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Abstract—This study addressed the preparation and characterization of polyethylene glycol-substituted 
1-methyl imidazolium hydroxide supported on magnetic nanoparticles (MNP@PEG-ImOH) by FESEM, FT-IR, 
EDAX, TEM, TGA, VSM, and XRD techniques. The catalytic activity of MNP@PEG-ImOH has been 
examined in Knoevenagel condensation between active methylene compounds and aromatic aldehydes in 
aqueous medium at room temperature. Numerous benefits of the catalytic system, such as higher yields of the 
products, shorter reaction time, reusability and recyclability of the catalyst, simplified work-up, and more 
acceptable reaction conditions, have been demonstrated. It is possible to easily isolate the catalyst from the 
reaction mixture by an external magnet and reapply it in the consequent reactions with no remarkable loss of 
activity.
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INTRODUCTION

Since twenty years ago, researchers developed the 
supported ionic liquid phase (SILP) technology as one 
of the new procedures for immobilizing homogeneous 
ionic liquids in catalysis [1]. Therefore, they introduced 
numerous techniques for immobilizing the ionic liquids 
on a solid support like carbon nanotubes (CNTs) [2], 
mesoporous silica [3], amorphous silica [4], nano-silica 
[5], polymers [6], as well as graphene oxide (GO) [7]. 
As a result of multiple functional caveats, like catalyst 
recovery and product isolation, it would be hard to 
widely utilize homogeneous ILs and thus supported 
ionic liquids (SILs) could eliminate the mentioned 
shortcomings [8]. Therefore, experts in the field have 
largely employed SILs in organic syntheses because 
isolation of heterogeneous catalysts from the reaction 
mixture would be highly simplified and thus they could 
be re-utilized in the subsequent reactions [9–11].

Magnetic nanoparticles are largely applied in 
organic syntheses as catalyst supports and catalysts 
because of their large surface area-to-volume ratio, 

biocompatibility, lower costs, simple synthesis and 
func tionalization, as well as easy separation using 
an external magnet [12]. Hence, experts in the field 
commonly employ MNPs for the immobilization of 
homogeneous ionic liquids. Moreover, nanomagnetic 
SILs incorporate the benefits of heterogeneous cata-
lysts, ionic liquids, as well as nano-supports, such as 
high efficiency, simple transportation, recycling, and 
separation, and higher designability [13–15].

An appropriate alternative for replacing traditional 
catalytic systems, which create numerous detrimental 
by-products, has been proposed to be presentation of 
mild and green processes with the use of phase-transfer 
catalysts (PTCs) [16]. Since the majority of organic 
reactants and substrates are poorly soluble in water, it 
is possible to eliminate this disadvantage with the use 
of PTCs. However, a major concern when applying 
homogeneous PTCs is the recovery of the catalyst 
from the reaction mixture. An easy solution is PTC 
immobilization on an insoluble support. The separation 
of products and the retrieval of catalysts are simplified 
by a heterogeneous catalyst [17–20].
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A prominent reaction to form the carbon–carbon 
bond in organic syntheses is the Knoevenagel con-
densation of an aldehyde with an active methylene 
com pound containing two electron-withdrawing 
groups [21–25]. The Knoevenagel reaction has often 
been utilized to synthesize carbocyclic and heterocyclic 
compounds, pharmaceutically significant organic com-
pounds, as well as fine chemicals [26–30]. The present 
study reports the synthesis and characterization of 
a basic ionic liquid supported on MNPs and the respec-
tive catalytic application in the Knoevenagel condensa-
tion of diverse aromatic aldehydes with active methy-
lene compounds, including dimedone, cyclohexane-
1,3-dione, malononitrile, and ethyl cyanoacetate, in 
water at room temperature (Scheme 1).

RESULTS AND DISCUSSION

Scheme 2 represents the general synthetic route to 
obtain the basic ionic liquid supported on MNPs. The 
MNP@PEG NPs catalyst was prepared according to 
the reported method [31]. Thionyl chloride and pyri-
dine were used to replace the hydroxy groups on the 
PEG surface with chlorine. The nucleophilic substitu-
tion reaction of MNP@PEG-Cl with 1-methylimidazole 
provided the supported ionic liquid. Finally, a mixture 
of the obtained nanocomposite and sodium hydroxide 
in water was stirred at room temperature, and nanomag-
netic basic PTC was created.

