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ABSTRACT: The rational integration of multiple functional components
into a composite material could result in enhanced activity tailored for
specific applications. Herein, imidazolium-based poly(ionic liquid)s
(denoted as polylLs) have been confined into the metal—organic
framework (MOF) material MIL-101 via in situ polymerization of
encapsulated monomers. The resultant composite polyILs@MIL-101
exhibits good CO, capture capability that is beneficial for the catalysis of
the cycloaddition of CO, with epoxides to form cyclic carbonates at
subatmospheric pressure in the absence of any cocatalyst. The significantly
enhanced activity of polyILs@MIL-101, compared to either MIL-101 or
polylLs, is attributed to the synergistic effect among the good CO,
enrichment capacity, the Lewis acid sites in the MOF, as well as the
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Lewis base sites in the polyILs.
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1. INTRODUCTION

Anthropogenic emission of greenhouse gases, the main
component of which is carbon dioxide (CO,), has been
considered to cause global warming and ocean acidification."”
Despite its undesirable effects, CO, is indeed an inexpensive,
abundant, renewable, and nontoxic C1 resource, which can be
fixated into diverse value-added chemical feedstocks.”~” Among
all CO, fixation strategies, the cycloaddition of epoxides with
CO, to form cyclic carbonates is one of the most promising,
owing to the high atomic economy, green reaction, and the
versatile structures of cyclic carbonates, which can be further
transformed into diverse fine chemicals.”” A variety of
homogeneous and heterogeneous catalysts have been devel-
oped for the coupling of CO, and epoxides.””~'* In general,
homogeneous catalysts have higher efficiency but are harder to
isolate from the reaction systems. On the other hand,
heterogeneous catalysts are less efficient but are easier to be
isolated and recycled. Ionic liquids (ILs), a kind of environ-
ment-friendly solvent with low vapor pressure, good solubility,
high stability, and tunable acidity, were found to possess
excellent catalytic activity in the CO, fixation reaction.>™"*
However, ILs also have some disadvantages, including the
complicated process of catalyst recovery from the reaction
system, high viscosity, and relatively low efficiency of utilization
as solvents or catalysts,'”” >’ which severely hamper their
industrial application. To overcome these challenges, ILs are
commonly supported or immobilized to different materials
(e.g., silica, metal oxides, and polymers) to obtain heteroge-
neous catalysts for the CO, cycloaddition reaction.”’~>
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Unfortunately, the type of grafted ILs is seriously limited to
some solid supports due to the requirement for special groups,
such as the hydroxyl group on the surface of Si0,.°° >
Moreover, many IL-based catalysts require harsh reaction
conditions (high temperature/pressure) because of the lack of
multiple active sites (e.g,, acid and base sites) to synergistically
promote the reaction.”””** It remains challenging to develop an
IL-based heterogeneous catalyst, which is efficient for the CO,
cycloaddition reaction in the absence of a cocatalyst, under mild
temperature and subatmospheric pressure of CO,.

We consider that the above challenges might be solved by
immobilizing ILs into porous materials with high surface areas
and particular active sites. The porous structure and high
surface area will ensure accessibility of ILs and good CO,
adsorption, and multiple active sites from both components can
be synergized, thus improving the catalytic efficiency. Toward
this end, we chose metal—organic frameworks (MOFs), a class
of porous crystalline materials featuring rich structural diversity
and tailorability, selective CO, adsorption power, high surface
areas,”*™” and the presence of acidic or basic sites capable of
activating either epoxides or CO, molecules.”” Nevertheless,
the simple incorporation of ILs into MOFs was found to suffer
from the strong interaction of both components, which led to
the lack of intrinsic characters of ILs and/or the occupation of
active sites in MOFs, which are detrimental to the activity of
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Scheme 1. Schematic Illustration Showing the Preparation of polyILs@MIL-101

N'Br

the ILs@MOF composites.”*° To circumvent this issue, ILs
have been successfully bound to the organic linkers of MOFs,
either prior to or after the MOF synthesis.”’ ~>* These
strategies however often require complicated catalyst prepara-
tion processes and/or special active groups (e.g, —NH,) at the
linkers for postsynthetic modification. Therefore, it still remains
a huge challenge to develop a facile and universal approach to
fabricate IL-MOF composites by integrating their respective
merits for efficient CO, conversion.

