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Abstract: A new type oil-soluble core-shell structure Fe;0,@MnO nanocomposites with diameter about 15 nm

was prepared through two-phase seed mediate method with Mn-oleate precursors. The as-prepared nanocomposites

with core-shell structure were monodispersed and uniform. The products exhibited high and recyclable catalytic

activity for the oxidative cyclization reaction of 2-hydroxyacetophenone and 1,2-diaminobenzene. Compared with

other reported catalysts used in this kind of cyclization reaction, the as-prepared Fe;0,@MnO nanocomposites are

green, cheap and more suitable for large scale industrial applications.
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0 Introduction

In recent years, phase segregated hetero structures,
in which two or more inorganic domains are combined
through a small interfacial area, have attracted incr-
easing attention”. Hetero structured magnetic nano-

particles (NPs) are fantastic materials due to their

Wk B 1.2019-08-20, Wt ki H 41.2019-12-09,

combined features of magnetism and multi-
functionalities. There are many magnetic hybrids that
have been reported, such as precious metals/Fe;0,,
CdS/FePt, CdSe/Fe;0,, MnO/Fe;0,, and y-Fe,0ymetal
sulfides, which show novel properties and potential
applications that cannot be achieved solely with single

component nanocrystals™®?.
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Manganese oxides are widely used as catalysts!"*'"]

12
12 and

magnetic resonance imaging contrast agents
electrode material™. Mn-oleate and Mn-acetate have
been used as precursor in the synthesis of MnO NPs!""7,
In homogeneous medium, the Mn-O cubane systems
have been well developed for water oxidation to mimic
the biological system. In 2014, Kim reported that
MnO nanocrystals were synthesized and used as
catalyst™, due to the small size, it was difficult to
separate the catalyst from the reaction system and to
recycle. So it is an efficient way to combine MnO with

I prepared various Fe;0./

magnetic particles. Lee et al.
MnO hybrid nanocrystals with Mn-acetate precursors,
and the surface of the hybrid nanocrystals were water
soluble. Oil-dispersible Fe;0/MnO hybrid nanocrystals
fabricated with Mn-oleates as precursors have not
been reported yet. In this work, oil-dispersible Fe;0,
nanocrystals were fabricated via decomposition of Fe
(CO)s metal-oleates (reported by Peng!" and Hyeon™
in 2004). According to the principles of “like dissolves
like”, we supposed if using Mn-oleate as precursor to
grow MnO shell on the surface of oil-dispersible Fe;O,
of Fe;04/MnO

hydropholic/oil-dispersible

nanocrystals, controllable structure
nanocomposites  with
surface would be obtained, and further study on the
of Fe;0/MnO

catalytic property of this kind

nanocomposites would be interested.
1 Experimental

Chemicals: Manganese(Il) chloride tetrahydrate
(MnCl, -4H,0, 98%) and ferric chloride hexahydrate
(FeCl;-6H,0, 99%) were
Kemiou Chemical Reagent Co., Ltd. and used as
received. 2-Hydroxyacetophenone (CsHzO,, 98%), 1,2-
diaminobenzene (CsHgN,, 98%), 1-octadecene (CisHs,
90%), 1-octadecene (CisHss, 90%) and sodium oleate
(CisHxNaO,, 97% ) were purchased from Shanghai

darui fine chemical Co., Ltd. All chemicals were used

purchased from Tianjin

as received without any further purification.

Characterization: ~Wide-range powder X-ray

diffraction (XRD) measurements were carried out on
an AXS D8 X-ray diffraction spectrometer (Bruker,

