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Nanocomposites of nickel(II) oxide in a polyimine matrix have been synthesized by a very simple method. The

nickel oxide nanoparticles were precipitated in situ within the polymer matrix by drying a polymer±metal

complex under mild conditions, without the need for any basic or oxidizing treatment. The polymer±metal

complex results from suspending the polymer in a solution of the metal. The size distribution of the nickel

oxide nanoparticles contained in the composite shows two different populations with average sizes 12 and

33 nm, respectively. Magnetic susceptibility measurements of the materials reveal the presence of two

contributions to the magnetic system. The ®rst has paramagnetic character and arises from the metal-organic

matrix. The second consists of frequency-dependent maxima that are typical of superparamagnetic behavior

and is related to the presence of nickel oxide nanoparticles.

Introduction

Owing to the unique properties of nanometer-sized particles,1

there is great interest in the development of suitable methods
for their production.2 For the preparation of nanoparticles, the
problem of severely limiting the growth of particles without
causing a high size dispersion or particle aggregation must be
addressed. A useful technique for achieving this goal is the
precipitation of particles inside an organic polymer.3±9 In
addition, the use of organic polymers confers interesting
properties on the composite, such as processability, versatility,
lightness, optical transparency, resistance to oxidation, etc. Of
the many applications for nanocomposites, one of the most
interesting is in the ®eld of magnetic materials.10±12 The most
common method for the preparation of polymer-based
magnetic nanocomposites involves embedding the polymer
with a metal salt and then precipitating the metal particles with
a reducing agent, or the metal oxide with an oxidizing agent.3±9

Obviously, to introduce the metal salt precursor inside the
polymer matrix, the polymer chain has to contain polar groups,
which are normally anionic, such as sulfate,3 carboxylate,4 etc.
Recently, we have presented a method for the preparation of
iron oxide and cobalt oxide nanoparticles in nitrogen-based
polymers.13,14 This method has the advantage of using a
neutral polymer, furthermore, the metal oxide particles
precipitate inside the matrix due to the effect of the imine
basicity without the need for any basic or oxidizing agent. It
was observed in these experiments that the best results were
obtained using the polymer with the highest basicity, highest
¯exibility and no apolar branches.13,14 In this work, the same
polymer has been successfully used for the production of
superparamagnetic nickel oxide nanocomposites. The obtained
materials have been characterized by Fourier transform IR
spectroscopy, elemental analysis, X-ray powder diffraction and
electron microscopy, and their magnetic properties have been
characterized.

Experimental and methods

The poly(azomethine) (C13Hl7N3)n was prepared according to
previously described methods.15,16 A typical procedure for the
preparation of the polymer±metal complex is as follows: 0.5 g
(2.3 mmol of polymer units) of polyimine was suspended in
20 mL of a hot aqueous solution containing 1.15 g (4.5 mmol)
of NiCl2?6H2O. The suspension was stirred under re¯ux for

5 h, ®ltered and washed with water. An inert atmosphere was
maintained throughout the procedure. The resulting polymer
complex solid was dried under vacuum at 50 ³C for 24 h.

Infrared spectra of samples in KBr pellets were recorded on a
Perkin-Elmer 1600 spectrometer. Elemental analysis of C, H
and N was carried out on a Perkin-Elmer 248 B microanalyser.
The metal content was measured by a plasma 40 ICP Perkin-
Elmer spectrometer. The composite material contains 49.6% C,
13.31% N, 6.7% H, and 9.55% Ni.

Susceptibility measurements were performed on a Quantum
Design SQUID magnetometer. A JEOL 2000FXIII electron
microscope was used for the electron diffraction and TEM
observations. Samples were prepared by milling the materials
in an agate mortar and placing an acetone suspension of the
powders onto a copper grid covered with a Formvar ®lm and
coated with carbon. Sample microanalyses were obtained with
Link Analytical eXL equipment installed in the electron
microscope.

Results and discussion

Materials were prepared according to the method described in
the experimental section. The original imine polymer and the
polyimine±nickel complex were analyzed by FTIR. The
spectrum of the complex shows bands at 3400 and
1626 cm21 that are typical of water of hydration, but does
not contain a Cl±Ni band. Thus, it can be inferred that the Cl2

ions do not directly interact with the Ni2z ions and merely
compensate for the positive charge of the imine±Ni2z complex.
It is observed that the imine stretching band which appears at
1646 cm21 in the original polymer shifts to 1679 cm21 in the
spectrum of the polymer complex (Table 1). This can be
interpreted in terms of imine±Ni coordination interactions. The
formation of polyimine complexes with Fe(II) and Co(II) has
been studied before.17 In that case, the formation of the
polyimine±metal complex was also accompanied by a shift of
the imine stretching band in the IR spectrum. The structures of
both polyimine±metal complexes were examined by EXAFS
and found to be nearly octahedral with two tridentate
monomeric ligands in perpendicular planes.17 The structure
of the material was described as consisting of polymer chains
cross-linked by metal ions. A similar structure can be expected
in the present polyimine±Ni(II) complex compound (Fig. 1).
The results of the chemical analysis of the samples are shown in
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Table 1. The ratio of polymer units per nickel ion is close to 2,
in accordance with the coordination number expected for the
complex. The pH of the polymer suspension is initially 10 and
falls to 6 upon completion of the reaction. This decrease in pH
must result from the hydrolysis of Ni solvates when forming the
NiO particles. The following equation can be proposed for the
formation reaction of the polymer±NiO composite:

(1zm)NiCl2.6H2Oz2(C13H17N3)n?