We envision that in situ polymerization of ILs inside MOF
pores could result in stable heterogeneous composites, in which
the intrinsic properties of both components can be retained
well for the CO, fixation reaction. Along this line, 1-vinyl-3-
ethylimidazolium bromide (VEIMBr) and the cross-linker of
ortho-divinylbenzene (o-DVB) were collectively introduced
into a MOF and then copolymerized to give the composite of
imidazolium-based poly(ionic liquid)s (polyILs) threading in
the MOF, MIL-101, denoted as polylLs@MIL-101 (Scheme
1). The MOF porous structure was largely retained in the
composite, facilitating the transport of catalytic substrates/
products and CO, sorption. We were delighted to find that the
exposed Lewis acid sites in the MOF and the Lewis base sites
(Br™) from polylLs synergistically promote the activation and
subsequent reaction of CO, and epoxides. As a result, the
composite catalyst exhibits excellent catalytic activity and
recyclability toward CO, cycloaddition with epoxides under
mild conditions (1 bar or lower CO, pressure, <70 °C). It is
noteworthy that our catalytic system does not require any
cocatalysts, and the catalytic activity almost remains even at
relatively low pressures of CO,, thanks to the high CO, capture
capability of the composite, affording direct evidence on the
positive correlation between CO, capture and conversion. In
addition, we would point out that the polymerized IL@MOF
composites have been recently constructed for alkaline anion
exchange membranes.”> By contrast, our work employs a
different IL to afford a new bulk composite and reports the first
trial of such polylLs-MOF material for CO, cycloaddition
reaction.

2. EXPERIMENTAL SECTION

2.1. Material and Instrumentation. All chemicals were
purchased from commercial sources and used without further
treatment. Deionized water, with the specific resistance of 18.25
MQ cm, was acquired by reverse osmosis, followed by ion-
exchange and filtration (Cleaned Water Treatment Co., Ltd,,
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Hefei). The powder X-ray diffraction patterns (XRD) were
recorded on a Japan Rigaku SmartLab rotation anode X-ray
diffractometer or a Holland X'Pert PRO fixed anode X-ray
diffractometer, equipped with graphite monochromatized Cu
Ka radiation (4 = 1.54 A). The N, and CO, sorption isotherms
were measured by an automatic volumetric adsorption
equipment (Micrometritics ASAP 2020). The Fourier trans-
form infrared (FT-IR) spectra were collected on a SHIMADZU
IR Affinity-1 spectrometer, with KBr discs in the range of 4000
to 400 cm™'. The CPMAS *C NMR measurements were
carried out with a Bruker AVANCE AV III 400WB
spectrometer operating at 100 MHz. Thermogravimetric
analysis (TGA) was carried out on a Shimadzu DTG-60H
thermogravimetric analyzer, at a ramp rate of 10 °C/min in
nitrogen atmosphere. The X-ray photoelectron spectroscopy
(XPS) measurements were conducted using an ESCALAB
250Xi high-performance electron spectrometer, using mono-
chromatized Al Ka (hv = 1486.7 eV) as the excitation source.
The contents of C, H, and N were quantified by using a
VarioELIII Elemental analyzer. The contents of Cr’* in
different catalysts were measured by an Optima 7300 DV
inductively coupled plasma atomic emission spectrometer
(ICP-AES). The conversion and yield were determined by
using a Shimadzu gas chromatograph (GC-2010 Plus with a
0.25 mm X 30 m Rtx-$ capillary column), with an FID detector
and high purity nitrogen as the carrier gas. The transmission
electron microscopy (TEM) and elemental mapping were
acquired on JEOL-2010 and JEOL-2100F, with an electron
acceleration energy of 200 kV. To prepare the ultramicrotomed
polylLs@MIL-101, the powder was immersed into epoxy resin,
and the resin was polymerized at 60 °C for 48 h. Then, the
resin block was cut into slices with an ultramicrotome
(ULTRACUTE). Finally, thin specimens were collected on a
200 mesh copper grid via the usual drying method for further
elemental mapping characterization. The diffuse reflectance
infrared Fourier transform (DRIFT) spectra of CO, adsorption
on the sample were collected on a Nicolet iS10 spectrometer
with an MCT detector. Before characterization, the sample was
activated at 160 °C for 12 h. After that, the sample powder was
loaded into the IR reflectance cell and purged by flowing argon
(Ar; 20 mL/min) for 20 min at room temperature. Afterward,
the spectra of CO, adsorption were collected under a CO, flow
of ~3 mL/min until reaching saturated adsorption, and then
the weakly adsorbed CO, was removed under an Ar flow of ~§
mL/min. The acidity of the catalyst was determined by
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temperature-programmed desorption of ammonia (NH;-TPD),
by using a DAS-7000 Multifunctional automatic adsorption
instrument. Before NH; adsorption, the sample was activated at
150 °C for 4 h in N, atmosphere. After adsorption of NH; at
50 °C for 0.5 h, the desorption step was performed from 50 to
400 °C at a heating rate of 10 °C/min. Water contact angle
measurements were performed on OCA 40 optical contact
angle meter under ambient conditions.

