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ABSTRACT: The surface of magnetite nanoparticles as nano-sized solid support was modified
with a molybdenum-Schiff base complex to prepare an easily separable heterogeneous catalyst
for the epoxidation of olefins. Characterization techniques such as Fourier transform infrared
and inductively coupled plasma optical emission spectroscopies, X-ray diffraction, vibrating sample
magnetometry, scanning, and transmission electron microscopies indicated the presence of molybdenum-
Schiff base complex and a magnetite core in the catalyst. The magnetite nanoparticles supported
Mo catalyst exhibited high catalytic activity and selectivity toward the epoxidation of olefins and
was easily recovered from the reaction mixture by magnetic separation to be utilized for subsequent
reactions. The catalyst showed reusability for three times without significant loss of activity.
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INTRODUCTION

Although many selective homogeneous catalysts
have been developed so far, their practical uses in
industrial processes are inhibited by their high costs
as well as problems in their separation from the reaction
mixtures. To overcome these difficulties, many various
approaches have been utilized to prepare immobilized
catalysts [1,2]. When used in liquid phase reactions,
catalysts immobilized on solid supports have a high
surface area as well as additional advantage of the facile
recovery. Preferably, the solid support should possess a large
surface area to increase the catalyst loading and activity.
Besides making the support porous, it is also possible

to increase the surface area by reducing the particle size
of the support. Owing to their high surface area and more
accessibility to the reactants, nanoparticles have been
considered as novel supports to prepare immobilized
catalysts [3-5]. However, conventional separation
methods may become ineffective for small support
particle sizes. The incorporation of magnetic materials
into the supports provides a solution to this problem.
Among the various  magnetic  nanoparticles,
superparamagnetic  materials such as  magnetite
nanoparticles are of great importance. They can be
readily magnetized in the presence of an external
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magnetic field. Due to this particular property,
superparamagnetic materials have been widely used
in various biomedical applications, such as DNA
purification [6], MRI contrast enhancement [7,8], drug
targeting [8,9] and catalysis [10-12].

The coordination chemistry of molybdenum (VI)
has attracted great attention due to its recently found
biochemical importance [13,14], as well as the
involvement of Mo (VI), compounds as catalysts in some
industrially important processes, such as olefin
metathesis [15,16], and epoxidation of olefins [17-20].
Recently, we reported the catalytic activity of some
molybdenum complexes covalently anchored onto
the MCM-41 mesoporous material and magnetite nanoparticles
in the selective epoxidation of olefins [21-23].

Herein, we report the design of a novel heterogenized
molybdenum-Schiff base catalyst composed of a magnetite
core which made the catalyst magnetically recoverable and
its application in the selective epoxidation of olefins.
The catalyst can be simply separated with
an external magnet without additional filtration step. Thus,
the process is green and solves the problems associated
with mass transfer and catalyst recycling in other
heterogeneous catalysts.

EXPERIMENTAL SECTION
Preparation of the Mo-Schiff base-SCMNPs catalyst

All solvents and reagents were purchased from
Merck Corporation and used without further
purification. The Schiff base ligand was synthesized
according to the literature method [24]. Aminopropyl-
modified silica coated magnetite nanoparticles (Amp-
SCMNPs) were synthesized according to our previous
work [23]. For the immobilization of Schiff base ligand
on the surface of silica coated magnetite nanoparticles,
vacuum dried Amp-SCMNPs (1 g) were suspended
in 30 ml of ethanol. Then, the Schiff base ligand (2 mmol)
was added to this mixture and refluxed for 8h.
The product, Schiff base-SCMNPs, was separated with
a permanent magnet, washed with ethanol and vacuum
dried. The prepared Schiff base-SCMNPs (1.0 g, dried
in a vacuum oven at 353K) was dispersed in 30 mL
ethanol with sonication. To this mixture was added
a solution of MoO»(acac), (2 mmol, prepared according
to literature method [25]) dissolved in 20 mL ethanol.
24 h under

The mixture was refluxed for
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nitrogen atmosphere. The product was separated with
a permanent magnet and washed with ethanol.
The obtained Mo-Schiff base-SCMNPs was soxhlet
extracted with ethanol to remove unreacted reagents and
was dried under vacuum at 353 K.

