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ABSTRACT: A hydrid microsphere Fe;O,@carbon@poly-
(In"-carboxylate) consisting of a cluster of Fe;O, nano-
particles as the core, a carbon layer as the inner shell and a
porous In"—carboxylate coordination polymer as the outer
shell was prepared and applied as a recyclable catalyst for the
cycloaddition reaction of CO, and epoxides. Construction of
this hybrid microsphere was achieved in the two steps,
including (1) the one-pot solvothermal synthesis of Fe;0,@C
particles with the abundant carboxylic groups on the carbon
surface and (2) the subsequent growth of the outer shell
polymers based on the precipitation coordination polymer-
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ization. Imidazolium-substituted Salen ligands were synthesized and chelated with the In(III) ions using the terminal carboxylic
groups. The coordination polymer shell was formed on the Fe;O,@C particles, and the structures including shell thickness,
surface area and porosity could be varied by tuning the feeding ratios of the In(III) ions and the ligands. The optimal structure of
the coordination polymers showed a shell thickness of ca. 45 nm with ~5 nm of mesopore, 174.7 m*/g of surface area and 0.2175
cm?®/g of pore volume. In light of gas uptake capability, catalytic activity and magnetic susceptibility, cycloaddition of CO, with a
series of epoxides were studied by using Al-complexed Fe;O,@C@In""-[IL-Salen] microspheres. The results validated that the
self-supporting catalytic layer with high surface area was of remarkable advantages, which were attributed from great increment of
effective active sites and combination of nucleophilic/electrophilic synergistic property and CO, uptake capability. Therefore,
these hybrid microspheres provided excellent catalytic activity, prominent selectivity to cyclic carbonates and outstanding

recyclability with the assistance of an applied magnetic field.
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1. INTRODUCTION

Because ionic liquids (ILs) have nonvolatility, excellent thermal
stability, wide liquid regions, powerful solvating properties and
structure tenability,"* they have attracted significant attention
as an alternative reaction medium. Also, it has been proved that
ILs bear exceptionally high catalytic activity and selectivity for
some important reactions such as hydrogenation of alkynes,
esterification, Suzuki coupling and cycloaddition of CO, with
epoxides.” However, severe issues including high viscosity, hard
separation and recycling, equipment corrosion and toxicity,
largely limits their applicability as homogeneous catalysts. An
approach to overcome these drawbacks is the development of
supported ionic liquid catalysts (SILCs) that merely require
catalytic amount of IL immobilized on a solid support. They
combine the distinctive characteristics of ILs such as specificity
and selectivity in catalysis, uniform nature of catalytic centers
and versatile designability, with important features of
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heterogeneous catalysts, such as high surface area, exceptional
stability, and ease of handling, separation and recycling.*®
Much work has focused on SILCs with substrates, such as
silica,®” polymers,s’9 zeolites'® and carbon nanotubes.!' Of
these, high-surface-area materials appear to be generally a better
choice, allowing a high loading of ILs,'* and also easily perform
covalent anchoring of functional modules.">'* In comparison
to homogeneous catalysis, reduced catalytic activity of
immobilized ILs is found. It is thought that the adsorption of
ILs into the micro/mesopores of the substrates by noncovalent
or covalent interactions may be compromising their catalytic
activity.” It is therefore anticipated that a desirable SILC should
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be designed not only to allow for affinity of ILs to the substrate,
but also to maintain IL’s ability to efliciently catalyze reactions.

Coordination polymer particles (CPPs), constructed by
repeating metal—ligand topological structures, are attractive
because they can be made from readily available and highly
tailorable metal and ligand precursors for multifunctional
integration. Although their topological structure is amorphous
in nature and leads to irregular porosity, functional ligand
species could be vastly expanded and thus render versatile
utility,>'6 including catalysis,'”"'® separation,'”*° optical
irnel%ing7,21’22 gas storage,”>>* supercapacitance,” and biomole-
cule*®*” and drug delivery.”*** With this in mind, designing a
catalytically active ligand targeting a specific reaction would be
possible. Due to the strong metal—ligand bonds, CPP acts as a
scaffold to support the IL-based catalyst and allows for large
interfacial surface area, where the catalytic active sites of ILs can
be remarkably exposed. In addition, conjugation of CPPs with
other functional materials is easily achieved and elaborately
modulated. The produced hybrids have a well-defined core—
shell nanostructure, expanding their scope of utilization. We
envision a route that combines magnetic nanoparticles with
CPPs to produce hierarchically structured nanoparticles, which
can be used for facile separation. This will become an important
complementary function to further optimize post-treatment of
the reaction, promoting the recoverability of CPPs over
multiple cycles.