Germany) with a Cu Ka, A =0.154 18 nm radiation

(U=60 kV, I=60 mA) at scan rate of 0.04°-s™ in region
of 26 from 10° to 80°. Infrared (IR) absorption spectra
of the nanocomposites were recorded in the range of
400~4 000 cm™ on a Nicolet (Impact 410) spectrometer
with KBr pellets (5 mg of sample in 500 mg of KBr).
The size and morphology of the products were examined
by scanning electron microscopy (SEM, JEOL JSM-
6490 LV, 5 kV, 10 mA) and transmission electron
microscopy (TEM, JEOL JEM-2100 working at 200 kV).
Magnetic measurement was performed on a LS7307-
9309 type high field vibrating sample magnetometer.
Preparation of Fe;0,@Mn0O nanocomposites: Oil-
dispersible Fe;O4 nanocrystals were prepared through
previously reported procedure through the thermal
decomposition of Fe-oleic acid complexes at high
temperature!”. Typically, 5 mL Fe;0, (0.01 g) solution
in hexane was added into a flask, then 2.48 g Mn-
oleate complex, 0.122 g sodium oleate and 100 mL 1-
octadecene were added, respectively. After stirred for
12 h, the mixture suspension was heated to 320 C
and stirred for 5 h, then cooled down to room
temperature. The products were washed by hexane for
several times, separated by the external magnetic
field, and dried under vacuum at 60 °C for 12 h.
Catalytic activity test: The experiments were
performed in an autoclave reactor. 0.396 2 ¢ (2.91
mmol) of 2-hydroxyacetophenone, 0.629 4 ¢ (5.82
mmol) of 1,2-diaminobenzene, 0.005 g of Fe;0,@MnO
nanocomposites were dissolved in 15 mL. DMF (N,N-
dimethylformamide). The mixture was transferred to a
Teflon-lined autoclave, which was then heated at 130
C for 6 h. After cooling to room temperature, the
reaction mixture was filtered, washed with saturated
NaHCO;

dichloromethane. The organic layer was concentrated

aqueous solution, and extracted with
under reduced pressure and analyzed by GC-MS

(TRACE GC Ultra).
2 Results and discussion

2.1 Characterization of Fe;O,@MnO
nanocomposites
As shown in Fig.la, Fe;O, nanoparticles are

spherical particles with diameter of about 10 nm,
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Fig.1 TEM images of (a) Fe;0, nanoparticles, (b) MnO nanoparticles, and (c) Fe;0,@MnO nanocomposites;

(d) High resolution-TEM images and (e) EDX microanalysis spectrum of Fe;0,@MnO nanocomposites

which are nearly monodispersed. Fig.1b shows TEM
image of MnO nanoparticles, which have octahedral
shape with diameter of about 20 nm. Fig.1(c,d) showed
TEM images of core-shell structured Fe;0,@MnO
nanocomposites with diameter of about 15 nm, which
were monodispersed, demonstrating that the oleate-
capped Fe;0,@Mn0O nanocomposites prepared by this
method have a uniform size distribution and can be
dispersed excellently in nonpolar solvent such as
cyclohexane. Fig.1d shows Fe;0, core with the darker
region in the center (about 10 nm) and the lighter
MnO shell (about 2.2 nm). Mn, Fe, and O were
detected in the EDX
spectrum, which can be attributed to Fe;0,@MnO

(energy dispersive X-ray)

nanocomposites (Fig.le).

In order to determine the crystal structure and
the composition of the as-prepared samples, phase
analyses of the X-ray diffraction (XRD) measurements
were carried out for bare Fe;O, nanoparticles, bare
MnO nanoparticles and Fe;0,@MnO nanocomposites.
Fig.2a showed the XRD patterns of the Fe;O, the
diffraction peaks at 18.1°, 30.1°, 35.1°, 37.1°, 43.1°,
53.4°,56.9°, 62.5° and 73.9° were respectively corres-
ponded to (111), (220), (311), (222), (400), (422),

(511), (440) and (533) crystal planes, which were well
matched with face-centered cubic phase of Fe;O, (PDF
No0.65-3107). The XRD analysis confirmed the forma-
tion of MnO, as shown in Fig.2b. The five diffraction
peaks at 26 values of 34.9°, 40.6°, 58.7°, 70.2°, and
73.7° can be indexed to the diffraction of (111), (200),
(220), (311), and (222) planes of standard cubic MnO
(PDF No.07-0230), indicating the formation of MnO®"*.
As shown in Fig.2¢, the diffraction peak of the Fe;0,@
MnO composite corresponds to the diffraction peaks of
pure Fe;0, and pure MnO, indicating that the prepared

composite is a composite structure in which the core

(111) (220

10 20 30 4 0 6 70 80
Fig.2  XRD patterns of (a) Fe;04 nanoparticles, (b) MnO

nanoparticles, and (¢) Fe;0,@MnO nanocomposites
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is Fe;0, and the shell is MnO. The crystal phase
structure of Fe;04 did not change during the formation
of the composite.

