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Abstract—Two highly stable isoreticular metal-organic frameworks comprising chains of zirconium coordinated with
linkers of 1,4-H,BDC (1,4-benzenedicarboxylic acid) and 4,4-H,BPDC (4,4"-biphenyldicarboxylic acid), denoted as
MIL-140A and MIL-140C, were synthesized. The catalytic activity of these frameworks was studied for the coupling
reaction of CO, and epoxides to produce cyclic carbonates under solvent-free conditions. Excellent activity was
observed for both catalysts: they yielded high epoxide conversion with >99% selectivity toward the cyclic carbonate,
and were fully reusable even after four cycles without any considerable loss of initial activity. The enhancement in the
catalytic activity was explained based on acidity/basicity studies. The influence of various reaction parameters such as
catalyst amount, reaction time, reaction temperature, and CO, pressure was also investigated. Reaction mechanism was
proposed on the basis of experimental evidence and our previous DFT (density functional theory) studies.
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INTRODUCTION

Our planet is on the edge of global warming intimidations, and
hence, it is high time that we take the necessary steps to regain a
balance over the carbon cycle. With carbon dioxide (CO,) being
the main greenhouse gas resulting from human activities, its cap-
ture and sequestration are imperative. Several technologies are
being proposed for the capture and sequestration of CO, [1-7].
However, the high thermodynamic stability of CO, makes its per-
manent fixation a cumbersome task. Hence, the conversion of CO,
into value-added products is highly relevant. Cyclic carbonate prod-
ucts are widely employed as solvents in Li jon batteries, paints, and
grease, and for pharmaceutical and polymer products [89]. Al-
though the cycloaddition of CO, with highly reactive epoxides to
form cyclic carbonates is thermodynamically feasible, the reaction
rates are often negligible owing to the high stability of CO, mole-
cules. To overcome this, several catalysts have been developed, of
which a Lewis acidic metal center in association with a halide ion
co-catalyst nucleophile represents the most typical binary system
[10-14].

Metal organic frameworks (MOFs), which are well-known organic-
inorganic hybrid materials, have been found to be highly efficient
in materializing the epoxide-CO, transformation in the presence
of nucleophilic co-catalysts. High selectivity toward the desired
products was achieved, in addition to appreciable yields at ambi-
ent temperatures, which are highly desirable for energy conserva-
tion. The extra edge of MOF/co-catalyst systems over common
metal oxide/co-catalyst systems is attributed to the high porosity of
MOFs, which endows them with better CO, adsorption ability and
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even distribution of catalytic active sites [15-18].

Although the syntheses of several Zr-based MOFs have been
reported in the last decade, they were sparsely employed for cata-
lytic studies, and even more rarely for effectuating CO, conversion,
with the exception of UiO-66. UiO-66 was found to be catalyti-
cally active in the CO, conversion process [19-22]. Because of the
high oxidation state of Zr, the Zr-based MOFs show high possibil-
ity for activating the epoxide substrates and good stability (reus-
ability). However, in some cases UiO-66 required the presence of
an organic solvent such as chlorobenzene [22]. We determined
that an investigation into the catalytic efficiency of a thermally sta-
ble Zr-MOF under relatively mild reaction conditions without the
use of solvent for CO,-epoxide cycloaddition could enrich the library
of heterogeneous catalysts available for this important organic
transformation. Two zirconium oxide based MIL metal organic
frameworks (MIL-140A and MIL-140C) were first synthesized by
Guillern et al. [23] in 2012, and reported to have high hydrother-
mal and a good mechanical stability. We selected these MOF for
their catalytic application in the cycloaddition of CO, and epox-
ides for the first time. The frameworks comprise chains of zirco-
nium coordinated with linkers of 1,4-H,BDC (1,4-benzenedicar-
boxylic acid), and 44-H,BPDC (4,4"biphenyldicarboxylic acid),
respectively. The materials differ in their pore size (3.2 and 5.7 A)
and surface area (415 and 670 m’g ") [24,25]. The catalytic activi-
ties observed for these MOFs were explained on the basis of vari-
ous experimental and physicochemical characterization results.