Herein, we synthesized a novel magnetic CPP microsphere
with a well-defined core-double-shell nanostructure, composed
of a carbon-covered Fe;O, cluster (Fe;0,@C) and an IL-based
coordination polymer outer shell serving as a catalytic layer for
the cycloaddition of CO, with epoxides. The Fe;O,@C was
constructed in a one-pot solvothermal synthesis to produce a
Fe;O, assembled cluster as a core covered with amorphous
carbon with abundant dangling carboxylic groups as the shell.
Novel ligand-coupled ILs were chelated with In(III) ions, and
the formed complexes were deposited onto the Fe;0,@C to
yield a uniform, porous coordination polymer shell. Because a
combination of ILs and Lewis acids is known to enhance the
catalytic activity for the cycloaddition of CO, with epoxide,****
a commonly used Lewis acid molecule, metallosalen complex,
was designed to catenate imidazolium, resulting in dual
catalytically active centers, i.e., electrophilic center from the
salen complex and nucleophilic center from the IL. To the best
of our knowledge, the present design to immobilize a
bifunctional catalyst on a support of a porous CPP in a hybrid
particle has never been reported. The larger interfacial surface
of the CPP shell is expected to expose the bifunctional catalysts
with synergistic effect for a great enhancement in catalytic
efficiency and selectivity. Meanwhile, the multifunctional CPP
catalysts could be easily recovered under external magnetic
force due to the presence of the superparamagnetic core cluster.

2. EXPERIMENTAL SECTION

2.1. Materials. Ferrocene (Fe(CsHj),, 99%), 4-bromobenzoic acid
(98%), imidazole (99%), 1,2-cyclohexanediammonium monotartrate
(99%), para-formaldehyde (96%) and tetrabutylammonium bromide
(96%) were purchased from Aladdin Chemical Reagent Co., Ltd. 3-
tert-Butyl-2-hydroxybenzaldehyde (96%) was purchased from Sigma-
Aldrich Reagent Co., LLC. Diethylaluminum chloride (0.9 M solution
in toluene) was purchased from J&K Scientific Ltd. All chemicals were
used as received without further purification. Highly pure water
(Millipore) of resistivity greater than 18.0 M{Q:-cm was used in all
experiments.
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2.1.1. Synthesis of HIBA-HCI (1). The preparation of HIBA-HCl was
performed according to a literature method with some modification.*®
A mixture of K,COj; (7.72 g, 0.056 mol), 4-bromobenzoic acid (4.00 g,
0.02 mol), imidazole (6.84 g, 0.1 mol) and CuSO,-SH,0 (0.01 g, 4.0
X 1075 mol) was ground sufficiently in an agate mortar. Then, the
powdered reactant mixture was transferred into a 100 mL Teflon-lined
autoclave, which was sealed and kept at 200 °C for 10 h. After the
reaction system was cooled to room temperature, the reaction mixture
was dissolved in water and then filtered off. The filtrate was adjusted
with dilute hydrochloric acid to pH 3.0—4.0 and then evaporated
under reduced pressure. The crude product was recrystallized in
ethanol, and 327 g of colorless needle crystals of HIBA-HCI was
obtained (Yield: 65%, based on 4-bromobenzoic acid). '"H NMR (400
MHz, DMSO-dg, §): 13.11 (s, IH, COOH), 8.40 (s, 1H, Im H), 8.02
(d, 2H, Ar H), 7.86 (s, 1H, Im H), 7.79 (d, 2H, Ar H), 7.13 (s, 1H, Im
2.1.2. Synthesis of 2-Hydroxy-3-tert-butyl-5-chloromethyl Ben-
zaldehyde (2). The preparation was performed following the
literature.”” 3-tert-Butyl-2-hydroxybenzaldehyde (2.7 g, 15.2 mmol)
reacted with para-formaldehyde (1.0 g 33.3 mmol) and tetrabuty-
lammonium bromide (0.47 g 146 mmol) in 11.0 mL of conc.
hydrochloric acid under vigorous stirring at 45 °C for 6 days. The
obtained products were extracted several times with diethyl ether. The
organic phase was separated and washed with a saturated NaHCO,
solution and brine. After drying on MgSO,, the product was
concentrated to a yellow crystalline solid (3.4 g yield: 99%). 'H
NMR (400 MHz, CDCl,, §): 11.87 (s, 1H, OH), 9.88 (s, 1H, CHO),
7.53 (d, 1H, Ar H), 7.44 (d, 1H, Ar H), 4.59 (s, 2H, CH,Cl), 1.43 (s,
9H, tert-butyl).

2.1.3. Synthesis of HIBA—Salicylaldehydes (3). 2-Hydroxy-3-tert-
butyl-S-chloromethyl Benzaldehyde (1.13 g, S mmol) and HIBA-HCI
(1.12, S mmol) were added in 20 mL of toluene. The mixture was
heated at reflux for 96 h. After the solution cooled to room
temperature, the product was filtered, washed with toluene and dried
under reduced pressure. Colorless crystalline solid was obtained (1.88
g, yield: 99%). '"H NMR (400 MHz, DMSO-d, 6): 13.43 (s, 1H,
COOH), 11.84 (s, 1H, OH), 9.97 (s, 1H, CHO), 8.42 (s, 1H, Im H),
8.16 (d, 2H, Ar H), 8.11 (s, 1H, Im H), 7.93 (d, 2H, Ar H), 7.85 (s,
1H, Ar H), 7.77 (s, 1H, Ar H), 5.50 (s, 2H, CH,), 1.38 (s, 9H, tert-
butyl). HRMS (ESL, m/z): [M + Cl]* caled for C,,H,3N,0,, 379.43;
found, 379.22. Anal. calcd for C,,H,;N,0,CI-H,0, C 61.04, H 5.82, N
6.47; found, C 61.04, H 5.68, N 6.56.

