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Abstract: The development of a catalyst for the conversion of CO2 and epoxides to the corre-
sponding cyclic carbonates is still a very attractive topic. Magnetic nano-catalysts are widely used
in various organic reactions due to their magnetic separation and recycling properties. Here, a
magnetic nano-catalyst containing a Schiff base unit was designed, synthesized and used as a
heterogeneous catalyst to catalyze CO2 and epoxides to form cyclic carbonates without solvents
and co-catalysts. The catalyst was characterized using Fourier transform infrared (FTIR), X-ray
diffraction (XRD), thermogravimetric (TG), VSM, SEM, TEM and BET. The results show that the
magnetic nano-catalyst containing the Schiff base unit has a high activity in the solvent-free cy-
cloaddition reaction of CO2 with epoxide under mild conditions, and is easily separated from
the reaction mixture driven by external magnetic force. The recovered catalyst maintains a high
performance after five cycles.

Keywords: magnetic nano-catalyst; Schiff base; carbon dioxide; cyclic carbonate

1. Introduction

Carbon dioxide (CO2) is the main greenhouse gas in the atmosphere, and is also
an abundant, inexpensive, non-toxic, non-flammable renewable C1 resource in nature.
Using CO2 as a cheap C1 resource can not only replace toxic gases such as phosgene
and carbon monoxide to produce high value-added products, but also alleviate envi-
ronmental and climate problems, which has the effect of solving two problems at once.
However, due to the unique delocalized electronic structure of CO2, it has a high chemi-
cal stability and kinetic inertia in the catalytic conversion process, and often needs to
use high temperature and high pressure and other harsh conditions [1]. Therefore, in
the chemical reaction involving CO2, it is necessary to introduce highly active reaction
substrates and adopt catalytic technology to reduce the activation energy of the reac-
tion [2]. At present, in the field of CO2 utilization, two research directions have attracted
much attention; one is the study of converting CO2 into hydrocarbons such as methane,
methanol and formic acid using photocatalysis and electrocatalysis technologies [3],
and the other is the study of preparing cyclic carbonate or polycarbonate using the
cycloaddition reaction of CO2 with highly active small molecule epoxides [4]. For the
coupling reaction of CO2 with small molecule epoxides (Scheme 1), on the one hand, this
reaction has atomic economy, can replace the traditional phosgene process, and meets the
requirements of green chemistry and environmental protection [5]. On the other hand,
the prepared cyclic carbonate is a very scarce chemical product with excellent physical
and chemical properties, such as a high boiling point, high polarity, low volatility, good
biodegradability and solubility, and is widely used in the fields of polar high boiling
point aprotic solvent, lithium-ion battery electrolyte, pharmaceutical intermediates and
polymer monomers [6]. At present, the homogeneous KI system is used in industry to
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catalyze the synthesis of cyclic carbonates, but the production scale is small, the catalytic
process requires harsh reaction conditions (180–200 ◦C, 5–8 MPa), and the separation of
the catalyst and product is difficult [1].
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catalysts account for a large proportion, and the metals involved are potassium, calcium, 
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lanthanum, indium and so on. In the catalytic reaction process, metal ions mainly realize 
the activation of epoxide molecules by binding oxygen atoms in epoxide, and promote the 
cycloaddition reaction of epoxide. Other catalysts, such as pentaerythritol [19], 
cyclodextrin [20], lignin [21] and cellulose [22] can activate epoxides mainly through 
hydrogen bonding, which can effectively avoid the use of transition metals and meet the 
needs of green chemistry and sustainable development [23]. However, the relatively weak 
hydrogen bonding effect of metal-free catalysts has a weak promotion effect on the 
activation and ring-opening of epoxides, resulting in the harsh reaction conditions of high 
temperature, high pressure and high concentration of CO2. Fixing CO2 at a low 
temperature and normal pressure is still a challenge. 

In terms of the design of the catalyst for the cycloaddition reaction of CO2 and 
epoxide, the methods in the literature mainly focus on the activation of epoxide through 
hydrogen bond and cocatalyst (nucleophilic group X−). To a certain extent, the catalytic 
effect is obvious, but the overall catalytic effect is limited because the second step CO2 
insertion reaction is also a reaction with a high energy barrier. If the catalyst can activate 
the epoxide to promote its addition to CO2, and can activate CO2 at the same time, it will 
undoubtedly make the whole reaction easier. Based on the report about the activation of 
CO2 via nitrogen-containing organic bases [24], we guessed that a multifunctional catalyst 
integrating hydrogen bond donor(HBD) group, N active center (Lewis base) and 

Scheme 1. Reaction of epoxide with CO2.