General Procedure for the epoxidation of olefins

The prepared catalyst (0.1 g), olefin (8 mmol),
tert-butylhydroperoxide (16 mmol) and chloroform (10 mL)
were added in a 25 ml round-bottom flask. The mixture
was allowed to reflux under nitrogen atmosphere.
The reaction was monitored constantly by Gas
Chromatography (GC). After completion of the reaction,
the magnetic catalyst was separated by an external
magnet. The reaction solution was removed from
the reaction vessel by decantation while the external magnet
held the catalyst inside the flask. The catalyst
was then washed with methanol, separated by magnetic
decantation as described above, and dried at 353 K
under vacuum overnight for the recycling experiment.

Instrumentation

Fourier Transform Infra-Red (FT-IR) spectra were
recorded as potassium bromide pellets in the range
400-4000 cm'* using a Perkin-Elmer Spectrum RXI FT-IR
spectrometer. X-Ray Diffraction (XRD) patterns were recorded
on a SIEFERT XRD 3003 PTS diffractometer
using Cu Ka radiation (A=0.154 nm). A continuous scan
mode was used for 20 collection from 10 to 60°.
Magnetic susceptibility measurements were performed
using a vibrating sample magnetometer (BHV-55, Riken,
Japan) in the magnetic field range of -8000 Oe to 8000 Oe
at room temperature. The particle size and
morphology of the materials were determined by
Scanning Electron Microscopy (SEM) with ZEISS-DSM
960A microscope and transmission electronic microscopy
(Philips EM 208S instrument) with an acceleration
voltage of 100 kV. The TEM sample preparation
was performed by dropping the dilute suspensions of
the samples onto the carbon-coated copper grids and
evaporation of the solvent. The analysis of epoxidation
products was done by a gas chromatograph (HP, Agilent
6890N) equipped with a capillary column (HP-5) using
helium as the carrier gas. GC-MS of the products was
obtained using a Shimadzu-14A fitted with a capillary
column (CBP5-M25).
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Scheme 1: Schematic representation of the preparation of Mo-Schiff base-SCMNPs.

RESULTS AND DISCUSSIONS

The preparation of molybdenum-Schiff base
supported on the surface of SCMNPs (denoted as
Mo-Schiff base-SCMNPs) is shown in Scheme 1. MNPs
were easily prepared by a chemical co-precipitating
method, followed by a silica-coating procedure.
Aminopropylsilyl modified SCMNPs were prepared
according to the literature [23]. Subsequent reaction of
the prepared Schiff base ligand with the AmpSCMNPs
resulted in covalent tethering of this ligand onto
the surface of SCMNPs. Finally, the reaction of
MoOx(acac), precursor with the supported Schiff base ligand
afforded the molybdenum-Schiff base complex supported
on the surface of SCMNPs. In this material, the molybdenum-
Schiff base complex has been attached to the SCMNPs
through the strong covalent bonds and has high chemical
stability in various reaction conditions.

The prepared Mo-Schiff base-SCMNPs catalyst
can be well-dispersed in both aqueous and organic solvents
to form a stable suspension in the absence of a magnetic
field. The high dispersion is due to the nanoscale size of
the support. The high dispersion of the Mo-Schiff base-
SCMNPs catalyst and easy accessibility to its active sites
result in high activity in the epoxidation of olefins.
Interestingly, the nanoparticles of Mo-Schiff base-
SCMNPs catalyst can be aggregated using an external
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magnetic field. This observation suggested that the
Mo-Schiff base-SCMNPs catalyst is easy to separate
from the reaction mixtures using an external magnet.

The covalent binding of the molybdenum-Schiff
base complex to the surface of SCMNPs in the catalyst
was confirmed by FT-IR spectroscopy. Fig. 1 shows
the FT-IR spectra of SCMNPs, AmpSCMNPs, Schiff base-
SCMNPs, and Mo-Schiff base-SCMNPs catalyst for
comparison. The FT-IR spectra of all samples indicate
two characteristic Fe-O vibrations in the range of
420-590 cm, and the characteristic Si-O vibrations
at around 1000-1100 cm™. The presence of aminopropyl
group on the surface of AmpSCMNPs was evident from
the characteristic bands at 2879 and 2933 cm? (C-H
stretching vibrations) (Fig. 1b). The aminopropyl group
is  responsible for the covalent attachment
of Schiff base ligand on the SCMNPs by forming
a new imine bond, as shown in Scheme 1. After
anchoring of Schiff base ligand, new bands at around
1618 and 1553 cm™ appeared in the FT-IR spectrum of
supported  Schiff base ligand, which was the
characteristic stretching vibrations of the C=N bonds
(Fig. 1c). The presence of cis-MoO; group in Mo-Schiff
base-SCMNPs catalyst was confirmed by the
observation of two adjacent bands at 908 and 944 cm!
in its FT-IR spectrum (Fig. 1d) [26].
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Tablel: Elemental analysis of the prepared nanomaterials.