2.2. Preparation of Samples. 2.2.1. Preparation of 1-
Vinyl-3-ethylimidazolium Bromide (VEIMBr). The 1-vinyl-3-
ethylimidazolium bromide was prepared according to the
previous literature with a few modifications.”® Typically, a
mixture of bromoethane (4 g, 36.7 mmol) and 1-vinylimidazole
(2 g 21.3 mmol) was added to a 25 mL two-necked round-
bottom flask under a nitrogen atmosphere and then heated to
70 °C for 16 h. After cooling to room temperature, the
resulting white solid was obtained by washing with ethyl acetate
three times and drying overnight at 60 °C in vacuum. '"H NMR
(400 MHz, CDCly): 6 (ppm) 10.20 (s, 1H), 8.25 (t, 1H), 8.02
(s, 2H), 7.53 (dd, 1H), 6.17 (dd, 1H), 5.47 (dd, 1H), 4.53 (q,
2H), 1.64 (t, 3H).

2.2.2. Preparation of MIL-101. MIL-101 was synthesized
based on the previous literature with minor modifications.”’
Typically, a mixture of terephthalic acid (1.8 g, 10.8 mmol),
Cr(NO;);-9H,0 (4.33 g, 10.8 mmol), and HF (0.3 mL, 1.5
mmol) was dispersed in water (52 mL) and then reacted at 200
°C for 8 h. The as-synthesized MIL-101 was refluxed in water
for 24 h, followed by refluxing in ethanol for 24 h twice, in
NH,F aqueous solution at 85 °C for 12 h, and then washed
with hot ethanol to eliminate the unreacted BDC trapped in the
pores of MIL-101. The resultant green solid was finally dried
overnight at 160 °C under vacuum for further use.

2.2.3. Preparation of Bulk polylLs. A mixture of VEIMBr
(100 mg, 0.5 mmol), 0-DVB (60 yL, 0.42 mmol), AIBN (3 mg,
0.02 mmol), and ethanol (300 uL) was added into a 10 mL
round-bottom flask successively and then heated to 70 °C for
24 h under nitrogen protection. After that, the white
precipitates were collected, washed with ethanol and methanol
several times, and dried overnight at 60 °C in vacuum.

2.2.4. Preparation of polylLs@MIL-101. Typically, activated
MIL-101 (200 mg) was mixed and gently grinded with a
mixture of VEIMBr (100 mg, 0.5 mmol), o-DVB (60 L, 0.42
mmol), AIBN (3 mg, 0.02 mmol), and ethanol (300 yL) in a
mortar until visually dry. Afterward, the mixture was sealed in a
10 mL round-bottom flask and heated to 70 °C for 24 h under
nitrogen protection. Finally, the resultant product was
collected, washed with ethanol and methanol several times,
and dried overnight at 60 °C in vacuum.

2.2.5. Preparation of PVEIMBr@MIL-101. PVEIMBr@MIL-
101 was prepared by a similar procedure to that of polylLs@
MIL-101, except for the absence of o-DVB.

