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Iron nanoparticles (NPs), due to their interesting properties, low cost
preparation and many potential applications in ferrofluids, magneto-optical,
catalysis, drug delivery systems, magnetic resonance imaging, and biology,
have attracted a lot of interest during recent years. In this research,
YFe203NPs were synthesized through simple co-precipitation method
followed by thermal treatment at 300 °C for 2 hours. In our synthesis route,
FeCls and FeClz were employed as precursors to synthesize y-Fe203NPs. This
approach is very effective and economical. The vy-Fe2O3NPs were
characterized by X-ray diffraction (XRD), Fourier transform infrared (FT-IR)
spectroscopy, scanning electron microscopy (SEM), transmission electron
microscopy (TEM),and vibrating sample magnetometer (VSM). The XRD and
FT-IR results indicated the formation of y-Fez03NPs. The SEM and TEM
images contributed to the analysis of particle size and revealed that the y-
Fe203 particle size of the nanopowders ranged from 11 and 13 nm. Magnetic
property was measured by VSM at room temperature and hysteresis loops
exhibited that the y-Fe203 NPs were super-paramagnetic. The synthesized y-
Fe203NPs were applied in order to synthesize mono-triazoles within one
molecule using azide-alkyne cycloaddition reactions.
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Introduction

Magnetic nanoparticles (NPs) have received
significant attraction over the past decade due
to their wide range of applications. Iron oxides
most probably exist in three different forms in
nature such as magnetite (Fesz04), maghemite
(y-Fe203), and hematite (a-Fe203) [1]. The
maghemite (y-Fe;03) NPs have gained
considerable attention among the many known
magnetic NPs because they have been used
widely for the longest period of time due to their
excellent properties. The y-Fe,03 NPs have been
especially interesting due to their nontoxicity,
thermal and chemical stability and favorable
hysteric properties. The y-Fe;0s3is a valuable
material for mollifying biologically active
compounds, bio-tagging of drug molecules,
hysteretic heating of maligned cells etc. It has
got a chemically active surface where a variety
of bonds can be formed allowing for coating to
which a variety of bio-active molecules may be
attached. Its structural characteristics permit a
wide range of potential applications including
ferrofluids, magneto-optical and magnetic
recording media, catalysis, drug delivery
systems, magnetic resonance imaging, and

biology [2].

A number of methods have been developed
for the synthesis of y-Fe,03NPs, including the
mechanochemical method [3], sol-gel process
[4], laser pyrolysis [5], micro-emulsion
techniques [6], thermal decomposition [7],
hydro-thermal synthesis [8], flow injection
synthesis [9], ball-milling [10], flame spray
pyrolysis [11], sonochemistry [12],
decomposition of organic precursors at high
temperatures, and the oxidation of magnetite
NPs [13, 14]. During the synthesis of NPs,
surfactants and toxic organic solvents are often
added to the solution to control the size of the
YFe;03NPs [15]. In addition, heat treatment,
such as annealing and hydrothermal processes,
is often employed to improve the crystallinity
and enhance the ferromagnetism [16].
However, these treatments complicate the
process. Besides, synthesis
methods, chemical co-precipitation method is
studied to be the oldest, the simplest and the
most desirable one to attain a large extent of