EXPERIMENTAL

1. Preparation of Catalysts

MIL-140A was prepared according to a previously reported
method [25]. 40 mmol (6.7 g) of 1,4-benzenedicarboxylic acid (BDC;
Aldrich, 98%) and 20 mmol (4.7 g) of ZrCl, (Aldrich, 99.9%) were
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introduced into a Teflon-lined steel autoclave and 1,621 mmol (125
mL) of DMF was added. The mixture was stirred for a few min-
utes at room temperature and then at 220 °C. After 16 h of heat-
ing, the autoclave was cooled slowly, followed by centrifugation
and washing with DME Thereafter, the material was soaked in
methanol for 12 h to remove the DMF from the pores. This was
repeated three times, and the material was dried in vacuum at room
temperature.

MIL-140C was synthesized in a similar manner as MIL-140A.
10mmol (242g) of biphenyl-4,4-dicarboxylic acid (4,4BPDC;
Aldrich, 97%) and 5 mmol (1.17 g) of ZrCl, (Aldrich, 99.9%) were
introduced into a Teflon-lined steel autoclave. 25 mmol (1.43 mL)
of acetic acid and 324 mmol (25 mL) of DMF were added, and the
mixture was stirred for a few minutes at room temperature and
then heated at 220 °C for 12 h.

2. Characterization of Catalysts

Powder X-ray diffraction (XRD) patterns were recorded with
PANalyticalXpert PRO power diffractometer using Ni-filtered Cu
Ka radiation (A=1.5404 A, time per step=4s). Fourier transform
infrared (FT-IR) spectra were obtained on an AVATAR 370 Thermo
Nicolet spectrophotometer with a resolution of 4cm™". Thermo-
gravimetric analysis (TGA) was conducted on a Netzsch ST 449
instrument. The surface morphology involved using an S-4200
field emission scanning electron microscope (FE-SEM, Hitachi-
3500 N). The elemental analysis (EA) was performed with a Vario
ELII system. The metal content was obtained from ICP-OES analy-
sis using ULTIMA2CHR (1.5 kW, 40.68 MHz, 130-800 mm) with
mono chromato HDD and a poly chromato PMT detector. CO,
and NH; TPD profiles were acquired with a chemisorption ana-
lyzer (BEL-CAT).

3. Cycloaddition of CO, and PO

Propylene carbonate was synthesized from PO and CO, in a 25
mL stainless-steel autoclave equipped with a magnetic stirrer. For
each typical semi-batch operation, PO (18.6 mmol) and the MIL-
140 catalyst (and co-catalyst, wherever applicable) were introduced
into the reactor without solvent, and the reactor was pressurized
with CO, at room temperature. The reactor was heated to the
desired temperature, and the reaction was started by stirring at
600 rpm by maintaining the reactor pressure constant with a back-
pressure regulator. When a desired reaction time had elapsed, the
reaction was stopped and the reactor was cooled externally to 0°C
using an ice bath. The mixture was centrifuged to separate the cat-
alyst, and the liquid products were analyzed with a gas chromato-
graph (GC, Agilent HP 6890 A) equipped with a capillary column
(HP-5, 30 mx0.25 um) using a flame ionization detector. Toluene
was used as the internal standard.

RESULTS AND DISCUSSION

1. Characterization of Catalysts

The powder XRD pattern of the synthesized MIL-140A and
MIL-140C catalysts was similar to that of the literature reported
(Fig. 1). The FT-IR spectra of MIL-140A and MIL-140C are shown
in Fig. 2. The C=0 bond stretching at 1,700 cm ™", characteristic of
the free BPCD linker, shifts to 1,620 cm™" in the spectrum of MIL-
140C, and a Zr-O bond peak at 500 cm™" appears, confirming the
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Fig. 1. X-ray diffraction patterns of synthesized MIL-140A and MIL-
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Fig. 2. FT-IR analysis of MIL-140A and MIL-140C.
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Fig. 3. TGA analysis of MIL-140A and MIL-140C.

formation of the MOE
The TGA data shown in Fig. 3 indicate the high thermal stabil-
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Fig. 4. FE-SEM image of MIL140 A and MIL-140C.

ity of the framework formed. No severe degradation occurred before
520 °C (5wt%), which is well above the reaction temperatures of
the cycloaddition tests studied here, making MIL-140A and MIL-
140C very stable catalysts. The FE-SEM images of the MIL-140A
and MIL-140C materials (Fig. 4) also revealed their morphology.