2.3. Catalytic Activity Evaluation. 2.3.1. Cycloaddition
of CO, and Epoxide. Typically, a mixture of polylLs@MIL-101
(100 mg), epoxide (1 mmol), and acetonitrile (2 mL) was
added into a S mL round-bottom flask, which was connected to
a CO, balloon. Then, the mixture was stirred at 70 °C for 24 h.
Note that the amount of other catalysts, including VEIMBEr,
bulk polylLs, and MIL-101, was calculated based on the fixed N
or Cr’* content (evaluated by elemental analysis and ICP
results) in polylLs@MIL-101 (Table S1). For the reaction
under low CO, pressures, the same procedure as above was
employed, except for using a mixed CO,/N, gas and N,N-
dimethylformamide as the C1 source and solvent, respectively.
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For the reaction under 1.50 bar CO,, the catalytic reaction was
conducted in a 10 mL Teflon-lined stainless-steel autoclave.
Then, the same procedure as above was performed, except for
using 1.50 bar CO, as the C1 source.

2.3.2. Recyclability Investigation for polylLs@MIL-101
Catalyst. After the cycloaddition reaction of CO, and
epichlorohydrin for 24 h, the composite catalyst was separated
by centrifugation, washed with methanol several times, and
dried overnight at 60 °C in vacuum. After that, the catalyst was
used for the subsequent cycle of CO, cycloaddition with
epichlorohydrin. The same procedure was conducted ten times
to examine the recyclability of polylLs@MIL-101.

2.4. Detection of Bromide lon. As-synthesized polylLs@
MIL-101 (6 mg) was immersed in water (4 mL), and the
mixture was sonicated for 20 min by using a commercial
ultrasonic cleaner. After that, the filtrate was obtained by simple
filtration. Then, the AgNOj; solution (0.05 mM) was added
dropwise to the above filtrate and the VEIMBr aqueous
solution, respectively.

2.5. Digestion of MIL-101 and polylLs@MIL-101. To
prepare samples for the IR, ICP, and NMR tests, as well as the
evaluation of the polyILs loading in polyILs@MIL-101, both
MIL-101 and polylLs@MIL-101 (40 mg) were completely
digested by the NaOH aqueous solution (4 M, 4 mL). The
insoluble polymer (polyILs) was collected by centrifugation,
washing with water and methanol for several times, and drying
overnight at 60 °C in vacuum. On the other hand, the pH of
the soluble solution (after digestion) was adjusted by
hydrochloric acid to be lower than 7, and the system was
purified by removing terephthalic acid before the ICP
measurements.

3. RESULTS AND DISCUSSION

A representative mesoporous MOF, MIL-101 with the formula
Cr;X(H,0),0(BDC);nH,0 (BDC = benzene-1,4-dicarbox-
ylate, X = F or OH, n =~ 25),”" was employed owing to its
intersecting 3D structure, high physicochemical stability, high
surface area (Sppr = ~4100 m’/g), and large pore sizes (~3
nm) that are desirable to encapsulate the polylLs. Moreover,
upon activation by simple heating, MIL-101 is able to afford
exposed Cr(IIl) centers, serving as Lewis acid sites for catalysis.

The monomers VEIMBr and 0-DVB were introduced into
the MOF pores by grinding the MIL-101 powder in an ethanol
solution containing the two monomers, and radical copoly-
merization was initiated by 2,2’-azobis(isobutyronitrile)
(AIBN) at a moderate temperature (70 °C) to give polylLs@
MIL-101 (see section 2) with 26 wt % loading of polylLs
(Table S2). In order to examine whether all of the unreacted
VEIMBr was completely removed from the MOF pores,
detection of bromide ion was performed by adding AgNO; into
the filtrate obtained by ultrasonic cleaning of polyILs@MIL-
101 (see section 2). In contrast to the formation of a very pale
creamy precipitate in VEIMBr solution after adding the AgNO,
solution, no obvious change was observed in the filtrate from
polyILs@MIL-101 (Figure S1), revealing almost no residual
unreacted VEIMBr in polyILs@MIL-101. To demonstrate
whether the polymerization of two monomers in MIL-101 took
place, bulk polyILs were synthesized under similar conditions in
the absence of MIL-101. The FT-IR spectrum exhibits typical
characteristics of both the samples, nanosized polyILs extracted
from polyILs@MIL-101 and bulk polylLs, and the peaks
around 1160 and 1040 cm™' are corresponding to the
characteristic bands of imidazolium ring (Figure 1a).*® Solid-
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monomers have been successfully incorporated into the
composite.

