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Abstract: Since its inception in 2007, the Colloidal Materials Group, one of the research groups in
nanotechnology of the Institute of Chemistry of Sdo Carlos (IQSC) at University of Sdo Paulo (USP)
carries out studies related to the development of syntheses methods of nanoparticles and multifunctional
nanostructured systems. Our works search new synthesis methodologies that allow high size and shape
control of the individual nanoparticles or that compose the nanostructured systems and has as a principle
the synthetic approaches based on the modified polyol and thermal decomposition processes. Systems
involving nanoparticles have received extensive attention both in the fundamental research and in several
technological applications exploring the unique properties presented in nanomaterials. These properties are
strongly size- and shape-dependent of the nanoparticles and a large distribution of size or shape implies
in a high response dispersion, justifying the intense research for the so-called nanoparticle monodisperse
systems. In this review, we present the main aspects to obtain monodisperse nanoparticulate systems,
correlating with the synthesis processes used in our group and some of our results in systems involving
nanoparticles with magnetic, optical, and electronic properties, as well as some obtained composite
materials for different applications.
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INTRODUCTION

In the last decades, the nanomaterials research, mainly nanoparticles or nanocrystals, has been widely
intensified in all development stages, from synthesis, characterization, performance and applications,
encompassing basic materials like pure metals or metal oxides and complex ones as multifunctional or
nanostructured hybrid materials (Lu et al. 2007, Park et al. 2007, Boles et al. 2016, Kovalenko et al. 2015).
As extensively mentioned in the works on nanotechnology, interest from both a scientific and a technological
point of view comes, respectively, from both to know and explore new and different properties inherent
to the nanoscale. These unique properties of nanometer-scale materials have been investigated with its
potential innovative applications, for example in energy conversion (Bott-Neto et al. 2017, Chen et al.
2015, Gomez-Marin et al. 2016, Yin et al. 2014, Huang et al. 2015, Lima et al. 2012), environmental
remediation and agriculture systems (Dasgupta et al. 2015, Sozer and Kokini 2009), data storage (da Silva
and Varanda 2011, Marques et al. 2001, Santos et al. 2008, Varanda et al. 2001, 2002a, b, ¢, 2004) and
biomedicine (Bini et al. 2016, Feng and Liu 2011, Lim and Majetich 2013, Tartaj et al. 2003, Beck et al.
2011a). Effects of quantum confinement and the local energy disorder of surface atoms make the properties
of nanoparticles strongly size-dependent (Kovalenko et al. 2015, Rogach et al. 2002). Although this is a
notable advantage for the nanomaterial use, it can also be villain considering the uniformity of expected
response for the nanostructured system will be as broad as the polydispersity degree ( o) regarding the
size and shape distributions of the nanoparticles (Hunter 2001). Not less important than the nanoparticles
shape and size control, special attention should be given to the homogeneity of both chemical and structural
compositions of the individual nanoparticles (Beck et al. 2011b). Thus, the narrow control over the size and
shape uniformities of the nanocrystals is the key to obtain the expected response with simultaneous accuracy
and precision.

Thereby, synthesis routes to obtain the so-called monodispersed systems, in which ¢ is less than 10%,
are essential to fully exploit the potential of nanoparticulated systems (Hunter 2001). Several methodologies
based on physical and chemical approaches have been developed and used in the manufacture of shaped-
and sized-controlled nanocrystals, each one presenting advantages and disadvantages (Gupta and Gupta
2005, Beck et al. 2011a). While physical methods enable scalability, they lack in controlling of its shape
and size, whereas it is just the opposite for chemical methods which provide high control over the process,
but a small amount of material (Park et al. 2007). Colloidal chemistry-based synthesis methods provide
the essential features to synthesize nanocrystals with the required uniformity. Among the diversity of
routes via colloidal methods reported, the modified polyol process or thermal decomposition method, as
well as their variations have gained prominence. The exceptional uniformity of nanocrystals (shape, size,
composition and structural properties) is achieved by controlling the nucleation and growth processes,
adjusting experimental conditions (concentration, atmosphere, among others) and using metal precursors
in organic solvents with high boiling points in the presence or absence of surfactants. Additionally,
extraordinary success has been reported combining the modified polyol process with the hot-injection
approach, where one or more precursors are injected into the reaction medium at a temperature above its
decomposition temperature leading to instantaneous and homogeneously nucleation.
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Since its inception, our group has been to develop new synthesis routes of nanoparticles and
nanostructured materials based on the modified polyol process combining or not the hot-injection approach.
In this brief review, we present some of our main results concerning the uniformity control over
nanocrystals and nanostructured hybrid materials involving nanoparticles with magnetic, optical, and
electronic properties. In the first sections of the review, we show the main aspects of nucleation and
growth processes that lead to the effective control over uniformity of the nanocrystals and the main
characteristics of the modified polyol process and hot-injection methods. In the following sections, we
present results on different systems involving magnetic, optical, and semiconductor nanoparticles, as well
as some nanostructured hybrid materials.

STATEMENTS OF NUCLEATION AND GROWTH PROCESSES

The success to obtain uniform nanoparticle systems depends fundamentally on understanding and separating
the nucleation and growth processes during the synthesis. There are excellent reviews in the literature
covering theories and mechanisms of nanoparticles nucleation and growth from solutions (Kwon and Hyeon
2011, Finney and Finke 2008a, b), vapor (Zhang et al. 2012) and in solid phase through epitaxial growth
(Carbone and Cozzoli 2010). In this section, however, we intend to address the main characteristics of the
Classical Theory of Nucleation and Growth described by the LaMer model, called LaMer burst nucleation
(Lamer and Dinegar 1950, Lamer 1952), combined with the Ostwald ripening (Ostwald 1900) that describes
the nanoparticle growth. We intend to give the reader the fundamentals of these models, leading to an
understanding of their importance to synthesize monodisperse nanoparticle systems. The process of nuclei
formation can be understood as an aggregation of species in solution (monomers) originating, initially,
clusters from these species that can grow until reaching a size where it comes to be considered nuclei,
primary particles or seeds. The exact definition of monomers is difficult to generalize because each material
can be composed of different "units" like atoms (elementary), anions, cations, or molecules. There are two
types of nucleation in solution: (i) zomogeneous nucleation, which is carried out throughout the original
(parental) solution in a uniformly distributed manner and (ii) /eterogeneous nucleation, which occurs in
the inhomogeneities of the solution as vessel surface, onto the impurities surface or particles present in the
medium, among others. If the nanoparticle nucleation and growth steps in liquid solution are not adequately
separated, heterogeneous nucleation can occur with extreme ease, since the monomers can be incorporated
onto the previous stable nuclei whereas new nuclei are developing.

Thermodynamic considerations can be used to understand the homogeneous nucleation process in
solution (Thanh et al. 2014) considering the process Gibbs energy balance. Initially defined by Mullin
(Mullin 2001) and later reformulated by Thanh (Thanh et al. 2014, Burda et al. 2005, Kwon and Hyeon 2011,
Park et al. 2007, Nguyen 2013), the model considers the Gibbs energy associated to the nucleus formation
reaction ( AGR) as a sum dependent of the surface contribution ( AGyg), related to with surface energy (
v), and the energy associated with particle volume ( AG,), which is proportional to the energy difference
between the monomer in the solution and in the bulk crystal. Thus, considering a spherical nanoparticle with
radius r, the energy for the overall process and the contribution of surface and bulk energies are given by
equation (1). The bulk crystal energy ( r — o) depends on the supersaturation of the solution ( S), the molar
volume of the crystal ( v), the temperature ( T) and the Boltzmann constant ( kg), equation (2).
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4
AGR = AGg + AGy = 4y + gTcr3AGV (1)
AG, = KBTI 2

Vv

The first term of AGR is always positive because the y values are positive, and the second term is
negative values, and AG, favors the nanoparticles formation as higher the monomers supersaturation value
('S). The behavior of AGg, therefore, assumes a maximum value for the Gibbs energy, from which the
nucleus becomes stable. Thus, the value of the critical radius r; and the critical energy AG, for the growth
of the particles can be obtained through the derivative dAGr/dr = 0, equation (3) and (4), respectively. The
critical radius corresponds to a limit in which the formed cluster can survive in the solution without being
re-dissolved. Therefore, clusters formed in the nucleation step with a radius greater than ro become stable
nuclei and tend to grow, whereas smaller ones than r. re-dissolve generating free monomers in solution,
as shown in the graph of AGR(r), Figure 1a. The nucleation rate ( dN/dr), nucleation of N particles in
a time t, can also be defined as an equation Arrhenius-type related to AGg, equation (5), where A is the
pre-exponential factor. A large number of stable nuclei in a short time (high dN/df) leads to the homogeneous
nucleation favoring the monodisperse systems formation. Since the conditions are strongly dependent on the
supersaturation of monomers in the solution, the monomers concentration needs to be highest to result in
high stable nucleation rate and uniform size. Kwon and Hyeon (Kwon and Hyeon 2011) have shown through
theoretical simulations that the increase in value from S =2 to S = 4 results in an increase in the nucleation

rate of ~1070,
fe= ;}Yv - kBiYth(s) @
AG. = %nyrg = m 4)

