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Hybrid nanocomposites are nowadays the focus of intensive scientific and industrial research motivated by
expectations from fields as diverse as microelectronics and medicine. One of the challenges faced by these
materials, before getting into applications, is the development of methodologies capable of processing them in
the form of thin planar nanostructures. To achieve this, bottom-up manipulation, such as the layer-by-layer
approach capable of growing nano-objects while controlling position and inter-particle distances, has made
possible the construction of assemblies with properties tailored on the nanoscale level. This review will sum-
marize the new initiatives taken in the area of colloidal iron oxide nanoparticles and their arrays in polymeric
matrix employing the layer-by-layer technique related research. Aiming to understand fundamental issues such
as the effect of nanocomposite morphology on the collective magnetic properties, experiments and simulations
performed to assess both the nanocomposite’s morphology and the corresponding magnetic signatures, will be
discussed. Applications leading to future developments related with these nanostructures, as for instance che-
mical sensors and storage devices, will also be highlighted.

1. Introduction

The assembly of molecular and nano objects — to build multi-
functional materials, provides exciting opportunities for technologies at
the interfaces between chemistry, physics, biology and nanomedicine —
has been attracting significant interest in recent years [1-4]. The na-
noparticles which possess unique geometrical shapes and media re-
sponsive optical, electronic and magnetic properties, have been em-
ployed as inorganic counterparts in nanocomposite assemblies [5-8]. In
addition, recent development of colloidal synthesis methods and
bottom-up approaches, enabled the production of organized 2- and 3-D
nanostructures from DNA, enzymes, proteins, peptides, polymers, me-
tallic and iron oxide nanoparticles, magnetic nanoparticles, graphene,
carbon nanotubes, quantum dots, etc [9-15]. For most applications,
ultrathin layers are required for the devicés active layers [16-18].
Among bottom-up approaches, the layer-by-layer (LbL) assembly
[19-20], consisting of sequential adsorption of different molecules and
nano objects, has been successfully employed. In this technique, dif-
ferent components are transferred and held together at the surface of a
solid support by different types of intermolecular forces. This approach
allows the design of all-organic and organic-inorganic multilayers with
molecular-level control over the composition, morphology, thickness,
and architecture. The LbL nanocomposites can be engineered on the
surface of any type of solid support, ranging from smooth to rough, in
any shape such as flat slides, rods, beads and in any size, of solid
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support from macro to nanoscale. In addition, LbL approach ensures
efficient scale-up, cost effectiveness, and automation facilities [21-23].
The assembled nanostructures not only combine attractive functional-
ities of each component but also show synergetic characteristics, en-
abling them for multiple applications such as coatings, capacitors
electrodes, storage energy, chemical sensors, and drug delivery systems
[24-26].

Regarding magnetic nanomaterials, the LbL technique can be em-
ployed to assemble several types of superparamagnetic iron oxide na-
noparticles (IONP) with common polyelectrolytes, resulting in nano-
composites with a synergistic combination of properties from both
components [27]. Polyelectrolytes are essential in these types of na-
nocomposites, since they not only hinder nanocrystal agglomeration
but also provide the mechanical and chemical stability of the nano-
material. In addition, some types of polyelectrolytes may present elec-
trical conductivity or response to temperature gradients, which thus
turn films smart materials [28]. As inorganic magnetic components,
IONPs, with small size (3-20 nm), exhibit novel size- and shape-de-
pendent magnetic, electric, chemical, optical and thermal properties in
comparison to their bulk counterparts. They are usually elaborated as
stable colloidal dispersions, also known as magnetic fluids (MF), na-
nofluids or ferrofluids [29-32]. In particular, IONPs exhibit super-
paramagnetism [33,34] biocompatibility, and surface functionalities,
making them very attractive for fundamental studies and a variety of
potential applications [35,36], such as biomolecular separation [37],
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nanocatalysis [38], rotating seals and magnetorheological vibration
dampers [39], magnetic recording media [40], SERS probe [41], in-
sulating oil for improvement of transformer’s cooling efficiency [42],
sensors [17,25,43-44], and biomedical applications [45-48]. Inter-
esting, under external magnetic field, colloidal suspensions of IONPs
exhibit reversible physical properties. For instance, the thermal con-
ductivity of colloidal magnetite suspensions can be increased by
changing the linear aggregation length from nano- to micron scales
[32]. Systematic studies about the effect of applied magnetic field on
the tunability of the thermal conductivity and viscosity of colloidal
IONPs has demonstrate that magnetically controllable colloidal IONPs
can behave like a multifunctional “smart” material that can remove
heat and also arrest vibrations acting as a damper, opening an oppor-
tunity for applications in microfluidic devices [32,49].

IONPs can also be encapsulated inside the oil droplet during the
emulsification process, using an anionic surfactant of sodium dodecyl
sulphate as a stabilizer. It allows to one produce oil-in-water (O/W)
ferrofluid emulsions [50]. These magnetic responsive nanoemulsions
have been employed as non-enzymatic approach for glucose [51], and
urea detection [52]. In another approach, magnetic emulsion stabilized
with poly(N-isopropylacrylamide) (PNIPAM) were employed to prepare
thermally tunable grating [53]. The temperature responsive con-
formational changes of PNIPAM, at the O/W interface, enables the
inter-particle periodicity control. These thermo-magnetic multi-stimuli
nanoemulsions are promising candidates for applications in visual and
calorimetric sensors, temperature tunable grating, photonic materials,
optical devices, and drug delivery systems [53].

The LbL technique has also been successfully employed for the
preparation of magnetic nanocomposites, incorporating nanosized
magnetite, maghemite, and cobalt ferrite, with different polyelec-
trolytes, including conducting polymers [24,25,27,54-76]. The mag-
netic nanoparticles, provided as aqueous colloidal dispersions, behave
as electrolyte species. Thus they can be assembled through electrostatic
interactions with oppositely charged polyelectrolytes. The inter-particle
distances within the multilayered film can be finely tuned by varying
physicochemical conditions of deposition dispersions; as well as by the
number of deposited layers [62,69,70,72], or by manipulating the na-
nocomposite architecture [57,68,74]. Therefore, the LbL approach
creates a unique window of opportunity to investigate morphological
effects on magnetic nanocomposite properties, and in particular su-
perparamagnetic behavior in quasi-bidimensional (2D) or 3D struc-
tures.