2.1.4. Synthesis of IL-Salen Ligands (4). The preparation of IL-
Salen ligands was performed according to the literature method.*®
Briefly, K,CO4 (0.5 mmol) in water (2 mL) was added to a solution of
HIBA—salicylaldehydes (0.5 mmol) and (1R,2R)-1,2-cyclohexane-
diammonium monotartrate (0.25 mmol) in ethanol (20 mL). The
reaction mixture was heated at reflux for 5 h under nitrogen. The
obtained yellow solid was collected by vacuum filtration, washed with
ethanol several times and then evaporated under reduced pressure.
HRMS (MALDI-TOF, m/z): [M + CI]* caled for CyqHg(NgO4Cl,
436.71; found, 437.24. [M + 2Cl] caled for CssHoNgO4Cly, 454.42;
found, 453.23. Anal. caled for C4 H(NO4Cl,-2H,0, C 63.62, H 641,
N 8.90; found, C 63.74, H 6.62, N 8.75.

2.1.5. Synthesis of Fe;0,@Carbon Microspheres. Fe;O,@carbon
microspheres were synthesized following the reported protocol.>® In a
typical synthesis, ferrocene (0.6 g) was dissolved in 30 mL acetone.
After intense sonication for 10 min, 3 mL H,0, was slowly added, and
the mixture solution was vigorously stirred for 30 min. The precursor
solution was then transferred to the Teflon-lined stainless autoclave
with a total volume of 50.0 mL. The autoclave was heated and
maintained at 210 °C for 24 h. After reaction, upon cooling to room
temperature, the mixture was ultrasonically dispersed for 15 min, and
the products were collected by a magnet, washed with acetone then
ethanol three times and dried in a vacuum at 40 °C for 24 h.

2.1.6. Synthesis of Fe;0,@C@In"-[IL-Salen] Microspheres. Typi-
cally, Fe;O,@C microspheres (10 mg) were ultrasonically dispersed in
3 mL of DMF. To the above solution was added 20 uL DMF solution
of In(NO;); (0.66 mmol/mL). Then the mixture was transferred to a
25 mL three-necked flask and heated to 120 °C with vigorous stirring
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Scheme 1. Schematic Illustration of Synthesis of IL-Salen Bifunctional Ligand (a) and Fe;0,@C@In""-[IL-Salen]AICI
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for 30 min. Afterward, 1 mL DMF solution of IL-Salen ligands (6.6
pumol/mL) was added dropwise into the above mixture solution within
S min. The reaction was allowed to proceed for 1 h, during which the
precipitates formed gradually. Finally, the as-obtained products
Fe,;0,@C@In"-[IL-Salen]-1 were isolated by a magnet and washed
with DMF and ethanol repetitively for further use. Fe;0,@C@In"-
[IL-Salen]-2 and Fe;O,@C@In"-[IL-Salen]-3 were correspondingly
synthesized by varying IL-Salen contents from 132 to 26.4 pmol
under otherwise identical conditions.

2.1.7. Synthesis of Fe;0,@C@In"-[IL-Salen]AICI Microspheres.
Fe;0,@C@In"™-[IL-Salen] microspheres (0.5 g) were dispersed in
toluene (20 mL) under N, atmosphere. Diethylaluminum chloride
(0.063 mmol) in toluene (0.9 M, 0.07 mL) was added dropwise, and
the mixture was heated under reflux for 1 h. The obtained products
were isolated by a magnet and washed with DMF and ethanol.

2.2. Typical procedure for Cycloadditions. Fe;0,@C@In
[IL-Salen]AIC] microspheres (0.1 g) and propylene oxide (PO) (20
mmol) were added into a 25 mL stainless-steel autoclave equipped
with a magnetic stirrer, which had been previously dried at 100 °C
under vacuum for S h. After the reaction mixture was heated to the
desired temperature, CO, was then charged into the reactor until the
desired pressure was reached. After a certain time, the autoclave was
placed into ice water and the remaining CO, was slowly released in a
cold trap containing ethyl acetate to absorb trace amounts of reactant
and product entrained by CO,. Then the ethyl acetate in the cold trap
and the internal standard biphenyl for gas chromatography (GC)
analysis were added into the reactor. The solid catalysts were separated

11
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by using a magnet, were thoroughly washed with ethyl acetate, ethyl
ether or DMF and dried under vacuum without further purification.
Each catalytic reaction was repeated three times to ensure
reproduction of results. The purity and structure of the product
were analyzed by '"H NMR and GC—MS. To estimate the reusability
of catalysts, the particles were collected out of the reaction mixtures by
a magnet after they were subjected to the multiple cycloaddition
reactions. Then the coordination polymer shells surrounding the
particles were degraded into metal ions and ligands in the acidic
solution. The quantitative assay of Al ions was conducted with
inductively coupled plasma atomic emission spectroscopy (ICP-AES).
After comparison with the initial concentrations, the leaching content
of [IL-Salen]AICI ligands could be calculated.