~

Sample N content (mmol/g) Mo content (mmol/g)
Amp-SCMNPs 0.41 -
Schiff base-SCMNPs 0.67 -
Mo-Schiff base-SCMNPs 0.60 0.13
Mo-Schiff base-SCMNPs* 0.57 0.11
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Fig. 1: FT-IR spectra of (a) SCMNPs, (b) Amp-SCMNPs,
(c)Schiff base-SCMNPs, and (d) Mo-Schiff base-SCMNPs.

The quantity of supported Schiff base ligand
was determined by elemental analysis of the samples and
the results are given in Table 1. Molybdenum content
of the soxhlet extracted Mo-Schiff base-SCMNPs was found
to be 0.13 mmol/g from the inductively coupled plasma-
optical emission spectroscopy (ICP-OES) which further
established the immobilization of molybdenum complex
on the surface of SCMNPs.

Fig. 2 exhibits the powder X-Ray Diffraction (XRD)
pattern of the prepared Mo-Schiff base-SCMNPs catalyst.
This pattern shows the typical peaks at 30.1°, 35.4°, 43.1°,
53.6°, 56.9°, and 62.6°, which corresponded to the (200),
(311), (411), (422), (511), and (440) reflections of pure
FesO4 with a reverse spinel structure (JCPDS No0.19-0629).
The observation of these characteristic peaks suggested
that the surface modification did not significantly affect
the phase composition of magnetite nanoparticles.
Moreover, the XRD pattern of Mo-Schiff base-SCMNPs
catalysts did not show any distinct diffraction peak
corresponding to the crystalline molybdenum Schiff base
complex which confirmed the high dispersion of the complex
on the surface of SCMNPs.
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Fig. 2: XRD pattern of the prepared Mo-Schiff base-SCMNPs.

Transmission Electron Microscopy (TEM) and
Scanning Electron Microscopy (SEM) analyses were used
to obtain information on the particle size and morphology
of the prepared Mo-Schiff base-SCMNPs catalyst.
The typical TEM and SEM images are shown in Fig. 3.
Particles with an approximately spherical shape and
average diameter of ca. 20 nm were observed in these
images. Transmission Electron Microscopy (TEM) images
showed slight aggregation of MNPs after immobilization.

As the superparamagnetic property of the catalyst
is crucial for its use in catalytic reactions, the magnetic
behavior of MNPs, Amp-SCMNPs, and Mo-Schiff base-
SCMNPs were studied by using VSM analysis.
As can be seen in Fig. 4, their magnetization curves
exhibited no hysteresis loop and indicated superparamagnetic
properties. The saturation magnetization of the
nanomaterials decreases continuously from 60 emu/g
in MNPs to 38 emu/g in Mo-Schiff base-SCMNPs with
surface functionalization of the magnetite core.
Regardless of the decrease in the magnetization in
comparison with parent MNPs, the Mo-Schiff base-
SCMNPs are magnetically separable by using an external
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Table 2: Results of catalytic epoxidation of some olefins with TBHP in presence of Mo-Schiff base-SCMNPs.

f Run No. Olefins Time(h) Conversion (%) Selectivity (%) \
1 1-Hexene 8 42 >99
24 79 >99
2 1-Octene 8 29 >99
24 59 >99
3 1- Decene 8 22 >99
24 52 >99
4 Cyclooctene 8 99 >99
24 99 >99
5 Cyclohexene 8 83 >99
K 24 92 >99 j

Reaction conditions: Catalyst (50 mg), Olefin (4 mmol), TBHP (0.75ml), Refluxing Chloroform (5ml).