Through the years, LbL IONP/polymer nanocomposites have been
investigated through both experiments and simulation of IONP ad-
sorption kinetic, NP oxidation, morphology, structure, optical, di-
electric, electrochemical and magnetic properties [24,25,54-76]. Fur-
thermore, LbL-IONP/polymer structures present potential applications
beyond the superparamagnetic behavior. The existence of Fe2* and
Fe3™ ions makes the iron oxide nanoparticles very useful for a variety
of electrochemical devices, including electrodes for supercapacitors
[24,76] and chemical sensors [17,25].

In this review, we shall focus mainly on recent progress in LbL na-
nocomposites comprising IONPs and polymers. Details of LbL assembly,
and physicochemical aspects of mono and multilayer formation, na-
nocomposite morphology, and magnetic properties, as well as emerging
applications, will also be discussed.

2. LbL assembly of nanocomposites

The LbL approach consists of the sequential dipping of a solid
functionalized substrate into colloidal suspensions or polymer solutions
of different species producing mono or multilayered assemblies held
together by a wide range of intermolecular forces, including ionic in-
teraction, hydrogen bonding, complexation, biospecific recognition,
hybridization, hydrophobic interaction, and covalent attachment
[9,21]. Furthermore, the LbL technique is quite inexpensive since it
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Scheme 1. Illustration of the LbL assembly of IONP/polymer nanocomposite
and the first deposited bilayer.

does not require clean rooms or sophisticated glassware, and is con-
ducted at room temperature. Despite its simplicity, LbL provides an
unprecedented control of film thickness and internal structure.

Under electrostatic approach, the nanocomposite deposition starts
with a functionalized substrate, comprising charged surface groups,
being immersed into an oppositely-charged polyion solution, or NP
dispersion. Because the charge balance between substrate surface and
polyelectrolyte (or IONP) ionized groups, after a short period of time
(order of few minutes) an ultrathin polyelectrolyte or NP monolayer is
attached to the substrate and, the process proceeds and ends at its own.
In fact, in the electrostatic LbL, the net charge of the substrate is
overcompensated by the upcoming polyelectrolyte (or IONP) layer and
the initial substrate charge is reversed [77]. When this condition is
reached, the process ends and no more additional polyelectrolyte (or
IONP) are adsorbed due to inherent electrostatic repulsions. Because of
this character, the LbL is classified as a self-assembly method. During
the deposition, the IONP/polymer bilayer is formed first, acting as the
elementary repeating unit (see Scheme 1), the nanocomposite thickness
can thus be increased by simply adding more IONP/polymer bilayers
provided that anionic and cationic layers are adsorbed alternately.

Nanosized iron based cubic ferrites have been employed as in-
organic counterparts in the LbL nanocomposite assembly. The chemical
composition of cubic ferrites is MFe,O,4, where M denotes a divalent
transition-metal as Fe, Co, Ni, Mn, Cu, Zn, and Cd, which present fer-
rimagnetism magnetic ordering. Cubic iron oxide ferrites possess the
spinel structure formed by a nearly close-packed face-centered cubic
array of oxygen anions with interstices partly filled by metallic cations
[29,78]. Maghemite (y-Fe,Os3) is an iron-deficient cubic ferrite [79],
which is one of the most investigated iron oxides besides. In addition,
magnetite has a half-metallic character with a large spin polarization at
the Fermi level, presenting a high Curie temperature (850K) and
electrical resistivity of the same order of magnitude as a semiconductor.
Hence it is a promising candidate for spintronic applications [80,81].

Bulk magnetic materials have a multi-domain structure, comprising
regions of uniform magnetization surrounded by a domain wall (DW)
structure. As the dimension of the magnetically-ordered material de-
creases towards the nanoscale, the typical domain-size and the DW-
width decrease modifying its inner structure. Therefore, the orientation
of the magnetization no longer splits into smaller domains, but instead
maintains the magnetic structure of a single-domain. The magnetic
behavior of a single-domain particle is described as a single “giant”
spin, because of the atomic moments being aligned along the easy axis
direction, which results in a big magnetic moment, called super-
paramagnetism. In the superparamagnetic regime, the orientation of
the nanoparticle magnetic moment thermally fluctuates around the
easy axis direction. The simplest picture describing the magnetic mo-
ment dynamics within the superparamagnetic particle is the one-di-
mensional symmetric double-well potential stemmed from the magne-
tocrystalline anisotropy. It lines up the magnetic moment in a particular
crystallographic direction, as for instance the [111] direction in mag-
netite. However, thermal energy induces re-orientation of the magnetic
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moment against the magnetrocrystalline energy barrier, resulting in
fluctuation of the magnetic moment in a time scale of nanoseconds
[29]. The typical relaxation time, ascribed to the average time that the
magnetic moment takes for re-orientation with respect to the easy axis,
is referred to as the Néel relaxation time [82].

IONP systems can be synthesized through chemical routes which
allows a fine size control, size distribution, shape, crystallinity, and
stability [83,84]. Further, the nanoparticle’s surface can also be che-
mically engineered during their preparation via functionalization with
different surface agents providing colloidal stability, making them as
building blocks for LbL assembly, or as platform with anchoring sites to
attach drugs and bio molecules [85-88].

