) Space-filling representation of 1 along the b
axis. Color code: In, turquoise; C, gray, N, blue; O, red.

btc and L ligands to give rise to a 3D porous structure (Figure
1c,d). In addition, the total accessible volume of the unit cell
was estimated to be 2346.6 A’ using PLATON,*' which
accommodates lattice solvent molecules and is approximately
34.6% of the unit-cell volume (6775.1 A%). In order to confirm
the in situ formed L ligand, "*C CPMAS NMR spectroscopy of
the as-synthesized 1 and Hjbtc ligand was performed. As shown
in Figure S3, the chemical shifts around 170 ppm are ascribed
to the carboxylate C atoms and the chemical shifts around 135
ppm are ascribed to the aromatic C atoms. In contrast to the
BC CPMAS NMR spectra of 1,2,4-H;btc, the new chemical
shifts around 45 ppm for 1 are ascribed to the C atoms of
piperazine. Compared with 1,2,4-H;btc, two new peaks at 6 3.1
and 3.3 of the '"H NMR spectrum of 1 (Figure S4) were
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assigned to the hydrogen signals of piperazine, which further
verified that part of 1,2,4-H;btc reacted with piperazine to form
the L ligand. Furthermore, the ratio between the Hbtc and L
ligands is confirmed by the '"H NMR integral results.

3.2. Thermal and Chemical Stability. The phase purity of
1 was verified by PXRD studies. The diffraction pattern of 1
was consistent with the calculated pattern, which indicated the
high phase purity of the freshly prepared 1 (Figure SS5). PXRD
at varying temperatures in air was also carried out to investigate
the thermal stability of 1. As shown in Figure S6, the
experimental diffraction patterns of 1 were all consistent with
the calculated ones from ambient temperature to 300 °C with a
temperature increase gradient of 50 °C. The diffraction pattern
had no obvious change until the temperature increased to 350
°C, where the peaks at 12, 13, and 16° disappeared, which
indicated that 1 remained stabile until the environmental
temperature exceeded 300 °C. The high thermal stability of 1
also made it possible to use it in broad temperature ranges. The
chemical stability of 1 was tested by refluxing 1 in boiling
organic solvents [hexane, propylene carbonate (PC), dimethyl
sulfoxide, alcohol], water, and even a 0.01 M HCI solution for
24 h (Figure 2). The unaltered PXRD patterns indicated that

hexane-reflux-24 h

——PC-100°C-24 h

DMSO0-100 °C-24 h

— CZHSOH-reflux-24 h

——0.01 M HCl-reflux-24 h

—— H_O-reflux-24 h
) S 2

Simulated

10 20 30 40 50
201°

Figure 2. Chemical stability tests for 1 monitored by PXRD analysis.

the crystallinity of 1 was well retained after solvent treatment. It
is reported that the greater basicity of the pore would benefit
from increasing the stability of the framework and the azolate-
based MOFs usually exhibit excellent stability.”* It can be
concluded that the robustness of 1 could be attributed to the
coordinated piperazine, which increases the basicity of the
pores. This kind of exceptional thermally and chemically stable
MOF is quite rare among the reported MOFs.”> TGA curves of
1 and activated 1 are shown in Figure S7, which indicates that
the weight loss in the temperature range from 25 to 150 °C
corresponds to the loss of guest water molecules. The
difference between the as-synthesized 1 and activated 1 could
be ascribed to the removal of a guest water molecule during the
activation process. Therefore, the as-prepared 1 possesses high
thermal stability and chemical stability and is completely
insoluble in organic solvents.

3.3. FT-IR Spectra. Further verification of 1 for its chemical
integrity was analyzed by FT-IR (Figure S8). Compound 1
exhibits a broad band in the region of 3101-3716 cm™!, which
may be ascribed to O—H and N—H stretching vibrations. The
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typical ©(C=0) stretching mode in the 1652—1767 cm™
range indicates the presence of carbonyl or uncoordinated
carboxylate groups in 1. The peaks appearing at 1582 and 1622
cm™" for antisymmetric stretching vibrations and a peak
appearing at 1385 cm™" for the symmetric stretching vibrations
of 1 account for the presence of deprotonated carboxylate
groups coordinated to the In** cations.”” The peak observed at
1007—1105 cm™" corresponds to the C—N stretching vibration,
which further supports the formation of a new ligand L, in
accordance with the results of X-ray diffraction analysis. Similar
FT-IR peaks in the J)revious report also verified the chemical
environments of 1.”