In view of the problems faced in the synthesis of cyclic carbonates from industrial
fixed CO2, the optimal solution is to start from the reaction mechanism and develop high
efficiency catalysts. For the cycloaddition reaction between CO2 and epoxide, the generally
accepted reaction mechanism is a three-step reaction mechanism (Scheme 2): (I) activation
and ring-opening of epoxides; (II) CO2 insertion; (III) intramolecular nucleophilic substitu-
tion (closed-loop reaction).
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In the whole cycloaddition reaction, experimental and theoretical studies have shown
that the activation and ring-opening of epoxides are the decisive step [7]. Catalysts for epox-
ide activation such as metal oxides [8], metal salts [9], metal complexes [10], metal-organic
skeleton materials [11], rare earth complexes [12], supported organometallic complexes [13],
COF [14], small molecules [15], porous carbon from biomass [16], plasma [17], and Rho-
damine dyes [18] have been reported. Among them, metal ion modified catalysts account
for a large proportion, and the metals involved are potassium, calcium, magnesium, alu-
minum, zinc, iron, copper, niobium, chromium, zirconium, cobalt, lanthanum, indium and
so on. In the catalytic reaction process, metal ions mainly realize the activation of epoxide
molecules by binding oxygen atoms in epoxide, and promote the cycloaddition reaction
of epoxide. Other catalysts, such as pentaerythritol [19], cyclodextrin [20], lignin [21]
and cellulose [22] can activate epoxides mainly through hydrogen bonding, which can
effectively avoid the use of transition metals and meet the needs of green chemistry and
sustainable development [23]. However, the relatively weak hydrogen bonding effect of
metal-free catalysts has a weak promotion effect on the activation and ring-opening of
epoxides, resulting in the harsh reaction conditions of high temperature, high pressure
and high concentration of CO2. Fixing CO2 at a low temperature and normal pressure is
still a challenge.

In terms of the design of the catalyst for the cycloaddition reaction of CO2 and epoxide,
the methods in the literature mainly focus on the activation of epoxide through hydrogen
bond and cocatalyst (nucleophilic group X−). To a certain extent, the catalytic effect is
obvious, but the overall catalytic effect is limited because the second step CO2 insertion
reaction is also a reaction with a high energy barrier. If the catalyst can activate the
epoxide to promote its addition to CO2, and can activate CO2 at the same time, it will
undoubtedly make the whole reaction easier. Based on the report about the activation
of CO2 via nitrogen-containing organic bases [24], we guessed that a multifunctional
catalyst integrating hydrogen bond donor(HBD) group, N active center (Lewis base) and
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nucleophilic ion (X−) could reduce the reaction energy barrier to the maximum extent
through the synergistic activation of CO2 and epoxide, and should be an efficient catalyst
for the cycloaddition reaction of CO2 and epoxide.

Magnetic nano-catalysts, which have a high specific surface area and are able to
have organic molecules loaded onto their surface, can provide more active sites [25], high
catalytic activity, easy separation and recovery [26]. Based on our research on magnetic
nano-catalysts [27] and functional ionic liquids [28,29], we designed and developed a
magnetic nano-catalyst containing a Schiff base unit, which not only has HBD group, an
N active center (the nitrogen atom in the Schiff base contains a lone pair of electrons,
which can activate carbon dioxide molecules) and a nucleophilic ion (X−), but also has the
advantages of high catalytic activity, easy separation and recovery in the cycloaddition
reaction of epoxide with CO2 (Scheme 3).
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2. Materials and Methods
2.1. Materials

All chemical reagents were obtained from commercial suppliers and used without
further purification.

2.2. Synthesis of 2-(3-(1H-Imidazol-1-yl)propyliminomethyl)phenol (Schiff Base 1)

This compound was prepared according to the literature procedure [30,31] with the
following modifications: 6.25 g (0.05 mol) 1-(3-aminopropyl) imidazole was added to
50 mL anhydrous ethanol and then 6.10 g (0.05 mol) salicylaldehyde was added. Under the
protection of a nitrogen atmosphere, the mixture was slowly heated to the reflux state with
a magnetic stirrer and finally stabilized at 60 ◦C for 48 hours. Then, it was cooled to room
temperature, the ethanol layer was removed, and the yellow solid Schiff base 1 containing
imidazole ring (Scheme 4) was obtained using vacuum drying. M.p. 84–85 ◦C. Yield: 99.2%.
1H NMR (500 MHz, DMSO-d6) δ13.37 (s, 1H, OH), 8.54 (s, 1H, CH=), 7.64 (s, 1H, CH=), 7.45
(d, J = 9.3 Hz, 1H, CH=), 7.34 (t, J = 9.3 Hz, 1H, CH=), 7.21 (s, 1H, Ar-H), 6.89 (t, J = 7.1 Hz,
3H, Ar-H), 4.04 (t, J = 7.1 Hz, 2H, N-CH2), 3.53 (t, J = 6.7 Hz, 2H, N-CH2), 2.13–2.07 (m, 2H,
CH2);13C NMR (126 MHz, DMSO-d6) δ 166.45, 160.53, 137.28, 132.35, 131.72, 128.54, 119.29,
118.67, 118.60, 116.44, 55.49, 43.85, 31.63.