After the nuclei formation, the nanoparticles growth starts, and two growth processes can be highlighted:
the mechanism controlled by reaction (reaction surface) and the controlled by the monomer’s diffusion to
the particle surface, were the latter is desired because it can lead to the formation of monodisperse particles
(Sugimoto 2001). The diffusion Fick first law, equation (6), can be used to describe the flow of monomers
from the solution to a particle in a homogeneous medium (Reiss 1951). Concerning a spherical particle, a
concentration gradient with spherical symmetry is formed around it. There is, therefore, a flux of monomers
(J) that diffuse through this sphere of the concentration gradient and considering the diffusion coefficient (
D), the particle radius ( r) and concentration ( C) at a distance x from the center of the particle (where x>r):

1= 4n2p9C (6)
dx

Considering the steady-state of solute diffusion, in which J can be found as constant irrespective to x

and integrating C(x) fromr tor+0, being & the distance from the particle surface to the bulk concentration
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Figure 1 - (a) Schematic Gibbs energy of nucleation and growth processes showing the “critical” behavior. Classical LaMer model
diagrams of nucleation and growth according to the time-dependence of monomer and stable nuclei concentrations at (b) fast and (c)
slow nucleation process in two monomer supersaturation conditions. (d) Time-dependence of stable nuclei uniformity distribution
related to schematic diagrams in (b) and (c). Experimental apparatus using in the synthesis procedures of (e) modified polyol process
and thermal decomposition and (f) the hot-injection approach.

of monomers ( Cp), and taking Cg as the monomers concentration on the particle surface, it is possible
to develop the model to obtain the growth rate limited by the monomer diffusion to the particle surface,
equation (7) or reaction rate of the monomers on the particle surface, equation (8). Kgr in equation (8) refers
to the surface reaction rate; A complete development of the equations and the model can be found in the
literature (Kwon and Hyeon 2011).

dr v

o =D (Cg-Cs) (7
dr

e Krv (Cp-Cs) (8)

In general terms, the discussion did not consider the kinetic dependence of the nanoparticle growth with
its size. In fact, during the growth, the precipitation and dissolution processes co-occur (Peng et al. 1998).
The Gibbs-Thomson relation can be used to modify the equation (7) considering the additional chemical
potential due to the curvature radius of a spherical nanoparticle, Ay =2yv/r. When this potential is combined
in equation (7), a general expression for the growth rate of the nanoparticle is obtained, equation (9), based
on dimensionless rate, which correlates the degree of supersaturation, S = CB/C; e where the equilibrium
surface of the bulk crystal ( r — o) with respect to u°:
dr*  S—exp(1/r¥)
dt . r+K ©)
This expression allows defining two dimensionless parameters, the dimensionless radius ( r*) and the
dimensionless time ( 1), respectively, equations (10) and (11). The parameter K defined in the equation (12)
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relates the type of growth mechanism, where kg is a growth rate constant for a flat surface with r — oo
(Talapin et al. 2001). The parameter K presents values in the range of 107 to 103, where K>>1 and K<1
are respectively attributed to the growth controlled by reaction and diffusion. The dimensionless growth
rate, in turn, indicates under which conditions growth ( dr*/dt > 0) or dissolution ( dr*/dt < 0) of the particle
occurs (Talapin et al. 2001).

kgT
r*=-B ¢ (10)
2yv
(kgT)?DC.
r= S (11)
4vyv
k
K= kgT D (12)
2yv kg

The synthesis of a monodisperse nanoparticle system is favored by fast and effective homogenous
nucleation (burst nucleation), separating the nucleation and growth stages appropriately so that secondary
nucleation does not occur. LaMer mechanism is one of the most commonly used models to represent this
behavior (Lamer and Dinegar 1950, Lamer 1952). Accordingly, to the model, there is a high energy barrier
to be overcome to promote homogeneous nucleation (Figure 1b and 1c). The LaMer model can be divided
into three steps, evaluating the variation of monomers concentration in solution concerning time. In the
induction step ( Irps), the monomers remain in solution and no precipitation is observed due to the energy
barrier, even if the supersaturation condition ( S > 1) has been reached. At this point, the monomer clusters
do not have enough energy to stabilize and are re-dissolved. After the critical saturation ( S>Scgrr) is
achieved, the number of clusters is high enough to overcome the energy barrier and promote the stable
nuclei formation, stage N (burst nucleation). The formation of the nuclei leads to a rapid decrease in the
free monomer’s concentration and when its value becomes lower than Scg;r, no new nuclei formation is
observed, the nucleation is effectively stopped, and the growth step G starts.

As shown in Figures 1b and lc, the stable nuclei concentration is related to the elapsed time for the
concentration to overcome and, subsequently, to decrease with Scgyr. The faster this process is, the more
effective is nucleation, and the formed nuclei present high homogeneity. If the duration of the process is wide
enough, nucleation and some growth may occur simultaneously, as shown in Figure 1d. Further, accordingly
to Gibbs-Thomson’s description, both in nucleation and particle growth processes, dissolutions may occur
because of the curvature radius of the formed particles. The Ostwald ripening (Ostwald 1900) model can be
used to evaluate this phenomenon, in which smaller particles can be re-dissolved and the monomers released
in solution are incorporated onto the larger particles. Thus, long nucleation times may lead to the Ostwald
ripening process even during the nucleation step disfavoring the particle uniformity. Finally, monodisperse
systems should be favored by faster monomers supersaturation in solution so that the burst nucleation is
effective and in the shortest possible period (Baronov et al. 2015).

EXPERIMENTAL APPROACH

The general experimental apparatus used in all syntheses of polyol and their different approaches are shown
in Figures le and 1f. The reactants, solvent, surfactants, and polyol are mixed in a three-neck round-bottom
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flask coupled to a Graham condenser. The polyol can be used simultaneously as a solvent and reducing
agent (standard polyol method), as only a reducing agent in the modified polyol and thermal decomposition
methodologies by using another high boiling point solvent or be absent in some syntheses via thermal
decomposition. The second neck is used to introduce different atmospheres into the reaction medium, and
the last one is closed with a rubber septum containing the thermocouple that remains immersed into the hot
solution also allowing the hot injection via the syringe (Figure 1f). This system is mounted on a hemispherical
heating mantle and kept under magnetic stirring by a magnetic stirrer placed below the heating mantle.
The temperature, heating rates, and reaction time are assisted by a proportional-integral-derivative (PDI)
temperature controller using the thermocouple signal.

The polyol process was initially proposed by Fiévet et al. (1989), by using metal nitrates or chlorides
in a diol medium (ethyleneglycol, EG or tetraethyleneglycol, TEG) used as a solvent and reducing agent
in the presence of a small amount of NaOH. Monodisperse metal or metal oxide micrometric particles
were successfully obtained. Sun et al. (2000, 2001) modified the original methodology proposed by Fiévet
using a high boiling point solvent and replacing the diol by a long chain polyol (1,2-hexadecanediol) in
low concentration. Monodisperse FePt nanoparticles with high crystallinity were synthesized using iron(0)
pentacarbonyl and platinum(Il) acetylacetonate as metal precursors. However, the control of the chemical
composition of the metallic alloy was difficult due to the high volatility of the carbonyl reactant, besides its
toxicity. Some modifications were made in the methodology, replacing iron(0) pentacarbonyl by iron(III)
acetylacetonate and adjusting the experimental parameters resulting in monodispersed nanoparticles with
high-controlled chemical composition and low toxicity reactants uses (Beck et al. 2011b, Santiago et al.
2007, Varanda and Jafelicci 2006, Varanda et al. 2007). There is no clear division in the literature concerning
the terms "modified polyol process" and "thermal decomposition". In general, the modified polyol process
term has been applied when the polyol is the reducing agent, but not the solvent. In counterpart, thermal
decomposition has been widely used for systems that also use high boiling point solvents where one of the
reactants behaves as a reducing agent both in the presence and absence of a polyol.

The significant advantage of both methodologies is the use of high boiling point solvents and
organometallic precursors in the presence or absence of surfactants that could favor the control of
nanoparticles size (Kwon and Hyeon 2008, Park et al. 2007, Beck et al. 2011a, b). The compounds used
as precursors generally have good solubility in the synthesis solvent and relatively high thermal stability.
When the system reaches the proper temperature, the precursor decomposes quick and homogeneously
throughout the bulk solution. The monomers concentration drastically increases in the reaction medium
reaching the Scgryr level. Furthermore, either the solvent or surfactants present in the reaction medium
can act as coordinating agents improving the availability and dispersibility of the metal ions in solution
narrow the temperature range in which thermal decomposition occurs, that might be little broad due to
inhomogeneities such as temperature gradient or hot spots into the reaction medium.

