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Abstract: Magnetic Fe;Os@polycitric acid (Fe;Os@PCA) nanoparticles
were prepared by the reaction of Fe;O4 nanoparticles with an excess amount
of citric acid at 100-160 °C. The magnetic Fe;O04@PCA nanoparticles were
characterized by infrared spectroscopy (FTIR), scanning electron microscope
(SEM), Transmission Electron Microscopy (TEM), Thermogravimetric Analysis
(TGA) and powder X-ray diffraction (XRD). Finally, the synthesized magnetic
Fe;04@PCA nanoparticles were used as a heterogeneous solid acid catalyst for
the synthesis of HBIW from benzylamine and glyoxal in acetonitrile-water solvent
under ultrasonic irradiation conditions. The catalyst could be reused up to 6 times
without significant loss of activity.
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1 Introduction

Nanotechnology has been one of the most active research areas in recent years [1].
Magnetic nanoparticles (MNPs) are a class of nanostructured materials. On this
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basis, MNPs have many unique magnetic properties such as superparamagnetism,
high coercivity, low Curie temperature and high magnetic susceptibility. MNPs
are of great interest for researchers because of their potential biomedical
applications in fields such as drug delivery [2, 3], magnetic resonance imaging
[4], biomolecular sensors [5] and bioseparation [6]. Among the various magnetic
nanoparticles, Fe;O, nanoparticles (NPs) are the most extensively studied. The
main characteristics of these nanoparticles are their good stability, easy synthesis
and functionalization, high surface area and facile separation by magnetic
forces, as well as low toxicity and price [7, 8]. Additionally, recent studies show
that MNPs are excellent catalysts for organic reactions [9-11]. Also, surface
modification of MNPs is a general and graceful way to bridge the gap between
heterogeneous and homogeneous systems. These attractive features have made
MNPs a promising alternative to porous/mesoporous catalyst supports. Thus,
the development of coated MNPs for supporting catalysts is currently a subject
of increasing interest in chemical processing [12, 13].

Since, the defense industry is a model for development in various industries,
a possible way to promote this progress consists of designing highly energetic
compounds that provide explosive power superior to any existing substance
[14-16]. Cage crystal molecules containing nitro groups are important and
widely used as high energetic materials and have attracted much attention
in the last ten years [17-19]. According to theoretical predictions of their
physicochemical and explosion characteristics, polycyclic nitramines, in particular,
hexanitrohexaazaisowurtzitane, HNIW (or CL-20), is a unique representative
of this class of compounds [20, 21]. Hexabenzylhexaazaisowurtzitane (HBIW)
is used as a precursor for the synthesis of HNIW. The only available method
for the construction of the HBIW cage is based on the condensation of glyoxal
with benzylamine in the presence of formic acid as catalyst [22]. Although
this method is efficient, catalyst recovery/reuse is not possible. Therefore, the
discovery of new and inexpensive catalysts for the preparation of HBIW under
mild conditions is of prime importance.

Ultrasound irradiation is an efficient and safe technique for the synthesis
of inorganic and organic compounds. In comparison to the classical methods,
this method leads to chemical reactions under milder reaction conditions, higher
yields and shorter reaction times [23-29]. The aim of this work was the study of
polycitric acid supported on Fe;04 NPs (Fe;O,@PCA) with inherent magnetic
properties as a novel catalyst for the development of a new eco-compatible
synthetic strategy.

Therefore, we wished to explore a straightforward synthesis of
2,4,6,8,10,12-hexabenzyl-2,4,6,8,10,12-hexaazatetracyclo[5,5,0,05°,0%!1]
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dodecane (HBIW) using Fe;O4@PCA as a proficient, mild, environmentally
friendly, recyclable, low toxicity and magnetic powerful solid acid catalyst with
good stability under ultrasound irradiation conditions (Scheme 1).
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Scheme 1. Preparation of HBIW catalyzed by Fe;O4@PCT