To analyze the product composition and chemical
states of the elements, XPS characterizations are
conducted and the results are given in Fig.3(a~c). In
the wide-scan survey spectrum (Fig.3a), the XPS
peaks for Fe2p, Mn2p, Ols, and Cls were observed,
indicating the presence of Fe, Mn, O, and C elements
in the sample. In the Mn2p spectrum shown in Fig.3b,
two characteristic peaks at 641.4 and 652.9 eV can be
attributed to the Mn2ps, and Mn2p,, of MnO, respe-

23]

ctively®. Fig.3c illustrates the Fe2p high-resolution

XPS spectra of the sample, two characteristic peaks at
709.0 and 722.8 €V can be attributed to the Fe2ps,
and Fe2p,, of Fe;0,, respectively. Fe2psy, and Fe2p,,
states can reveal the presence of Fe’* and Fe** !, And
the exact content of Fe and Mn was determined by
atomic absorption spectrophotometry. The specific
result was 20:1 (nginyy).

To further confirm the formation of Fe;0,@MnO
nanocomposites, IR analysis was conducted to reveal

the surface nature of Fe;0,@Mn0O, as shown in Fig.4a.

The bands appeared at 2 909 and 2 845 cm™ corres-
ponded to stretching vibration modes of -CH,- and
-CH;, respectively. The absorption bands appeared at
1 606 and 1 401 ¢cm™ could be ascribed to 0-C=0
and -C =C- stretching vibration modes, respectively.
The peak at 556 ¢m™ was Fe-O stretching vibration.
The results suggest the presence of residual oleic acid

chains on the surface of Fe;0,@MnO nanocomposites'™!,

As shown in Fig.4, highly stable Fe;0,@MnO nano-
composites were dispersed in hexane, and did not
penetrate into water system. The result demonstrated
that Fe;0,@MnO nanocomposites were oil-dispersible
and modified with hydrophobic oleic acid chains.

The magnetic properties of the Fe;0,@MnO
nanocomposite was investigated by using a high field
vibrating sample magnetometer. As shown in Fig.4b,
the saturation magnetization value of Fe;0,@Mn0O was
47 emu-g™', which was much larger than MnO (1.1 emu
+g )™ at 300 K and 20 000 Oe. The coercive force of
Fe;0,@MnO was close to 0, which was also different
from MnO, the literature reports that m-MnO nano-

0]

crystals NCs are paramagnetic™. The increase of the

saturation magnetization of the Fe;0,@MnO enabled
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Fig.3 XPS image of the Fe;0,@MnO: (a) survey, (b) Mn2p, and (c) Fe2p



Pl A 55 i 2 BUERZ 5T Fe,0,@Mn0O 2K 2 & B BHIN & 5

%2 e X S AR P ST 1 A Ak g 389
60
®

40 (

= 201 r

-OD e

=

8 o

= -

g 20 I =

p= —t
40

i 3
%o : 60
4000 3500 3000 2500 2000 1500 1000 500 -20000 -10000 0 10000 20000
Wavenumber / cm™! Magnetic field / Oe
Fig.4 (a) IR spectra of Fe;0,@MnO nanocomposites (Inset: photograph of Fe;0,@MnO nanocomposites dispersed in

hexane/water solution); (b) Magnetization hysteresis of Fe;0,@Mn0O nanocomposites (Inset: photographs of

magnetic separation and redispersion)

the catalyst to be magnetically separated under an
external magnetic field within few seconds after the
catalytic reaction is completed, which facilitates
recovery and regeneration (Inset in Fig.4b). In addition,
the separated particles were easily re-dispersed under
slight shaking and could maintain a relatively stable
suspension state and catalytic activity for several
months, which was also superior to other catalysts.
This is essentially important for the convenient reuse
of Fe;0,@MnO nanocomposites.
2.2 Catalytic activity

MnO as catalyst usually possesses high activity.
The hybrid of MnO nanoparticles with magnetic
support may render them to be a practical recyclable
nanocatalyst. We first employed Fe;0,@MnO nano-
composites as catalysts for the catalytic oxidative
1,2-

the corresponding

cyclization of  2-hydroxyacetophenone  with

diaminobenzeneto to generate
quinoxaline derivative without any additives. The
cyclization reaction of 2-hydroxyacetophenone and
1,2-diaminobenzeneto for the synthesis of 2-phenyl-
quinoxaline was carried out over the MnO, Fe;0,,