The morphology and microstructure of bulk polyILs, MIL-
101, and polyILs@MIL-101 were studied by scanning electron
microscopy (SEM). Compared to the spongy morphology of
bulk polyILs, polyILs@MIL-101 has an octahedral morphology
similar to MIL-101, indicating that the formation of polylLs
should be inside MIL-101 pores (Figures 2a,b and S3). To
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Figure 1. (a) FT-IR and (b) solid-state *C CP/MAS NMR spectra of
bulk polylLs and polylLs obtained by removing the MOF from
polyILs@MIL-101. (c) PXRD patterns of simulated and as-
synthesized MIL-101 as well as polyILs@MIL-101 composite. (d)
TG curves of MIL-101, bulk polyILs, and polyILs@MIL-101 in N,
atmosphere.

state CP/MAS "*C NMR spectra display similar peaks for both
the samples, reflecting the covalent linking of two monomers.
The chemical shift of the peak at 28 ppm is attributed to the C1
atom connected to the benzene ring, and the broad overlapping
peaks at ~40 ppm are assigned to the C2—C4 atoms attached
to the imidazolate ring (Figure 1b).”” In addition, the
resonance at ~126 ppm is ascribed to the CS and C6 atoms
of the imidazolate ring and the C7—C9 atoms in the benzene
ring, whereas the peak at 136 ppm originates from the C10
atom of the imidazolate ring.*” All of these signals confirm the
nearly identical covalent binding of the two monomers in both
samples and support the successful formation of proposed
polyILs in MIL-101.

The powder XRD pattern of polyILs@MIL-101 shows sharp
characteristic peaks indexed to MIL-101, demonstrating the
crystallinity retention of MIL-101 after integration with polyILs
(Figure 1c). Thermogravimetric (TG) analyses for MIL-101,
bulk polyILs, and polyILs@MIL-101 show a similar weight loss
before 100 °C, likely from the loss of low boiling point solvents
(methanol and ethanol) in the samples (Figure 1d). In
reference to MIL-101 decomposition at ~340 °C, the
decomposition of bulk polyILs can be divided into two steps:
the disintegration of the grafted ILs (the first step, 220—360
°C) and the collapse of the polymer matrix (the second step,
360—500 °C).” In the TG profile of the polylLs@MIL-101
composite, the observed weight losses around 260 and 390 °C
might correspond to the removal of the grafted ILs and the
mutual decomposition of MIL-101 and the polymer matrix,
respectively. The higher decomposition temperatures of
polyILs@MIL-101 indeed show higher thermal stability of
the composites than that of the corresponding single
components.

To verify the state of N and Br species in the composite, XPS
was performed. The N 1s spectrum presents a peak at 401.0 eV,
confirming the existence of positively charged nitrogen (—
N*=) of the imidazolium ring (Figure S2a).”> Moreover, the
high-resolution XPS spectrum for Br 3d reveals a weak peak at
68.4 eV, which is assigned to the negatively charged bromide
ion (Figure $2b).*>*>*" These results further prove that the
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Cr+N+Br

Figure 2. SEM images of (a) bulk polyILs and (b) polyILs@MIL-101.
(c) TEM image of polylLs@MIL-101 particle slice and (d—h)
corresponding elemental mapping of O, Cr, N, Br, and overlapping Cr
+ N + Br, respectively. The cross section of polyILs@MIL-101 is
exposed after cutting the particle into slices.

further confirm that polymerization occurred inside the pores
of MIL-101, the polyILs@MIL-101 particles were cut into slices
for elemental mapping characterization. The TEM and
elemental mapping results clearly show that all of the related
elements, including N, Br, and C from polyILs and O, Cr, and
C from MIL-101, are well distributed throughout the polylLs@
MIL-101 slices (Figures 2c—h and S4), demonstrating that the
copolymerization of monomers is mostly carried out in the
cavities of MIL-101, instead of being coated on the MOF
surface.