2 Materials and Methods

2.1 Apparatus, materials and measurements

All high purity chemicals, including iron(IIl) chloride anhydrous (FeCls),
iron(Il) sulfate heptahydrate (FeSO,-7H,0), benzylamine, glyoxal, citric acid
monohydrate, acetonitrile, ethanol, methanol, chloroform, dichloromethane,
tetrahydrofuran, 25% ammonia solution (NH3) were purchased from Fluka
and Merck (Darmstadt, Germany). Melting points were determined using
an Electrothermal 9100 apparatus. The structural properties of Fe;O4@PCA
MNPs were analyzed by X-ray powder diffraction (XRD) with an X’Pert-PRO
advanced diffractometer using CuKa radiation (wavelength: 1.5406 A), operated
at 40 kV and 40 MA at room temperature in the range of 20 from 20° to 80°.
The particle size and morphology of the surfaces of the sample were analyzed
using a scanning electron microscope (KYKY Co., China, Model: EM 3200).
Infrared spectra were recorded with a Mattson (Unicam Ltd., Cambridge, UK)
1000 Fourier transform infrared spectrophotometer using the KBr technique.
"H NMR and '*C NMR spectra (CDCIl;) were recorded on a Bruker (Karlsruhe,
Germany) DRX-250 Avance spectrometer at 250.0 MHz. Sonication was
performed in a Bandelin (Berlin, Germany) SONOPULS ultrasonic homogenizer
at a processing frequency of 20 kHz, a nominal power of 250 W, and uniform
sound waves. The amount of grafted PCA to the magnetic nanoparticles was
determined using a Thermogravimetric Analyzer (TGA Q500) up to 800 °C in
air at a ramp rate of 10 K-min'. The size and morphological characterization of
the magnetic nanoparticles were carried out using a Zeiss-EM10C Transmission
Electron Microscope (TEM) operating at 80 kV. TEM samples were prepared by
dispersing the magnetic nanoparticles in deionized water for 30 min by ultrasonic
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irradiation. The aqueous dispersion was dropped onto a carbon coated copper
TEM grid (300 Mesh) with filter paper underneath to absorb the deionized water
and dried in vacuum.

2.2 Synthesis of Fe;O; MNPs

Magnetite nanoparticles were prepared through a coprecipitation method
according to a previously reported procedure [30] with only a slight change.
Briefly, FeSO,-7H,0 and FeCl; were dissolved in water in 1:2 molar ratios under
nitrogen protection. The resulting dark orange solution was stirred for 10 min
at 80 °C. An aqueous NHj; solution (1.5 M) was then added dropwise to the hot
solution while stirring over a period of 15 min. An instant color change from
dark orange to black was found to occur when the particles formed. Stirring was
then continued for a further 30 min followed by cooling to room temperature.
The solvent was removed by magnetic decantation. Washing of the particles
with water and then ethanol was performed several times to make the iron
dispersion free of any residual salts. The dispersion was then used during the
coprecipitation. The final supernatant was decanted magnetically to obtain the
as-prepared superparamagnetic iron oxide NPs.

2.3 Synthesis of Fe;Os @ PCA

MNPs (0.1 g) were added to a polymerization ampule equipped with a magnetic
stirrer and vacuum inlet. Monohydrate citric acid (1 g) was added to the ampule
which was then sealed under vacuum. The mixture was heated up to 120 °C and
stirred at this temperature for 30 min. After removing the water by vacuum inlet,
the reaction temperature was raised to 140 °C and stirred at this temperature for
1 h. Again the water produced was removed by vacuum inlet and the reaction
temperature was raised to 160 °C. Polymerization was continued at this
temperature under dynamic vacuum (open vacuum inlet) for 1.5 h. The coated
nanoparticles were purified by using a permanent magnet and then washed first
with THF and then with ethyl acetate. They were then dried for characterization.
The attachment of PCA to the iron oxide nanoparticles was confirmed by FTIR
analysis and the samples dried under vacuum before analysis.