from various

homogenization together on a less particle size
and quicker reaction rates [17, 18]. The
chemical co-precipitation extends selection of
different kinds of starting materials including
simple salts to complicated organic-inorganic
materials, and low cost and comfortable ones.
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The primary importance of the method is the
enhanced homogeneity of resulting NPs that
would contribute to a kind of comparatively
greater response towards catalytic activity. The
catalytic activity of NPs represents a rich
resource for chemical processes, employed both
in industry and in academia [19]. Compounds
containing a 1,2,3-triazole moiety show various
biological activities such as anti-HIV-type I
protease [20], antimicrobial [21], anti-allergic
[22], antihyperglycemic [23] and adrenergic
receptor agonists [24]. In addition, they are
commercially used as photostabilizers and
dyes, anticorrosive agents and agrochemicals
[25]. With respect to introducing 1,2,3-triazole
groups into organic molecules, the copper-
catalyzed Huisgen-type alkyne-azide,
cycloaddition (CuAAC), the most common
“click” reaction [26, 27] has recently been used
and has found wide applications in organic
synthesis, materials, polymer science as well as
bioconjugates, underlining its broad scope and
fidelity [26, 28]. Cu(I) and Cubased NPs have
been widely used to catalyze Huisgen 1,3-
dipolar cycloaddition reactions of azides [29].
Besides, copper on iron was utilized as a
catalyst and azide-alkyne
cycloaddition reactions [30]. Dong et al. applied
recyclable ruthenium(II) complex supported on
magnetic NPs as regioselective catalysts for
alkyne-azide cycloaddition [31].

However, there has been only one report on
Fe;03 NPs catalyzed azide-alkyne cycloaddition
reactions which includes magnetically
recyclable y-Fe203hydroxyapatite (HAP) NPs
for the cycloaddition reaction of alkynes,

scavenger for

halides and azides in aqueous media [32]. In
view of wide range of transformations of
alkynes catalyzed by Fe,03 species, the catalytic
activity of assynthesized y-Fe,03; NPs for azide-
alkyne cycloadditions was assessed for the
synthesis of triazoles. The present work reports
a facile and efficient synthesis of y-Fe,03 NPs

using the chemical coprecipitation technique.
The catalytic performances of y-Fe,03NPs were

evaluated in azide-alkyne cycloaddition
reactions.
Experimental

Synthesis of magnetic nanoparticles (yFe;03 NPs)

Analytical grade chemicals and solvents
were used in this research work. Metallic
precursors, FeClz.6H20 and FeCl;.4H,0 (Sigma-
Aldrich) were used to prepare Fe;03; NPs. The
typical synthesis of y-Fe203 NPs using the
chemical co-precipitation  technique is
described as follows. A 500 mL of deionized
water was deoxygenated by bubbling N> gas for
30 min. A 1.0 M ammonium hydroxide was
added and the mixture was stirred magnetically
for 15 min under a nitrogen atmosphere.
Subsequently, FeCl;.6H,O0 (1.0 M) and
FeCl2.4H,0 (1.0 M) were dropped to the
solution with vigorous stirring at room
temperature for 60 min. The following possible
reaction was involved for the formation of Fe304
particles:

Fe2+ + 2 Fe3+ + 8 (NH4* + OH-)—» Fe304 + 8 NH4*
+ 4H,0

The obtained brown precipitate was
collected by filtration and rinsed five times with
deionized water and ethanol, respectively.
Finally, the washed brown precipitate was dried
at 50 °C for 10 hours in an oven. In the end, the
magnetite (Fe304) nanopowder was calcined at
300 °C for 2 hours to obtain the light brown y-
F8203 NPs.

Characterization Techniques

The XRD data of the calcined y-Fe203 NPs
were acquired using X-ray diffraction (Philips
X’'pert MPD 3040) with Cu Ka radiation over a
20 range from 20° to 80° at 2.5°/min.
Transmission electron microscopy (JEM 2100F)
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was executed at an accelerating voltage of 200
kV on a copper grid. Scanning electron
microscopy (SEM) images of the NPs were
captured using a field-emission scanning
electron micro analyzer (FE-SEMMIRA II, LMH).
Fourier transform infrared (FT-IR) spectra
were recorded on a Nicolet 400 FT-IR
spectrometer (Nicolet iS10, SCINCO, USA). tH-
NMR and 13C-NMR spectra were recorded on a

Bruker Avance-400 spectrometer.
Magnetization properties of yFe;03 NPs were
determined using a vibrating sample

magnetometer (VSM) (model no. 155, serial no.
4218, USA).