Magnetochemistry 2024, 10, 33 4 of 14
Magnetochemistry 2024, 10, x FOR PEER REVIEW 4 of 14 
 

 

NN N

HO

NN NH2 +
HO

OHC

1

NN N

HO
Cl Si

O O

O

O
SiO

O
N N N

HO
+

Cl

2

FeCl3· 6H2O + FeCl2·4H2O + NH3·H2O

SiO2-coated Fe3O4
3

III
SiO2

Fe3O4Fe3O4

O
SiO

O
N N N

HOCl
+

3 2

SiO2-coated Fe3O4

SiO2

Fe3O4
III

Ⅰ ：H2O, 30℃, N2 atmosphere; Ⅱ ：NH3 H2O(25%), ethyl n-silicate, 24h;
III：Toluene, N2 atmosphere, 130 ℃, 24h

Cl
O

O
Si

MeO

SiO2

Fe3O4

N N N

HO

4

1

 
Scheme 4. Synthetic routes of magnetic nano-catalyst containing Schiff base unit. 

2.3. Synthesis of Ionic Liquid 2 
A total of 2.29 g (10 mmol) Schiff base 1 (Scheme 4) containing an imidazole ring was 

added to a 50 mL round bottom flask containing 10 mL toluene, then 1.99 g (10 mmol) 3-
chloropropyltrimethoxysilane was added under the protection of nitrogen. The reaction 
mixture was stirred at 110 °C for 48 h and a yellowish viscous liquid 4.10 g (Yield: 95.8%) 
was obtained after removing the residual solvent toluene using rotary evaporation.1H 
NMR (500 MHz, DMSO-d6) δ13.11 (s, 1H, OH), 9.32 (s, 1H, CH=), 8.58–8.60 (m, 1H, CH=), 
7.78–7.88 (m, 2H, CH=), 7.45 (d, J = 7.2 Hz, 1H, ArH), 7.34 (s, 1H, ArH), 6.90 (t, J = 8.5 Hz, 
2H, ArH), 4.28–4.31 (m, 2H, NCH2),4.06–4.17 (m, 2H, NCH2), 3.65 (t, J = 6.5 Hz, 2H, NCH2), 
3.36–3.47 (m, 9H, OCH3), 3.17 (d, J = 3.8 Hz, 2H, CH2), 2.20–2.26 (m, 2H, CH2), 1.79–1.86 
(m, 2H, SiCH2); 13C NMR (126 MHz, DMSO-d6) δ165.93, 159.72,135.63, 131.80, 131.71, 
130.02, 121.87, 118.04, 118.00, 115.78, 54.85, 49.51, 47.96, 30.89, 29.68, 22.58, 4.80. 

2.4. Synthesis of Magnetic Nanoparticles Fe3O4 
Magnetic Fe3O4 particles were prepared using the co-precipitation method [32]. FeCl3 

· 6H2O (8.1 g, 30 mmol) and FeCl2 · 4H2O (3.4 g, 17 mmol) were added to a 250 mL round-
bottom flask containing 100 mL distilled water. Under the protection of nitrogen, the 
reaction mixture was first stirred at room temperature for 30 min. When all components 
were dissolved, 35 mL (25%) of NH3 · H2O was added quickly, then stirred for 30 min at 
30 °C under nitrogen protection. The solid product was collected and washed with 
deionized water until the solution remained neutral. Then, it was repeatedly washed with 
anhydrous ethanol for 2–3 times, and the residual solvent was removed using a vacuum 
method to obtain black crystalline particles of Fe3O4. 

2.5. Synthesis of Magnetic Nanoparticles Fe3O4@SiO2 

A layer of silica was coated on the surface of Fe3O4 usingthe sol–gel method [33,34]. 
With the assistance of ultrasound, 2.0 g (8.64 mmol) of Fe3O4 magnetic nanoparticles was 
dispersed into 150 mL anhydrous ethanol and 30 mL deionized water; after stirring the 
reaction mixture for 30 min, 4 mL concentrated ammonia and 13 mL ethyl orthosilicate 
were added and stirred at room temperature for 24 h under nitrogen protection. The 
magnetic solid was collected using magnetic force, washed with deionized water to 
neutral, then washed with anhydrous ethanol 2–3 times; a gray-brown solid powder 3.9 g 
was obtained after the residual ethanol was removed using rotary evaporation. 

Scheme 4. Synthetic routes of magnetic nano-catalyst containing Schiff base unit.