2.4 Typical procedure for synthesis of HBIW

Benzylamine (0.0085 mol, 0.937 mL), Fe;0,@PCT (5 wt.% with respect to
glyoxal), acetonitrile (7.75 mL), and water (0.775 mL) were placed in a round-
bottomed 100 mL flask. The reaction mixture was stirred at room temperature
and glyoxal (40% aqueous solution; 0.00375 mol, 0.427 mL) was added dropwise
(15 min). Then the mixture was irradiated with ultrasound for 5 min under
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a power of 150 W. The formation of HBIW was monitored by TLC.

After satisfactory completion of the reaction, the reaction mixture was
washed with cold excess ethanol and the catalyst removed using a magnetic field.
The solid residue was isolated and purified by recrystallization in acetonitrile.

2.5 Physical and spectral data of the product

White solid; m.p.: 154-157 °C. FT-IR (KBr) (Vma/cm™): 3022, 2942, 2835, 1951,
1601, 1450, 1351, 1169, 1138, 989, 926, 836, 732, 699. 'H NMR (CDCls) dy:
7.24-7.28 (m, 30H, phenyl CH), 4.16 (s, 4H, CH,), 4.09 (s, 8H, CH,), 4.04 (s,
4H, CH), 3.57 (s, 2H, CH). *C NMR (CDCl,): 56.21 (4C, CH,-phenyl), 56.9
(2C, CH,-phenyl) 76.9 (4C, CH (skeletal)), 80.64 (2C, CH (skeletal)), 126.62-
140.74 (36C, phenyl).

3 Results and Discussion

Fe;04@PCA core-shell nanoparticles, with Fe;O4 spheres as the core and
polycitric acid (PCA) as the shell, were prepared by a simple, low cost
and convenient method. Magnetite nanoparticles were synthesized by the
co-precipitation of FeSO4-7H,0O and FeCl; in aqueous ammonia solution.
To improve the chemical stability of MNPs, their surface engineering was
successfully performed by the suitable deposition of polycitric acid (PCA) onto
the surface of the nanoparticles by polymerization of citric acid (Scheme 2).
A proposed mechanism for the synthesis of HBIW catalyzed by Fe;O4@PCT
is presented in Scheme 3.

HO. o
o
/“‘,‘Lon
FeCls o\ om
NH; (aq), N2 FesO4 %
+ —_— MNP: _—
100-160 °C

FeSO47H20

Fe;04@PCA

Scheme 2. Schematic diagram for the synthesis of Fe;O,@PCA
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Scheme 3. A proposed mechanism for the synthesis of HBIW in the presence
of Fe;04,@PCA

The Fe;04@PCA nanoparticles were characterized by FT-IR, SEM, TEM,
TGA and XRD. To demonstrate the successful synthesis of Fe;O4@PCA,
FT-IR was carried out, and Figure 1 represented the FT-IR spectrum of Fe;O,
and Fe;O0,@PCA. In Figure 1, the peak at about 564 cm™! was due to the
vibration of Fe—O bonds. In Figure 1b, the peaks in the range 3050-3630 cm!
were attributed to the hydroxyl functional groups of the grafted PCA. In these
spectra, the absorbance band of the carbonyl groups of citric acid appeared in
the range 1502-1722 cm ' and the peaks in the range 1255-1443 cm ! were due
to the C—O in Fe;0,@PCA [31].

The structure of Fe;O4 and Fe;O4@PCA were analyzed by X-ray powder
diffraction (XRD). The XRD pattern of the Fe;O4@PCA (Figure 2b) showed
all the major peaks corresponding to Fe;O4. The 26=30.1°, 35.6°,43.1°, 53.2°,
57.2° and 62.9° can be assigned to the (220), (311), (400), (422), (511) and (440)
planes, respectively. Attachment of PCA to the surface of Fe;O, nanoparticles
causes the broadening of the XRD peaks. The broadening of the XRD peaks of
Fe;04 may result from the effects of PCA grafted on the surface of Fe;O, that
also were observed in previous reports [32, 33]. This result confirmed successful
surface modification of the Fe;O4 NPs.
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Figure 1. FT-IR spectrum of Fe;O4 (a), Fe;O04@ PCA (b)
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Figure 2. XRD pattern of Fe;04(a), Fe;04@PCA (b)