The thermal decomposition of the precursors and, consequently, the increase of the monomer
concentration and the formation of stable nuclei can be even more efficient and homogeneous using the
hot-injection procedure. In this approach, one or more precursors are injected into the reaction medium at
higher temperatures than expected to promote their thermal decomposition. The concentration of monomers
becomes higher than the Scg;r nearly instantaneously, leading to the uniform nucleation in a very short
time interval. The concentration of free monomers remains high enough to promote uniform growth of stable
nuclei, resulting in highly monodisperse systems with a degree of polydispersity <5 (Donega et al. 2005).
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The nanoparticles synthesized by these methodologies exhibit excellent dispersibility in nonpolar
solvents due to the molecules that remain anchored or chemically bound onto their surface, giving them
a hydrophobic character. This characteristic is often treated as a disadvantage of the methods when
employability requires water-dispersibility behavior as in environmental and biomedical applications.
However, the literature has reported several procedures to exchange ligands resulting in nanoparticles with
a modified surface, enabling hydrophilic character and dispersibility in water (Neves et al. 2016).

SOME RESULTS IN THE NANOPARTICLES SYNTHESIS IN OUR GROUP
NANOPARTICLES WITH MAGNETIC PROPERTIES

Magnetic nanoparticles have been extensively studied due their potential applications in magnetic recording
(John et al. 2017, Ohkoshi et al. 2016), as tumor-targeting materials (Borroni et al. 2017, Akal et al. 2016),
and in diagnosis as contrast agents in Magnetic Resonance Imaging (MRI) (Igbal et al. 2015, Yoffe et al.
2013). In each of these applications, nanoparticles response to the magnetic field is strongly affected by
their composition, structure, size, shape and size distribution, requiring that nanoparticles syntheses lead the
formation of homogeneous material (Wu et al. 2016a). Here we describe the syntheses and contributions
of our group, and related literature, of magnetic nanoparticles of metal oxides, metals and metal alloys that
have strong size- and shape-dependent magnetic behavior.

Iron-based oxides have been developed for tumor-targeting materials, diagnosis as contrast agents, and
as a multifunctional platform for new materials (Vallabani and Singh 2018). The magnetic properties of the
nanoparticles are size-dependent, and the organic phase syntheses allow metal atoms to be homogenously
nucleate, avoiding the simultaneous nucleation and growth (Wu et al. 2016a). In this context, we investigated
the influence of the nature of reducer diol in magnetite nanoparticles synthesis based in modified polyol
process (Beck et al. 2011b), by thermal decomposition of iron(Ill) acetylacetonate using different polyols,
and also in its absence. The syntheses were carried out adding iron(IIl) acetylacetonate, oleic acid,
oleylamine and 15 mL of benzyl ether in a three necked-flask, and heating the system to reflux for an hour.
This procedure was repeated, adding as diol 1,2-dodecanediol, 1,2-tetradecanediol, or 1,2-hexadecanediol,
which allowed to evaluate how diol hydrocarbon chain could influence nanoparticles morphology (Figure
2). Nanocrystals synthesized using 1,2-hexadecanediol showed spherical shape and size around 5 nm
(Figure 2a). Replacing the diol by 1,2-tetradecanediol, nanoparticles shape became faceted and average
size increased up to 20 nm, as showed in Figure 2b. When 1,2-dodecanediol was used, similar faceted
nanoparticles were observed, however the size of nanoparticles increases to around 40 nm (Figure 2c).
Even in the absence of diol, nanoparticles presented high crystallinity, but the synthesis without diol in
benzyl ether led the formation of nanoparticles with morphological features like nanoparticles synthesized
using 1,2-tetradecanediol (Figure 2d). The syntheses carried out by thermal decomposition approach in diol
absence, at a higher temperature, 315 °C and 340 °C, respectively, by using 1-octadecene and docosane
resulted in monodispersed systems of spherical nanoparticles, as presented in the Figure 2e and 2f,
respectively.

The magnetic properties are correlated with its morphologies as showed in the magnetic hysteresis
loop in Figure 2g, indicating that the synthesized samples without diol and using 1,2-dodecanediol
presented saturation magnetization (M g47) near 70 emu g'l, which is near the magnetization of bulk
magnetite (Ozkaya et al. 2009). However, for smaller particles, synthesized with 1,2-tetradecanediol and
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1,2-hexadecanediol, M g47 was near 60 emu g'1 and 40 emu g'1 , respectively, which can be associated not
only with nanoparticles size, in smaller ones there are a large number of residual surfactants, that contribute
to samples mass, but do not respond to magnetic field. The sample with the largest nanoparticles presented
the highest coercivity, around 150 Oe, while the sample with the smallest nanoparticles has coercivity near
40 Oe. These results agree with the expected for single-domain nanoparticles, in which the coercivity is
proportional to nanoparticles volume (Li et al. 2017). Our results show that in this experimental method,
nanoparticles morphology is strongly dependent on diol and solvent nature, as well as the final reaction
temperature.

Metal oxide nanoparticles are the most representative inorganic nanoparticles for biomedical
applications since superparamagnetic iron oxide nanoparticles (SPIONs) were first reported as a potential
MRI contrast agent (Dias and Lauterbur 1986, Yoffe et al. 2013). However, commercially available
SPION-based contrast agents are non-monodisperse and present large hydrodynamic diameter, and can
be confused with bleeding, calcification of metal deposits in To-weighted MRI (Zeng et al. 2018). An
approach to overcome the drawbacks of SPIONS is the development of nanomaterials that present potential
to act as T-contrast agent, such as ultra-small ferrites nanoparticles (Wei et al. 2017) and MFe,O4-doped
nanoparticles, where M is two plus cations like Co, Mn, Zn and/or Ni (Lee et al. 2007).

In our group, ultra-small metal oxide nanoparticles were synthesized by the polyol, thermal
decomposition or hot-injection methods, which enable to control nanoparticles size, shape, and chemical
composition. Manganese ferrite nanoparticles were synthesized in high boiling point solvents, such as benzyl
ether, in the presence of 1,2-dodecanediol, oleic acid, and oleylamine. In this approach manganese(Il)
and iron(III) acetylacetonates, Mn(acac), and Fe(acac)z respectively, were heated to 200 °C for 60 min,
and later heated to boiling point for 120 min, promoting the formation of ultra-small manganese ferrite
nanoparticles with average size below 4.0 nm, Figure 3a. However, the temperature plateau at 200 °C makes
difficult to control nanoparticles nucleation and growth, since Fe(acac); decomposes in temperature around
180 °C, while Mn(acac), decomposition occurs only above 250 °C (Vonhoene et al. 1958). Moreover,
samples synthesized in this method are not monodisperse, and heating-up directly to the boiling point
does not solve the problem, because it avoids the incorporation of Mn(Il) into inverse spinel structure of
magnetite, leading to poor control over both chemical composition and size distribution (Figure 3b). Besides
heating-up syntheses enable to obtain a considerable diversity of nanomaterials, from metals alloys, oxides,
to semiconductors (van Embden et al. 2015), to synthesize monodisperse nanomaterials, precursors thermal
decomposition should occur in the same range of temperature, which avoids a secondary nucleation to
happen while nuclei are growing in solution (Song et al. 2007). When precursors thermal decomposition
cannot be managed to prevent simultaneous nucleation and growth, a useful approach is the injection of
at least one or both precursors only after the system reaches boiling temperature. The injection of the
precursors promotes burst nucleation and provides nanomaterials with rigid control over size, shape, and
size distribution (Zacharaki et al. 2016). Because Fe(acac); decomposition occurs in lower temperature
than Mn(acac),, the first was dissolved in about 2-3 mL of solvent and heated to 80 °C separately, while
the Mn(II) precursor, 1,2-dodecanediol and surfactants were solubilized in benzyl ether and heated until
reaching the boiling temperature. In that point, Fe(acac);-containing solution was injected into the system
and, therefore, the decomposition of both metallic precursors co-occur. This method produces size- and
shape-controlled ultra-small manganese ferrite nanoparticles with the average size of 3.8 nm, Figure 3c. The
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Figure 2 - Transmission electron microscopy (TEM) images of magnetite
nanoparticles synthesized via modified polyol process using benzyl
ether as the solvent and changing the diol hydrocarbon chain: (a)
1,2-hexadecanediol, (b) 1,2-tetradecanediol, (¢) 1,2-dodecanediol and (d)
without diol. TEM images of magnetite nanoparticles obtained by simple
thermal decomposition method in polyol absence and both different solvent
and final temperature: (e) 1-octadecene, 315 °C (self-assembled) and (f)
docosane, 340 °C. (g) Magnetic hysteresis loops at 300 K of magnetite
nanoparticle obtained via the modified polyol process according to the diol
nature and TEM images shown in (a-d).
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hot-injection method also leads to greater incorporation of Mn(Il) in the structure, which was confirmed by
Energy Dispersive X-Ray and Atomic Absorption spectroscopies.