2.3. Synthesis of Ionic Liquid 2

A total of 2.29 g (10 mmol) Schiff base 1 (Scheme 4) containing an imidazole ring was
added to a 50 mL round bottom flask containing 10 mL toluene, then 1.99 g (10 mmol)
3-chloropropyltrimethoxysilane was added under the protection of nitrogen. The reaction
mixture was stirred at 110 ◦C for 48 h and a yellowish viscous liquid 4.10 g (Yield: 95.8%)
was obtained after removing the residual solvent toluene using rotary evaporation.1H
NMR (500 MHz, DMSO-d6) δ13.11 (s, 1H, OH), 9.32 (s, 1H, CH=), 8.58–8.60 (m, 1H, CH=),
7.78–7.88 (m, 2H, CH=), 7.45 (d, J = 7.2 Hz, 1H, ArH), 7.34 (s, 1H, ArH), 6.90 (t, J = 8.5 Hz,
2H, ArH), 4.28–4.31 (m, 2H, NCH2),4.06–4.17 (m, 2H, NCH2), 3.65 (t, J = 6.5 Hz, 2H, NCH2),
3.36–3.47 (m, 9H, OCH3), 3.17 (d, J = 3.8 Hz, 2H, CH2), 2.20–2.26 (m, 2H, CH2), 1.79–1.86 (m,
2H, SiCH2); 13C NMR (126 MHz, DMSO-d6) δ165.93, 159.72,135.63, 131.80, 131.71, 130.02,
121.87, 118.04, 118.00, 115.78, 54.85, 49.51, 47.96, 30.89, 29.68, 22.58, 4.80.

2.4. Synthesis of Magnetic Nanoparticles Fe3O4

Magnetic Fe3O4 particles were prepared using the co-precipitation method [32].
FeCl3 · 6H2O (8.1 g, 30 mmol) and FeCl2 · 4H2O (3.4 g, 17 mmol) were added to a 250 mL
round-bottom flask containing 100 mL distilled water. Under the protection of nitrogen, the
reaction mixture was first stirred at room temperature for 30 min. When all components
were dissolved, 35 mL (25%) of NH3 · H2O was added quickly, then stirred for 30 min
at 30 ◦C under nitrogen protection. The solid product was collected and washed with
deionized water until the solution remained neutral. Then, it was repeatedly washed with
anhydrous ethanol for 2–3 times, and the residual solvent was removed using a vacuum
method to obtain black crystalline particles of Fe3O4.

2.5. Synthesis of Magnetic Nanoparticles Fe3O4@SiO2

A layer of silica was coated on the surface of Fe3O4 usingthe sol–gel method [33,34].
With the assistance of ultrasound, 2.0 g (8.64 mmol) of Fe3O4 magnetic nanoparticles was
dispersed into 150 mL anhydrous ethanol and 30 mL deionized water; after stirring the
reaction mixture for 30 min, 4 mL concentrated ammonia and 13 mL ethyl orthosilicate were
added and stirred at room temperature for 24 h under nitrogen protection. The magnetic
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solid was collected using magnetic force, washed with deionized water to neutral, then
washed with anhydrous ethanol 2–3 times; a gray-brown solid powder 3.9 g was obtained
after the residual ethanol was removed using rotary evaporation.

2.6. Synthesis of Magnetic Nano-Catalyst Containing Schiff Base Unit

Then, 4 g (9.33 mmol) ionic liquid 2 was dispersed in 10 mL toluene and then 4 g
Fe3O4@SiO2 was added. The reaction was refluxed at 110 ◦C for 24 h under the protection
of nitrogen. The resulting magnetic nanoparticles were collected using an external magnet,
washed with anhydrous ethanol for 2–3 times, and dried using rotary evaporation to obtain
a brown solid powder 7.1 g.

2.7. General Method of Cycloaddition of Epoxides with CO2

The epoxy compound (0.04475 mol) and the catalyst were added to a 50 mL autoclave
which was connected to a high-pressure carbon dioxide gas cylinder, and the CO2 was
transported at a constant pressure during the catalytic process. The reaction mixture was
gently stirred at a set temperature and time. After the reaction was completed, the reaction
was cooled to room temperature and the crude product was obtained after the magnetic
transfer of the catalyst. For the products 4-methyl-[1,3]dioxolan-2-one, 4-chloromethyl-
[1,3]dioxolan-2-one and 4-butyl-1,3-dioxolan-2-one, almost pure products were obtained.
For the products 4-phenyl-[1,3]dioxolan-2-one and hexahydro-benzo[1,3]dioxol-2-one, the
crude products were purified using column chromatography (hexane: ethyl acetate = 3:1)
to afford the desired cyclic carbonate. All products were characterized using NMR spec-
troscopy (Figures S5–S9 in Supplemental Data) and the data are listed as follows.

4-Methyl-[1,3]dioxolan-2-one

Light yellow liquid; 1H NMR (500 MHz, CDCl3) δ 4.89–4.92 (m, 1H, OCH), 4.61 (t,
J = 5.4 Hz, 1H, OCH2), 4.13 (d, J = 5.1 Hz, 1H, OCH2), 1.54 (d, J = 5.3 Hz, 3H, CH3); 13C
NMR (126 MHz, CDCl3) δ 155.07, 73.54, 70.64, 19.49.