f�Ni(C13H17N3)2�Cl2.4H2OgnzmNiOz(2m)HCl (1)

Fig. 2 shows a TEM micrograph of a polyimine±Ni(II) thin
sample. Electrodense regions are observed in the picture which
may correspond to inorganic crystalline material. A qualitative
EDAX analysis of the particles con®rms that they contain a
high ratio of Ni atoms (see Fig. 3), in contrast with the light
part of the sample. An electron diffraction inspection of light
parts in the sample showed an amorphous structure, whereas
the dark regions yield patterns that can be indexed on the basis
of the pseudocubic unit cell (a~4.168 AÊ ) of NiO crystal
structure. An example of this pattern is shown in the inset of
Fig. 2. Two populations of NiO particles can be distinguished
in the image. We have determined the particle size distribution
in a sample from more than 500 particles in ®ve different TEM
images. This is presented in Fig. 4. Two different particle
populations are apparent from the plot: the ®rst shows a
maximum at 12 nm, and the second at about 33 nm.

Measurements of the ac magnetic susceptibility at zero
external ®eld were carried out over the temperature range 4.2±
300 K. The amplitude of the exciting ®eld was 1 Oe and the
frequency 100 Hz. A typical plot is represented in Fig. 5. The
solid line in the plot results from the ®tting of the data to a
Curie±Weiss relation18

x~C=(T{h) (2)

with parameter values, C~1.394 emu K mol21, h~2 K. The
effective magnetic moment, mB~3.33, deduced from the ®tted
value of the Curie constant, is about the moment expected for a
Ni2z ion (S~1) in an octahedral crystal ®eld.19 Thus, the
paramagnetic properties of the material can be fully assigned to
the polymer±metal complex. On the other hand, in the
temperature region between 20 and 40 K, the experimental
x'(T) curve deviates from a Curie±Weiss relation (eqn. 2). Two
peaks around 24 and 33 K appear in this region. It can also be
observed from the inset in Fig. 5 that the intensity and the
position of the peaks varies with the frequency of the
alternating ®eld. This indicates the existence of relaxation
phenomena that are usually associated with superparamagnetic

Table 1 Composition and IR data of polyimine (PMH) and polyimine±Ni(II) complex [PMH±Ni(II)] samples

Sample

Elemental analysis IR bands (cm21)

Ni (wt%) PMH-unit/Ni ratio n(H2O) n(CLN) n(pyridine)

PMH Ð Ð Ð 1646 1585, 1547
PMH±Ni(II) 9.55 1.95 3422, 1626 1679 1586, 1466

Fig. 1 Expected structure of the polyimine±Ni(II) complex.

Fig. 2 Texture of the polyimine±Ni(II) composite as observed by TEM;
the scale bar at the bottom measures 20 nm. The electron diffraction
pattern of a polycrystalline area of the sample that can be indexed on
the basis of the NiO unit cell is shown in the inset.

Fig. 3 Microanalysis of selected particles from Fig. 2 (copper peaks are
from the sample holder).

Fig. 4 A histogram plot of the NiO particle size distribution from
several TEM images.
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behavior.20 A plot of the out-of-phase susceptibility, x@, versus
temperature is represented in Fig. 6. The existence of non-zero
values of x@ in the temperature range of the deviation from the
Curie±Weiss relation (eqn. 2) con®rms the superparamagnetism
of the sample.21 The x@(T) curve also shows two maxima at
temperatures close to those found in the x'(T) plot. The
superparamagnetic contribution to the magnetic properties of
the composite can be attributed to the nanometric nickel oxide
particles contained in the material. The appearance of two peaks
in the x'(T) and x@(T) curves can be related to the presence of two
particle populations with a different average size, as observed by
TEM. Nickel oxide is an antiferromagnetic compound with a
Neel temperature of 523 K. However, it has been demonstrated
that for a size below 100 nm, NiO particles exhibit super-
paramagnetic relaxation phenomena like many ferromagnetic
materials.22 The origin of this behavior has been attributed to
residual magnetic moment due to an incomplete magnetic
compensation between the two antiferromagnetic sublattices.23

Moreover, this weak ferromagnetism is also produced by surface
effects that acquire an increasing relevance as the particle size
decreases. In this way, the permanent moment shown by the NiO
nanoparticles must be inversely proportional to the particle
size.22 On the other hand, the temperature of the magnetic
susceptibility maximum, known as the blocking temperature,
decreases with the particle volume.21 Therefore, the lower
temperature peak of the magnetic susceptibility curve must
correspond to the smaller particle population.

Conclusions

Magnetic nickel oxide nanocomposites have been produced
from imine polymers by a method that has already been applied
with success to the fabrication of iron oxide and cobalt oxide
nanocomposites. The procedure for the preparation of the
nanocomposite is very simple as compared to the usual
methods for the in situ production of magnetic nanoparticles
in organic polymers, because the imine groups provide the
basic medium for the hydrolysis of the metal ions without the
need of basic or oxidizing treatments. Two different NiO
particle populations are formed in the matrix with average sizes
of 12 and 33 nm, respectively. The magnetic properties of the
composite are the result of a paramagnetic contribution due to
the polymer±metal complex and a superparamagnetic con-
tribution due to NiO nanoparticles contained in the composite.
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Fig. 5 Temperature dependence of the in-phase component, x', of the
ac susceptibility for a polyimine±NiO composite sample. Inset:
variation of x'(T) with the exciting frequency.

Fig. 6 Temperature dependence of the out-of-phase component, x@, of
the ac susceptibility for a polyimine±NiO composite sample.
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