3.4. Gas Adsorption. The gas adsorption properties of 1
were investigated by N, adsorption analyses at 77 K and CO,
adsorption analyses at 298 and 273 K. As shown in Figure 3,

® —8—273 KCO, ads.
| ey L
70 {0~ 273 K CO, des. e g
[—®—298K CO, ads. H-H:ﬂﬂ g ot
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Figure 3. Comparison of the adsorption (solid symbols) and
desorption (open symbols) isotherms of CO, at 273 and 298 K, as
well as N, at 77 K, for 1.

there is almost no N, adsorption at 77 K for 1. However, 1
exhibits selective uptake for CO,. When the pressure P (actual
pressure) approaches 101 KPa, the CO, uptake reaches 75.0
cm® ¢! at 273 K and §7.3 cm® g7' at 298 K, respectively. The
CO, adsorption isotherms reveal that the adsorption enthalpies
(Qy) of 1 at zero surface coverage is 20.8 k] mol™" using the
Virial equation from sorption isotherms at 273 and 298 K
(Figure $9),’® which implies that 1 has a high binding ability to
CO,. The observed value (20.8 kJ mol™") is higher than those
of most “bench-mark MOFs”, such as MOE-5 (17 kJ mol™!)*’
and UMCM-1 (12 kJ mol™),*® and is similar to that of
CuBTTri (21 kJ mol™).*” When the adsorption amount is
converted to the numbers of CO, adsorbed in each molecule, it
can be seen that ca. 2.4 CO, molecules per asymmetric unit of
1 are captured at 1 bar. The exposed open metal sites and
protruded basic piperazine in the pore are proposed to play
critical roles in the considerable CO, adsorption. Selective
adsorption of CO, over N, is promising for application in
CO,/N, separation, which may be utilized in capturing
greenhouse gas for environmental protection.

3.5. Lewis and Brgnsted Acidity Characterization. In
order to confirm the presence of Lewis and Brensted acidic
sites on 1, we used in situ DRIFT spectroscopy for CO
adsorption at 173 K. CO is an IR probe molecule for exploring
the distribution of the Lewis and Brensted acidic sites in a
catalyst. As a dipole molecule, CO could form a ¢ bond with
the cation through the C side with the cations, which indicates
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information on the acidic sites of the catalyst.””* Activated 1 of

CO adsorption was measured as the background. As shown in
Figure 4a, there were two small positive peaks at 2166 and 2131

Absorbance

— T T — T T T T T T
3650 3360 3350 2200 2100 2000 1900
Wavenumber (cm'l)

Figure 4. DRIFT spectra of CO adsorption on 1 at 173 K with
increasing CO coverage.

cm™" in the ©(CO) vibrational region, which were caused by
physisorption of CO on the surface of the material. Then we
continued to increase the dosage of CO, tracking the changes
of the adsorption. When the CO dosage increased, the peak at
2131 cm ™! significantly enhanced (Figure 4b—f), indicating that
the material has positively charged Lewis acidic sites involved in
1.*°" This is attributed to CO coordinated at open In** Lewis
acidic sites, resulting in chemical adsorption. Meanwhile, the
negative peak at 3580 cm™" increasing with the amount of CO
increased, which could be attributed to the decrease of the
coordination strength between the hydroxyl group and In**,
caused by the coordination of CO and In*". Hence, this peak
originated from the MOF’s Bronsted acidic sites.”*" In brief, the
DRIFT spectra of CO demonstrate that there are both Lewis
and Brensted acidic sites on 1, which will benefit the CO,
epoxidation reaction.

3.6. Catalytic Cycloaddition of CO, and Epoxides. On
the basis of the high density of Lewis and Brensted acidic sites
on 1 and its capability of highly selective sorption of CO, at
room temperature, we decided to evaluate 1 as a Lewis/
Bronsted acidic bifunctional catalyst to catalyst cycloaddition of
CO, and epoxides to form cyclic carbonates. During our
investigation of various recent reports, we chose relatively mild
conditions (Scheme 2, 2 MPa and 80 °C) in the presence of
TBAB as the cocatalyst to study the catalytic ability of 1, and
the results are summarized in Table 1. It can be seen that the
yield for PC for the reaction was very low when the catalyst or
TBAB was absent in the system, under the employed reaction
conditions (Table 1, entries 2 and 3), while the test on the
combination of 1 and TBAB as a binary catalyst proved that it