4-Chloromethyl-[1,3]dioxolan-2-one

Light yellow liquid; 1H NMR (500 MHz, CDCl3) δ 4.94–4.99 (m, 1H, OCH), 4.56–4.62
(q, J = 8.2, 8.9 Hz, 1H, OCH2), 4.40–4.44 (q, J = 5.7, 8.9 Hz, 1H, OCH2), 3.76-3.80 (q, J = 5.8,
12.0 Hz, 1H, CH2Cl), 3.69-3.75 (q, J = 3.7, 12.0 Hz, 1H, CH2Cl); 13C NMR (126 MHz, CDCl3)
δ 155.38, 74.82, 67.99, 44.12.

4-Phenyl-[1,3]dioxolan-2-one

Light yellow liquid; 1H NMR (500 MHz, CDCl3) δ 7.42–7.47 (m, 3H, C6H5), 7.35–7.38
(q, J = 2.1, 7.6 Hz, 2H, C6H5), 5.68 (t, J = 8.0 Hz, 1H, OCH), 4.81 (t, J = 8.4 Hz, 1H, OCH2),
4.35 (t, J = 8.3 Hz, 1H, OCH2); 13C NMR (126 MHz, CDCl3) δ 154.93, 135.73, 129.74, 129.21,
125.86, 78.07, 71.15.

Hexahydro-benzo[1,3]dioxol-2-one

Light yellow liquid; 1H NMR (500 MHz, CDCl3) δ 4.65–4.71 (m, 2H, OCH), 1.85 (t,
J = 7.6 Hz, 4H, CH2), 1.57 (t, J = 7.6 Hz, 2H, CH2),1.38–1.43 (m, 2H, CH2); 13C NMR (126
MHz, CDCl3) δ 155.67, 75.87, 26.86, 19.28.

4-Butyl-1,3-dioxolan-2-one

Light yellow liquid; 1H NMR (500 MHz, CDCl3) δ 4.72–4.67 (m, 1H, OCH2), 4.62–4.57
(m, 1H, OCH2), 4.20−4.11 (m,1H, OCH), 1.82–1.60 (m, 2H, CH2), 1.52–1.20 (m, 4H, CH2CH2),
0.92 (t, J = 7.0 Hz, 3H, CH3). 13C NMR (126 MHz, CDCl3) δ 155.2, 77.2, 69.5, 33.7, 26.5,
22.4, 13.9.

2.8. Characterization Techniques

X-ray diffraction (XRD) images were obtained by using anXRD-6100 device with Cu
Kα radiation (λ = 0.15418 nm). Infrared spectroscopy (FTIR) was obtained using an IR
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Affinit-IS Fourier Transform Spectrometer. A thermogravimetric analysis image (TG) was
obtained from a thermogravimetric analyzer STA 449F5 operating at 220 V and 16 Ain
the atmosphere of nitrogen. Scanning electron microscope (SEM) images were performed
on aFESEM FEI Quanta 400 FEG(FEI Quanta, Waltham, MA, USA). The vibrating sample
magnetometer (VSM) mode was performed using SQUID-VSM (America Quantum Design,
San Diego, CA, USA). Brunner–Emmet–Teller (BET) analysis was recorded using the auto-
mated specific surface area and porosity analyzer TriStar II 3020 (America Micromeritics,
Columbia, America). 1H NMR (500 MHz) and 13C NMR (126 MHz) were recorded on a
500 MHz spectrometer(Bruker AVANCE NEO 500M, Karlsruhe, Germany) with DMSO-d6
or CDCl3 as solvent. For the NMR spectra of ionic liquids and cyclic carbamate, please see
the Figures S1–S9 in the Supplementary Materials.

3. Results and Discussion

As shown in Scheme 4, the Schiff base 1 containing an imidazole ring was synthesized
using 1-(3-aminopropyl) imidazole with salicylic aldehyde, and the ionic liquid 2 containing the
Schiff base structure was synthesized using the reaction of 3-chloropropyltrimethoxysilane with
Schiff base 1. Then, under nitrogen protection, the ionic liquid 2 was selected to condense
with Fe3O4@SiO2 in toluene and the final magnetic nano-catalyst containing the Schiff base
unit 4 was achieved. For the nano Fe3O4 and Fe3O4@SiO2, they were prepared using the
method reported in the reference [25].

3.1. XRD Analysis

The composition and structure of magnetic nanoparticles Fe3O4, Fe3O4@SiO2 and
thwmagnetic nano-catalyst containing the Schiff base unit were confirmed using X-ray
diffraction (XRD). As shown in Figure 1, peaks at 30.0◦, 35.4◦, 43.0◦, 53.4◦, 56.9◦, and 62.5◦,
consistent with the peak of standard Fe3O4 and the plate peaks at 18–28◦, indicate the
formation of amorphous silicon sales around Fe3O4.
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Figure 1. XRD patterns of nanoparticles. (1) Fe3O4, (2) Fe3O4@SiO2, (3) magnetic nano-catalyst
containing Schiff base unit.