Following the same approach, we also synthesized mixed ferrites containing Mn(II) and Co(Il) with
average sizes from 4.0 to 6.5 nm, Figure 3d-g. In mixed ferrites, the presence of both Mn(II) and Co(II)
contributed to nanoparticles morphology and magnetic behavior. For both manganese and mixed ferrites,
nanoparticles composition do not present the expected ratio of M(II)/Fe(III) (where M is the divalent metal)
for stoichiometric composition, as a result of partial reduction of Fe(Ill) to Fe(Il) during reaction and
consequent competition of M(II) and Fe(Il) for octahedral sites in the structure. Moreover, nanoparticles
magnetic behavior was strongly affected by composition and size distribution. In samples with reduced
control on nanoparticles size, saturation magnetization is lower than for samples with a narrow size
distribution, and this variation of saturation magnetization can be considered a consequence of the size
distribution enlargement, as indicated in Figure 3h. Furthermore, mixed ferrites with the proportion of
Mn(II):Co(Il) of 1:1 and 1:2, nanoparticles presented better control over morphology than samples with
the proportion of 1:3 and 1:5.

B by h

50

40

30

20-: \

Magnetization (emu/g)

Magnetic Field (kOe)

Figure 3 - TEM images of ferrite nanoparticles synthesized by the thermal decomposition method. MnFe, Oy ferrites at different
experimental heating conditions: (a) plateau at 200 °C before reflux, (b) without plateau (heating-up reflux), and (c) using the
hot-injection approach. Co(j_x)MnyxFe;O4 mixed ferrite with manganese ratio ( x) of: (d) 0.5; (e) 0.33; (f) 0.25 and (g) 0.18,
respectively. (h) Magnetic hysteresis loops at 300 K of Co(j.x)MnxFe;O4 assigned to nanoparticles showed in (d-g). TEM scale
bars indicate 50 nm.
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Nonetheless, manganese-based oxides were also reported as Tj-contrast agents in replacement of
SPION and had demonstrated significant potential to overcome the drawbacks of current iron-based contrast
agents (Hsu et al. 2016). These oxides, mainly Mn30,4 and MnO, have demonstrated positive T contrast
for molecular (Baek et al. 2010) and in vivo application in the determination of anatomical brain structures
in mice (Na et al. 2007). To synthesize MnO nanoparticles for biomedical applications, the most common
synthesis was using Mn-oleate thermal decomposition in high boiling point solvents (Park et al. 2004).
Thermal decomposition under inert atmosphere avoids the oxidation of Mn(II), and the formation of more
oxidized phases on nanoparticles surface, what can influence nanoparticles response to a magnetic field
(Lee et al. 2002). Recently in our group, MnO nanoparticles were synthesized by a variety of thermal
decomposition method (Neves et al. 2016), in which a mixture of oleic acid and oleylamine act as both
solvents and surfactants, and samples have average size about 20 nm. After synthesis, nanoparticles surface
modification and functionalization with carboxymethyl dextran increases samples water-dispersibility and
decreases their toxicity. These nanoparticles presented 1 and r relaxitivity values of 0.44 and 3.45 s
mM!, respectively, and have a relaxitivity ratio considered low (rp/r; = 7.84) (Neves et al. 2016), which
demonstrated that after functionalization MnO nanoparticles have great potential to be a candidate as a T
contrast agent. These results are comparable to other MnO nanoparticles reported in the literature with
different capping agents, such as silica (Schladt et al. 2012) and polyethylene glycol (Na et al. 2007)
concerning the magnetite properties and the MRI response as a T contrast agent.

Cobalt monoxide (CoO) nanocrystals are promising for functional materials owing to their potential
applications based on magnetic (Qi et al. 2016), optical (Lu et al. 2014) and catalytic (Khan et al. 2015)
properties. Bulk CoO materials are antiferromagnetic, but CoO nanocrystal can exhibit superparamagnetism
and weak ferromagnetism (Seo et al. 2005). Either cubic rock-salt phase and wurtzite-type hexagonal phase
CoO nanocrystal have been synthesized with controlled morphologies by several chemical routes, such as
nanospheres (Wang et al. 1997), nanorods, pencil-shape nanorods (An et al. 2006) and nanopyramids (Seo
et al. 2005). Wang and coworkers produced CoO nanocrystal with 4-5 nm by oxidation of Coy(CO)g in
toluene in the presence of Na(AOT) at 130 °C (Wang et al. 1997). Chaudret and coworkers synthesized
cubic CoO nanoparticles with a size of 2 nm by oxidation of 1.6 nm Co nanoparticles (Verelst et al.
1999). Rao and coworkers synthesized tetrahedral CoO nanoparticles with size ranging from 4-18 nm
by the decomposition of Co(II) cupferronate in decalin using a solvothermal route (Ghosh et al. 2005).
Hexagonal rod and pyramid-shaped and cubic CoO nanocrystals were synthesized by Park and coworkers
using a size- and shape-controlled synthesis based on thermal decomposition of cobalt(Ill) acetylacetonate
in oleylamine (Seo et al. 2005). Hyeon and coworkers synthesized pencil-shaped hexagonal CoO nanorods
by thermal decomposition of the Co-oleate complex in octadecene. The shape and size of the nanorods were
controlled by changing the precursor concentration and reaction temperature (An et al. 2006). Recently,
our research group developed a chemical route to synthesize size- and shape-controlled c-CoO nanocrystal.
In this synthesis, cobalt(III) acetylacetonate was decomposed at high temperature using oleyl-alcohol as a
solvent, and both oleylamine and oleic acid as surfactants to produce pyramids-like nanoparticles, as shown
in the TEM image of Figure 4a. The CoO nanoparticles were carefully washed with alcohol and a mixture of
hexane and a small amount of both oleylamine and oleic acid to prevent the oxidation to CoyO3 or Co30y4
phases. The synthesis route developed can also be used to produce other metal transitions and earth-rare
oxides, such as samarium oxide species, leading to the formation of ultrathin samarium oxide nanoplates as
shown in TEM images of Figure 4b.
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Figure 4 - TEM images of (a) pyramids-like cubic CoO nanoparticles, (b) samarium oxide
nanoplates, (¢) ultra-small FePt spherical nanoparticles, and (d) FePt nanowires.

Whereas metal oxides have several methods reported in the literature that leads to right quality
nanoparticles, the same does not occur for ferromagnetic materials, mostly 3d-metals, such as Fe, Co, and
Ni (Wuetal. 2016a, Murray et al. 2001). Although the metallic iron has the highest saturation magnetization
(M g47) among these metals, 222 emu g'1 , its oxidation potential is also the highest, what turns the synthesis
of iron nanoparticles the most difficult one. As cobalt presents the second highest M 547, 166 emu g, we
also studied new methods that lead to Co nanoparticles with controlled spherical morphology in our group.

Synthesis methods reported in the literature for spherical cobalt nanoparticles frequently uses cobalt
precursors in the elementary state. Cobalt pentacarbonyl (Co(CO)s) is the preferred precursor, but it is highly
unstable, expensive, and makes the synthesis reproducibility challenging to be achieved (Puntes et al. 2001).
Another strategy is to use cobalt salts like cobalt chloride, cobalt acetate, or cobalt acetylacetonate due to
its volatility at a high temperature of the reaction medium. These precursors require adding a reducing
agent to the synthesis to initiate the nanoparticles nucleation and growth, which could make the control
over nanoparticles morphology difficult. A modified thermal decomposition method known as hot-injection
of the metallic precursor can be used to guarantee a perfect nucleation and growth control essential
to produce monodisperse nanoparticles (Kwon and Hyeon 2011). Therefore, our group demonstrates a
synthesis procedure that leads to monodisperse spherical cobalt nanoparticles with a diameter below the
critic superparamagnetic radius (< 8 nm) and metallic phase was preserved for weeks due to the presence
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of an organic layer of oleic acid (Souza and Varanda 2018). The M g4 of the obtained Co nanoparticles
was approximately 30% higher than the value found for bulk iron oxide materials, however it is worth
to mention that nanoparticles frequently display lower magnetization than their respective bulk materials,
mainly because it has a large number of atoms on the surface leading to the spins disordering, a phenomenon
known as surface anisotropy (Souza and Varanda 2018).

