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Abstract

The use of magnetic nanoarchitectures in several applications is often limited by the lack of non-
interacting particles, due to the frequent presence of clusters and aggregates of particles. Here
we report an investigation of the interparticle interactions by changing the molecular coating on
~5 nm CoFe,04 nanoparticles embedded in a silica structure. The magnetic investigation at low
temperature allows revealing the key role of organic ligands in tuning the morpho-structural
properties of hybrid materials. Cobalt ferrite coated nanoparticles were prepared by polyol
method using triethylene glycol as co-reagent (CFOr), and by exchange ligand process using
dihydroxyhydrocinnamic acid (CFOu). Then, magnetic mesoporous silica nanocomposites have
been prepared starting from CFOt (CFOrs) and CFOu (CFOns). For CFOts sample the interparticle
distance did not change after coating, whereas CFOus sample showed an increase in the
interparticle distance by 23%. This value has been obtained investigating interparticle
interactions by remanence techniques, which represent a good approach to determine
approximated values of interparticle distances in complex systems. The measurements showed
that the silica coating produces 47% reduction in the dipolar interaction strength for CFOus
sample, whereas no significant change was observed for the CFOts sample. The differences in
magnetic response upon varying the molecular coating of nanoparticles are due to the different
interactions of the molecular ligands with the silica, resulting in a change of interparticle
distances and then magnetic interactions.
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1.Introduction

Due to their unique size and shape dependent properties, single domain magnetic nanoparticles
(MNPs) have been the subject of extensive investigations of their fundamental properties which
opened the way to a variety of applications, such us in biomedicine (biological entities
separation™3, drug delivery*®, hyperthermia for cancer therapy®?® and magnetic resonance
imaging (MRI°11)).

Magnetic nanoparticles-based hybrid materials (MNP-HM) represent promising multifunctional
systems with novel magnetic properties, due to interface effects, and superior performance in
technological applications?13,

In this framework, the design of suitable synthetic approach represents a key point to obtain a
MNP-HM with optimized physical properties’*. A key step in the synthesis of MNP-HM is
definitively the molecular functionalization of magnetic nanoparticles. To date, various
strategies have been exploited, such as creating magnetic core-shell structures'®, using
polymeric protective ligands to bond with nanoparticle surface'®, creating an electrostatic layer
on the particle surface in order to avoid aggregations. The substitution of the native surface
ligands with aromatic molecule ligands also has been widely studied 71°, While the existing
literature provides numerous options for many derivatives of these systems, there are few
examples of the use of dihydroxyhydrocinnamic acid (i.e., dihydrocaffeic acid) ligand (HCA)?%22,
Here, we report a synthetic strategy that allows to prepare weakly interacting nanoparticles and
a detailed investigation of their morpho-structural and magnetic properties. On the other hand,
various biomolecules have been immobilized on mesostructured silica (MS)?3 which is used as a
matrix for a variety of extraction, purification, recovery?*, and delivery systems® due to its high
surface area, a large pore volume and regular pore size distributions. MNPs must be also
functionalized to make them biocompatible for biomedical or environmental applications. MNPs
are often covered by non-magnetic inorganic materials such as zirconia?®, titania?’, or silica?®?°.
Given its known biocompatibility, as well as its relative ease of synthesis, silica has always been
widely used as a coating shell in several applications3°=3“. In this contest, mesoporous silica-
based nanocomposites have been the suitable candidates materials for most of the applications
not only for their interesting textural properties but also for the possibility to manipulate them
by simply applying an external magnetic field due to presence of MNPs as one of their
components.

Using as a case study the CoFe204/SiO; hybrid material, this paper focus on the investigation of
the role of MNPs’ molecular coating in the formation of magnetic nanocomposites. In detail, ~5
nm cobalt ferrite nanoparticles have been prepared by polyol method, using triethylene glycol
(TEG) as co-reagent, CFOr. Then, TEG adsorbed on particle’s surface has been replaced by
exchange ligand process with dihydrocaffeic acid (HCA), CFOu. Then, magnetic mesoporous silica
nanocomposites have been prepared starting from CFOt (CFOrs) and CFOy (CFOuys), investigating
the evolution of morpho-structural and most of all the magnetic properties of the materials.



2.Experimental Section

2.1 Materials and chemicals

Iron (Ill) nitrate nonahydrate (Fe (NO3)3-9H,0) (298%, Sigma -Aldrich), cobalt (lI) nitrate
hexahydrate (Co(NOs),.6H,0)(298%, Sigma Aldrich), Triethylene glycol (TEG)(>99%, Sigma-
Aldrich), Tetraethyl orthosilicate (TEOS) (299%, Sigma-Aldrich), (CTAB) (299%,Sigma-
Aldrich),Tetrahydrofuran(THF) (299%,Sigma-Aldrich), 3,4 Dihydroxyhydrocinnamic acid (HCA)
(298%, Sigma Aldrich), Sodium hydroxide (NaOH) (Sigma-Aldrich) were used. All chemicals were
reagent grade and used without further purification or modification.

2.2 Synthesis of magnetic nanoparticles

Cobalt ferrite magnetic nanoparticles CFO were synthesized using polyol chemical method with
some modifications3>~%’. In brief, 2 mmol of Fe (NO3)3-9H,0 and 1 mmol of Co (NOs),.6H20 were
dissolved in 1 ml of distilled water. The mixture was added to 100 ml of TEG under magnetic
stirring and heated to the boiling point of the solvent using a mantle. Once the boiling point is
attended, the solution was kept under reflux for 2 hours. After the solution was cooled to room
temperature, the nanoparticles were washed with acetone and collected by centrifugation (10
min, 6000 rpm). The removal procedure was repeated three times and the nanoparticles were
dried in the oven at 60°C overnight. The sample is named CFOr.