2.3. Characterizations. '"H NMR spectra was recorded on a
Varian Mercury plus 400 MHz spectrophotometer at 298 K. Mass
spectra (ESI) was measured by using a LTQ mass spectrometer, using
methanol solutions of the sample. High resolution transmission
electron microscopy (HR TEM) images were obtained on a JEM-2010
(JEOL, Japan) transmission electron microscope at an accelerating
voltage of 200 kV. Samples dispersed at an appropriate concentration
were cast onto a carbon-coated copper grid. Energy-dispersive X-ray
(EDX) spectra were measured on the TEM instrument with an EDXS
spectrometer. Magnetic characterization was carried out with a
vibrating sample magnetometer (VSM) on a Model 6000 physical
property measurement system (Quantum Design, USA) at 300 K.
Fourier transform infrared (FT IR) spectra were recorded on a Magna-
550 (Nicolet, USA) spectrometer. The samples were dried, mixed with
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Figure 1. HR TEM images of Fe;0,@C (a), Fe;0,@C@In"-[IL-Salen]-1 (b), Fe;0,@C@In™-[IL-Salen]-2 (c) and Fe;0,@C@In"-[IL-Salen]-3
(d). Three magnetic CPP composites were correspondingly synthesized by varying IL-Salen contents from 6.6, 13.2 to 26.4 ymol/mL under
otherwise identical conditions (Fe;0,@C, 10 mg; molar ratio of In(III) IL-Salen: 2/1; DMF, 4 mL). The scale bars in panels a—c are 100 nm; the

scale bar in panel d is 200 nm.

KBr and compressed to a plate for measurement. Hydrodynamic
diameter (D,) was measured with a Nano ZS Zetasizer (model
ZEN3600, Malvern Instruments) using a He—Ne laser at a wavelength
of 632.8 nm. Nitrogen sorption measurements were performed at 77 K
by an ASAP2020 volumetric adsorption analyzer (Micromeritics,
USA). The samples were degassed at 120 °C for 12 h before
measurement. Powder X-ray diffraction (PXRD) patterns were
collected on a D8 advance (Bruker, Germany) diffractometer with
Cu Ko radiation at 4 = 0.154 nm operating at 40 kV and 40 mA. ICP-
AES was performed by a P-4010 (Hitachi, Japan) spectrometer.
Thermogravimetric analysis (TGA) data was obtained with a Pyrisis-1
(PerkinElmer, USA) thermal analysis system under a flowing air
atmosphere at a heating rate of 20 °C/min from 100 to 800 °C.
Scanning electron microscopy (SEM) images were recorded on a
SUPERSCAN SSX-550 electron microscope (Shimadz, Japan)
operating at 20 kV. A thin gold film was sprayed on the sample
before measurements. The X-ray photoelectron spectroscopy (XPS)
was performed using a PHI 5000C ESCA System X-ray photoelectron
spectrometer.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Fe;0,@C@In"'-
[IL-Salen] Microspheres. IL-Salen bifunctional ligand (4)
with two branches containing imidazolium groups was
synthesized following the procedure in Scheme 1la. First,
imidazole was used as the starting material to react with 4-
bromobenzoic acid to provide HIBA-HCI (1). Compound 1
was then reacted with 2-hydroxy-3-tert-butyl-S-chloromethyl
benzaldehyde (2) to obtain the intermediate (3) in toluene.
The mixture of intermediate (3) and (1R,2R)-1,2-cyclohexane
diammonium monotartrate were heated in ethanol to give IL-
Salen ligand (4) containing nucleophilic/electrophilic dual
centers upon metal complexation with Salen moiety. Then a
magnetic microsphere was prepared for supporting of IL-Salen
ligands. As illustrated in Scheme 1b, Fe;O,@C microspheres
were synthesized under solvothermal condition in one pot,
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following the modified method in our previous report.”®
Coordination polymerization was subsequently carried out in
the presence of Fe;O,@C microspheres. The abundant
carboxylic groups formed on the surface of carbon shell*”*’
were used to chelate metal ions for locally induced growth of
coordination polymer shells through the linkage of terminal
carboxylic groups of IL-Salen ligands and In(IIl) ions. As the
reaction progressed, the coordination polymer layer on the
periphery of the Fe;O,@C template became thicker, and its
growth was halted upon precipitation out of solution. Although
the reaction time was quite short, the outer shell was uniform
and attached strongly to the carbon surface. Thus, the
synthesized hybrid structure was composed of a carbon inner
shell and an In"™-[TL-Salen] coordination polymer outer shell
surrounding the Fe;O, core, and it can be finely tuned by
varying the shell thickness, pore size and magnetic properties.
As reported earlier, In(I1I) ions are merely conjugated with the
terminal carboxylic groups of ligands, and the N,O,
coordination pocket of Salen is thus available to complex Al
ions.***' For comparison, the pure In-[IL-Salen] CPPs were
ever synthesized by the same route, but the precipitates could
not be formed in solution. We assumed that Fe;O,@C
microspheres might serve as cross-linkers to trigger the
deposition of the formed coordination polymers on the surface
of carbon layer.