Fe;0/MnO mixture, and Fe;0,@MnO composite, and

the results are given in Table 1. For comparison, the
catalytic activities of bare Fe;0, nanoparticles and
bare MnO nanoparticles were performed in the same
conditions. As shown in Table 1, Fe;0,@MnO nano-
composites showed good catalytic performance. The
catalytic results revealed that Fe;0,@MnO nano-
composites (Yield: 91.43%) exhibited higher catalytic
performance than the Fe;0, nanoparticles (Yield:
81.51%) and Fe;0/MnO mixture (Yield: 86.61%), and
the catalytic activities of which is almost the same as
MnO nanoparticles (Yield: 91.91%).In order to study
the optimal conditions for the use of the catalyst, we
investigated the effects of temperature, catalyst dosage
and catalytic time on the conversion. The results show
that the conversion of 6 h in the presence of 0.005 g
of Fe;0,@MnO nanocomposite was 91.43%. The amount
of the composite catalyst was increased to 0.01 g,
and the conversion was 91.51%, and there was no
significant increase. We speculated that the product of
the catalytic reaction can be quickly separated from
the surface of the catalyst during the catalytic process.
Therefore, increasing the amount of catalyst has no

significant effect on the conversion.

Table 1 Different catalysts for the synthesis of quinoxaline

Catalyst Solvent Temperature / °C Time / h Yielda / %
MnO DMF 130 3 91.91
Fe;0,4 DMF 130 3 81.51
Fe;04+MnO (physical mixture) DMF 130 3 86.61
Fe;0,@Mn0O DMF 130 3 91.43

* Determined by GC-MS
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The effect of temperature on the synthesis of
quinoxaline was investigated in a range of 60~180 °C
and the results are shown in Fig.5a. The maximum
yield of the quinoxaline was obtained at 130 °C. Below
130 °C, the catalytic activity was lower, which may be
due to the fact that the active site on the surface of
the catalyst was occupied by the reactant diamine, and
there was not enough active site for the cyclization
reaction. It is assumed that the amine is adsorbed on
the acidic sites of the catalyst, thereby blocking the

active sites required for the cyclization reaction .

The high reaction temperature above 130 “C result in
low yield, which enhanced the formation of polyalkyl
products™. Fig.5b is a plot of yield versus time. It can
be seen that the yield values tended to equilibrate
when the catalytic reaction time was greater than 6 h.
The catalysts for the cyclization catalytic reaction
reported in the literature were compared. The results
are shown in Table 2. It can be seen that the catalyst
not only has good catalytic activity, but also facilitates
quick and convenient separation under an external

magnetic field.
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Fig.5 Relationship of conversion vs (a) temperature and (b) time
Table 2 Activities of as-prepared catalyst compared with other catalyst
Catalyst Solvent T/C Time / h Yield / % Reference
MnO CH,CL, 100 3 86 [28]
MnO, CH,CL, 100 3 88 [28]
Mn CH,CL, 100 3 78 [28]
Fe;0,@MnO DMF 130 3 91 This work

The recyclability and repeated catalytic activities

of Fe;0,@Mn0O nanocomposites were demonstrated.
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Fig.6 Recycling catalytic activity of Fe;0,@MnO

nanocomposiles

The as-prepared Fe;0,@Mn0O nanocomposites catalyst
can be efficiently recovered and recycled in the
reaction mixtures by magnetic separation. The renewable
catalytic activity was investigated by performing the
oxidative cyclization five times using Fe;0,@MnO
nanocomposites. Fig.6 showed the conversion for each
run which was measured by GC-MS analysis. The
conversion droped slightly after each cycle, and it

maintained at 78% at the five cycle.
3 Conclusions

Oil-soluble core-shell Fe;0,@Mn0O nanocomposites
with diameter about 15 nm was fabricated with Fe(CO)s
metal-oleates and Mn-oleate precursors via two-phase

seed mediate method. Compared with previously
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reports in which prepared Fe;0/MnO composites with
Mn-acetate, using Mn-oleate as precursor, we obtained
oil-soluble, monodispersed and size-uniform nanocom-
posites. We first used this kind of structured Fe;0,@
MnO nanocomposites as catalyst for the oxidative
cyclization reaction of 2-hydroxyacetophenone with

1,2-diaminobenzene to produce quinoxaline. The

results demonstrated that the as-prepared Fe;0,@MnO
nanocomposites exhibited good recyclability, high
stability and high catalytic activity.
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