Scheme 2. Cycloaddition of CO, with Different Epoxides

(0]
/A + CO,
R 80

R=CH,, CH,CH;, C;HyOCH,, Ph

o}

A

Catalyst, TBAB
(@) [¢]

°C, 2.0 MPa or 25 °C, 0.1 MPa

DOI: 10.1021/acs.inorgchem.6b00050
Inorg. Chem. 2016, 55, 3558—3565


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00050/suppl_file/ic6b00050_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b00050

Inorganic Chemistry

Table 1. Cycloaddition of CO, and Epoxide Using Different Catalysts under Various Reaction Conditions”

Entry Catalyst Epoxides Products Catalyst (umol)  Yield®(%) TOF<(h')
o 0
1 None / \ u)ku - 0 0
)_/
o 0
2 1 /\ 5 46 8.9 9.7
)_/
o o
3 TBAB /\ O - 11.7 -
)_/
o o
4 InCl;/TBAB /\ 5 27 91.9 170.2
)_/
o 0
s 1/TBAB /\ 5 26 572 110.0
)_/
o o
6 1/TBAB / \ 5 36 75.7 10S.1
)_/
o o
7 1/TBAB /\ 5 46 93.9 102.1
)_/
o 0
8 1/TBAB /\ 5 56 93.4 83.4
)_/
o o
9 1/TBAB \/A A 46 90.7 98.6
\)—/
o) P
10 UTBAB o vd( 46 85.3 92.7
o )
11 1/TBAB ™ gd 46 73.2 79.7
7 o ‘ o
12 InCl;/TBAB N o 27 91.5 169.4

“Reaction conditions: epoxide, 20 mmol; TBAB, 0.5 mmol; CO, pressure, 2 MPa; reaction temperature, 80 °C; reaction time, 4 h. bYields were
determined by GC. “Moles of yielded cyclic carbonate per mole of catalyst per hour.

can serve as an excellent catalyst for the synthesis of PC with a
yield of 93.9% over 4 h [turnover frequency (TOF) 102.1 h™%;
Table 1, entry 7]. Thus, both 1 and TBAB perform a critical
role and are indispensable in the reaction. It is proposed that
TBAB was employed as a cocatalyst in all of the experiments,
based on the previous reports.”****" Interestingly, the activity
of 1/TBAB was similar to that of InCly;/TBAB, in which InCl,
is a widely used Lewis acidic homogeneous catalyst. A 91.9%
yield (TOF 170.2 h™'; Table 1, entry 4) of PC was achieved by
the In*"-based catalyst (the amount of In cation is equal to the
content of In in 46 ymol of 1), which further underlines the
potential application of 1 toward the CO, conversion reaction.
At the same time, as shown in entries 5—8, 57.2%, 75.7%,
93.9%, and 93.4% vyields of PC can be achieved when catalyst 1
with amounts from 26 to 56 gmol were employed. Therefore, it
can be concluded that the amount of the catalyst has an
important influence on the yield of PC. In other words, the
concentration of the catalytic site determines the catalytic
efficiency. A total of 46 pmol of catalyst afforded a satisfied
yield of PC, so this catalyst loading amount was fixed for the
following experiments. In addition, CO, cycloaddition with
epoxides substituted with different functional groups has also
been tested over 1. With an increase of the molecular sizes of
epoxide substrates, the yield of formation of cyclic carbonates
just slightly decreased. The yields of butylene carbonate, 3-
butoxy-1,2-propylene carbonate, and styrene carbonate were
90.7%, 85.3%, and 73.2%, respectively (Table 1, entries 9—11).
This could be ascribed to the hindrance effect of the pores in 1
for different epoxides and corresponding products with large
sizes, which slows the diffusion of the reactant and results in a
decrease of the yield. A control experiment was carried out

using InCl;/TBAB as the homogeneous catalyst for conversion
of styrene oxide, while a 91.5% yield (TOF 169.4 h™%; Table 1,
entry 12) of styrene carbonate was achieved under the same
conditions. This can further evidence that the reactions took
place inside the pores and the hindrance effect of the pores
affected the reaction directly.

The reaction was also carried out with 1 as catalyst at 1 atm
CO, atmosphere and room temperature. As shown in Table 2,
for the PC with a smaller size, a yield of 77.9% (TOF: 7.1 h™")
is obtained (entry 1). The yields of butylene carbonate, 3-
butoxy-1,2-propylene carbonate, and styrene carbonate reach to
60.1%, 44.2% and 31.6%, respectively, after 48 h (entries 2—4).