Elemental analysis of the synthesized MIL-140A gave the results
C, 35.32; H, 2.52; O, 27.94 wt%; these are similar to the calculated
values of C, 35.4; H, 1.47; O, 29.5. ICP-OES showed the Zr con-
tent in MIL-140A to be 32.14 wt%. Elemental analysis of the syn-
thesized MIL-140C gave the results C, 48.83; H, 2.51; O, 21.97
wt%, which were consistent with the calculated values of C, 48.4;
H, 2.32; O, 22.52. ICP-OES revealed the Zr content in MIL-140C
to be 24.44 wt%. The surface area calculated for MIL-140A from
the N, adsorption isotherms at 77 K was 403 m’/g, whereas the
surface area of MIL-140C was estimated to be 814 m*/g. The N,
adsorption and desorption curves for both the samples are given
in the supporting information (Fig. S1, Fig. S2). The pore size of
MIL-140A and MIL-140C was 3.2 and 5.7 A, respectively.
2. Cycloaddition of CO, with Epoxides

Propylene oxide (PO) was used as the substrate to evaluate the
catalytic activity of MIL-140A and MIL-140C. As shown in Table
1, at 80 °C and 1.2 MPa CO, pressure, no significant conversion of
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Table 1. Catalytic tests of MIL-140A and MIL-140C in the cycload-

dition of PO and CO,
Entry Catalyst Conversion (%)  Selectivity (%)
1 None 0 -
2 ZrCl,/BDC/TBAB 20 95
3 ZrCl,/BPDC/TBAB 20 93
4 MIL-140A 0 -
5 MIL-140C 0 -
6 TBAB 15 98
7 TBAI 20 97
8 MIL-140A/TBAB 82 >99
9 MIL-140C/TBAB 79 >99
10 MIL140A/TBAI 19 >99
11 MIL-140C/TBAI 10 >99

Reaction conditions: PO=42.8 mmol, CO, pressure=1.2 MPa, cat.=0.2
mol%, temperature=80 °C, time=6 h, semi-batch

PO occurred with both MIL-140A and MIL-140C alone in 6h
(Table 1, Entries 4, 5). However, in the presence of a common co-
catalyst such as tetrabutyl ammonium bromide (TBAB), there was
a drastic increase in the PO conversion (to 79-82%), along with
high propylene carbonate selectivity (>99%) (Table 1, Entries 8, 9)
for both catalysts. Since TBAB is a known homogeneous catalyst for
CO,-epoxide cycloaddition, its standalone activity was also tested
as a control experiment. However, under the employed reaction
conditions (80 °C, 1.2 MPa CQO,, 6 h), the conversion of PO with
TBAB alone was significantly lower (Table 1, Entry 6) compared
with that observed using MIL-140A/TBAB and MIL-140C/TBAB
binary systems, indicating the synergistic catalysis operated via the
Lewis acid centers of MIL-140A/MIL-140C and the nucleophilic
anion of the co-catalyst. To ascertain the role of the MOF environ-
ment in the catalysis, another set of control experiments were con-
ducted with the precursors of MIL-140A and MIL-140C. The
conversion of PO was lower in comparison to those yielded by the
MIL-140/TBAB systems, thus affirming the highly favorable nature
of the MOF environment for the catalysis (Table 1, Entries 2, 3).
The even distribution of the active centers and the CO, adsorp-
tion capabilities of the MOF network must have been the driving
forces for the effective catalysis.

MIL-140C exhibited a higher BET surface area and pore size
compared with MIL-140A. Hence, higher catalytic activity was
expected for MIL-140C, but the catalytic activity of MIL-140A was
only marginally higher than that of MIL-140C. To find the reason
behind the difference in catalytic activity, CO,- and NH;-tempera-
ture programmed desorption (TPD) analyses were performed on
both catalysts to examine the acid-base characteristics. The total
adsorbed CO, for MIL-140A was obtained as 17 mmol g ', which
is the amount of basic sites in the catalyst (Fig. S3). Similarly, in
the case of NH,-TPD, the number of acidic sites was equivalent to
0.24 mmol g ', which corresponded to the metal centers (Fig. S4).
In the case of MIL-140C, CO,-TPD was found to be around 15
mmol g and NH,-TPD was estimated around 0.21 mmol g’
(Figs. S5, S6). Thus, it is evident that in a broader view; the acidity/
basicity of the MOF plays an important role in CO,-epoxide cyc-
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Fig. 5. Effect of catalyst amount on the reactivity of MIL-140A and
MIL-140C (Reaction conditions: PO=42.8 mmol, cat.=MIL-
140A and C, co-cat.=TBAB (0.2 mol%), temperature=80 °C,
time=6 h, CO, pressure=1.2 MPa).