HR TEM was used to visualize the formation of core-double-
shell microstructure. Figure la clearly shows the nanoparticle-
assembled cluster core of ~130 nm and uniform carbon shell of
~20 nm around the Fe;O, supraparticles. Subjected to the
successive precipitation polymerization through the binding of
carboxylated IL-Salen ligands and In(III) ions, the magnetic
composite nanoparticles were densely encapsulated by a
metal—ligand layer of ~5 nm. A close inspection of the outer
shell in Figure 1b indicates a rough surface with discontinuous
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coverage on the carbon shell. Fine control over the second layer
in thickness and uniformity was then deliberately studied. The
concentration of IL-Salen ligands increased from 13.2 to 26.4
umol/mL as the feeding amount of Fe;O,@C nanoparticles
was constant. Figure 1¢,d displays the changing tendency of the
second shell. In comparison to the primary view in Figure 1b,
the overall sizes of the resulting microspheres were up to
approximately 200 and 260 nm, implying that the coordination
polymer shell was increased to ~15 and ~45 nm, respectively.
Accompanied with the increment of shell sizes, the texture of
coordination polymer shell appeared more solid and
compacted. SEM images also display a quite rough and grained
surface upon the covering of a thick coordination polymer shell
(Figure S1 in the Supporting Information). The hydrodynamic
diameter (D,) of different microspheres was measured by
dynamic light scattering (DLS). The average Dy, value of
Fe;0,@C microspheres was 304 nm. Upon formation of the
second shell, the sizes of the microspheres increased from 395
to 471 nm depending on the concentration of IL-Salen ligands.
Again, this result validates the same concentration-dependent
growth of the coordination polymer shell (Table S1 in the
Supporting Information).

To qualitatively examine the components of the resulting
microspheres, a series of measurements were conducted.
Powder X-ray diffraction (PXRD) was applied to analyze the
crystalline properties of Fe;0,@C@In""-[IL-Salen] micro-
spheres. It can be seen that Fe;O,@C microspheres gave five
characteristic diffraction peaks that could all be indexed to the
cubic structure of Fe;O, (JCPDS No.75-1609) (Figure S2 in
the Supporting Information). After Fe;O,@C nanoparticles
were heavily wrapped by coordination polymers, the signals due
to Fe;O, nanocrystals became weak. Also, because the
coordination polymer shell is rapidly formed by a way of
solvent-induced precipitation as used before,>** its structure
was amorphous and only give a broad peak at 6 = 24.1° in the
PXRD pattern. Energy dispersive X-ray (EDX) spectroscopy
was acquired to perform the elemental analysis of the core-
double-shell particles; both Fe and In atoms were observed
(Figure S3a in the Supporting Information). The elemental
mapping from EDX revealed that the abundant Fe atoms
predominately resided in the core region, while the rarer In
atoms were evenly distributed throughout the particle (Figure
S3b in the Supporting Information), indicating a homogeneous
covering of coordination polymers. Thermogravimetric analysis
(TGA) (Figure 2a) was performed in air to quantitatively
analyze the component contents of the Fe;0,@C@In""-[IL-
Salen] microspheres. In all samples, it was shown that the
organic components completely decomposed below 400 °C,
while the inorganic components remained. According to the
mass loss from the TGA curves, the weight percentages of
Fe;O, cluster, carbon and coordination polymer could be
calculated. With the increase of the outer layer from ~§, ~15 to
~4S5 nm, the loadings of IL-Salen bifunctional catalysts reached
13.72%, 16.90% and 28.51% respectively, which are far greater
than those of the chemically grafted SILCs.

Magnetic properties of the composite microspheres were
studied using a vibrating sample magnetometer at 300 K in an
external magnetic field (Figure 2b). As compared to the
Fe;0,@C nanoparticles, the saturation magnetization values of
the magnetic composite CPPs decreased from 33 to 25, 21 and
12 emu/g as the sizes of the coordination polymer shells
increased. The data was then used to calculate the magnetic
contents, which varied from 13.1%, 16.5% to 26.1%. This is in

4973

(a)1oo-

80

60

40 4

Weight (%)

20

300 400 500

Temperature (°C)

100 200 600

40

20

100 -80 -60 40 -20 O 20 40 60 80 100

10000 20000

-40

-20000 -10000 0

H (Oe)

Figure 2. TGA curves (a) and magnetic hysteresis curves (b) of
Fe,0,@C (1), Fe;0,@C@In""-[IL-Salen]-1 (II), Fe;O,@C@In""[IL-
Salen]-2 (III) and Fe;0,@C@In"-[IL-Salen]-3 (IV). The inset in
panel b is the magnified view of magnetic hysteresis curves in the
region of low magnetic field.

agreement to the data calculated from the TGA curves. The
inset of Figure 2b depicts an enlarged section of the
magnetization plot near the zero magnetic field. Saturation
remanence and coercivity were determined from the inter-
section of the hysteresis loop with the two axes. The findings
for all samples prove that a minor residual magnetization was
present upon removal of the external magnetic field, and only a
low-intensity magnetic field was required to reduce the
magnetization to zero. This is evidence that the inclusive
Fe;0, nanocrystals are in the superparamagnetic state.

The porosity of the composite microspheres was studied to
determine whether the coordination polymer shell had
interstices given by the metal—ligand topological framework.
Figure 3 shows the gas sorption isotherms measured by using
N, sorption analysis at 77 K. All samples showed the type-IV
gas sorption isotherms, according to the IUPAC classification,
indicative of a mesopore character. Different hysteresis loops
were observed between the branches of adsorption and
desorption isotherms. Apart from the sample with the
maximum uptake of N,, the others rendered similar hysteresis
loops at P/P; > 0.9, which implied that large mesopores were
present due to the loose accumulation of particles. The
increased coordination polymer shell also led the hysteresis
loops to move toward the low-pressure region (Figure 3IV).
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Figure 3. Nitrogen sorption isotherms of Fe;0,@C (1), Fe;0,@C@
In"[IL-Salen]-1 (II), Fe,0,@C@In""-[IL-Salen]-2 (III) and Fe,0,@
C@In"-[IL-Salen]-3 (IV).