The LbL assembly of IONP materials has been conducted via elec-
trostatic interactions in conjunction with a large number of commer-
cially available polyelectrolytes, including sodium sulfonated poly-
styrene (PSS), polyacrylic acid (PAA), polyallylamine hydrochloride
(PAH), polydiallyldimethyl ammonium hydrochloride (PDAC), poly-
vinyl sulfonic acid (PVS), and polyethyleneimine. In addition, con-
jugated polymers in their doped state behave as polyelectrolytes as for
instance, Polyaniline (PANI), poly(o-ethoxyaniline) (POEA), the poly-
electrolyte complex poly(3,4-ethylenedioxy) thiophene:polystyrene
sulfonic acid (PEDOT:PSS), and polypyrrole (PPy) [27].

The LbL assembly of colloidal dispersions [85] with oppositely
charged polyelectrolytes is illustrated in Scheme 1. The LbL approach
consists of the following steps: 1. immersion of the negatively-charged
substrates for 3min into positively charged IONPs dispersion (or
polycation solution); 2. substrates are immersed in a rinsing aqueous
solution (same pH of the previous immersion) for 20 s and blow-dried
with nitrogen; 3. substrates are immersed for 3 min into polyanion so-
lution (or IONPs); 4. immersion into the rinsing solution for 20 s (same
pH of the previous immersion), and blow-dryed with nitrogen, resulting
in the first deposited bilayer, as illustrated in Scheme 1. After repetition
of the steps (1-4) n times, the resulting nanostructures will comprise n
bilayers deposited on the substrate, and is usually represented by
(IONP/polymer), [27,67,69]. Indeed, the term ‘bilayer’ refers to a pair
of cationic/anionic materials and not to a continuous layer of cationic
material coated by a continuous layer of anionic material. These na-
nostructures are not stratified in definite layers as in molecular beam
epitaxy or atomic layer deposited films [89,90]. In another approach,
the assembly of a LbL multilayer film can be conducted by spraying the
respective solutions/dispersions on the substrate. As for instance, De-
cher and coworkers compared the deposition of polyelectrolyte multi-
laryers by successive spraying polycation and polyanion solutions with
the same assembled conditions using classic dipping [91]. The influence
of assembly parameters such as spraying time, polyelectrolyte con-
centration, and film drying during multilayer deposition was in-
vestigated. It is found that the thickness of the multilayers increase
linearly with the number of deposited cycles, as observed in the classic
approach. The LbL assembly of films is very fast and leads to films with
low surface roughness. Spray deposition allows regular multilayer
growth even under conditions for which dipping fails to produce
homogeneous films, such as extremely short contact times [91].
Afterwards, investigations of spray assisted LbL assembly of polyelec-
trolytes or colloidal particles have been conducted discussing the ad-
vances of this technique [92,93].

2.1. Build-Up of nanocomposites

The monitoring of the IONP/polymer LbL deposition onto glass
slides can be carried out by UV-vis spectroscopy, in a simple and easy
handling. Usually, UV-vis spectra of the starting materials, colloidal
IONPs dispersions, and the polymer solutions, such as PSS and PANI are
initially recorded [64]. Afterwards, the UV-vis spectra of nanocompo-
sites are recorded at each assembled bilayer. Fig. 1 displays typical
UV-vis spectra acquired during nanocomposite assembly (IONP/PSS)n
for n = 2,4,6,8 and 10 bilayers. The inset exhibits the IONP absorbance
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Fig. 1. UV-Vis spectra acquired after each deposited (IONP/PSS)n (n = 2, 4, 6,
8 and 10 bilayers). The inserted graphic exhibits the IONP absorbance at 360,
and 480 nm, as a function of deposited bilayers [75].

at 360, and 480 nm, as a function of number of deposited bilayers. It is
characteristic feature of magnetite because the enee PSS does not show
any absorption in the visible range. The amount of IONP increases al-
most linearly with number of the bilayers, indicating the growth of the
film is in a stepwise manner [75]. Similar results are observed in other
nanoparticle/polyelectrolyte systems where adsorption is driven by
electrostatic attraction [67]. In another approach, Kim et al. in-
vestigated the LbL assembly of few bilayers of a structure comprising
three layers of polymers (PSS/PPy) and two bilayers of PSS/IONP [58],
through ellipsometry to monitor the nanocomposite deposition, esti-
mating the thickness of each deposited bilayer.

The quartz crystal microbalance (QCM) technique can be employed
to assess accurate kinetics and equilibrium parameters regarding the
investigation of in situ adsorption of IONP [66]. When homogeneous
and rigid ultrathin layers are adsorbed onto the surface of an oscillating
crystal, the characteristic shift in frequency can be related to an in-
crease in mass per unit area according to the Sauerbrey equation [94].
Regarding nanocomposite deposition, frequency shifts could be con-
verted into mass of adsorbed species (IONP and/or polyelectrolyte),
enabling mass detection up to the order of nanograms [66].

By using a QCM, coupled to a flow injection system, it is possible
precisely monitor “in situ” the uptake of IONP on the surface of gold-
coated quartz resonator inside the QCM cell. The investigation of the
adsorption of CoFe,04 nanoparticles onto the sodium 3-mercapto pro-
panesulfonate, 3-MPS-functionalized gold-coated quartz resonator sur-
face follows perfectly a first order kinetic process in a wide range (two
orders of magnitude) of IONP concentrations [66]. These data were
used to assess the equilibrium constant and the adsorption free energy
[66]. Alternatively, the Langmuir adsorption constant was obtained
while analyzing the isotherm data at the equilibrium. These findings
show that the combination of in situ quartz crystal microbalance
measurements and models of adsorption can provide fundamental in-
formation about the adsorption of nanoparticles onto planar surfaces,
which is extremely important for nanoparticle applications, where
possible environmental concerns; such as the issues related to nanoe-
cotoxicology and biological risks should arise.