loaddition reactions. Metallic Lewis acid site is known to activate
epoxide oxygen, and basic site accelerates CO, activation [26-30].
The various reaction parameters for the MIL-140A and MIL-
140C catalysts were optimized as follows. The effect of catalyst
amount was examined in the range 0.2-0.8 mol% (each) with 42.8
mmol of PO at 80°C, 1.2 MPa CO, for 6h (Fig. 5). A stable in-
crease in the PC yield was noticed from 0.2 (82%) to 0.5mol%
(96%) for the MIL-104A/TBAB catalyst system, with a maximum
conversion of 97% at 0.8 mol%. The result shows that even with a
four-fold increase in the catalyst amount (mol%), the increment in
PC yield was only 15%. An almost similar order of activity was
observed for the MIL-104C/TBAB catalyst system. This leads to
the observation that small amounts of MIL-140C/TBAB and MIL-
140C/TBAB systems are sufficient to achieve moderate to good
yields of PC with excellent selectivity. Hence, 0.2 mol% of the binary
systems was used to further optimize the other reaction conditions.
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Fig. 6. Effect of temperature on the reactivity of MIL-140A and
MIL-140C (Reaction conditions: PO=42.8 mmol, cat.=MIL-
140 (0.2 mol%), co-cat.=TBAB (0.2 mol%), time=6h, CO,
pressure=1.2 MPa).

100 -
90 -
g
S 80
B
[
=
s
O 704
60 < —0— MIL-140C
—O— MIL-140A
50 T : T T T T
0.0 05 1.0 15 20 25 30 35

CO, pressure (MPa)

Fig. 7. Effect of CO, pressure on the reactivity of MIL-140A and
MIL-140C (Reaction conditions: PO=42.8 mmol, cat.=MIL-
140 (0.2mol%), co-cat.=TBAB (0.2 mol%), temperature=
80°C, time=6h).

Similarly;, the temperature dependence of MIL-140/TBAB in
effectuating the CO,-PO cycloaddition was investigated. For MIL-
140A/TBAB, the catalytic activity increased from 40 °C to 100 °C,
with the PO conversion reaching its maximum PO conversion of
93% at 100 °C for 6 h at 1.2 MPa of CO, pressure (Fig. 6). A simi-
lar trend was observed for the MIL-140C/TBAB, whereby a PO
conversion of 92% was achieved for 6 h at 1.2 MPa.

The effect of CO, pressure (0.3 to 3.0 MPa) on the PO conver-
sion for both catalysts is displayed in Fig. 7. For the MIL-140A/
TBAB system, the PO conversion increased steadily from 56% to
96% with a pressure increase from 0.3 to 1.5 MPa, which clearly
indicates the dependence of the catalytic activity on the concentra-
tion of available CO, at the reactive sites. However, very high CO,
pressures proved detrimental to the efficiency of the MIL-140A/
TBAB catalyst system, as the PO conversion decreased steeply from
95% to 75% in the range of 1.5 to 3 MPa. This decrease in PO
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Fig. 8. Effect of reaction time on the reactivity of MIL-140A and
MIL-140C (Reaction conditions: PO=42.8 mmol, cat.=MIL-
140 (0.2mol%), co-cat.=TBAB (0.2 mol%), temperature=
80°C, CO, pressure=1.2 MPa).
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Table 2. Performance of MIL-140A and MIL-140C for the synthe-
sis of various cyclic carbonates

Epoxide Catalyst Conversion (%) Selectivity (%)
Propylene oxide =~ MIL-140A 82 >99
Epichlorohydrin =~ MIL-140A 80 >99
Styrene oxide MIL-140A 73 98
Cyclohexene oxide MIL-140A 9 93
Allylglycidyl ether MIL-140A 85 97
Propylene oxide =~ MIL-140C 79 >99
Epichlorohydrin =~ MIL-140C 78 >99
Styrene oxide MIL-140C 69 97
Cyclohexene oxide MIL-140C 7 93
Allylglycidyl ether MIL-140C 84 97

Reaction conditions: Epoxide=42.8 mmol, cat.=MIL-140 (0.2 mol%),
co-cat.=TBAB (0.2 mol%), temperature=80 °C, time=6 h, CO, pres-
sure=1.2 MPa, semi-batch

conversion is analogous to many porous catalyst systems wherein
the dilution effect of excess CO, near the reactive sites inhibits effi-
cient interaction of the substrate with the catalyst. A similar trend
was also observed for the MIL-140C/TBAB catalyst system, where
the PC increased steadily from 55% to 92% when the pressure was
increased from 0.3 to 1.5 MPa. The effect of reaction duration on
the MIL-140A/TBAB and MIL-140C/TBAB binary catalyst-medi-
ated cycloaddition of PO and CO, is shown in Fig. 8. The PO con-

version increased from 3 h to 12 h, and the highest conversion was
obtained at 12 h.