Using the Brunauer—Emmett—Teller (BET) model, the total
pore volumes and surface areas were compiled in Table 1.

Table 1. Porosity Parameters of Fe;O,@C and a Series of
Fe;0,@C@In™-[IL-Salen] Samples Characterized by
Nitrogen Isotherm Adsorption

sample Sper (mz/ g)a Ve (Cmg/ g)b
Fe,0,@C 282 (50.3) 0.1325
Fe;0,@C@In"-[IL-Salen]-1 37.2 (83.9) 0.1472
Fe;0,@C@In""-[IL-Salen]-2 117.0 (179.3) 0.1532
Fe;0,@C@In"-[IL-Salen]-3 174.7 (282.4) 02175

a . . L .

Surface area is calculated from the nitrogen sorption isotherms using
the Brunauer—Emmett—Teller method, and the value in parentheses is
the Langmuir surface area. bTotal pore volume at P/P; = 0.99.

Fe;0,@C affords a low specific surface area of 28.23 m*/g and
a pore volume of 0.1325 cm?/g. Upon further modification with
coordination polymers, the surface areas showed a pronounced
increase due to substantial coverage with the metal—ligand
framework. Of the three Fe;O,@C@In"-[IL-Salen] particles,
the greatest specific surface area and pore volume, 174.7 m*/g
and 0.2175 cm®/g respectively, were found with Fe;0,@C@
In"-[IL-Salen]-3, which had the largest coordination polymer
shell. The mesopore-size distributions were calculated using the
Barret—Joyner—Halenda (BJH) model. As shown in Figure 4,
the size populations of the four samples showed a clear trend;
as the coordination polymer shell increased, the dominant
mesopore sizes moved from the region of 20—30 nm to 3-S5
nm. In addition to the mesopores, the micropores (<2 nm)
were also formed in the thick coordination polymer shells
around the Fe;0,@C particles. The nonlocal density functional
theory (NLDFT) model was applied to analyze the micro-
porosity. One can see that the Fe;0,@C@In""-[IL-Salen]-2
and -3 particles both afforded the micropores with the
dominant sizes of 1.0—1.5 nm (Figure S4 in the Supporting
Information). This gives efficient access for the substrates, and
also is conducive to enhance the catalytic efficiency and
selectivity within mesoporous channels.

3.2. Immobilization of AICI** into Fe;0,@C@In"-[IL-
Salen] Microspheres. The N,O, coordination pocket of IL-
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Figure 4. Pore-size distributions of Fe;0,@C (I), Fe;0,@C@In"-
[IL-Salen]-1 (II), Fe;0,@C@In"-[IL-Salen]-2 (III) and Fe,0,@C@
In™-[IL-Salen]-3 (IV), calculated by BJH model.

Salen ligands was used to chelate AICI**, which will function as
the electrophilic center for the catalytic microspheres. To
validate their presence, the EDX spectrum of AICI**-modified
microspheres is shown in Figure Sa. Excluding the Fe and In
atoms, the characteristic peaks from Cl and Al atoms were
found in the spectrum. Combined with the elemental mapping
(Figure Sb), the result explicitly reveals the specific core—shell
microstructure, wherein Fe atoms are distributed in the core
region, while In and Al atoms are spread throughout the whole
shell.

To further examine the chelating linkage between AICI*" and
N,O, structure of IL-Salen ligands, X-ray photoelectron
spectroscopy (XPS) was performed for Fe;0,@C@In""-[IL-
Salen] and Fe;0,@C@In""-[IL-Salen]AICI microspheres (Fig-
ure S5 in the Supporting Information). The peaks of Al(2s),
Al(2p) and CI(2p®) appeared in the spectrum upon
immobilization of AICI** by multidentate sites; moreover, the
binding energy of O(1s) was found to shift from 533.4 (O—C)
to 531.6 eV (O—Al) (Figure 6a), suggesting the formation of
Al-O bond.** FT IR spectroscopy was then used to confirm
the polymerization and coordination of AICI** (Figure 6b).
Numerous carboxylic groups on the surface of carbon shell are
exposed to trigger the precipitation of In''—carboxylate
coordination polymers on the Fe;O,@C microspheres. The
formed CPP composite gives a characteristic stretching
vibration at 1655 cm™' for the C=0 bond that originated
from the coordinated carboxylic groups; this is a shift of 45
cm™ from the original C=0 of carboxylic groups (1700 cm™")
attached to the carbon shell of Fe;O,@C microspheres, which
also involve numerous C=C bonds resulting in a characteristic
vibration at 1625 cm™".** Simultaneously, the peak appearing at
1555 cm™ is ascribed to the stretching vibration for the C=N
bond of the Salen moiety in the coordination polymer shell.
Once AICI* is bound to the IL-Salen component, the
aforementioned two peaks are both blue-shift from 1655 to
1678 cm™" and 1555 to 1643 cm™ because of the coordination
effect between Al and imine. Also, the peak at 625 cm™!
becomes broader, which can be attributed to the stretchin%
vibration of Al—O bonds of the octahedrally coordinated AL*
The quantitative analysis using ICP-AES disclosed 2.7 wt % of
Al atoms remained within Fe;0,@C@In"-[IL-Salen]AICI-3
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Figure S. EDX spectrum (a) and elemental mapping (b) of Fe;0,@
C@In""-[IL-Salen]AICL

microspheres, which was comparable to the theoretical value
(1.7 wt %).