To evaluate the pore character, N, sorption was investigated
for polylLs@MIL-101 at 77 K (Figure 3a). The Brunauer—
Emmett—Teller (BET) surface area of 2462 m?/g and pore
volume of 1.26 cm®/g for polyILs@MIL-101 are diminished
compared to those of MIL-101 (3603 m?*/g and 1.83 cm®/g).
The decreased surface area and pore volume of polylLs@MIL-
101 are basically consistent with the increased weight from the
polylLs. Compared with the parent MIL-101, the pore size
distribution of polyILs@MIL-101 shows the shrinkage of pore
size based on the density-functional theory (DFT) calculation,
indicating that the cavities of MIL-101 are occupied by polyILs
(Figure 3b). The hierarchical pores in polylLs@MIL-101
would facilitate the mass transport, and the reduced pore sizes
might be actually beneficial for CO, capture.
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Figure 3. (a) N, sorption isotherms and (b) pore size distribution
analyses based on the DFT method for MIL-101 and polyILs@MIL-
101. (c) CO, and N, adsorption isotherms of polyILs@MIL-101 at
different temperatures. (d) CO, isosteric heat of adsorption (Q,) for
MIL-101 and polyILs@MIL-101.

To validate this assumption, CO, sorption was measured for
polyILs@MIL-101 and MIL-101 at 273 and 298 K (Figures 3¢
and SS). It was surprising that, compared to the CO, uptakes of
MIL-101 (57 cm?/g at 298 K and 89 cm®/g at 273 K, 1 bar),
the polyILs@MIL-101, even with a lower surface area of MIL-
101, indeed exhibits higher CO, sorption capacities (62 cm®/g
at 298 K and 103 cm’/g at 273 K, 1 bar), which should be
attributed to the generatlon of additional small pores (<0.8 nm)
upon loading polylLs.** In sharp contrast, polylLs@MIL-101
almost does not adsorb N, at 298 K (Figure 3c), despite its
high N, sorption at 77 K and the large BET surface area
(Figure 3a), showing a very high adsorption selectivity of CO,/
N,. Additionally, the isosteric heat of CO, adsorption (Q,,) for
polyILs@MIL-101, calculated by the virial method, clearly gives
a higher value (44 kJ/mol) at zero coverage than that of MIL-
101 (26 kJ/mol; Figure 3d), which shows the stronger affinity
between CO, molecules and polyILs@MIL-101. Compared
with MIL-101, the higher isosteric heat of adsorption of the
polyILs@MIL-101 composite might be due to the conﬁned
pore size effect and the increase of aromatic surfaces.” After
incorporating polylLs in the pores of MIL-101, the reduced
pore size and increased surfaces would enhance the adsorbate—
surface interactions between the composite and both sides or
ends of the CO, molecules.”® In addition, the IL-CO,
interaction might also contribute to the improved Q, of
polylLs@MIL-101.***

The interaction between CO, molecules and polyILs@MIL-
101 was investigated by in situ DRIFT spectroscopy at room
temperature. The background was measured with polylLs@
MIL-101 (activated at 160 °C). Upon CO, adsorption, a strong
peak at 2337 cm™" with a shoulder at 2325 cm™" was observed
(Figure S6), which can be ascribed to the v; mode (asymmetric
stretching mode) and the v; + v, — v, combination mode of
CO,, respectively.*® The significant red shift of the 3 mode of
CO, compared with that of the gas phase (2349 cm™)
originated from the H-bonds between CO2 and the —OH
groups of MIL-101, with very weak acidity.** Then, the CO,
dosage was stopped and the DRIFT spectra were continually
collected with Ar purging (Figure S6b-d). After Ar purging for
15 min, the intensities of the above two peaks were greatly
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reduced. In addition, several peaks assignable to the bicarbonate
species, which originated from the interaction between CO,
and —OH groups, were observed in the range of 1800—1300
ecm™* The intensities of these peaks were substantially
unchanged even after Ar purging for 15 min, demonstrating the
strong bonding between CO, and polylLs@MIL-101.

The acid property of polyILs@MIL-101 was examined by the
temperature-programmed desorption (TPD) of ammonia
(NH,). Two broad peaks were observed in the range of 50—
320 °C, validating the acidity in polyILs@MIL-101 (Figure
$7).** The desorption peak in the low temperature range (50—
210 °C) might be ascribed to the adsorption of NH; on the
weak acid sites (i.e., Lewis Cr** acid sites) of MIL-101, and the
broad peak in the higher temperature range (210—320 °C) was
possibly due to the partial decomposition of polyILs@MIL-
101.*°° The Lewis acid concentration evaluated by the
amount of desorbed NH; at relatively low temperature range
is ~0.25 mmol/g.