Regarding the monitoring “in situ” of LbL assembly by QCM, the
IONP dispersion and polyelectrolyte are introduced alternately into the
QCM cell, to mimics the LbL procedure. Kim et al. measured the de-
posited mass of two bilayers of PSS/IONP [58]. Afterwards, Alcantara
et al. monitored in situ the adsorption of cobalt ferrite nanoparticles
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Fig. 2. Deposition of multilayered films of (CoFe;04/PSS)ocm-a10 monitored by
QCM for a time window larger than eleven hours. Magnetic dispersion and
polyelectrolyte were introduced alternately into the QCM cell (in situ), which
mimics a LbL procedure. The inset indicates individual adsorption steps [66].

and sulfonated polystyrene (CoFe,O4/PSS) inside the QCM, using a
CoFe,04 colloidal dispersion expressed in mols of cobalt ferrite per liter
of 8.9 x 10~ %mol L1, for a time window larger than eleven hours, see
Fig. 2 [66]. Note that in a few minutes the adsorption of each compo-
nent reaches equilibrium as expected for an electrostatic based process.
The zoom of adsorption isotherms of each component are exhibited in
the insert. This periodic behavior is ensured by the reversal of the net
surface charge after complete adsorption of each layer, as previously
discussed. The asymptotic form of isotherms suggests the occurrence of
a first order kinetics process [66].

The first monolayer of IONPs adsorbed in glass substrate can be
monitored through tapping-mode AFM images. In this mode, the
sample is scanned by an oscillating probe whose oscillation amplitude is
sensitive to both topography and mechanical properties of the sample
surface. It can be performed when the immersion time of the substrate
in the MF is short, i.g., 10, (see Fig. 3). A few individual nanoparticles
and agglomeration of them are also observed. Spherical structures in
AFM phase image (Fig. 3(B)) coincide with the features of the topo-
graphy image (Fig. 3(A)). As the immersion time increases to 180, the
surface is completely covered by nanoparticles nuclei with an increase
in the number of adsorbed nanoparticles, as well as a larger number of
agglomerates is also observed [67]. Since individual nanoparticles can
be observed at short immersion times, it can be inferred that
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agglomerates are formed at the substrate surface, probably due to a
nucleation process, rather than in the IONP colloidal suspension. De-
spite of the electrostatic imposed by their positive surface charges, di-
polar interactions overcome repulsion among nanoparticles.

3. Nanocomposite properties
3.1. Nanocomposite structure and morphology

The surface morphology of nanocomposites can be investigated by
tapping-mode AFM and by scanning electron microscopy (SEM).
Fig. 4(A) presents typical SEM image of (PANI/IONP), , attained for the
as prepared sample, due to the presence of the conducting polymer,
PANI. It can be observed the uniformity of the surface morphology,
showing no regions composed by only particles separated from
polymer, with no phase segregation of nanoparticles and polymer.
Additionally, Fig. 4(B) displays AFM topography of LbL film of (IONP/
PSS);0. A globular morphology is observed, which is basically com-
posed of spherical IONP distributed over the entire nanocomposite
surface, with no detectable phase segregation and arranged as a densely
packed layer. Usually, LbL assembled IONP/polymer are absent of in-
terlayer boundaries because polyelectrolyte chains tend to inter-
penetrate along the film stacking axis. Therefore, the nanocomposite
contains similar fractions of each material and no interlayer boundaries
are observed, which is in agreement with SEM image. Stratification of a
LbL structure comprising IONP and poly(diallyldimethylammonium
bromide), PDDA, was obtained with montmorillonite clay [57]. In this
approach, it was found that montmorillonite produces a dense layer of
overlapping aluminosilicate sheets, isolating one IONP layer from an-
other. Magnetic and optical properties of these LbL nanocomposites
were investigated [57]. Recently, the control of the horizontal and
vertical coupling between individual 3-aminopropyl-trimethoxysilane
modified magnetite nanoparticles LbL, assembled with inorganic na-
nosheets of layered double hydroxides (LDH) was investigated. The
tuning of the inter-magnetic- nanoparticle distance in both directions is
induced by the control of charge density and thickness of LDH na-
nosheets. This approach has been employed to prepare highly aniso-
tropic magnetic films [74].

Estimation of the nanocomposite film thickness can be performed by
AFM technique. In order to create a step, the AFM tip is used to scratch
and peel out a small spot of the nanocomposite deposited onto the solid
substrate, which allows estimation of the sample thickness [95]. A
linear dependence of the nanocomposite film thickness on the number
of nominal PANI/IONP bilayers was found. It demonstrates that the
cycling assembly process produces an increasing adsorption of PANI

300 45.5nm
227 nm
250 0.0nm
0
500
nm

Fig. 3. Topography (A) and phase (B) AFM images of CoFe,O4 nanoparticles adsorbed onto a glass slide after a single immersion into a high diluted CoFe;04

nanoparticle based magnetic fluid, for 10s [67].
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Fig. 4. SEM image of (PANI/IONP),, (A); and Topography AFM of (IONP/PSS);o nanocomposites (B). (b) [75].

Fig. 5. Cross-sectional images for (A) (PANI/y-Fe;Os3)a.10 and (B) (PANI/y-
Fe203)p.10- (C) A high-resolution TEM image of maghemite nanoparticles em-
bedded within the nanocomposite in (B) [70]. Scale bars: 10 nm (A); 50 nm (B);
2nm (C).

and cit-MAG with fine control of film thickness and structure [62]. The
thickness of nanocomposites can also be measured through cross-sec-
tional TEM micrographs. Fig. 5(A) and (B) display HRTEM cross sec-
tional images of nanocomposites with different concentrations of IONP
in the colloidal dispersion employed as source of NP (2 x 10~ 3g L™ 'of
v-Fe,05 for (PANI/(y-Fe;03)a10 and 2 x 10~ *gL™! of y-Fe205 for
(PANI/(y-Fe>03)p.10)- Lattice fringes in Fig. 5(C) were indexed as planes
of (220) and (311) of a y-Fe,O3 phase [70]. In Fig. 5(B), it is easily
observed that y-Fe;O3; nanoparticles homogeneously spread in the na-
nofilm while dressed by a tinny layer of PANI (brighter layer), which
keeps nanoparticles isolated from each other. The amount of y-Fe;O3
nanoparticles encapsulated within the nanofilm A is higher because of
the higher concentration of y-Fe;O3 nanoparticles in the MF sample A
employed for its deposition. Thicknesses of both nanofilms are about
60 nm which is consistent with the values previously recorded by AFM
[70]. An evolution of the cross sectional TEM micrographs of PANI/y-
Fe,O3; nanocomposites with increasing number of bilayers, reveals a
systematic reduction of the average particle—particle distance within

)

the hosting polymer [70]. Grigoriev et al. investigated the structure and
surface morphology of LbL nanocomposites monitoring their assembly
through AFM, UV-vis spectroscopy, and ellipsometry. The dependency
of the real part of the complex refractive index, thickness, roughness,
and optical absorbance of the films, on the number of bilayers, and their
interrelations with the nanocomposite structure were discussed in the
Ref. [60].