3.3. Evaluation of Catalytic Activity of Fe;0,@C@In"-
[IL-Salen]AICI Microspheres for Cycloaddition Reaction.
To assess the catalytic performance of Fe;O,@C@In""-[IL-
Salen]AICl, we employed propylene oxide (PO) as a model
compound to fix CO, by cycloaddition reaction. A systematic
investigation was undertaken to examine the influence of
reaction parameters (CO, pressure, additive, reaction time and
temperature) on the yield of cyclic carbonates, and the results
are compiled in Table 2. As a control, the metallosalen
containing two terminal carboxylic groups was synthesized and
used as a ligand to encapsulate the Fe;O,@C particles by the
coordination precipitation polymerization with In(III) ions.
The formed Fe;0,@C@In"-[Salen]AICI was nonporous in a
polymer shell, differing from the high-surface-area structure of
IL-functionalized microspheres. As expected, without ammo-
nium salts used as cocatalysts, nearly no product was detected
(entry 1) by using the monofunctional catalysts. Addition of
2.5% tetrabutyl ammonium bromide (n-TBAB) led to 34.5%
yield of the corresponding product (entry 2). But if n-TBAB
(2.5%) was used alone, only 6.8% yield could be obtained
(entry 3). It has been proved that n-TBAB could directly
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Figure 6. (a) O(1s) XPS spectra of Fe;O,@C@In"-[IL-Salen] (I)

and Fe;0,@C@In"-[IL-Salen]AICI (II). (b) FT IR spectra of

Fe;0,@C (I), Fe;0,@C@In"-[IL-Salen] (II) and Fe,0,@C@In™-
[IL-Salen]AICI (III).

catalyze the chemical fixation of CO, onto epoxides.*’
However, the reaction temperature must be increased above
100 °C to melt n-TBAB as a reaction solvent. Apparently, this is
not in our case. Following the initial trial, the Fe;O,@C@In""-
[IL-Salen]AICI particles with n-TBAB (2.5%) were employed
to catalyze the cycloaddition of CO, to PO under the identical
conditions. Compared to the activity of monofunctional
particles, the yield of bifunctional catalysts dramatically
increased to 96.5% (entry 4). It is likely that the high surface
area of catalytic shell facilitates the improvement of adsorbed
capacity and rate of CO, gas and the ease of the nucleophilic
attack by the bromide ion of n-TBAB. Also, this improvement
encouraged us to evaluate their catalytic activity in the form of
single component without the use of cocatalysts. At low
temperature (40 °C), they merely presented a very low yield
(entry S). But the remarkable enhancement of reaction
efficiency was obtained as the reaction was heated to 100 °C
(entry 6), and a longer reaction time could eventually give the
best yield (entry 7). Also, there was no other product such as
polycarbonate detected with "H NMR and GC—MS, indicative
of their excellent selectivity (>99%) toward cyclic carbonates.
In general, the cycloaddition reaction is more sensitive to
temperature compared to the other similar catalytic systems.

DOI: 10.1021/acsami.5b00066
ACS Appl. Mater. Interfaces 2015, 7, 4969—4978


http://dx.doi.org/10.1021/acsami.5b00066

ACS Applied Materials & Interfaces

Research Article

Table 2. Results of the Cycloaddition of CO, on PO under
Various Conditions”

o]

0 co, N
/ﬂ » O O
Fe;0,@C@In'-[IL-Salen]AICI

n-TBAB  time temperature Pco,  yield

entry catalyst (mol %) (h) (°C) (MPa) (%)

1 Fe;0,@C@In"- 0 S 40 3 nd.
[Salen]AICI

2 Fe;0,@C@In"- 2.5 S 40 3 34.5
[Salen]AICI

3 none 2.5 S 40 3 6.8

Fe;0,@C@In"- 2.5 5 40 3 96.5
[IL-Salen]AICI1

5 Fe;0,@C@In"- 0 5 40 3 119
[IL-Salen]AICI

6  Fe;0,@C@In"- 0 S 100 3 75.6
[IL-Salen]AICI1

7  Fe;0,@C@In"- 0 12 100 3 943

[IL-Salen]AICI

“Reaction conditions: a stainless autoclave of 25 mL, 20 mmol PO, 0.1
g of catalysts. *The yields were determined by GC using biphenyl as
the internal standard; n.d., not determined.

We assume that the high surface area of the coordination
polymer shells with the bifunctional catalytic sites could
significantly enhance the capability of CO, capture. Also, the
gas—liquid diffusion rates are improved at elevated temperature
and high CO, pressure by decreasing the viscosity of the liquid
phase mixture. On the other hand, carboxylic acid is a strong
Bronsted acid and hydrogen bond donor. It has been reported
that the —COOH-modified ILs could accelerate the ring
opening of epoxides.** Thus, the remaining carboxylic groups
on the IL-functionalized metallosalen ligands would greatly
promote the catalytic activity of bifunctional catalysts toward
the cycloaddition reaction of CO, to epoxides.