With the confirmation of high surface area, good CO,
sorption and interaction, the coexistence of the Lewis acid
and Lewis base active sites, as well as the porous structure of
polyILs@MIL-101 in hand, we set out to investigate its catalytic
performance in the CO, cycloaddition with epoxides. To our
delight, polyILs@MIL-101 possesses an excellent catalytic
activity and achieves 94% yield toward the cycloaddition of
epichlorohydrin to chloropropene carbonate with 1 bar CO, at
70 °C, in the absence of a cocatalyst (Figure 4a). Under similar
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Figure 4. (a) Catalytic conversion of CO, cycloaddition with
epichlorohydrin over different catalysts. (b) Recycling performance
of polyILs@MIL-101 in ten consecutive runs of CO, cycloaddition.

conditions, VEIMBr and MIL-101 give only 42% and 27%
conversion, respectively, which hints that both the Lewis base
sites (Br~ ions) from VEIMBr and the Lewis acid sites from
MIL-101 work synergistically to enhance the catalytic activity.
We also observed that a simple physical mixture of VEIMBr
and MIL-101 converts 90% of the substrate into the target
product, but the soluble VEIMBr in solvent is unfavorable for
its separation and recycling from the reaction system. To check
the necessity of the cross-linker 0o-DVB in the composite
catalyst, the activity of PVEIMBr@MIL-101 synthesized by
attempted polymerization of VEIMBr in MIL-101 was
examined for the same reaction. Unexpectedly, PVEIMBr@
MIL-101 gave an activity (28%) virtually similar to that of MIL-
101 (27%), suggesting the unsuccessful polymerization of pure
VEIMBr in the absence of the cross-linker 0-DVB. Bulk polyILs
and a physical mixture of bulk polyILs and MIL-101 were also
employed in the control experiments, and they produced low
conversions of 7% and 64%, respectively, under identical
conditions, presumably owing to the very limited active sites
available by bulk polyILs with low surface area (Figure S8). In

DOI: 10.1021/acscatal.7b03404
ACS Catal. 2018, 8, 3194-3201


http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03404/suppl_file/cs7b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03404/suppl_file/cs7b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03404/suppl_file/cs7b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03404/suppl_file/cs7b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03404/suppl_file/cs7b03404_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.7b03404/suppl_file/cs7b03404_si_001.pdf
http://dx.doi.org/10.1021/acscatal.7b03404

ACS Catalysis

Research Article

sharp contrast, the active sites from polylLs would be much
more accessible, thanks to the high surface area of polylLs@
MIL-101. In addition, to study whether the change of
hydrophobicity is associated with the catalytic activity,”' the
wettability of bulk polylLs, MIL-101 and polylLs@MIL-101
was evaluated by the water contact angle measurement. The
contact angles (CA) of a water droplet on bulk polyILs, MIL-
101, and polyILs@MIL-101 are ~14, ~31, and ~37°
respectively (Figure S9), showing that all of these catalysts
are hydrophilic. There is no significant change of contact angle
before and after incorporating polyILs into MIL-101. There-
fore, the wettability in these catalysts might play negligible roles
in their catalytic activities. The Lewis acid and Lewis base active
sites (i.e., Cr’* ions of MIL-101 and Br~ ions of ILs) are indeed
the two important types of active sites in polyILs@MIL-101.

The recycling stability of a heterogeneous catalyst is of great
importance for its practical application. Delightedly, the
separation of polyILs@MIL-101 from the reaction mixture is
readily realized by simple centrifugation, due to its heteroge-
neous nature. Remarkably, the catalytic activity of polylLs@
MIL-101 is well retained during the 10 runs of the CO,
cycloaddition reaction (Figure 4b). No significant loss of
crystallinity and structural integrity for polyILs@MIL-101 was
observed from the PXRD patterns after the reaction (Figure
S10), suggesting excellent recyclability and stability of the
composite catalyst.