The finger print phase of IONP in nanocomposites can be unequi-
vocally probed by micro Raman spectroscopy. As for instance, even in
very thin LbL structures, the Raman spectrum of the nanocomposite
comprising only 3 bilayers (IONP/PSS)3), excited with argon ion laser
(N = 514nm), displayed in Fig. 4, shows characteristic features of
magnetite [75]. To minimize degradation, this spectrum was recorded
at the lowest laser excitation, 0.3 mW [96]. Raman modes were iden-
tified from data available in the literature considering the characteristic
vibrational modes of the cubic spinel: Tzlg for 193cm™?, E, for
306cm ™Y, T, for 450-490 cm ™!, and T, for 538 em™!, and A, for
668 cm ™, for Fe30, single crystal, describing normal mode motions of
the FeQ, tetrahedron [97].

After the fitting procedure of the Raman spectrum (Fig. 6) per-
formed with Lorentzian-like components, it was found the presence of
five peaks, at 189 (Ty(1)), 328 (E,), 470 (Tx(2)), 540 (Tpz(3)) and 670
(Agp) cm ™!, characteristics of magnetite phase [97]. Further, the pre-
sence of the polymer PSS encapsulating IONP preserves the magnetite
phase against laser irradiation during micro Raman experiments.
Otherwise, in the case of the magnetite powder sample, submitted to

(IONP/PSS), %,

Raman Intensity (a.u.)

| | | |
400 500 600 700
Wavenumber (cm™)

Fig. 6. Room temperature Raman spectrum of (IONP/PSS); nanocomposite
sample excited with argon ion laser (A = 514 nm) [75].

I |
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Fig. 7. ZFC-FC curves obtained with a DC field of 100 Oe (A) cit-MAG/PANI nanocomposite film containing 50-bilayers and (B) cit-MAG powder sample [62].

the same measurements conditions, its Raman spectrum displays also
characteristic bands of maghemite, indicating some level of oxidation
[75].

UV-vis spectroscopy, QCM data and AFM images, show that the
successive dipping of substrates into cationic IONP dispersions/anionic
polyelectrolyte solutions, or anionic IONP and cationic polymers, as
shown in Scheme 1, results in a constant increase on the adsorbed
amount of each component and respective layer thickness. This beha-
vior is highly reproducible from sample to sample provided that phy-
sicochemical conditions of deposition, for example nanoparticles’ and
polyelectrolytes’ concentrations have been previously established.
These nanocomposite characteristics can be improved further by per-
forming the LbL assembly with the assistance of an automated system
[98].

3.2. Magnetic properties

IONP/polymer nanocomposites can display collective magnetic
properties arising from inter-particle interactions [99]. The magnetic
interaction between particles is connected with a specific structural
conformation of the nanocomposite. Therefore, the relative importance
of these contributions can be tuned experimentally to some extent by
changing the nanocomposite characteristics, such as particle-size, de-
gree of polydispersity, magnetic anisotropy, and average interparticle
distance, as well as nanocomposite morphology. In particular, dipolar
interactions can play a significant role in macroscopic behavior of
magnetic nanocomposites [100-102].

Concerning LbL assemblies, nanoparticle interactions depend on
particle and polymer characteristics, as well as particle spatial dis-
tribution inside the matrix. The fine tuning of structure thickness and
average particle-particle distance within the nanocomposite can be at-
tained by varying the number of bilayers (IONP/polymer) or via
changing the concentration of particles within the colloidal dispersion
used as source of nanoparticle in LbL deposition [62,69]. Therefore, the
simulation of real three dimensional systems to predict the magnetic
response of an ensemble of interacting magnetic nanoparticles is
mandatory to understanding the relationship between the nano-
composite structure and the end magnetic properties.

Experimental investigations comprising field- and temperature-de-
pendence of magnetization and susceptibility of LbL nanocomposites
have been performed. Initially, Aliev et al. studied the effect of silica
coated IONP LbL assembled on the interparticle interaction, and its
effect upon magnetic properties through field-dependence of magneti-
zation and field and temperature dependence of susceptibility mea-
surements. As a control sample, they prepared nanocomposites with
uncoated IONP. According with their findings a reduction of the co-
operative magnetization switching between adjacent NPs occurred, due
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to the presence of the insulating silica shell [55]. Kim et al. investigate
the LbL assembly of IONP and PSS, performing a detailed character-
ization on the nanocomposite structure. Regarding magnetic properties,
the magnetization versus applied field attained from nanocomposite
sample comprising two bilayers of IONP/PSS showed the same behavior
of pure IONPs [58]. Experiments conducted afterwards showed that the
superparamagnetic behavior of the iron oxide nanoparticles is main-
tained after their LbL assembly with either conducting or not con-
ducting polymer matrixes [58,64,70]. The magnetic properties of
stratified LbL structures comprising IONP and PDDA obtained with
montmorillonite clay, were compared with similar structures com-
prising only IONP and the polymer [57]. The authors attributed the
differences between magnetic properties of assemblies with different
architectures to the insulation effect of the clay layers inserted between
IONP layers. The authors claim that the montmorillonite sheets disrupt
the electron exchange interactions between the magnetite nanoparticles
in adjacent layers, thus limiting the magnetization reversal to two di-
mensions [57]. The presence of IONP in LbL structures — comprising a
polymer and a dispersion of colloidal IONP added to poly(o-ethox-
yaniline) (POEA) solution — was accessed through ZFC and FC curves of
nanocomposites with 30 bilayers. This procedure gives also an indica-
tion of the order of magnitude of the mean radius of IONPs [61]. Pichon
et al. studied the magnetic properties of LbL assembled monodisperse
IONP with PAH, by comparing samples with different architecture ob-
tained with IONP layers separated by bilayers of PAH/PSS [68]. They
found that NPs interact preferentially in the plane of the IONP layers
through dipolar interactions. Moreover, they also conclude that the
resulting strong magnetic anisotropy along each IONP layer induces
their antiparallel coupling, the later being dependent on the dipolar
interactions occurring between NPs of adjacent layers [68].