3.2. FTIR Analysis

To further determine the functional group and the structure of the magnetic nanopar-
ticles, FTIR spectroscopy was also performed. As shown in Figure 2, the peak at 608 cm−1

is the characteristic peak of the Fe–O bond stretching vibration, and the broad peak at
1074 cm−1 is the characteristic peak of the Si–O bond stretching vibration. The characteristic
peaks at 2992 cm−1 and 3022 cm−1 in curve (3) are related to the C–H bond stretching
vibration, indicating that the alkyl load is on the magnetic nanoparticles. The peak at



Magnetochemistry 2024, 10, 33 7 of 14

1672 cm−1 in curve (3) is the characteristic peak of the C=N bond stretching, the peak at
1626, 1454 cm−1 is the characteristic peak of the benzene ring skeleton vibration, and the
peak at 3415 cm−1 is the characteristic peak of O–H bond stretching, which means that the
Schiff base unit is attached to the magnetic nanoparticles Fe3O4@SiO2.
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Figure 2. FTIR spectra of nanoparticles. (1) Fe3O4, (2) Fe3O4@SiO2, (3)magnetic nano-catalyst
containing Schiff base unit.

3.3. TG Analysis

In order to investigate the structure, composition and thermal stability of magnetic
nanoparticles, we carried out TG analysis in the temperature range of 25–1000 ◦C. The curve
(1) is the mass loss diagram of magnetic nano-Fe3O4, which, as can be seen from Figure 3,
magnetic nano-Fe3O4 has two obvious mass loss stages; the first stage is from 25 ◦C to
200 ◦C, with a mass loss of 1.15%, which may be due to the evaporation of physically
adsorbed water or residual solvents. The second stage is 200–700 ◦C and the mass loss is
2.87%, which may be caused by the decomposition of the hydroxyl group on the surface of
Fe3O4. Coupled with a minimum loss of 0.11% above 700 ◦C, the final mass loss is 4.13%.
The curve (2) is the mass loss diagram of magnetic nano-Fe3O4@SiO2. It can be seen that
the magnetic nano-Fe3O4@SiO2 has two obvious mass loss stages. The first stage is from
25 to 150 ◦C and the mass loss is 5.83%, which may be due to the evaporation of water or
the physical adsorption of residual solvent. In the second stage, from 150 to 700 ◦C, the
mass loss is 4.56%, which may be due to the decomposition of the silicon shell. Coupled
with a minimum loss of 0.65% above 700 ◦C, the final mass loss is 11.04%. The curve (3) is
the mass loss diagram of the magnetic nano-catalyst containing the Schiff base unit. It can
be seen that there are three obvious stages of quality loss. The first stage is from 25 to 230 ◦C
and the mass loss is 1.77%, which may be due to the evaporation of water or the physical
adsorption of residual solvents. The second stage is from 230 to 320 ◦C and the mass loss is
4.29%, which may be caused by the surface cracking of the Schiff base unit. In the third
stage, from 320 to 820 ◦C, the mass loss is 14.15%, which may be due to the decomposition
of the silicon shell, and the final mass loss is 20.21%. Comparing the TG analysis data of
Fe3O4@SiO2 and magnetic nano-catalyst containing the Schiff base unit, about 9.17% of the
Schiff base ionic liquid is loaded onto the magnetic nano-catalyst containing the Schiff base
unit. The active sites of the 1 g magnetic nano-catalyst is equivalent to about 0.11 mmol of
the Schiff base ionic liquid 2. Through the TG analysis and comparison of the mass loss
curves of the magnetic nanoparticles, we can determine that each step of the preparation of
the magnetic nano-catalyst is successful.
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Figure 3. TG curves of nanoparticles. (1) Fe3O4, (2) Fe3O4@SiO2, (3) magnetic nano-catalyst contain-
ing Schiff base unit.

3.4. VSM Analysis

The magnetic measurement was carried out at room temperature and under the
conditions of the applied magnetic field. VSM was used to scan the magnetic field from
−25,000 to 25,000 Oe, and the magnetic properties of the catalyst were measured. As
shown in Figure 4, the catalyst has good paramagnetism and good dispersion in water. The
catalyst dispersed in water can be quickly aggregated using external magnetic force, which
proves that the catalyst can be applied and recovered in water reaction.
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Figure 4. VSM image of magnetic nano-catalyst containing Schiff base unit.

3.5. SEM and TEM Analysis

As shown in Figure 5, the observation using scanning electron microscopy (SEM)
reveals that the morphology of the core–shell magnetic nano-catalyst has a uniform size
of 50~150 nm and the shape of the catalyst particles was approximately spherical. The
agglomeration effect was also generated due to its magnetic effect, which makes the
magnetic nano-catalyst easy to separate. Transmission electron microscopy (TEM) showed
that Fe3O4 was coated with SiO2 and ionic liquid, which was consistent with XRD and
FTIR analysis.
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Figure 5. SEM (a) and TEM (b) images of magnetic nano-catalyst containing Schiff base unit.