Procedure for azide-alkyne cycloaddition

reactions

The chemicals employed for all click
reactions were purchased from commercial
suppliers and used without purification. All the
reactions were carried out under a N
atmosphere. To a solution of an azide (1.12
mmol, 1 eq) and an alkyne (1.23 mmol, 1.2 eq)
in tetrahydrofuran (10 mL) was added yFe;03
NPs (10 mg). All the reactions were flushed with
nitrogen, capped and heated to 70 °C for 6-8
hours. The reaction mixture was monitored by
TLC. The catalyst was collected through
filtration, washed twice with ethyl acetate (15
mLx2) and reused for next reaction. Filtrate
was concentrated in vacuum using a rotary
evaporator to remove organic solvents to obtain
a cured compound which upon purification by
column chromatography (ethyl acetate/hexane
2/6) to get corresponding products.

Product 3: N-((1-((3-(6-chloro-2Hchromen-
3-y1)-1,2,4-oxadiazol-5  yl)methyl)-1H-1,2,3-
triazol-4-yl)methyl)-4methoxyaniline: =~ White
solid. mp. 169-175 °C. tH-NMR (CDCls, 400
MHz):68.12 (s), 7.47 (d,]=2.5 Hz), 7.43 (s), 7.28
(dd, J=8.5 and 2.5 Hz), 6.92 (d, ]=8.5Hz), 6.89 (d,
]=8.7Hz), 6.77 (d, ]=9.7Hz), 6.13 (s, CH:N-), 5.14
(s), 4.60 (s, CH:NH), 3.60 (s); 3C-NMR(CDCls,

100.6 MHz): § 174.0, 165.0, 152.7, 151.6, 145.0,
142.0, 130.6, 127.8, 126.9, 125.3, 124.5, 122.4,
119.7,117.4,115.4,114.3, 63.8, 55.1, 46.3, 44.6.
MS (ESI): m/z 450[M+H], 452 [M+H+2].
Product 4: N-((1-((3-(6-chloro-2Hchromen-3-
yl)-1,2,4-oxadiazol-5yl)methyl)-1H-1,2,3-
triazol-4yl)methyl)aniline: Light yellow solid.
mp 152-155 °C. tH-NMR (CDCls, 400 MHz): &
8.17 (s), 7.49 (d, ]=2.2 Hz), 7.46 (s,) 7.27 (dd,
J=8.5 and 2.5 Hz), 7.07 (t, ]=7.5 Hz), 6.90 (d,
J=8.7 Hz), 6.63 (d, ]=7.7 Hz), 6.54 (t, ]=7.0 Hz),
6.16 (s, -CH2N), 5.15 (s), 4.34 (s, -CH2NH). 13C-
NMR (CDCls, 100.6 MHz): § 174.1, 165.0, 152.7,
148.1, 146.3, 130.6, 128.8, 127.8, 127.0, 125.3,
124.0, 122.4, 119.7, 1174, 116.1, 112.4, 63.8,
44.6(-CH2N-), 38.4 (-CH:NH-); MS(ESI): m/z
420[M+H], 422 [M+H+2].

Product 5: 4-methyl-7-((1-phenyl-1H1,2,3-
triazol-5-yl)methylamino)-2Hchromen-2-one:
Pale yellow color solid, m.p: 189-191 °C.1H NMR
(300 MHz, DMS0-d6) & (ppm): 8.09 (s, 1H), 7.60
(d, 2H,]=7.5Hz),7.53 (t,2H,] =7.5Hz), 7.48 (d,
1H,] = 8.6 Hz), 7.43 (t, 1H, J]= 7.5 Hz), 6.70 (dd,
1H, J]= 6.4, 2.3 Hz), 5.94 (s, 1H), 4.46 (d, 2H, ] =
5.4 Hz), 2.36 (s, 3H);

13CNMR (75 MHz, DMSO-ds) & (ppm): 160.6,
155.4, 153.7, 151.8, 145.6, 138.3, 134.3, 130.2,
125.9, 121.1, 119.8, 110.4, 109.2, 107.8, 96.8,
37.9,17.98; MS (ESI): m/z333.1 [M+H] +.