Encouraged by the above outstanding catalytic performance
of polyILs@MIL-101 in the CO, cycloaddition with epichlor-
ohydrin, we also investigated the scope of this polyILs@MIL-
101, catalyzing the CO, cycloaddition reaction with various
epoxides (Table 1). Good to excellent conversions were
achieved in almost all of the reactions, including terminal
epoxides with both electron-withdrawing and electron-donating
substituents (entries 1—6), indicating the great substrate
tolerance of the composite catalyst for such a reaction. As an

Table 1. CO, Cycloaddition with Epoxides Substituted with
Different Functional Groups Catalyzed by polyILs@MIL-
101“

o)
A _r *+ CO P
R
Temperature Time Con.b Sel.b
Entry Substrate I.EC] [d] [9%] (%]
1 A 45 2 94 100
2 A 70 1 89 100
3 &/B, 70 1 85 100
4 A _on 70 1 >99 100
o]
S ©/u 70 2 81 100
[e]

6 (j/o\/A 70 1 95 100
7 CDO 110 3 68 100

“Reaction conditions: 1 mmol of substrate, 100 mg of polylLs@MIL-
101, 2 mL of acetonitrile, and 1 bar of CO,. YDetermined by gas
chromatography. 2 mL of N,N-dimethylformamide.
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exception, the composite gave relatively low yield for
cyclohexene oxide. A much higher reaction temperature (110
°C) and longer reaction time (72 h) are required to generate a
68% conversion yield, likely due to the significantly larger steric
hindrance of cyclohexene oxide compared to other epoxides
(entry 7).

To understand how the CO, uptake/enrichment capability
of polyILs@MIL-101 contributes to its catalytic effect, the
activities of polylLs@MIL-101 and VEIMBr, the main active
component of the polylLs, have been investigated under
different CO, pressures (Figure S). Along with reduced CO,

1.50 0.50

T T
1.00 0.75
CO, pressure (bar)
Figure S. Catalytic conversion of CO, cycloaddition with epichlor-
ohydrin over polylLs@MIL-101 (red column) and VEIMBr (olive
green column) under different CO, pressures.

100

80

6

o

4

o

Conversion (%)

2

o

0

pressure from 1.5 to 0.5 bar, as expected, the catalytic activity of
VEIMBr significantly decreases, owing to the diluted CO,
concentration. In stark contrast, polyILs@MIL-101 exhibits
no drop of catalytic activity at a CO, pressure ranging from 1.5
to 0.75 bar, and it retains decent activity (~80%) even under
0.5 bar of CO, pressure. These results can be explained by the
fairly good CO, sorption in the pores of the composite catalyst
(Figure 3c), greatly promoting CO, enrichment around the
active sites and thus boosting its subsequent conversion. It is
noteworthy that, although the positive correlation between
CO, sorption and conversion was proposed previously,'* the
above catalytic CO, conversion efficiency at different CO,
pressures (<1.5 bar) over the polyILs@MIL-101 catalyst
provides direct evidence for this correlation.

On the basis of the preceding results, a tentative mechanism
for the CO, cycloaddition of epoxides to form cyclic carbonates
can be proposed (Scheme S1). First, the epoxide is adsorbed
and polarized by the coordinatively unsaturated Cr(III) sites
(Lewis acid) in polylLs@MIL-101.>> Subsequently, the ring-
opening step occurs due to the nucleophilic attack of the
bromide ion from polyILs on the less sterically hindered carbon
atom of the epoxide. Then, the C atom of the CO, molecule is
attacked by the ring-opened intermediate. Afterward, CO,
inserts into the ring-opened intermediate to give an acyclic
ester. Finally, the intramolecular cyclization of the acyclic ester
results in the formation of cyclic carbonate, followed by the
regeneration of the polyILs@MIL-101 catalyst.
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4. CONCLUSION

In summary, the imidazolium-based IL has been polymerized
with ortho-divinylbenzene as the cross-linker inside MIL-101
pores to afford the bifunctional polylILs@MIL-101 composite,
containing both Lewis acid and Lewis base active sites. Thanks
to the high surface area, hierarchical pores, and synergistic effect
between the two types of active sites, the resultant polylLs@
MIL-101 composite possesses high activity toward CO,
cycloaddition with epoxides, under mild conditions (1 bar
CO,, <70 °C), without the help of a cocatalyst. This composite
also exhibits excellent recyclability and stability as a result of its
heterogeneous nature and perfect incorporation of polyILs
inside MIL-101. It is noteworthy that polyILs@MIL-101 is
capable of enriching CO, at low partial pressure (0.5 bar) and
still significantly retains its catalytic activity. This work not only
provides a novel perspective to develop the IL-MOF composite
catalyst, synergizing their respective strengths, but also directly
demonstrates how the CO, uptake capability of the catalyst
merits the CO, conversion.
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