The morphology and size of the magnetic nanoparticles have been known
to be affected by several factors, including the reaction conditions and chemicals
involved. Figure 3 shows an SEM image of Fe;0,@PCA and it could be observed
that all the nanoparticles have a regular spherical shape with an average particle
diameter in the range of 40.3 nm.
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Figure 3. SEM micrograph of Fe;O,@PCA

The grafted polycitric acid content of the MNPs can be calculated using the
TGA method (Figure 4). Figure 4 curve (a0 shows that the weight loss of bare
MNPs over the temperature range from 20 °C to 800 °C is about 4.4% which
resulted from the loss of residual water in the sample. In Fe;O4@PCA, the weight
loss is about 20.9% which reflects the amount of grafted PCA on the surface of
the magnetic nanoparticles (Figure 4 curve (b)) [34].
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Figure 4. TGA curves of Fe;O4 (a), Fe;O04@ CA (b)
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The morphologies and particle sizes of the prepared nanoparticles were
investigated using TEM on their suspensions. Figure 6 shows a TEM image
of Fe;04@PCA and it can be observed that all the nanoparticles have a regular
spherical shape with an average particle diameter in the range of 10-20 nm that
show the nanoparticles have a core-shell structure. The particle sizes of the
Fe;04@PCA measured using SEM (Figure 3) were greater than the corresponding
TEM results. This difference is due to differences in the the sample preparation
methods for analysis and instrumentation mechanism. SEM analysis is a useful
method for understanding surface morphology and gives particles sizes with a low
resolution, precision and accuracy. Inthe TEM we can usually say whether each
particle is an agglomerate composed of smaller crystallites (average crystallite
size =X) or whether each particle is a single crystallite. And finally, when we
present SEMs of fracture surfaces of our bulk samples, we definitely make
references to average grain size. So it is very normal that the TEM results give
lower particle sizes in comparison with the corresponding SEM results.

Figure 6. TEM micrograph of Fe;O4@PCA

After characterization of the Fe;O4@PCA catalyst, we tested its catalytic
activity in the preparation of HBIW.

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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3.1 Effect of catalyst amount on product yield

In order to verify the effect of catalyst amount on product yield, the reaction
between benzylamine and glyoxal was performed in the presence of various
amounts of catalyst in acetonitrile (Table 1). The results clearly show that
the product yield increased with increasing amounts of catalyst up to 5 wt.%.
However, in the absence of catalyst, the reaction yielded only 17% of the product.

Table 1.  Effect of the catalyst in the synthesis of HBIW?

Content Time Yield®
Entry Catalyst [wt.%] [min] [%]
1 No catalyst - 5 17
2 Formic acid 10 15 51
3 FG304 5 5 48
4 Citric acid 5 5 89
5 Fe;04@PCT 1 5 66
6 Fe;04@PCT 3 5 77
7 Fe;0.@PCT 5 5 91
8 Fe;04@PCT 10 5 92
9 Fe;0,@PCT 15 5 92

aReaction conditions: benzylamine (0.0085 mol, 0.937 mL), glyoxal (0.0037 mol, 0.427 mL),
CH;CN (7.75 mL), H,O (0.775 mL), and catalyst (wt.% with respect to glyoxal) at room tempe-
rature and ultrasonic power of 150 W.

Yields of isolated products.

3.2 Effect of solvent on the product yield

The results are summarized in Table 2. It is seen that when ethanol, chloroform,
dichloromethane and tetrahydrofuran were chosen as the reaction medium the
yield of product is moderate, while the use of acetonitrile increased the yield of
the reaction to 91% and decreased the reaction time to 30 min (Table 2, entry 1).
Thus, acetonitrile is suitable for this reaction under ultrasound irradiation.
According to the proposed mechanism (Scheme 3), the reaction intermediates
are ionic compounds and therefore the process is very sensitive to the solvent
polarity. Polar solvents could stabilize the polar reaction transition state better
in comparison with less polar solvents. As presented in Table 2, the reaction
yield is fairly high in polar solvents by comparison with less polar solvents.
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Table 2.  Model reaction catalyzed by Fe;O4@PCT in different solvents?®