3.6. BET Analysis

The adsorption–desorption isotherms of N2 are shown in Figure 6. The hysteresis loop
indicates that the catalyst belongs to mesoporous material. The surface area, pore volume
and pore size of the magnetic nano-catalyst containing the Schiff base unit were determined
using the BET test, and the BET data are as shown in Table 1. According to the pore size and
surface area of the catalyst, combined with the catalytic effect experiment, the nano-catalyst
can effectively catalyze the cycloaddition reaction of epoxide and CO2 to prepare the cyclic
carbonate. The reason may be the combined effects of ion microenvironment, nano size,
hydrogen bond effect and weak alkali environment.
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Table 1. The results of BET surface area analysis.

Parameters Magnetic Nano-Catalyst Containing
Schiff Base Unit

Surface Area Single point surface area at P/Po = 0.294306215 8.3206 m2/g
BET Surface Area 8.6415 m2/g

Langmuir Surface Area 13.0942 m2/g
t-Plot External Surface Area 8.7656 m2/g
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Table 1. Cont.

Parameters Magnetic Nano-Catalyst Containing
Schiff Base Unit

Pore Volume Single point adsorption total pore volume of pores
less than 181.2138 nm diameter at P/Po = 0.989213975 0.034517 cm3/g

BJH Adsorption cumulative volume of pores
between 1.7000 nm and 300.0000 nm diameter 0.035029 cm3/g

BJH Desorption cumulative volume of pores
between 1.7000 nm and 300.0000 nm diameter 0.035171 cm3/g

Pore Size Adsorption average pore diameter (4V/A using BET) 15.97728 nm
BJH Adsorption average pore diameter (4V/A) 16.7619 nm
BJH Desorption average pore diameter (4V/A) 15.1738 nm

3.7. Effects of Reaction Parameters on the Catalytic Activity of Magnetic Nano-Catalyst
Containing Schiff Base Unit

In order to test whether the magnetic nano-catalyst containing the Schiff base unit has
catalytic activity, the reaction of epichlorohydrin with CO2 was used as the model reaction
to study the effect of various parameters on the reaction. First of all, we set the pressure
of CO2 to 3 atm, the reaction temperature to 120 ◦C, the amount of catalyst to 1.25 g and
the reaction time to 15 h; we were delighted to find that almost all of the epichlorohydrin
was converted into the target product, and a 99% yield of cyclic carbonate was obtained
(Table 2, entry 1). Then, we tried to reduce the amount of catalyst, the pressure of the
CO2 and the reaction time (Table 2, entries 2–6);we found that when the catalyst dosage is
0.75 g, the pressure of CO2 is 1 atm, and the reaction temperature is 120 ◦C, the yield of
99% can be obtained after 10 h (Table 2, entry 6). In order to find more optimal reaction
conditions, the reaction temperature, time and catalyst dosage were further explored
(Table 2, entries 7–10). The results showed that the corresponding cyclic carbonate was
obtained with 99% yield when 0.75 g magnetic nano-catalyst was used in the reaction of
epichlorohydrin (0.04475 mol) with CO2 (1 atm) after 8 h at 100 ◦C.

Table 2. Exploration of reaction conditions 1.

Entry Magnetic
Nano-Catalyst (g)

CO2
(atm) Time (h) Temperature

(◦C)
Yield 2

(%)

1 1.25 3 15 120 99
2 1.25 2 15 120 99
3 1.00 2 15 120 99
4 1.00 2 10 120 99
5 0.75 2 10 120 99
6 0.75 1 10 120 99
7 0.75 1 10 100 99
8 0.50 1 10 100 94
9 0.75 1 8 100 99
10 0.75 1 6 100 93

11 3 0.75 1 8 100 0
12 4 0.75 1 8 100 82

1 General reaction conditions: epichlorohydrin (0.04475 mol); 2 isolated yield; 3 using magnetic nanoparticle
Fe3O4@SiO2 as catalyst; 4 using 1-butyl-3-methylimidazole chloride as catalyst.

In order to further explore the catalytic sites, magnetic nanoparticle Fe3O4@SiO2
and 1-butyl-3-methylimidazole chloride were used, respectively, in the model reaction as
catalysts. For the magnetic nanoparticle Fe3O4@SiO2, no product was detected, and for
the imidazole ionic liquid, when 0.75 g (4 mmol) of catalyst was used, only 82% yield was
achieved. According to TG analysis, the active sites of 0.75 g magnetic nano-catalyst is
equivalent to about 0.08 mmol Schiff base ionic liquid 2, the content of the imidazolium
ring is significantly lower than that of 1-butyl-3-methylimidazole chloride, but the yield
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of the target product reaches 99%.This indicates that the key catalytic site of the magnetic
nano-catalyst is not the hydrogen bonding of hydrogen at the C2 position of the imidazole
ring, and the catalytic sites of the catalyst may be attributed to the hydrogen bonding of
phenolic hydroxyl group and the alkalinity of Schiff bases.