Apart from PO, we examined the application scope of the
cycloaddition reaction of CO, to various epoxides, using the
high-surface-area Fe;0,@C@In""-[IL-Salen]AICI-3 micro-
spheres without any additives. As shown in Table 3, most
substrates could be smoothly converted to the corresponding
cyclic carbonates with high yields. Steric and electronic effects
both played an important role. The electron-withdrawing
nature of chloromethyl group on epichlorohydrin tended to
promote the cycloaddition reaction within 4 h under otherwise
identical conditions (entry 2), thereby generating a higher turn
over frequency (TOF). Unfortunately, cyclohexene oxide
exhibited the lower conversion even with the reaction time
extended to 24 h (entry 4). This is possibly attributed to the
steric hindrance that may limit the nucleophilic attack to the
coordinated epoxide on the Lewis acid metal center. For 1,2-
epoxyhexane with a linear long alkyl chain, the moderate yield
was obtained (entry 3), presumably due to the poor
dispersibility of the catalyst particles in epoxide substrate.
Taking all of the results into account, the reaction mechanism
of the bifunctional catalysts possibly complies with the reported
monometallic pathwa_?f involving two nucleophiles for cyclic
carbonate synthesis.” For comparison, Fe;0,@C@In"-[IL-
Salen]AICI-1 microspheres with reduced IL-[Salen]AICI
content (13.72%) and lower surface area (37.2 m’/g) were
subjected to the cycloaddition reaction of PO and CO, under
otherwise identical conditions, but gave rise to a low yield and

4976

Table 3. Synthesis of Various Cyclic Carbonates from
Epoxides 1-6 and CO, Catalyzed by Different Fe;O,@C@
In"-[IL-Salen]AICI Microspheres in the Presence of n-
Bu,NBr”

0

CO,
R 1_\0 : ?\J((O
Fe;0,@C@In"-[IL-Salen]AICI R

%CI—/O) ?)_/_/Oo @/’9‘@0«8

entry epoxide time (h) TOF (h™!) yield (%)®
1 1 12 49 94.3
2 2 4 156 92.8
3 3 12 28 80.6
4 4 24 6.3 46.1
S S 12 52 95.9
6° 6 12 47 93.5
74 1 12 8.5 38.0

“Reaction conditions: 20 mmol epoxide, 0.1 g of Fe;O,@C@In"-[IL-
Salen]AICI-3, reaction temperature 100 °C, CO, pressure 3.0 MPa.
bThe yields were determined by GC with an internal standard
biphenyl. “CO, pressure 6.0 MPa. 9021 g of Fe;0,@C@In"™-[IL-
Salen]AICI-1 particles was used to ensure the similar content of IL-
[Salen]AICI component as before.

TOF. This implies that the high-surface-area porous structure
makes catalytically active sites evenly distributed throughout
the whole shell rather than the confined surface of micro-
spheres, as well as improvement of CO, capture.

To investigate the reusability and recoverability of catalysts,
Fe;0,@C@In""-[IL-Salen]AICI-3 was used in the cyclo-
addition reactions of PO with CO, over six cycles under the
optimized conditions. After each run, the Fe;O, core enclosed
within the microspheres could be used to harvest the catalysts
out of the reaction mixture with the assistance of a magnet. As
shown in Figure 7, high yields are attained in all six reaction
runs, and accompanied by this trend, the cumulative leaching of
[IL-Salen]AICI ligands could also be ignored, less than 1.2%.
The results indicate that Fe;O,@C@In"-[IL-Salen]AICl
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Figure 7. Recycle test of the composite catalysts and the monitoring of
cumulative leaching of [IL-Salen]AICl ligands using ICP-AES.
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microspheres exhibit excellent reusability and stability for
repetitive use in cycloaddition reactions.

4. CONCLUSIONS

To summarize, multifunctional core-double-shell CPPs were
synthesized by template-mediated coordination polymerization.
Specifically, Fe;O,@C microspheres were solvothermally
prepared to serve as a nanoplatform for the in situ formation
of coordination polymer shell by virtue of abundant carboxylic
groups on the carbon layer. In(III) ions were chelated with
—COOH terminated imidazolium-substituted Salen bifunc-
tional ligands, to produce the homogeneous second shell with
controllable thickness. They possessed a fraction of fine
mesopores with large surface area and pore volume, leading
to potential electrophilic/nucleophilic synergistic properties
and high gas adsorption capacity. Upon immobilization of
AICI*" into the pocket of the salen moiety on the synthesized
CPPs, the cycloaddition reaction of CO, with epoxides was
intensively studied by a series of Fe;0,@C@In"-[IL-Salen]-
AICI microspheres with the varied surface areas. It was found
that numerous catalytic sites within the framework of shell were
available to epoxide substrates. The large surface area of the
mesopores allowed for CO, uptake and occurrence of
cycloaddition reaction. The combination of the bifunctional
catalysts afforded high yield and selectivity to cyclic carbonates.
Also, the remaining carboxylic groups on the coordination
polymer shells facilitate the acceleration of cycloaddition
reaction. In addition to magnetic enrichment and catalytic
stability during recycling, all of the results substantially
demonstrate that Fe;0,@C@In""-[IL-Salen]AICI microspheres
are attractive toward the development of solid catalysts for the
coupling of CO, with epoxides. Along this line, we speculate
that engineering of desired modules into CPP is a versatile and
universal strategy to construct functions in quest of complexity,
utility and adaptability of nanomaterials.
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