To check the versatility of the MIL-140/TBAB catalyst system,
various epoxides were also subjected to CO, cycloaddition under
identical reaction conditions (Table 2). Terminal epoxides such as
allylglycidyl ether, PO, and epichlorohydrin were converted in excel-
lent to moderate yields. However, cyclohexene oxide showed very
low conversion probably due to the steric hindrance of the epoxide,
as is commonly observed with most of the metal-organic frame-
work catalyst systems [31-33].

The mechanism for the Zr-based catalyst in PC synthesis is pro-
posed based on the experimental results and our previous DFT
studies [34-37]. As shown in Scheme 1, initially the O atom of the
PO interacts with the Lewis acid center (Zr atom) of the catalyst to
form a Zr-O bond, which weakens the PO ring. Subsequently,
ring opening occurs and the bromide ion from the TBAB co-cata-
lyst attacks the S carbon atom of the PO. This leads to the forma-
tion of an alkoxy halide intermediate, which in turn reacts with
the CO, to form a carbonate complex. The halide ion leaves the
circuit and cycloaddition commences to afford the desired PC
along with the regeneration of the catalyst. The observation that
TBAB works much better than TBAI with the MIL-140C catalyst
(Table 1, Entries 9, 11) leads to the conclusion that the catalysis
primarily occurs in the inner channels or pores of the MOE Since
iodide is a larger anion compared to bromide, it has less accessibility
to the reactive centers, as reported in a few other cases too [38-41].

The reusability performance of a catalyst system is an import-

o
Propylene oxide /A ,>
BuyN'Br’

\Z|r/ Polarization
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Scheme 1. Reaction mechanism containing the role of MIL-140 catalyst.
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Fig. 13. X-ray diffraction patterns of synthesized and recycled MIL-
140C.

ant criterion to be analyzed critically to ensure its stability and effi-
ciency. Thus, we analyzed the reusability of both MIL-140A/TBAB
and MIL-140C/TBAB systems under the optimized conditions
(Fig. 9). Near-complete reusability was exhibited by both catalysts,
and the conversion (PO) and selectivity (PC) remained almost simi-
lar to that of the freshly used catalyst even after four cycles. The
PXRD and FT-IR peaks after four cycles were similar to those for
the freshly prepared catalysts (Fig. 10-13). This clearly proves the
chemical stability of MIL-140A and MIL-140C for use as hetero-
geneous catalysts in CO, insertion reactions even with highly sub-
strates such as epoxides.

CONCLUSIONS

Two highly stable zirconium based metal-organic frameworks
consisting of zirconium coordinated with linkers of 1,4-H,BDC
(1,4-benzenedicarboxylic acid) (MIL-140A) and 4,4-H,BPDC (4,4~
biphenyldicarboxylic acid) (MIL-140C) were synthesized and charac-
terized using various physico-analytical techniques. High catalytic

Korean J. Chem. Eng.(Vol. 35, No. 2)
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activity was obtained for both MIL-140A and MIL-140C under
mild reaction conditions, with high selectivity for propylene car-
bonate (>99%) in the cycloaddition of propylene oxide and CO,
with TBAB as the co-catalyst. The high catalytic activity was ex-
plained based on acidity/basicity studies. Recyclability tests indi-
cated no significant change in the catalytic activity up to four cycles,
and the heterogeneity of the catalyst was confirmed by using PXRD
and FT-IR analyses. A plausible mechanism was suggested based
on experimental inferences and our previous DFT studies.
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Table S1. Elemental analysis of MIL-140A and MIL-140C

5,628 5993 6,359 6,725 7,091 7457

Table S2. ICP of MIL-140A and MIL-140C

MIL-140A MIL-140A
Element Experimental (%) Theoretical (%) Element Experimental (%) Theoretical (%)
C 35.32 354 Zr 32.14 33.63
H 2.52 1.47 MIL-140C
O 27.94 29.5 -
Element Experimental (%) Theoretical (%)
MIL-140C
Zr 22.44 26.26
Element Experimental (%) Theoretical (%)
C 43.83 48.40
H 2.51 2.32
O 21.97 22.52
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