Entry Solvent Yield® [%]
1 Acetonitrile 91
2 Ethanol 67
3 Methanol 63
4 Chloroform 64
5 Dichloromethane 54
6 |Tetrahydrofuran 58

2Reaction conditions: benzylamine (0.0085 mol, 0.937 mL), glyoxal (0.0037 mol, 0.427 mL),
solvent (7.75 mL), H,O (0.775 mL), and Fe;0,@PCT (5 wt.% with respect to glyoxal) at room
temperature and ultrasonic power of 150 W.

Yields of isolated products.

3.3 Influence of reaction time on the product yield

Since the amount of catalyst and solvent were optimized, the influence of reaction
time on the reaction was studied in the next step. The effect of reaction time on
the synthesis of HBIW was examined and the results are reported in the Table 3.

Table 3.  Different runs for choosing the optimum duration?

Entry Time [min] Yield® [%]
1 3 67
2 5 91
3 10 91
4 15 92
5 30 92

2Reaction conditions: benzylamine (0.0085 mol, 0.937 mL), glyoxal (0.0037 mol, 0.427 mL),
acetonitrile (7.75 mL), H,O (0.775 mL), and Fe;O,@PCT (5 wt.% with respect to glyoxal) at
room temperature and ultrasonic power of 150 W for various times.

Yields of isolated products.

3.4 Influence of ultrasound power on the product yield

In order to verify the effect of irradiation power, the reaction was also performed
at 50 W, 100 W, 150 W, and 200 W. By increasing the irradiation power from
50 W to 150 W, the yield increased from 65% to 91% (Table 4). The best
yield for HBIW was obtained by ultrasonic irradiation at 150 W for 5 min at
room temperature.
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Table 4.  Effect of ultrasonic irradiation power on the synthesis of HBIW*
Entry | Power [W] | Time [min] | Yield® [%]
1 50 5 65
2 100 5 75
3 150 5 91
4 200 5 91

2Reaction conditions: benzylamine (0.0085 mol, 0.937 mL), glyoxal (0.0037 mol, 0.427 mL),
acetonitrile (7.75 mL), H,O (0.775 mL), and Fe;04@PCT (5 wt.% with respect to glyoxal) at
room temperature and ultrasonic different power for 5 min.

Yields of isolated products.

The possibility of magnetic recycling of the catalyst was also examined. In
this procedure, after completion of the reaction, ethanol was added and the catalyst
was easily separated from the product by attaching an external magnet onto the
reaction vessel, followed decantation of the reaction solution. The remaining
catalyst was washed with ethyl acetate to remove the residual product and dried
under vacuum and reused in a subsequent reaction. The average chemical yield
for six consecutive runs was 88%, which clearly demonstrates the practical
recyclability of this catalyst (Figure 4).
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Figure 4. Recyclability of Fe;04@PCA

From the above results, the best reaction conditions for the prepation of
HBIW were found to be as follows: benzylamine (0.0085 mol, 0.937 mL),

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland



348  A. M. Malekzadeh, S. Shokrollahi, A. Ramazani, S. J. T. Rezaei, P. A. Asiabi, S. W. Joo

glyoxal (0.0037 mol, 0.427 mL), Fe;O4@PCT (5 wt.% with respect to glyoxal),
acetonitrile (7.75 mL), H,O (0.775 mL), ultrasonic irradiation power (150 W)
and room temperature. Under these reaction conditions, HBIW was obtained
at high yield (91%) in 5 min.

4 Conclusion

In this research, Fe;04@PCA core-shell nanoparticles were successfully
prepared and characterized by FT-IR, SEM and XRD. The catalytic
activity of solid acid nanoparticles was probed through the synthesis of
hexabenzylhexaazaisowurtzitane (HBIW) under ultrasonic irradiation conditions.
The attractive features of this method are: simple procedure, improved yields,
cleaner reaction, use of reusable catalyst, simple workup and very short reaction
times, making it a useful and environmentally green catalyst.
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