Fig. 3: The SEM (top) and TEM (bottom) images of prepared Mo-Schiff base-SCMNPs.
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Fig. 4: Magnetization curves of (a) MNPs, (b) Amp-SCMNPs,
and (c) Mo-Schiff base-SCMNPs.
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magnetic field and redispersed quickly without
aggregation when the magnetic field is removed.

With the easily accessible surface-attached Mo
complex, the Mo-Schiff base-SCMNPs have been used
for the epoxidation of olefins with high activity and
selectivity. As shown in Table 2, the olefins were converted
to their corresponding epoxide in the presence
of tert-butylhydroperoxide with high selectivity.
The olefin conversions are significantly high and
comparable to those of earlier reports [20-23].

The Mo-Schiff base-SCMNPs catalyst was easily
recovered by decanting the reaction mixture while
attracting the modified MNPs with an external magnet.
The supernatant was not active for epoxidation of olefins
and thus the reaction was completely stopped by
catalyst removal (Table 3). This observation indicated
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Table 3: Results of the epoxidation of cyclooctene with TBHP in different conditions.

4 Run No. Time (h) Conversion (%) Selectivity ? (%) N
1k 12 14 41
2¢ 12 16 36
3¢ 2 72 >99

\ 24 75 >99 /

Reaction conditions: catalyst (50 mg), cyclooctene (4 mmol), TBHP (0.75 ml), refluxing chloroform (5 ml). Selectivity toward
epoxycyclooctane. POxidation in the absence of catalyst. ¢ Oxidation in the presence of SCMNPs. ¢ Results after separation of the

catalyst.

80
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40

Conversion (%)

20

1st use 2nd use 3rd use
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Fig. 5: Results of the epoxidation of cyclooctene with TBHP
in the presence of recovered Mo-Schiff base-SCMNPs.
Reaction conditions: catalyst (50 mg), olefin (4 mmol), TBHP
(0.75 mL), refluxing chloroform (5 mL).

the heterogeneous nature of the Mo-Schiff base-SCMNPs
catalyst system.

Besides the high catalytic efficiency in epoxidation
reaction, another important property of the prepared
Mo-Schiff base-SCMNPs catalyst is its easy separation using
a magnetic field. Upon completion of the reaction, the
Mo-Schiff base-SCMNPs catalyst can be quantitatively
recovered from the reaction mixture using an external
magnetic field. The organic phase was then separated
from the catalyst by decantation. The Mo-Schiff base-
SCMNPs catalyst was reused for the epoxidation of
cyclooctene. Fig. 5 shows the results of the recovery and
reusability of Mo-Schiff base-SCMNPs catalyst in the
epoxidation of cyclooctene. The catalyst can be recycled
for up to three times with no appreciable decrease
in conversion and selectivity, which demonstrated that
the prepared catalyst possessed good stability and reusability.
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Fig. 6: Magnetization curve of Mo-Schiff base-SCMNPs
catalyst after 3 recovery.

Elemental analysis of the recovered Mo-Schiff base-
SCMNPs catalyst was used to examine possible
molybdenum leaching. About 0.11 mmol/g of
molybdenum was detected in the recovered catalyst
which is close to that in the fresh catalyst.

To illuminate the function of the active molybdenum
species, a molybdenum-Schiff base free counterpart
(SCMNPs) was used as a control catalyst. We noticed
that this material offered a slight conversion of the
cyclooctene under identical reaction conditions (Table 3).
This observation clearly indicated that the molybdenum-
Schiff base complex played a critical role in the
epoxidation reaction.

The magnetic behavior of the Mo-Schiff base-
SCMNPs catalyst after 3" recovery test was investigated
with VSM analysis. As seen in Fig. 6, the recovered
Mo-Schiff base-SCMNPs catalyst shows superparamagnetic
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behavior and there is no considerable change in its
magnetic property. Hence, the magnetite core is stable
during the epoxidation reaction due to the protective
function of the silica layer.

CONCLUSIONS

In summary, we have designed novel magnetite
nanoparticle-supported molybdenum-Schiff base complex
as a heterogeneous catalyst for the epoxidation of olefins
with high activity and selectivity. The heterogenized
catalyst can be readily recycled by magnetic decantation
and used for epoxidation of olefins for up to three times
without loss of activity and selectivity.
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