A number of physicochemical characterization tech-
niques like FT-IR, FESEM, TEM, EDAX, TGA, VSM, 
and XRD were utilized for probing the structure of the 
organic–inorganic nanocomposite. Figure 1 compares 
the FT-IR spectra of MNP@PEG-ImOH, Fe3O4@SiO2, 
and Fe3O4. For all samples, the low-frequency absorp-
tion band at ~580 cm–1 can be assigned to Fe–O, and 

a broad band at 3200 to 3600 cm–1 was ascribed to 
vibrations of the surface OH groups. It is notable that 
the FT-IR spectrum of Fe3O4@SiO2 showed three 
additional absorption bands at about 1080, 980, and 
460 cm–1, which were associated with Si–O–Si asym-
metric stretching, symmetric stretching, and bending 
vibrations, respectively. These peaks confirmed that 
the surface of Fe3O4 magnetic NPs was coated with 
silica. The immobilization of the ionic liquid on the 
Fe3O4@SiO2 surface was supported by C–H stretching 
absorption bands at 2900 to 2950 cm–1, overlapping 
O–H stretching bands at 2800 to 3600 cm–1, and C–H 
bending bands at 1400 to 1500 cm–1. Furthermore, 
absorption bands in the region 1550–1650 cm–1 were 
attributed to imidazole ring stretching and imidazole 
C=N bending vibrations.

Considering the TEM and FESEM images of the 
catalyst, a somewhat spherical shape was observed for 
NPs with diameters of 24 to 143 nm. In addition, the 
core–shell structure with dark and brighter dots relative 
to the Fe3O4 core and organic part of the catalyst, 
respectively, was observed in the TEM image (Fig. 2).

As demonstrated in Fig. 3, the EDAX pattern of the 
catalyst verified the presence of fundamental elements 
like oxygen (28.4 wt %), iron (51.9 wt %), silicon 
(5.4 wt %), nitrogen (2.7 wt %), and carbon 
(11.5 wt %). 

The X-ray diffraction patterns of MNP@PEG-
ImOH catalyst and Fe3O4 magnetic NPs were recorded 
in the 2θ range from 0 to 80° (Fig. 4). It can be seen 
that the positions and intensity of the diffraction peaks 
at 2θ = 30.25°, 35.63°, 43.22°, 53.76°, 57.27°, and 
62.88° are perfectly consistent with the pattern for 
Fe3O4 nanoparticles with six peaks at 2θ = 30.31°, 
35.69°, 43.32°, 53.81°, 57.26°, and 62.92°.
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Thermal gravimetric analysis was used to survey 
the thermal stability of the catalyst. Two distinctive 
steps of weight loss were observed (Fig. 5). As seen in 
Fig. 5, the first weight loss below 200°C is due to 
elimination of physisorbed water molecules. The 
second weight loss at ~380°C results from thermal 
crystal phase transformation from Fe3O4 to γ-Fe2O3 

[32] and/or decomposition of the organic materials in 
MNP@PEG-ImOH.

The magnetic properties of the catalyst were 
examined at room temperature (Fig. 6). Saturation 
magnetization values of 58, 43, and 24 emu/g were 
obtained for Fe3O4, Fe3O4@SiO2, and MNP@PEG-
ImOH, respectively. It was found that reduction of the 
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catalyst magnetization results from coating of magnetic 
NPs with nonmagnetic moieties (imidazolium ring, 
linker, SiO2 shell, and PEG chain).

After thorough characterization, the catalytic activ-
ity of MNP@PEG-ImOH as a phase-transfer catalyst 
was assessed in the Knoevenagel condensation. To op-
timize the conditions, a model reaction of benzalde-

hyde (1 mmol) and malononitrile (1 mmol) using 
MNP@PEG-ImOH in water (3 mL) was run at room 
temperature. Based on TLC data, the most acceptable 
output was observed when applying 0.02 g of the 
magnetic nanocomposite (Table 1). Under the optimal 
conditions, some aldehydes substituted with elec-
tron-withdrawing and electron-donating groups were 

Fig. 2. (a) FESEM and (b) TEM images of MNP@PEG-ImOH.