FePt nanoparticles have attracted much attention from the scientific community due to its applications
in biomedicine (Souza et al. 2017), catalysis (Guo et al. 2013) and magnetic recording (da Silva and Varanda
2011). Either face-centered cubic (fcc) and face-centered tetragonal (fct) phases of the FePt nanoparticles are
crucial for these applications (Varanda and Jafelicci 2006). The fcc-FePt nanoparticles are intensely used in
biomedicine due to their superparamagnetic properties at room temperature (Hao et al. 2010). Ferromagnetic
fct-FePt nanoparticles are one of the most promising materials to high-density magnetic recording, due to the
high magnetocrystalline anisotropy of the tetragonal phase (Sun et al. 2000). Our research group has been
contributing to the development of the chemical synthesis of FePt nanoparticles since 2007. We showed
that iron source of Fe(CO)s, generally used in the synthesis of fcc-FePt nanoparticles, can be replaced by
iron(IIl) acetylacetonate in a polyol-derived method known as the modified polyol process, resulting in the
composition-controlled synthesis of monodisperse spherical FePt nanoparticles. Different nanostructured
superlattices in two and three dimensions were obtained using these as-synthesized fcc-FePt nanoparticles
(Varanda and Jafelicci 2006). The thermal treatment of these self-assembled FePt nanocrystals at 550 °C
converted the fcc phase to fcf phase, leading to ferromagnetic nanoparticles presenting large coercivity (H ¢ =
11.1 kOe) (Varanda et al. 2007). We studied the mechanism of formation of the mentioned synthesis in 2011,
showing that firstly Pt nuclei are obtained by reduction of platinum acetylacetonate using hexadecanediol,
then Fe clusters species provide from thermal decomposition of iron(IIl) acetylacetonate heterocoagulate
onto Pt nuclei surface. These Pt nuclei act as a heterogeneous catalyst in a CO-spillover process, which
contribute to complete reduction of Fe cluster species, leading to well-controlled composition and narrow
compositional distribution (Beck et al. 2011b).

The shape-controlled synthesis of FePt has also been reported for improvement of textural and magnetic
alignment for magnetic media application. Nanocubes (Chen et al. 2006), nanorods and nanowires (Wang
et al. 2007, da Silva and Varanda 2011) have been synthesized due to their anisotropic structures. Wang
and coworkers reported the synthesis of fcc-FePt nanorods and nanowires by using the solvent octadecene,
oleylamine as both surfactant and a reducing agent, and iron(0) pentacarbonyl as the iron source. The thermal
treatment of these nanoparticles led to the loss of shape and substantial coalescence of the one-dimensional
nanoparticles (Wang et al. 2007). In 2011, we developed a similar shape-controlled synthesis of FePt
nanorods with the size of 60 nm and diameter of 2-3 nm using iron(IIl) acetylacetonate as the iron source
by a temperature-mediated process. FePt nanorods were obtained partially in fct phase, leading to the
formation of perpendicularly self-assembled fcz-FePt ferromagnetic nanorods with a high coercivity (10
kOe) and magnetic alignment (da Silva and Varanda 2011). We have also studied the use of other iron
sources and we have observed that the iron precursor influences the size and shape fcc-FePt nanoparticles,
leading to ultra-small FePt nanospheres and nanowires, respectively, by using benzoylferrocene and diiron
nonacarbonyl in a similar method of synthesis, as shown in the TEM images of Figures 4c and 4d,
respectively.
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NANOPARTICLES WITH OPTICAL PROPERTIES

The use of colloidal gold nanoparticles is reported since fourth century A.D. by the presence in the Lycurgus
Cup, a Roman vessel that has red-green dichroism, although in this epoch the origin effect was not known
(Freestone et al. 2007). The first studies about colloidal gold nanoparticles presenting optical properties
arose with the initial evaluations of Michael Faraday in the 1850s decade (Faraday 1857). A high number of
studies have been developed, aiming to understand the properties, morphological control in syntheses and
applications in several areas. The evolution of the scientific theories and technology allowed elucidating
the origin of the optical property, which is called Localized Surface Plasmon Resonance (LSPR), observed
for noble metals nanoparticles, as gold and silver. This phenomenon arises from the coherent oscillations of
conduction electrons of nanomaterials induced by radiation interactions, which is tunable by controlling the
different parameters of designing the material, such as size, shape, and dispersant environment. (Kelly et al.
2003, Amendola et al. 2017).

Several syntheses routes can be found in literature in aqueous or organic media using different reducing
and surface agents. In our group, we explored several methodologies of syntheses and established some
protocols to obtain specific nanoparticles features aiming to tune plasmon band from shape control or distinct
metal compositions, to facilitate surface functionalization by using a different surface agent and controlling
size dispersion or by using adequate surfactants and adjusting kinetics parameters.

Gold nanoparticles were also used as a color agent in microfluidic immunoassay for detection of Canine
Distemper Virus (CDV) (Mazzu-Nascimento et al. 2017), two aqueous routes to obtain gold nanoparticles
were reported based on Turkevich’s method (Kimling et al. 2006) and Martin’s method (Martin et al. 2010),
resulting in spherical nanoparticles with 17.3 and 5.4 nm, respectively. In both syntheses, nanoparticles
presented negatively charged surface, owing to carboxylate and hydroxy-amino anions present in the surface.
Due to the charged surface and colloidal stability exhibited by these colloidal nanoparticles, the conjugation
by physical adsorption between AuNPs and anti-CDV antibodies was enabled, resulting in a versatile and
straightforward colorimetric assay for CDV diagnosis.

As mentioned in the Experimental Approach section, to achieve low size distribution and higher yield,
we used oleylamine as reducing and surface agent, based on previous work described in the literature
(Hiramatsu and Osterloh 2004, Liu et al. 2011). These methods allowed to proceed with high gold
salts concentration in the synthesis and resulted in high-controlled size dispersion. In Figure Sa, nearly
monodisperse gold nanoparticles are shown, with an average diameter of 9.0 nm and polydispersity degree
of 8.2%, which presented a plasmon band centered in 520 nm. Also, we synthesized silver nanoparticles by
oleylamine-mediated synthesis, and unlike gold that nanoparticles were formed at 80 °C, no nanoparticles
formation after two hours at this temperature. However, when the temperature was increased to 120 °C,
leads to nanoparticles exhibiting plasmon band centered in 420 nm, with poor control over the size since
the average diameter was 6.9 nm and the polydispersity degree of 26.5%, Figure 5b. The distinct control
over size nanoparticles when comparing gold and silver can be attributed to the higher reduction potential
exhibited by Au?" than Ag". Thus a lower temperature is required to reduce AT to Au, resulting in a
faster nucleation step and slower growth process. In the case of silver, elevated temperature (Cavicchioli
et al. 2005), necessary to promote the Ag" to Ag reduction hinder the separation between nucleation and
growth steps because the growth rate is a function of temperature. Thus growth and nucleation steps coincide,
leading to a more spread size distribution.
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Nanomaterials with different shapes were also obtained, as ultrathin gold nanowires presenting lengths
of micrometers orders and diameter between 1-2 nm, showed in Figure Sc. Gold nanowires and nanospheres
were obtained simultaneously, and additional separation process by ultra-centrifuging combining with
solvent gradient is needed to promote its separation. When Takata and collaborators studied the optical
plasmon band of ultrathin gold nanowires synthesized approaching other routes, and showed the materials
presented plasmon band resonance absorption in the Mild-IR and Far-IR (Takahata et al. 2014). Besides
Wang and collaborators (Wang et al. 2008) showed that similar ultrathin gold presented excellent electrical
conductivity and Kraus’s group, reported applications in electrical nanodevices (Gonzalez-Garcia et al.
2016, Maurer et al. 2015, 2016). We investigated CuzAu nanorods (Figure 5d) and nanospheres (Figure
Se), cheaper than gold nanomaterials, but presenting the similar optical property. The nanospheres presented
only one plasmon band absorption, whereas nanorods presented two plasmon band resonance, attributed to
longitudinal and transversal plasmon resonance, Figure 5f. The optical behavior is already well known, and
these results open possibilities to applications, such as in therapies and diagnosis (Yin et al. 2017, Rauta et
al. 2018, Nair et al. 2018).

Au nanospheres

f) ——— Ag hanospheres
—_— CuaAu nanospheres

Cu,Au nanorods

Extinction / a.u.

T T T T T T T
300 400 500 600 700 800 900 1000 1100
Wavelength / nm

Figure 5 - TEM images of (a) Au nanospheres, (b) Ag nanospheres, (¢) ultrathin Au nanowires, (d) CuzAu
nanorods, and (e) Cuz Au nanospheres synthesized by thermal decomposition methods. (f) the UV-Vis extinction
spectra of Au, Ag, Cuz Au nanospheres and CuzAu nanorods.

NANOPARTICLES WITH ELECTRONIC PROPERTIES

Nanoparticles of semiconductor materials display a remarkable property related to the confinement of charge
carriers that leads to new electrical and optical characteristics (Alivisatos 1996). Electrons and holes are
confined in all three directions for spherical nanoparticles, and these nanomaterials are known as quantum
dots (Norris and Bawendi 1996). Among them, the metal chalcogenides as II-VI type like CdSe, CdS,
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CdTe, among others, could be highlighted as the central quantum dots systems studied until now (Murray
et al. 1993). However, although the toxicity of cadmium is high for some precursors, most of the synthesis
routes available also use reactants that are highly unstable or toxic reactants. Phosphines and phosphoric
acids are frequently used as ligands being trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) the
principal reactants in the synthesis of CdSe, a synthesis procedure known in the literature as TOP-TOPO
method (Qu et al. 2001). Many efforts in our group have been made to modify or develop new methods that
use lower or non-toxic reactants that could lead to spherical II-VI nanoparticles with similar or improved
quality. The crystallographic structure, surface oxidation, morphology control, and optical properties are
some characteristics that have been investigated in the quantum dots obtained. Ligands like oleic acid and
oleylamine are being used and both precursors cadmium and selenium are being replaced compared to the
literature to their oxide compounds cadmium oxide (CdO) and selenium oxide (SeO;) (Qu et al. 2001).
The modified polyol process and the hot-injection approach have also been applied to improve the quality
of CdSe quantum dots. Monodisperse CdSe quantum dots were synthesized, presenting the cubic structure
zinc blend and expressive optical properties, such as high color purity (narrow photoluminescence emission
peak), controlled size, shape, and emission position, and photoluminescence quantum yields around 0.15.
Those characteristics are among the best found in the literature for CdSe quantum dots showing that
the quality of the synthesis method studied in the in our laboratory. The synthesis developed is highly
reproducible and uses chemicals easily found in laboratories when compared to the typical ones reported in
the literature, usually requiring to be stored inside gloveboxes.