In nanoparticulated magnetic systems, the zero-field-cooled (ZFC)/
field-cooled (FC) magnetizations are sensitive to the size, morphology,
and particle-particle interaction [103]. The ZFC/FC curves (DC probing
field of 100 Oe) of the cit-MAG/PANI nanocomposite film containing
50-bilayers and of cit-MAG powder sample are presented in Fig. 7 (A)
and (B), respectively. The estimated blocking temperature (Tg) for the
powder sample was ~ 80 K, while for (cit-MAG/PANI)s, was ~40 K. It
is observed a reduction of Ty from the IONP powder to the nano-
composite, that can be attributed to the fact that cit-MAG nanoparticle
is enveloped by the polymer, as observed in Fig. 5(B). Attained Ky va-
lues are in agreement with the observed behavior of the magnetization
curves, which did not presented coercivity above these temperatures
[62]. However, the ZFC curve does not exhibit the typical Curie-Weiss
behavior above 40 K. The authors attributed this deviation to the par-
ticle-particle interaction. Values of Ty obtained from the recorded ZFC/
FC curves using the cit-MAG/PANI nanocomposite films comprising 5-,
10-, 25-, and 50-bilayers were 30, 35, 39, and 40 K, respectively. The
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monotonic increase of Tg with the number of deposited bilayers in-
dicates that interactions among nanoparticles increase the more cit-
MAG are incorporated within the nanocomposite. When nanosized
magnetic particles are brought close together the magnetic interaction
(dipole and/or exchange interaction) will affect the superparamagnetic
relaxation.

Theoretical and phenomenological studies proposed — to account for
nanosized magnetic particle-particle interaction — predict an increase of
the blocking temperature as the single particle anisotropy energy bar-
rier increases with the interparticle interaction [104-106]. For the case
of cit-MAG/PANI system, AFM images revealed that immersion of the
PANI-coated substrate into the magnetic fluid sample led to a dense
layer of cit-MAG and some aggregates, which could contribute toward
the increase of the nanoparticle interaction. As the multilayer deposi-
tion proceeds, more nanoparticles are incorporated within the nano-
composite and nanoparticle densification occurs, with nanoparticles
being accommodated into the voids left by previous layers, as observed
in HRTEM cross sectional images (see Fig. 5). In addition, the system’s
dynamic behavior from the temperature dependence of the ac magnetic
susceptibility components (in-phase (’) and out of-phase (¥”) was in-
vestigated, in the frequency range of 100 < f < 10*Hz [70]. The
temperature dependence of the imaginary part of the ac susceptibility,
x”(T), of the PANI/y-Fe,03) nanofilms reveals an increase of Ty as the
number of bilayers increases, as shown in Fig. 8(A). The ac magnetic
susceptibility of nanosized magnetic particles (noninteracting systems)
has been described by models proposed by Dormann et al. [107] and
Gittleman et al. [108]. For these systems, the time required for mag-
netic moment reversal along the easy magnetization axis follows an
Arrhenius-like behavior governed by t = 7,expAE/kpT, where 1, is the
microscopic magnetic relaxation time (related to the reversal attempt
frequency), AE is the effective energy barrier, ks is the Boltzmann
constant and T is the absolute temperature. From the maxima of
X (T)xT curves, at each measuring frequency (f), Arrhenius plots
(logzxT~') were obtained, from which AE and 7, were extracted [69].

Fig. 8(B) shows that AE systematically increases and tends to sa-
turate as the number of bilayers increases from 5 to 50. This increase in
AE was attributed to film densification, which implies in shortening the
particle-particle distance and, consequently, enhancing the particle-
particle dipolar interaction. Furthermore, the estimated AE /kg value for
the PANI/y-Fe;O3 nanofilms are rather high, compared with typical
values found in non interacting magnetic nanoparticles where a
thermal-activated magnetic relaxation process follows an Arrhenius law
[109]. Furthermore, only the (PANI/y-Fe;O3)a s nanofilm presented
7,value within the range of noninteracting superparamagnetic particles.

In summary, the results attained from magnetic measurements
about the behavior of the blocking temperature, effective energy bar-
rier, and the microscopic magnetic relaxation time, as a function of the
number of bilayers of PANI/y-Fe,O3 nanocomposites (from 5 to 50),
evidenced the occurrence of dipolar interactions. Simulations of the as-
produced samples were performed to assess both the nanocomposite’s
morphology and the corresponding magnetic signatures using the cell
dynamic system (CDS) [110] approach and Monte Carlo (MC), re-
spectively. MC simulations were developed through the standard Me-
tropolis algorithm. In a first step of the multistage simulation proce-
dure, the distribution of particles within the hosting matrix was
attained by means of the CDS model. The 3D structure provided by the
CDS step was further employed in a Monte Carlo (MC) simulation of
zero-field-cooled/field-cooled (ZFC/FC) and magnetic hysteresis loops
(M x H curves) for the system. These simulations were aimed to draw a
realistic picture of the as-produced ultra-thin nanocomposites com-
prising maghemite nanoparticles dispersed in polyaniline.