(a) (b)

Fig. 4. XRD patterns of MNP@PEG-ImOH and Fe3O4 NPs.Fig. 3. EDAX pattern of MNP@PEG-ImOH.
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Table 1. Knoevenagel reaction of aromatic aldehydes and active methylene compounds catalyzed by MNP@PEG-ImOH in 
aqueous mediuma

Aldehyde R or X Product Time, h Yield,b %

Benzaldehyde Me 6a 2.5 93
2-Chlorobenzaldehyde Me 6b 3 89
3-Chlorobenzaldehyde Me 6c 3 91
4-Chlorobenzaldehyde Me 6d 2.5 89
4-Hydroxybenzaldehyde Me 6e 3 87
3-Nitrobenzaldehyde Me 6f 3 87
4-Methylbenzaldehyde Me 6g 2.5 91
4-Methoxybenzaldehyde Me 6h 2.5 92
4-(Dimethylamino)benzaldehyde Me 6i 3.5 89
2-Furaldehyde Me 6j 2 89
Benzaldehyde H 7a 3 91
2-Chlorobenzaldehyde H 7b 3.5 88
3-Chlorobenzaldehyde H 7c 3 89
4-Chlorobenzaldehyde H 7d 2.5 87
4-Hydroxybenzaldehyde H 7e 3.5 87
3-Nitrobenzaldehyde H 7f 3.5 88
4-Methylbenzaldehyde H 7g 3 90
4-Methoxybenzaldehyde H 7h 2.5 91
4-(Dimethylamino)benzaldehyde H 7i 3.5 85
2-Furaldehyde H 7j 2.5 86
Benzaldehyde CN 8a 0.3 94, trace,c 45,d 93e

2-Chlorobenzaldehyde CN 8b 0.5 92
3-Chlorobenzaldehyde CN 8c 0.6 90
4-Chlorobenzaldehyde CN 8d 0.5 89
4-Hydroxybenzaldehyde CN 8e 0.75 85
3-Nitrobenzaldehyde CN 8f 0.75 88
4-Methylbenzaldehyde CN 8g 0.3 92
4-Methoxybenzaldehyde CN 8h 0.3 91
4-(Dimethylamino)benzaldehyde CN 8i 0.75 86
2-Furaldehyde CN 8j 0.3 90
Benzaldehyde COOEt 9a 0.5 90
2-Chlorobenzaldehyde COOEt 9b 0.5 89
4-Chlorobenzaldehyde COOEt 9c 0.5 91
4-Hydroxybenzaldehyde COOEt 9d 0.75 88
3-Nitrobenzaldehyde COOEt 9e 1 87
2-Furaldehyde COOEt 9f 0.5 85

a Reaction conditions: aldehyde (1 mmol), active methylene compound (1 mmol), catalyst (0.02 g), water (3 mL), r.t.
b Isolated yield.
c Without a catalyst.
d 0.01 g of the catalyst.
e 0.03 g of the catalyst.
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examined in the Knoevenagel condensation which 
afforded desired products in high yields (Table 1).

Prominent characteristics of the MNP@PEH-ImOH 
catalyst include the unique features of magnetic NPs 
and the presence of polyethylene glycol and imidazo-
lium ring in the catalyst structure, which endows it 
with a PTC feature and enhances its organophilicity.

In the next step, we chose the reaction of benz-
aldehyde with malononitrile as a model for testing 
catalyst reusability. The reaction was implemented for 
5 successive runs. Upon the end of each run, an ex-
ternal magnet was used to separate the catalyst from 
the reaction mixture. The catalyst was then washed 
with acetone or methanol and reapplied for another 
run. It is notable that the yields of the product remained 
comparable in all runs (94, 93, 90, 89, and 87% in 
cycles 1–5, respectively). Thus, the catalyst can be 
recycled for at least 5 times without a significant 
decrease in its activity (Fig. 7).

The energy of the frontier molecular orbitals, 
HOMO and LUMO, and their energy gaps for benzal-
de hyde (1), dimedone (2) and cyclohexane-1,3-dione 
(3) in both tautomeric forms (keto and enol) were 
computed at the B3LYP/Def2-TZVP level of theory. 
These results and the gas-phase optimized structures 
of compounds 1, 2, and 3 are shown in Fig. 8. The 
calculations showed that the keto forms of 2 and 3 are, 
respectively, 3.73 and 3.26 kcal/mol more stable than 
the enol forms. Thus, the enol forms are softer and 
more reactive than keto forms, as reflected from the 
energy gap values by 0.385 eV (8.88 kcal/mol) for 
dimedone and 0.344 eV (7.93 kcal/mol) for cyclo-
hexane-1,3-dione.