To further test the generality of the catalyst, the magnetic nano-catalyst containing
Schiff base unit has been used in the reaction of a series of epoxides fixing CO2 to synthesize
cyclic carbonates (Table 3). Both propylene oxide and epichlorohydrin yield the target
products with 99% yields. For the 1,2-epoxyhexane, 82% yield was achieved. But for the
sterically hindered 1-phenyl epoxide and 7-oxa-bicyclo[4.1.0]heptane, the target product is
obtained at only 40% and 5% yields, respectively. It can be concluded that the reaction is
favorable at the less hindered side of epoxide.

Table 3. Cycloaddition of CO2 to various epoxides catalyzed using the magnetic nano-catalyst.

Entry 1 Substrate Product Yield (%) 2

1
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3.8. Proposed Mechanism

The first use of imidazolium ILs as catalysts for the epoxide/CO2 coupling was
pioneered by Deng et al. [35]. The hydrogen bond between the proton in position 2 of
the imidazolium ring with the O-donor group of epoxide plays an important role and the
acidity of the C2 proton is crucial for the activation of the epoxide. For the present magnetic
nano-catalyst containing the Schiff base unit, although there are imidazole rings, when
comparing with the hydrogen bond between the hydrogen atom of phenol hydroxyl group
and the O-donor group of epoxide, the hydrogen bond between the proton in position 2 of
the imidazolium ring with the O-donor group of epoxide is obviously weaker. This can be
seen from the 1H NMR data of the Schiff base ionic liquid: the hydrogen chemical shift of
phenol hydroxyl group is 13.11, and the chemical shift of the C2 proton is 9.32. To further
investigate the activation of epoxides via hydrogen bonds, the 1H NMR spectra of a mixture
of Schiff base ionic liquid and epichlorohydrin was detected; a clear up field shift in the
Schiff base ionic liquid OH proton signal was observed (from δ = 13.11 to 12.96 ppm), which
indicates that the epoxide forms a hydrogen bond with the OH group. In addition, the lone
pair electrons on nitrogen atoms in the Schiff base -N=C- can activate CO2, which facilitates
the coupling of carbon dioxide and epoxides. Therefore, the activation of a magnetic nano-
catalyst was ascribed to the synergetic effects between CO2 activation/capture through
the -N=CH-C=C group of the Schiff base and hydrogen bond formation between the –OH
group of phenol with the epoxide. Based on the previous research [22,24] and the results of
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this experiment, the possible catalytic mechanism of magnetic nano-catalyst is proposed
as shown in Scheme 5. The epoxy ring is activated through hydrogen bonding between
the OH group on the benzene ring and the O atom of the epoxide. Simultaneously, the
Cl− anion nucleophilic ally attacks the less sterically hindered carbon atom of the epoxide
ring to form the corresponding alcoholate. CO2 is activated through the N atom of Schiff
base, and the nucleophilic addition of the alcoholate to CO2 forms an alkyl carbonate
anion (C); the ring-closing of intermediate C affords the corresponding cyclic carbonate
and regenerates the catalyst, thus the catalytic cycle was completed.
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3.9. Recycling Research

In order to test the reusability of the magnetic nano-catalyst containing the Schiff
base unit, the cycloaddition reaction of epichlorohydrin with CO2 was carried out in the
presence of a catalytic amount of magnetic nano-catalyst under optimal conditions. When
the reaction is complete, the catalyst can be separated under the magnetic force for the next
cycle. As shown in Table 4, the catalyst was cycled five times, and the yield hardly changed,
which indicates that the structure of the catalyst is relatively stable.

Table 4. Reusability of the magnetic nano-catalyst containing Schiff base unit a.

Run Time (h) Isolated Yield/%

1 8 99
2 8 99
3 8 98
4 8 98
5 8 97

a General reaction conditions: catalyst (0.75 g), epichlorohydrin (0.04475 mol), CO2 (99.999%, 1 atm), 100 ◦C.
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4. Conclusions

In summary, a functional magnetic nano-catalyst containing a Schiff base unit was
prepared and applied as the catalyst for the chemical fixation of CO2 into cyclic carbonates.
The results show that the magnetic nano-catalyst has a high catalytic activity, making it a
potential candidate catalyst for the synthesis of cyclic carbonates from CO2 and epoxides
under mild conditions. Notably, the magnetic nano-catalyst containing the Schiff base unit
can be recycled for at least five times without any significant loss of activity, making this
catalyst sustainable and economical. In addition, the catalyst has the advantages of good
stability, magnetic recovery and relatively simple synthesis process, which is especially
suitable for CO2 conversion and green industrial chemical processes.
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ring; Figure S3: NMR spectrum of the ionic liquid containing Schiff base unit; Figure S4: NMR
spectrum of a mixture of ionic liquid containing Schiff base unit and epichlorohydrin; Figure S5:
NMR spectrum of 4-methyl-[1,3]dioxolan-2-one; Figure S6: NMR spectrum of 4-butyl-[1,3]dioxolan-
2-one; Figure S7: NMR spectrum of 4-chloromethyl-[1,3]dioxolan-2-one; Figure S8: NMR spectrum of
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