Table 2. Cycloaddition of CO, and Epoxides Using Catalyst
1 at 1 atm of CO, and Room Temperature”

Entry  Epoxides Products Yield? (%) TOF<(h?)

1 1 77.9 7.1

o o

)_/

o

A
2 60.1 .
NGZANE *

o)
[}
o o

\)_/

4
NN
4 O/g Qﬁ 316 2.9

“Reaction conditions: epoxide, 20 mmol; TBAB, 1 mmol; 1, 46 ymol;
1 atm of CO,; room temperature; reaction time, 48 h. “Yields were
determined by GC. “Moles of yielded cyclic carbonate per mole of
catalyst per hour.

3 WA 442 4.0
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The results indicated 1 not only can catalyze the CO,
conversion reaction under high pressure and heated conditions
efficiently, but also exhibit high activity under mild conditions,
which could be due to the high CO, uptake ability and the high
density of Lewis acid and Brensted acid sites in 1. To the best
of our knowledge, only two Cu-MOFs*** and USTC-253"
have been developed to accomplish such CO, cycloaddition
conversion under similar mild conditions thus far.

The stability and recyclability of the catalyst are very
important for heterogeneous catalysis. The recycling experi-
ments were carried out after the catalyst recovered from the
cycloaddition reaction by thorough a washing and drying
process. Compared to the freshly prepared 1, its PXRD pattern
after catalysis showed no change in the peak intensity and
position, which indicated the stability of 1 (Figure S10).
Moreover, the IR spectra of 1 also confirmed that the structural
integrity of 1 was well maintained after the catalytic
experlments (Figure S8). A new peak appeared at around
1788 cm™!, which was ascribed to the new generation of the
carbonyl group in cyclic carbonate.” Thanks to its high thermal
and chemical stability, the recovered 1 could maintain the
integrity of the structure after catalysis. The catalytic activity of
1 still remained equal to the level of that of the freshly prepared
during five cycles of recyclability tests for the cycloaddition of
CO, and propylene oxide (PO; Figure S).

Sth Run

100

80

20

1st Run 2nd Run 3th Run 4th Run

Figure S. Recycle experiments of 1 for the cycloaddition of CO, and
PO.

On the basis of the aforementioned experiments and
previous reports,”* the mechanism for the catalytic cyclo-
addition of epoxide and CO, into cyclic carbonate can be
proposed to be the Lewis and Brensted acidic based catalysis
tentatively. As illustrated in Scheme 3, first, the O atom of
epoxide molecules coordinates to the Lewis acidic centers (In**
for 1) or the Brensted acidic sites, leading to activation of the
epoxy ring; second, the Br~ from the TBAB acting as a
nucleophile attacks the less-hindrance C of the epoxide, causing
opening of the epoxy ring; third, an alkylcarbonate anion is
formed by the interaction of CO, with the opened epoxy ring;
fourth, for the final ring-closing step, the alkylcarbonate anion is
cyclized to give the product of cyclic carbonate and,
simultaneously, TBAB and catalyst are regenerated. It could
be deduced that the synergistic effect of the high density of the
Lewis and Brensted acidic sites and the high uptake of CO, and
TBAB in the confined pores of 1 promotes the cycloaddition
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Scheme 3. Proposed Catalytic Mechanism for the
Cycloaddition of CO, and PO Catalyzed by 1

p/ A pfm
P““/

acid sites
Bu,N* 1;*0

Bu N‘Br-

OGN Bu,

H

Br

reaction, which thereby leads to high catalytic activity of 1 for
chemical conversion of CO, into cyclic carbonates.

4. CONCLUSIONS

In conclusion, an In-based MOF with mixed linkers was
constructed, in which part of 1,2,4-H;btc was reacted with
piperazine to generate a new ligand L. The in situ grafted
piperazine not only helped to stabilize the framework but also
benefited the CO, selective adsorption. The open metal sites
act as Lewis acidic centers, and the y,-OH groups act as the
Bronsted acidic centers, which were confirmed by DRIFT
spectroscopy of CO adsorption on 1. Compound 1 exhibited
excellent performance as a Lewis/Brensted acidic bifunctional
heterogeneous catalyst for chemical fixation of CO, coupling
with epoxides into cyclic carbonates under mild conditions.
Significantly, the catalyst possesses superb recyclability, and its
activity showed no decrease during five cycles of reaction. The
strategy for the fabrication of stable MOFs reported in this
work would open a new door for the integration of CO,
capture and conversion. Research along this line is going on in
our laboratory.
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