The (PANI/cit-MAG),, nanocomposite film is a typical binary system
composed by nanosized magnetic particles embedded within the poly-
meric matrix, as observed in the cross-sectional micrograph of a (PANI/
cit-MAG)g.10 sample containing ten (n = 10) bilayers (Fig. 5(B)). This
binary material system was idealized by an array of individual and

43

Journal of Magnetism and Magnetic Materials 467 (2018) 37-48

1.25
| (PANI/cit-MAG) bilayers
1.00F * 5 A
L -
T o754 °
N 50
e 050}
o
< 0.25+
000} &% .3
0 50 100 150 200 250 300
Temperature (K)
3200
2800 F —-—-—/i
—~ 2400 |+
X h
0 .
2~ 2000 -
S~
LlJ L
< 1600}
1200 - 0 10 20 30 40 50
| PANI/cit-MAG bilayers
800 Il L 1 L 1 " 1

0 10 20 30 40
PANI/cit-MAG bilayers

Fig. 8. Imaginary x” component of the ac susceptibility (A) and effective en-
ergy barrier (B) of (PANI/y-Fe;03)a_, samples with different number of bilayers
(n = 5, 10, 25 and 50 bilayers). The inset of (B) shows the obtained values of z,
using the Arrhenius relation. Symbols are experimental points, whereas solid
lines are guide to the eyes [70].

50

isolated spheres, with a well-defined average radius and size distribu-
tion, packed in a local HCP order but presenting long-range disorder.
The real sample was prepared from a colloidal suspension composed by
monodomain nanosized particles (cit-MAG), with average diameter
Drgv = 7.5 nm determined by TEM. Fig. 9 shows the simulated cross-
section IONP/polymer structure after CDS modeling. It is important to
point out that the simulated is solely generated by the algorithm [72].

To simulate the nanocomposites with increasing thickness, nano-
particles were arranged within three hypothetical ultrathin slabs of
increasing thickness: S1 (541.9nm X 541.9nm X 27.1nm), S2
(338.5nm % 338.5nm X 33.9nm), and S3 (233.9nm X 233.9 nm
x 36.0nm). Such arrangements provided quasi-2D structures with
different particle-particle distances. Particles with lognormal diameter
distribution centered at D = 7.5 nm were considered in this simulation.
After 2,000 iterations, the simulated pair distribution function, g(r),
attained for each slab indicates a short-range order, characterized by
the presence of a first peak located at Rg; = 12nm, Rgy = 10 nm and
Rs3 = 8 nm, respectively. In real samples, these values represent the
nearest-neighbor particle distance (center-to-center). The pair dis-
tribution function, g(r), attained by the CDS simulation (Fig. 10 (B))
clearly indicates the nanoparticles’ ensemble has a short-range order at
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20nm

Fig. 9. Cross-section IONP/polymer structure after CDS modeling [72].

distances shorter than 30 nm. From the first g(r) peak position (see
Fig. 10(B)) one determines the average center-to-center nearest
neighbor distance (R,,) equal to 10nm [72]. The correspondent ex-
perimental value determined from HRTEM images as observed in the
inset of Fig. 10(A) is also 10 nm. It appears that morphological features
simulated by the CDS model correlate quite well to those presented by
the real sample HRTEM micrographs.

After the CDS simulation the values of order parameter for all cells
were extracted. Afterwards, this information was converted into Np sets
of parameters {7,-); r_n)l-; K,-S; é,-s} defined as position (71) ), total magnetic
moment (r_n),-), shape anisotropy constant (Kis) and easy magnetization
axis (e?is) of the i-th nanoparticle [72].

In the CDS simulated ensemble the distance Rnn between nearest
neighboring grains is relatively large, so that direct exchange and RKKY
interactions were neglected. Within this approximation, the magnetic
dipolar interaction was the only one considered in the energy terms to
take into account in the MC simulation. These simulated magnetic
structures (slabs S1, S2 and S3) were then employed in the Monte Carlo
simulation of ZFC/FC curves using the standard Metropolis algorithm
with angular-restricted steps (6,ax=15") [111,112]. The total energy of
the Np particles in the presence of an external magnetic field included
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Fig. 11. Blocking temperature distribution functions determined from the si-
mulated ZFC/FC curves at a field of 100 Oe. Simulations were performed for the
three slabs, as indicated. The inset shows the simulated ZFC/FC curves for the
slab S1 [70].

the energy of particles due the external applied field (H), shape (K°)
and crystalline (K¢) anisotropies, and dipolar energy contributions.
[72]. Using this approach, the ZFC/FC curves were simulated for
Hpc = 100 Oe (in plane) at a rate of 50 MCS/2 K, where MCS refers to
MC steps. The simulated distribution of Ty values is shown in Fig. 11
and represents the averages of more than 2,000 independent realiza-
tions. The inset in Fig. 11 shows the simulated ZFC/FC curves for the
slab S1. Note that the Tz values obtained from the curves shown in
Fig. 11 systematically increase from the thinner (S1, Ty = 29.5K) to the
thicker (S2, Tz = 30.2K and S3, Tz = 33 K) slabs, as observed in the Ty
values attained for the fabricated PANI/y-Fe,O3 nanofilms. This finding
represents a strong support to the hypothesis that both blocking tem-
perature and effective energy barrier for magnetic moment reversal
increase as the PANI/y-Fe,O3 nanofilms become thicker and denser, as
the particle-particle distance decreases and, consequently, the dipolar
interaction becomes stronger.