Product 6: 7-((1-(4-methoxyphenyl)-1H-
1,2,3-triazol-5-yl)methylamino)-4-methyl2H-
chromen-2-one: Light yellow solid, m.p: 168-
170 °C.'H NMR (DMSO-d¢, 300 MHz) 6 (ppm):
8.07 (s, 1H),7.73- 7.64 (m, 3H), 7.47 (dd, 1H, ] =
6.4, 2.2 Hz), 7.43 (d, 1H, ] = 2.2 Hz), 7.09 (d, 2H,
] =9.1 Hz), 6.34(d, 1H, ] = 2.2 Hz), 4.42 (d, 2H, J=
5.4 Hz), 3.96 (s, 3H), 2.51 (s, 3H); 13C NMR (75
MHz, DMSO-ds) & (ppm): 160.6, 159.2, 1554,
153.5, 151.8, 145.4, 138.2, 134.4, 130.2, 125.8,
121.7, 119.8, 110.3, 109.2, 107.8, 96.7, 55.6,
37.9,17.9; MS (ESI): m/z363.1 [M+H]".

Results and Discussion
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The crystalline structure of the synthesized
Fe;O3 NPs was characterized by X-ray
diffraction. The X-ray diffraction (XRD) pattern
of Fe;03 NPs, after calcinations, was presented
in Figure 1. The diffraction peaks at 26 = 30.58¢,
35.960, 43.61°, 54.08°, 57.580, 63.26°, 74.64°
correspondto (220),(311),(400),(422),(5
1 1), (4 4 0) and (5 3 3), respectively. The
sharpness of XRD peaks reveals high
crystallinity of the NPs and all the peaks
matched well with standard yFe,03 reflections.
The obtained XRD pattern can be indexed as the
primitive cubic system by comparison to data
from yFe,03 (JCPDS No. 39-1346) [33]. Average
crystallite size is calculated to be about 1012
nm using broadening of most intense peaks
from XRD pattern and Scherrer’s equation.

Fe03A

g
1

6326911

% Intensity
)
3058911

T T T T T
2 0 L L) L n L

20 (degrees)

Figure 1. XRD Pattern for y-Fe;03 NPs

The surface morphology of the calcined
samples of y-Fe,03 NPs was studied using TEM
and SEM analysis. Figure 2a shows the SEM
images of the as-prepared y-Fe;03 NPs. SEM
image shows that the samples consist of
particles with a nearly spherical shape and the
formed y-Fe,03; NPs were agglomerated. Fig. 2b
shows the TEM image of the Fe,03; NPs. It can be
seen that the formed NPs were of nearly
spherical morphology. The y-Fe;03 NPs are
moderately dispersed and the average
crystallite size of particles in the range of 11 to
13 nm indicated that the homogeneous yFe,03
NPs can be synthesized by chemical co

precipitation method at room temperature
followed by thermal treatment at 300 °C for 2
hours. The particle size was calculated in good
agreement with the crystallite size value from
XRD.

Figure 2. TEM image of y-Fe203 NPs

The infrared spectrum (FT-IR) of the
synthesized y-Fe;03 NPs was recorded in the
range of 400-4000 cm'! wave number which
identify the chemical bonds as well as functional
groups in the nanoparticle sample. According to
Figure 3, the large broad band at 3400 cm! is
ascribed to the O-H stretching vibration in -OH
groups. The absorption peak around 1640 cm-!
could be assigned to 8(0-H) vibrations in H»0
adsorbed on the material. The strong band
below 642 cm is assigned Fe-O stretching
mode [34]. The band corresponding to Fe-O
stretching mode of Fe;03 is seen at 561 cm'!
[34].
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Figure 3. FT-IR Spectra of y-Fe,03 NPs
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The magnetization curve for the synthesized
y-Fe203 NPs was shown in Figure 4. The curve
of magnetization versus magnetic field (M-H
loop) indicates that there was no hysteresis
detected at the
magnetization,
paramagnetic character with zero coercivity

room-temperature

revealing the super-

and remanence of the synthesized y-Fe,03; NPs.
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Figure 4. Magnetization curve of y-Fe;03 NPs