CdSe quantum dots presented optical characteristics that enable their application in several
technological and biomedical systems (Lia and Zhu 2013, Pietryga et al. 2016). However, surface oxidation
and crystallographic defects could generate trap states that decreases their optical and electric performance.
The growth of an inorganic shell of another semiconductor material with broader band gap energy is the
primary strategy to overcome some of these issues (Dabbousi et al. 1997, Creti et al. 2005). This shell can
protect the CdSe core against oxidation and keeps the charge carrier confinement within the core, which
improves the probability of radiant recombination and increases the photoluminescence quantum yields.
By using a material with lower toxicity, the core/shell nanostructure could present now another feature that
enables their application in biomedicine. Among semiconductors with a larger bandgap, ZnS is an excellent
choice as its lower toxicity and composition based in common and inexpensive elements makes the core/shell
CdSe/ZnS. Our results show that the improvement in quantum efficiency and chemical stability allow these
systems to be applied as sensors in biomedicine. The core/shell CdSe/ZnS nanostructure contains oleic acid
and oleylamine as ligands, which allows perfect colloidal stability in non-polar solvents like hexane and
toluene. However, for biomedical applications, efforts must be made to transfer the nanoparticles to water
or, more appropriate in physiological solutions, keeping their physical-chemical characteristics and owing
good colloidal stability in this environment.

NANOSTRUCTURED COMPOSITES MATERIALS

Recently, nanostructured composites materials have been developed to obtain new or improved properties.
Magnetic nanoparticles have shown potential for different biomedical applications, but these nanoparticles
could biodegradation if its surface when exposited to the biological environment. Such problems may be
overcome by coating the nanoparticles with biocompatible (polymer or inorganic compounds) or organic
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molecules to stabilize their surface (Vogt et al. 2010, Bloemen et al. 2012). Silica (SiO5) is commonly
used as an inorganic surface modifier, presenting advantages like hydrophilicity, physical-chemical stability,
and relative permeability/biocompatibility, among others. Such features are required to most biomedical
applications of magnetic nanoparticles. The dipole-dipole interactions on the silica surface, in addition to its
hydrophilic behavior, avoid particles agglomeration, and improve colloidal stability in aqueous solutions. As
an additional advantage, the silanol (Si-OH) groups allow a great versatility of additional functionalization
on the silica surface with pharmaceutical drugs and/or biomolecules (Sodipo and Aziz 2016).

Several strategies to modify magnetic nanoparticles surface with silica can be found in the literature.
Some examples include gas phase deposition method (Guo et al. 2010, Janzen et al. 2003, Kim et al. 2012,
Teleki et al. 2009), modified seed-mediated growth process (Arizaga et al. 2013, Hui etal. 2011), non-seeded
silica incorporation (Setyawan et al. 2012, Sodipo and Aziz 2015), sol-gel method (Lu et al. 2002, Deng et
al. 2005, Morel et al. 2008), microemulsion based method (Santra et al. 2001, Vogt et al. 2010, Ding et al.
2012). Silica-coated magnetic nanoparticles have been obtained to develop multifunctional nanomaterials,
which present unique properties from the conjugation of different types of materials or molecules (Lu et
al. 2007, Costi et al. 2010). Our research group has applied variations of the microemulsion method on the
coating of FePt, iron oxide, and magnetite-coated FePt nanoparticles with silica. Controlled shell thickness
ranging from 5 nm to 14 nm were obtained according to the reaction time and the amounts of TEOS and
magnetic nanoparticles, as shown for single magnetite core (Fe304@SiO,) in Figure 6a. Some results using
magnetic silica-coated magnetic nanoparticles will be presented later in this section.

One of the main multifunctional nanomaterials reported is luminomagnetic nanoparticles (LMNP)
that are nanoparticles with conjugated luminescent and magnetic properties from the conjugation of
magnetic nanoparticles and luminescent sensors such as luminescent quantum dots (for example, CdSe)
or organic dyes, such as Rhodamine B (RhB) molecules. There are a lot of types of LMNP in
different structures and with different luminescent and magnetic materials depending on the desired
applications (Cozzoli et al. 2006, Corr et al. 2008). We have recently obtained two different types
of luminomagnetic nanomaterials: (1) layer-by-layer of FePt@Fe304/SiO,/RhB/SiO; LMNP and (2)
silica-coated FePt-Fe3O4-CdSe heteronanostructures (HNS) (Souza et al. 2013, 2017).

The FePt@Fe304/Si0,/RhB/Si0, LMNP was obtained using layer-by-layer approach, where the
magnetic core of FePt@Fe;0,4 was synthesized via seed-mediated growth method by coating the FePt
seeds with a thin magnetite shell, followed by silica coating by reverse micelle. These nanoparticles were
annealed to improve the saturation magnetization of the magnetic core coupling the ferromagnetic and
ferrimagnetic phases, respectively assigned to FePt and magnetite due to simultaneous atoms diffusion
between core and shell. It is noteworthy that the silica layer also protects the magnetic cores from sintering
during annealing at temperature up to 550 °C. Rhodamine B (RhB) luminescent dye was added onto the
annealed silica-coated magnetic nanoparticle and coated again with the outer silica shell (Souza et al. 2013).
For the silica coating, FePt@Fe3 04 magnetic nanoparticles were dispersed in a water-in-oil microemulsion
composed of cyclohexane, Igepal® CO-520, and aqueous ammonium hydroxide. The silica layer grows on
the surface of the magnetic nanoparticles by the addition of tetraethylorthosilicate (TEOS). Luminescent dye
RhB was incorporated onto the silica-coated nanoparticle surface followed by coating with an outer silica
shell in a layer-by-layer structure (Souza et al. 2013) as shown in Figure 6b. The bifunctional LMNP of
FePt@Fe304/Si0,/RhB/Si0, showed high water dispersibility, colloidal stability, and hydrophilic surface.
TEM images show FePt@Fe3;0O4 MNP obtained with around 6.0 nm and FePt@Fe;04/Si0,/RhB/Si0O,

An Acad Bras Cienc (2019) 91(4) €20181180 18|32



VARANDA LC et al. CONTROLLED NANOMATERIALS - GMC-IQSC-USP

LMNP with a diameter around 34 nm (Figure 6¢) and enhanced magnetic properties. The superparamagnetic
behavior of FePt@Fe304/Si0,/RhB/Si0, was preserved increasing around ten times the saturation
magnetization to 64.3 emu g'l, compared with the pure silica coated-magnetite obtained in the same
conditions. Luminescence quenching was minimized because the inner and outer silica layers avoided
the contact between dye/magnetic core and dye/solvent, respectively, generating a water-dispersity stable
emitter for, at least, one hour (Souza et al. 2013).

Similar microemulsion method was also applied in 2017 to produce silica-coated FePt/Fe3;04-CdSe
heteronanostructures. We have obtained silica-coated FePt-Fe3 O4-CdSe luminomagnetic HNS. FePt-Fe3Oy4
MNP, with high magnetization and superparamagnetic behavior, in which the CdSe quantum dots, with
luminescent properties, are conjugated. Moreover, we used micelle-reverse microemulsion route to provide
silica coating on HNS surface to provide colloidal stability in aqueous solution and low toxicity for potential
biological applications (Souza et al. 2017). The formation of FePt/Fe304-CdSe HNS was provided using
the hot-injection approach in the presence of magnetic seeds, in which selenium precursors were injected
in high temperature into the reaction medium with FePt/Fe3O4 magnetic seeds, cadmium precursors,
oleylamine and oleic acid as the surface agents and an organic solvent. After these steps, FePt/Fe;O4-CdSe
nanomaterials showed hydrophobic behavior, due to the presence of oleic acid and oleylamine on its surface.
To provide hydrophilic surface and colloidal stability in aqueous solution, HNS were coated with silica
shell using reverse-micelle microemulsion route, used to control the silica coating on HNS surface, since it
allows the silica coating in single HNS with controlled thickness, size distribution and morphology of the
silica shell on HNS surface, as schematized in the Figure 6d. The hydrophobic FePt/Fe; 04 nanoparticles
showed a diameter of 10.6 nm with controlled size and morphology. FePt/Fe304-CdSe luminomagnetic
HNS with two-particle size each HNS (the smaller particle with higher contrast showed diameter around 2.5
nm, and larger particles with higher contrast showed diameter around 9.0 nm), as shown in Figure 6e. After
silica coating to provide aqueous dispersibility, silica-coated FePt/Fe;04-CdSe HNS showed the diameter
of 25 nm with controlled size and morphology, and the silica thickness is around 7 nm and homogenous
distribution on the surface of each HNS. The saturation magnetization (M g47) of FePt/Fe3O4 pure magnetic
core, FePt/Fe304-CdSe HNS, and silica-coated HNS were 46.8, 24.1 and 11.1 emu g'!, respectively (Souza
et al. 2017).