Recently, Shi et al. investigated the magnetic properties (coercivity
and saturation magnetization) of the (APTS-Fe30,/LDH)n composites
as a function of interparticle distance, in the horizontal and vertical

PANI layer A
~3nm &

G

Simulation

g(r(a u)

Fig. 10. HRTEM cross sectional image of IONP/PANI sample (A) the inset shows the experimental average center-to-center nearest neighbor distance. The pair
distribution function, g(r), attained by the CDS simulation (B) indicates the average center-to-center nearest neighbor distance equal to 10 nm [72].
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Scheme 2. Illustration of the assembly and structure of the (APTS-Fe;04/LDH), films and the effect of changing the composition (and charge) of the MgxAl-LDH
material: (A) x =1andt=0h, (B)x=2andt=0h, (C)x =3 and t = 0h, and (D) x = 4 and t = O h. Reprinted from [74].

directions. The nanocomposité morphology was modulated by con-
trolling the charge density and layer thickness of layered double hy-
droxides (LDH) - Mg,Al-NO3 LDH (x = 1, 2, 3, and 4) nanosheets [74].
Scheme 2 illustrates the assembly and structure of the (APTS-Fe304/
LDH), films and the effect of changing the composition (and charge) of
the MgxAl-LDH material: (A) x =1andt=0h,(B)x=2and t=0h,
(O x=3and t=0h, and (D) x = 4 and t = 0h. The magnetic hys-
teresis loops for the (APTS-Fe;04/LDH)3s films (x =1, 2, 3, and 4)
measured at room temperature showed that all samples exhibit the
superparamagnetic behavior with negligible coercivity (Hc). They
found that the (APTS-Fe304/LDH)35 films (x = 1, 2, 3, and 4) display
noncoincident hysteresis loops in the parallel and perpendicular di-
rections of magnetic field, compared to the coincident curves of the
Fe304 and APTSFe;04 nanoparticles, indicating magnetic anisotropy of
nanocomposites. Further, Hc value in the parallel direction is more than
3-folds higher than that in the perpendicular direction, but the sa-
turation magnetization in the parallel direction is only ~80% of the
perpendicular one. The authors claim that the rigid and oriented LDH
nanosheets induced ordered alignment of the spherical Fe;04 nano-
particles, resulting in magnetic anisotropy property of nanocomposites
[74].

4. Applications

The potential of novel LbL architectures (thickness 50-90 nm),
comprising cobalt ferrite nanoparticles (np-CoFe,0O4) and polyelec-
trolytes (sulfonated lignin — SL, poly(3,4-ethylenedioxy) thiophene:po-
lystyrene sulfonic acid — PEDOT:PSS, and Polyaniline — PANI), for
chemical sensing and energy storage, was evaluated by impedance
spectroscopy [113] while they were exposed to room air, or immersed
into ultra-pure water or diluted NaCl aqueous solution [24,25]. Three
types of nanocomposite architectures were assembled on top of inter-
digitated microelectrodes (IMEs): film-I (control): (PANI/SL);¢; film-II
(np-CoFe,04/PEDOT:PSS),o and film-III: (PANI/SL/np-CoFe,0,4/SL)s,
as illustrated in Scheme 3. Impedance data were further fitted with
equivalent circuit models from which individual contributions of par-
ticle’s bulk and interfaces to the charge transport within the nano-
composites could be evaluated. They found that the charge transport
across the polyelectrolyte/nanoparticle interfaces dominates the di-
electric behavior of nanocomposite based on np-CoFe,O, assembled
LbL with different polyelectrolytes. The complex permittivity and the
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dissipation factor of these NCs are much smaller than those measured in
pressed pellets made exclusively of np-CoFe,O,4. Furthermore, they
found evidences that such NCs display a synergistic dielectric behavior,
different from that exhibited by their individual counterparts, much
likely due to enlarged nanoparticle—polyelectrolyte interfaces. These
findings enable these IONP structures to applications where energy
dissipation has to be minimized, for example in capacitors [24].

Nanosized np-CoFe,0,4 assembled onto IMES originates sensoactive
materials for liquid media chemical sensors, due to the electrical in-
sulating behavior and the enhanced interfacial area provided by IONP.
These resulting NCs are sensitive to the presence of ions in solution, as
indicated by fitting impedance data with the response of an equivalent
circuit model [25].

LbL. (PANI/IONP@cit),, nanocomposite film, assembled onto
Indium-doped tin oxide (ITO) substrates, has been produced and tested
as electrodes for supercapacitors. The electrochemical behavior of
(PANI/IONP@cit),, structures as working electrode was investigated
by cyclic voltammetry and chronopotentiometry in a three-electrode
configuration cell (reference electrode: Ag/AgCl; counter electrode: Pt)
in 0.5mol x L™! Na,SO4 as the electrolyte solution. They found that
this low-cost structure is promising candidate for potential application
as electrodes for supercapacitors [76].

5. Conclusions

In this review we have summarized some recent progress on design
and assembly of hybrid nanoscale composites consisting of iron oxide
superparamagnetic nanoparticles and polymers prepared by LbL. The
LbL concept, the characterization techniques, the influence of the de-
position parameters, the physical properties of the nanocomposites, and
some of their applications have also been addressed. The IONP mate-
rials can be LbL assembled due to electrostatic interactions. In addition,
their composition and structure can be fine tailored. The internal
structure of the resulting nanocomposites features individual particles
enclosed by an extremely thin layer of polymers, as observed in cross-
sectional TEM images and further confirmed by electrical measure-
ments. Hence the respective nanocomposite films exhibit a synergistic
dielectric behavior quite different from that of their individual com-
ponents. This unique feature, rarely observed in nanocomposites ob-
tained by other physical or chemical methods, opens up opportunities
for their applications in sensors and other devices such as capacitors in
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Scheme 3. Illustration of different nanocomposite architectures and materials employed in the depositions [24].

which energy dissipation has to be minimized.

Nanocomposite morphology can be simulated using the CDS. These
3-D simulated morphologies can serve as an input data to perform
Monte Carlo simulation of magnetic properties of these nanocompo-
sites. The computational results are in good agreement with cross-sec-
tional HRTEM images, and magnetic measurements (MxH and ZFC/FC),
indicating that nanoparticles LbL assembled present some level of in-
teraction that can be modulated by deposition conditions. Moreover,
the interparticle dipolar interactions can be tuned by controlling the
IONP concentration of the magnetic colloidal dispersion, by changing
the number of bilayers (thickness) and NC architecture [68-72,74],
opening-up possibilities to produce ferrite nanoscale magnetic mate-
rials with tailored characteristics.
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