The reaction of benzaldehyde and ethyl cyano-
acetate can produce two diastereoisomeric products 

(Fig. 9). In order to analyze the two isomeric structures 
of 9a in greater detail, DFT calculations were carried 
out at the B3LYP/Def2-TZVP level of theory. As 
expected, the calculations showed that the E isomer is 
4.71 kcal/mol more stable than the Z isomer.

In conclusion, this study dealt with the synthesis 
and characterization of an effective, magnetically re-
cover able, reusable, and thermally stable nanomagnetic 
supported basic ionic liquid (MNP@PEG-ImOH). The 
use of this magnetic nanocomposite in the Knoevenagel 
condensation of aromatic aldehydes with active methy-
lene compounds in aqueous medium at room tempera-
ture offered numerous benefits, like a higher yield, 
more acceptable reaction conditions, shorter reaction 
time, reusability of the catalyst, and simplified workup.

EXPERIMENTAL

Commercially available reagents and solvents were 
purchased from Merck and Sigma–Aldrich. Fe3O4@
SiO2@PEG, Fe3O4@SiO2, and Fe3O4 were prepared 

Fig. 7. Reusability of the catalyst.
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Fig. 8. HOMO and LUMO energies and energy gaps of benzaldehyde (1), dimedone (2) and cyclohexane-1,3-dione (3).
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according to the reported procedures [31, 33]. The 
progress of reactions was monitored by TLC on 
Polygram SILG/UV254 silica gel plates. Each product 
was characterized by physical data and by comparison 
with authentic samples; the melting points were meas-
ured in open capillary tubes using an Electrothermal 
9200 apparatus. The IR spectra were registered on 
a Shimadzu IR Prestige-21 spectrometer in the range 
from 4000 to 400 cm−1. The X-ray diffraction patterns 
were obtained with a PANalytical X’Pert Pro dif-
fractometer. Energy-dispersive X-ray spectroscopy 
(EDAX) and field emission scanning electron 
micros copy (FESEM) were run with a Zeiss Sigma VP 
instrument. The TEM images of the catalyst were 
registered with a Zeiss-EM10C transmission electron 
microscope. Thermogravimetric analysis (TGA) was 
performed using a TA Q600 analyzer (temperature 
range 25 to 800°C, heating rate 10 deg/min, air atmo-
sphere). The magnetic features of the NPs were studied 
with a Meghnatis Daghigh Kavir vibrating sample 
magnetometer (Kashan, Iran) at room temperature. 
Density functional theory (DFT) calculations were 
performed with the Gaussian 09 package at the B3LYP 
level of theory utilizing Def2-TZVP basis set.

Preparation of MNP@PEG-ImOH. MNP@PEG 
(4 g) [31] was ultrasonically dispersed in toluene 
(100 mL), pyridine (4 mL, 50 mmol) and thionyl 
chloride (6 mL, 50 mmol) were added, and the mixture 
was stirred under reflux for 6 h. The nanoparticles were 
separated by a magnet, washed with ethanol (3×
10 mL), and dried in an oven at 60°C for 12 h. Next, 
1-methylimidazole (8 g, 100 mmol) was added to 
a suspension of MNP@PEG-Cl (4 g) in CH2Cl2 
(60 mL), and the mixture was stirred and refluxed for 

12 h. The product was separated by an external magnet, 
washed many times with EtOH and CH2Cl2, and dried 
in an oven at 60°C for 12 h. Finally, a mixture of 
sodium hydroxide (1 g, 25 mmol) and MNP@PEG-
ImCl (4 g) in water (20 mL) was stirred at room tem-
perature for 24 h. The catalyst was separated using 
an external magnet, washed with acetonitrile and 
ethanol, and thoroughly dried.

General procedure for the Knoevenagel conden-
sa tion catalyzed by MNP@PEG-ImOH. The catalyst 
MNPs@PEG-ImOH (0.02 g) was added to a mixture 
of active methylene compound 2–5 (1 mmol) and 
aromatic aldehyde 1 (1 mmol) in water (3 mL). The 
mixture was stirred at ambient temperature for a suit-
able time (see Table 1). After completion of the reac-
tion (TLC, ethyl acetate–n-hexane, 2:5), the mixture 
was filtered using a magnet to separate the catalyst. 
The filtrate was evaporated, and the solid product was 
purified by recrystallization from ethanol.
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