NPs catalyzed azide-alkyne cycloaddition
reactions have received considerable attention
during recent years [31, 32]. A magnetically
separable ruthenium catalyst was synthesized
through  immobilizing a  pentamethyl
cyclopentadienyl ruthenium complex on iron
oxide nanoparticles. The catalyst is highly active
and selective for the synthesis of 1,5-
disubstituted 1,2,3 trizoles via cycloaddition of
alkynes and organic azides [31]. A y-Fe;0s3
supported on hydroxyapatite (HAP)
heterogeneous catalytic system was developed
to synthesize disubstituted 1,2,3-triazoles from
terminal alkynes and in situ generated organic
azide in aqueous media [32]. In the present
work, we prepared mono-triazoles in one
molecule using as-synthesized yFe;03NPs.

Mono-triazoles were prepared by taking
propyne-1-ol, butyne-1-ol and substituted
alkynes on nitrogen as alkynes and benzyl
azides, aryl and azidomethyl-2H-
chrome-1,2,4-oxadiazole as azides which are
shown in Table 1. The products which were
obtained were characterized by 'H-NMR and
13C-NMR in order to confirm the structures 1-6.
Characterization report of compound 1 & 2
reported in the literature, tH-NMR of compound
3 peaks at § 8.12 (s, 1H) shows the presence of
triazole one olefin proton, 6.13 (s, 2H) indicates
the presence of -CHattached to oxadiaziazol
function group, and the peak at 4.60 (s, 2H)
indicates the presence of -CH2-NH-. tH-NMR of
compound 5 peaks at 8 8.09 (s, 1H) suggests
the presence of triazole one olefin proton. The
azide-alkyne might be
peculiarly relavent for drug discovery, not just
because of its reliability as a linking reaction,
but also because of the favorable
physicochemical properties of triazoles. The
proposed mechanism of the yFe;0; NPs
catalyzed click reactions was shown in Scheme
1.

azides

transformations

In order to make our catalytic system
greener and economical, we focused on the
reusability of vy-Fe;03; NPs catalyst. The
recyclability of the y-Fe;03 NPs catalyst was
executed for 1 and 2 azide-alkyne reactions. It
was received greater than 95% ofthe reaction
products after five cycles of the reactions and
does not show substantial vary in the
morphology of the y-Fe203 catalyst NPs, which
indicates the repetitious catalytic performance.
The catalyst was recovered quantitatively by
simple reused, and gave
significant activity even after the fourth cycle.

filtration and



K. Sudhakar et al.

249

Table 1. y-Fe203 NPs catalyzed cycloadditions of azides and alkynes

Reactants .. Yield
S.No . Product(Triazine) .
(Azide) (Alkyne) (%)
OH @A N
! o = ~ 73%
OH
oo
2 @N3 __ o i 71%
OH
o 3 \\\\/H o
N cl P
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Scheme 1. Proposed mechanism for y-Fe;03 catalyzed click reactions



Synthesis of y-Fe203 nanoparticles and catalytic activity ...250

Conclusion

In this study, a simple co-precipitation method
developed for synthesis of yFe;O3;NPs using
FeCl; and FeCl; precursors. at 300 °C for 2
hours. The y-Fe;03:NPs were characterized by
XRD, FT-IR, SEM, TEM, and VSM. The SEM and
TEM analyses exhibited the y-Fe,03 particle size
of the nanopowders from 11 to 13 nm. Magnetic
property which measured by VSM and
hysteresis loops demonstrated that the y-Fe;03
NPs were super-paramagnetic. Through in hand
magnetic nanoparticles of y-Fe;O3NPs we
synthesized mono-triazoles using azide-alkyne
cycloaddition reactions in moderate yields.
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