Our work in the group has also directed efforts to synthesize magnetic nanocatalysts. Nanocatalysis
is a growing field, which involves the use of nanomaterials in catalysis applications. The use of magnetic
nanoparticles in catalysis shows a promising research area since the reduced dimensions of nanoparticles
combined to their magnetic properties makes it possible to perform quasi-homogeneous catalytic processes.
This approach is merging advantages such as high dispersibility in the reaction medium, high reactivity
that results in better yields and easy separation of the reaction medium after the reaction, which is possible
by the simple application of an external magnetic field. Several types of a magnetic core coated with the
active catalytic layer have been reported (Wei et al. 2011). Some of these catalytic materials include TiO»,
Zn0O, and CdS semiconductors, which are mainly applied in photocatalysis (Garcia-Garrido et al. 2011,
Dehghani et al. 2013). TiO, is a strong oxidizing with both low cost and toxicity, and because of this widely
employed in catalytic systems (Ochiai and Fujishima 2012). However, titanium oxide hybrid materials, for
example, titania-coated magnetite, have lower photoactivity when pollutants degradation was compared with
pure titania in the same assay conditions. Hence, the present efforts aim to obtain a homogeneous coating
maintaining the photocatalytic activity compared to the activity of core-free titania nanoparticles (Yao et al.
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2015). The literature presents some experimental routes to produce titania-coated magnetic nanoparticles.
The highlighted reported routes among scientific community are sol-gel method (Chen et al. 2010, Fu et
al. 2005), modified sol-gel method (Alvarez et al. 2010, Lee et al. 2006), solid-phase synthesis (Aziz et al.
2013, Tawkaew and Supothina 2008), solvothermal method (Su et al. 2014, Pang et al. 2011) and spray
pyrolysis method (Harra et al. 2013).

Magnetite nanoparticles obtained by thermal decomposition method in our research group (Varanda
et al. 2008) were initially coated with silica in water-in-oil microemulsion, followed by an outer coating
with titanium dioxide (titania) by an acetic acid assisted synthesis previously reported by Chen et al. for the
synthesis of titania microspheres (Chen et al. 2010). The interlayer of silica seeks to avoid direct contact
between the magnetic and catalytic phases that are reported to decrease TiO, photoactivity due to magnetite
photodissolution and electronic transfer between both phases (Tawkaew and Supothina 2008). Differently
from conventional sol-gel methods, in which hydrolysis rates of precursors are fast enough to hinder
particles size control, the applied method uses titanium(IV) butoxide and ethylene glycol (EG) to generate
an intermediate titanium glycolate phase which undergoes hydrolysis in a further reaction step leading to
titanium dioxide particles (Damato et al. 2013). In our experiments, by using titanium(IV) isopropoxide
(TIP) as a metal precursor in EG medium, after addition of silica-coated magnetic nanoparticles (SCMNP),
the titanium glycolate phase is formed onto silica surface and allows a homogeneous and controlled titania
shell after hydrolysis. As shown in the Figure 6f and 6g, by controlling the mass ratio (Rys) between TIP and
SCMNP (Ry; = mTp/mgcpmnp), We have succeeded to control the titania shell thickness from 2 (R = 6) to
12 nm (R =11). XRD analysis shows titania is present as anatase crystal phase. The anatase crystallinity was
increased after annealing in an H, atmosphere with temperature up to 250 °C. Annealing also increased the
magnetic response of magnetic core due to a partial reduction of magnetite to a-iron phase. Photodegradation
experiments showed that the annealed sample with 12 nm titania shell thick exhibit photocatalytic activity
similar to 170 nm pure anatase nanoparticles obtained by the same method, with the additional advantage
to be a magnetically recyclable catalyst.

Our research group have also used organic materials for coating or encapsulating nanoparticles.
Chitosan is used to encapsulate nanoparticles, essential oils, proteins, drugs, to create a drug delivery carrier
in specific conditions (Yoksan et al. 2010, Bernkop-Schnurch and Dunnhaupt 2012). These characteristics
are shown in studies that demonstrate that chitosan has biodegradability in many processes, like enzymatic
catalysis and pH variations (Wang etal. 2011, Vivek et al. 2013, Masarudin et al. 2015). We adjust procedures
that initially were used to synthesize chitosan nanoparticles (Calvo et al. 1997) to produce nanocapsules
of magnetite nanoparticles with surface modification. Ionic gelification is based on ionic interactions of
chitosan positive amino groups and negative groups of sodium tripolyphosphate (TPP) (Fan et al. 2012). In
order to synthesize nanocapsules with controlled morphology, nanoparticles were added during the steps on
reticulation reaction (Khalkhali et al. 2015), based on the previously published work (Calvo et al. 1997). The
synthesized magnetite nanoparticles by the modified polyol process in our research group were used in two
conditions: coated with dimercaptosuccinic acid (DMSA) (Tartaj et al. 2003) and with the washed surface by
hot methanol. Fan et al. published an optimization procedure including modifications on the temperature of
the chitosan solution, the concentration of chitosan and TPP solutions. Magnetite nanoparticles were added
in chitosan solution stirring in water-bath at 60 °C, and then, TPP solution stirring in ice-bath was quickly
added to the system (Fan et al. 2012). In according to Figure 6h, nanostructures in a homogenous system of
magnetite nanoparticles (5 nm) in a chitosan matrix, with a size around 100 nm, using magnetite with DMSA,
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Figure 6 - (a) Typical TEM images of silica-coated magnetite nanoparticles with 5 nm, 9 nm and 14 nm of SiO, shell thickness,
(b) Schematic representation of the layer-by-layer synthesis and (¢) TEM images of obtained FePt@Fe304/SiO,/RhB/SiO;
luminomagnetic material. Inset in (¢) showed an individual LMNP. (d) Schematic synthesis strategy and (e¢) TEM image of
the silica-coated FePt/Fe;O4-CdSe luminomagnetic heteronanostructure. (f) and (g) TEM images of titania-coated Fe;O4@SiO,
magnetic nanocatalysts with TiO, shell thickness of 2 nm. Chitosan nanoencapsulation of magnetite nanoparticles by ionic
gelification using (h) DMSA-coated magnetite and (i) hot-methanol washed nanoparticles shown individual coated-nanoparticles. (j)
PHB nanoparticles scanning electron microscopy image. (k) UV-Vis spectra and (1) magnetic hysteresis loops of PHB-encapsulated
CdSe and magnetite nanoparticles, respectively.
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were formed by ionic gelification method. In the case of magnetite previously washed with hot methanol to
eliminate oleylamine and oleic acid molecules, assigned it a hydrophilic behavior, we can observe in Figure
61 that core-shell structure was obtained for individual magnetic nanoparticles. The individual nanoparticle
coating was explained because DMSA coating with carboxyl and amino groups interact with chitosan and
TPP ions resulting in the net of magnetic nanoparticles distributed into the chitosan matrix.

Encapsulation of the magnetic and semiconductor nanoparticles arouses much attention of the
scientific community due to their promising application. In this work, for performing the CdSe and
magnetite encapsulation by poly(hydroxybutyrate) (PHB), the inorganic particles were added separately,
to the PHB solution at a concentration of 1 mg mL"!, then the encapsulation process was prepared
by the solvent displacement method (Bini et al. 2016, Bini et al. 2017). Figure 6] shows the scanning
electron microscopy images of the nanoparticles obtained by the solvent displacement method and, the
photoluminescence spectrum and the magnetic hysteresis of the respective inorganic particles encapsulated.
The photoluminescence spectrum shows two peaks around 452 and 500 nm (Figure 6k). The emission band
centered at 500 nm indicates the CdSe encapsulation. However, the emission band centered at 452 nm may
be due to free CdSe. As the medium has the surfactant in its composition, the hydrophobic quantum dots
self-organized in micelles via Tween, remaining stable in aqueous solution after washing by centrifugation
and shifting the maximum of the emission band. Figure 61 shows the magnetic hysteresis curves of the
PHB/Magnetite sample. The PHB sample was also analyzed to show its non-magnetic character (blue
line). The pure magnetic sample had a saturation magnetization of approximately 57 emu g! (not shown),
whereas 2.8 emu g'1 was observed for the PHB/Magnetite sample. The presence of the polymer decreases
the magnetic response of the samples due to their paramagnetic property; however, the superparamagnetic
profile was not changed by the polymer presence. More recently, the PBH nanoparticles developed in our
group was applied to obtain a dual drug release system based on soft nanocomposites of PHB-gelatine, with
hydrophobic-hydrophilic drugs encapsulation (Bini et al. 2017).

Metal noble materials also are used to coating and protect magnetic nanoparticles. The propensity of
metallic cobalt nanoparticles to oxidize limits their applications, but this could be overcome by producing
core/shell nanostructures that have the magnetic cobalt particle as core (Carbone and Cozzoli 2010,
Chaudhuri and Paria 2012). The second material for the shell must also be specially selected using
characteristics like chemical stability, compatible crystallographic structure, and surface capability to link
other molecules aiming colloidal stability. Therefore, gold is an excellent choice since both Co and Au
could present face-centered cubic structure, gold has better stability against oxidation than cobalt, and the
well-known thiol chemistry with gold could be explored to functionalize the nanostructure. Besides that, gold
nanomaterials also present the LSPR that enables applications of these nanostructures as sensors (Mayer and
Hafner 2011). Core/shell Co/Au nanoparticles could be label as magneto-plasmonic nanomaterials as this
system can be used in both therapy and diagnosis of cancer (Lim and Majetich 2013). The core/shell Co/Au
synthesized in our group have LSPR band around the therapeutic window for biomedical applications and
desired superparamagnetic properties, but the colloidal stability is still an issue to be solved aiming these
applications (Souza and Varanda 2018).
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CURRENT CHALLENGES AND FUTURE DIRECTIONS

In a general way, the synthesis of monodispersed nanoparticles with tunable size and shape requires
tremendous efforts to adjust the reaction conditions to be reproducible. In the last decades, although the
methodologies based on the modified polyol process and the thermal decomposition have shown to be
capable of controlling inorganic nanocrystals morphology, the synthesis conditions are not trivial, and
in almost all the cases, the success was achieved by empirical adjustments in the applied procedures.
Reproducibility is always a key issue in any process. In wet-chemistry systems at high temperatures, the
balance of thermodynamic and kinetic parameters becomes more delicate. The reactions in the mentioned
synthesis processes in this review may to some extent be simple, but the reaction system is complex,
extremely dependent on the experimental conditions, and easily affected by small changes in the synthesis
parameters. The parameters dependence can be illustrated by comparing our results and many others in
the literature that shows tremendous variations in the nanoparticles with small changes in methodology
such as quality, concentration, and nature of the reactants, heating rates, temperature and time of growth,
among others. Thus, each system requires a great deal of work in the evaluation of the synthesis variables
and obtain size-tunable nanoparticles. In this review, we address a part of the vast literature on the
synthesis of monodisperse nanoparticles, but there are few papers reporting studies of mechanisms of
nanoparticle formation by these methodologies (Beck et al. 2011b, Park et al. 2007, Niederberger and
Garnweitner 2006). The study of mechanisms of nanoparticles formation is a current challenge, and its
advance will make it possible to predict the effect of small variations in the synthesis conditions on the
size, shape, and composition of the nanoparticles. The improvement of characterization techniques and
the possibility of studies performed in situ throughout the reaction, a more significant number of studies
of nanoparticle formation mechanisms are expected. The complete knowledge of the reaction evolution,
recognizing reactive species (monomers), counter-ion effects and formation of metastable and reactive
byproducts (intermediates) will allow significant progress in the synthesis control (Fiévet et al. 2018, Carey
et al. 2015). A second challenge directly related to the study of the mechanism of the reaction is the
development of computational tools, models and simulations, that allow examining the crucial parameters
that can effectively disturb the final result of the synthesis. The simplest models involving experiment
planning are not robust enough to elucidate the complexity of the reactions based on both polyol process
or thermal decomposition synthesis of inorganic nanocrystals with tunable size, shape, and composition
(Wu et al. 2016b). An excellent review was recently published by van Embden and collaborators (van
Embden et al. 2015) demonstrating how simulations and models are valuable tools in understanding and
planning wet-chemical syntheses involving heating processes and elevated temperatures. Specifically, on
the synthesis process via wet-chemistry, it is possible to highlight a third challenge for the development of
methodologies to obtain monodisperse nanoparticle systems. A recent study compiled a series of data on the
chemical synthesis via the polyol process, modified polyol process, and thermal decomposition showing that
so-called moderately reactive precursors such as oleic acid, oleylamine and trioctyl phosphine have better
effects on the control of nanoparticles (van Embden et al. 2015). These reactants have strong coordinating
action forming complexes with the metal precursors in the reaction medium, and these complexes are, in
fact, the real precursors of the formation of the nanoparticles. Thereby, a third challenge lies in the limited
diversity of viable precursors for polyol process and thermal decomposition syntheses. It is necessary to
extend the variety of precursors by using novel organic ligands or tailoring the existing reactants to provide

An Acad Bras Cienc (2019) 91(4) €20181180 2332



VARANDA LC et al. CONTROLLED NANOMATERIALS - GMC-IQSC-USP

new precursors which generate appropriate coordination complex with good dispersibility in the reaction
medium with suitable chemical and thermal stability for the syntheses. As we show in this review, both
methodologies of the modified polyol process and thermal decomposition allow to successfully obtain
monodisperse nanoparticles of metals, metal oxides and semiconductors, but the control of the composition
does yet not allow the obtaining of nanocrystals of doped materials, for example. Such a challenge can be
overcome by using new precursors designed or tailored specifically for a given reaction system. Another
great challenge to be mentioned is the difficulty in obtaining multicomponent systems (hybrid or composite
materials) maintaining the quality of the nanoparticles in the so-called one-pot syntheses. Few works in
the literature have been reporting the preparation of hybrid materials using the polyol process or the
thermal decomposition in a one-pot synthesis directly. Recently, we demonstrate success in obtaining hybrid
materials of reduced graphene oxide and nanoparticles (rGO/NP) through the modified polyol process
in a one-pot synthesis approach (Albers et al. 2019). We show the versatility of the proposed synthesis
methodology by preparation of rGO hybrid materials with monodispersed nanoparticles of Au, Ag, CdSe,
FePt, or Fe30,4 through small adjustments in the experimental conditions. The sixth challenge is related to
the scale-up process for mass production. Although this problem may have a more technological rather than
an academic aspect, even if a robust and reproducible benchtop methodology is developed, efforts are still
required to scale-up it to larger scales. Temperature gradients and formation of "hot spots" under the same
conditions can occur, which is frequently avoided in the laboratory scale with a reaction vessel that uses
around, for example, 25 ml of solvent. The scheme in Figure 7 summarizes both the major features and
challenges concerning the methodologies based on the polyol process and thermal decomposition.

—
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/ \
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Figure 7 - The major features and challenges of the methodologies based on the polyol process and
thermal decomposition.

Our results are comparable to the published data in the literature regarding the quality of the synthesized
nanoparticles. We are systematically showing advances in the synthesis knowledge through mechanisms
studies, the proposal of new coordinating reagents, new adjustments in the methodology, and obtaining of
hybrid materials in a one-pot synthesis. We hope to continue this contribution by reinforcing the studies of
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mechanisms of the reactions that have been developed in our group and propose new routes of synthesis with
tailored reactants. Besides that, we are proceeding with studies for the development of theoretical tools and
simulation models to understand and control the nucleation and growth processes to obtain new inorganic
nanocrystals with tunable size and shape. We hope that the materials already reported in the literature and
new materials that will be obtained with the systematic advances, gradually overcoming the mentioned
challenges, having many applications in several areas such as information technology, energy conversion,
environment and sustainability, and biomedicine.

CONCLUSIONS

New strategies to synthesize nanoparticles and nanostructured materials are of fundamental importance
for developing materials with enhanced performance. These nanomaterials have intrinsic size- and
shape-dependent properties, which allow to use them as building blocks to fabricate devices for many
application and using different techniques, including the self-assembled approach. Thus, new or improved
synthesis methodologies by wet chemistry should enable to obtain strict control over size, shape,
structure, and chemical composition, where these nanoparticle features are obtained from the adjustment
of experimental parameters. In our research group, controlled size and shape nanoparticles have been
synthesized mainly by modified polyol process and thermal decomposition methods, which allow obtaining
wide diversity of magnetic, optical, electronic, and catalytic nanomaterials. These individual materials can
be combined among themselves and subsequently functionalized lead to multifunctional nanostructured
materials, that generally present water-dispersibility and low toxicity, which is required for applications
in several technological areas. In the last decade, our research group has hardly worked in control over
nanomaterials syntheses and in the formation mechanism comprehension by understood the nucleation and
growth processes. As showed in this review, our studies allowed us to obtain different controlled materials,
combine them to result in multifunctional platforms with synergic properties for catalytic, sensing, and
biomedical applications.
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