2.3 Ligand exchange procedure

Detailed description of the HCA exchange ligand procedure has been reported elsewhere,
Briefly, 38 mg of MNPs has been sonicated in 3 ml of Tetrahydrofuran (THF) for 30 minutes. 38
mg of HCA were dissolved in 7,5 ml of THF. Then the solution of HCA was added to the MNPs,
and the mixture was magnetically stirred for 3 hours at 50°C in a water bath. Afterward, 3 ml of
0.5 M NaOH was added to precipitate the product. The precipitate was washed 3 times with THF
and redispersed in water. The obtained exchanged nanoparticles sample was labeled as CFO4.

2.4 Mesoporous silica coating

Mesoporous silica coated MNPs was prepared following sol-gel method based on the hydrolysis
and poly-condensation of Tetraethyl orthosilicate (TEOS) in a basic environment3°. Briefly, 50
mg of CFOt nanoparticles was added to 250 mg of hexadecyltrimethylammonium bromide
(CTAB) dissolved and sonicated for 30 min in 20 ml of water, followed by the addition of 100 ml
of 2M NaOH solution under stirring. The solution was heated at 80 °C. Then, 1.25 pl of TEOS
were added dropwise. The solution was kept at 80 °C under vigorous stirring for 2h. The
obtained nanoparticles were washed and collected by filtration and dried at 60°C overnight. The
obtained sample was named CFOrs. To synthesize CFOns nanocomposite, the same previous
coating procedure was repeated starting from magnetic nanoparticles coated with HCA (CFOg).



2.5 Experimental techniques

X-ray diffraction (XRD) was carried out using Seifert 3003 TT diffractometer equipped with a
secondary graphite monochromator, using CuKa radiation (A = 1.5418 A). The measurements
were performed in the 20 range 20-80° with a step size of 0.04°, counting 4s per step.

Transmission electron microscopy (TEM) observations were performed by means a Philips
CM200 microscope operating at 200 kV and equipped with LaB6 filament. For analysis, samples
were prepared in form of suspension putting the MNPs or the magnetic nanocomposites in
ethanol (Img/mL). A drop of the suspension was deposited on a carbon coated TEM grid kept in
air until complete solvent evaporation.

Transmittance intensity versus wavenumber in the range of 400 cm™- 4000 cm™ for all the
samples analysis were acquired on Fourier-transform infrared spectroscopy (FT-IR) with a
Shimadzu IR Prestige-21, equipped with a Specac Golden Gate Single Reflection Diamond
Attenuated total reflection (ATR).

Superconducting quantum interference device (SQUID) Quantum Design magnetometer was
used to study the magnetic properties of all the samples. Samples in form of powder was fixed
in a polycarbonate capsule using epoxy resin to prevent the movement of the particles during
the measurements. Field-dependent magnetization measurements were performed at 5K, and
the thermal dependence of magnetization was measured according to zero field cooled (ZFC)
and field cooled (FC) protocols. In ZFC magnetization measurements first the sample is cooled
in zero magnetic field, then the magnetization is measured during warming up the sample in a
small applied field (2.5 mT). The FC magnetization process starts maintaining the applied field
and measuring the magnetization during cooling down the sample.

Field dependence of remanent magnetization was investigated by IRM (Isothermal Remanent
Magnetization) and DCD (Direct Current Demagnetization) protocols. The IRM protocol starts
from a sample in a demagnetized state. First a small positive magnetic field is applied (Hrev),
then the field is removed and the remanence Mpiwm is measured (i.e., in zero field). This
experimental process is repeated by increasing the applied field until the remanence takes the
saturation value. In DCD measurement, we start from a saturated sample, then a small field in
the opposite direction of magnetization is applied for few seconds, then the field is switched off
and the remanence Mpcp is measured. The process is repeated increasing the magnetic field
until the remanence reaches the saturation value.

3.Results and Discussion

Spinel structure of cobalt ferrite nanoparticles was confirmed by X-ray power diffraction
measurements (XRD, Figure Sla, pdf card JCPDS 3-864) “°. The Crystallite size was estimated
from Scherrer equation to be about 5.7(2) nm (supporting information).

To investigate the interactions between molecules and nanoparticles, FT-IR spectroscopy was
performed on all samples as well as on TEG and HCA (Figure 1). FT-IR Spectrum of CFOr
sample (Figure 1a) shows the characteristic absorption of TEG, (i.e., the stretching vibration
of O-H molecules around 3400 cm?, the symmetric and asymmetric stretching vibrations of -



CH groups identified in the region of 2750 to 3000 cm™/4! and the stretching vibration of C-O
bond observed in the range of 1060 cm™ to 1130 cm™ %?) together with the signal due to the
metal-oxygen (M-O) stretching vibration at 565 cm™ 43, The CFOrs spectrum(Figure 1a)
beyond the absorption due to the M-O stretching mode at 567 cm ! clearly shows the
presence of silica: the peaks at 1085 cm™ and 810 cm™ are ascribed to the asymmetric and
symmetric Si-O-Si stretching vibrations respectively**, the bond at 954 cm™ belongs to Si-OH
silanol group. For CFOts spectrum, the characteristic peaks of TEG were not clearly visible,
suggesting the strong interactions between TEG molecules and the silica that leads to
weakened vibrations modes of the TEG molecules®. Figure 1b shows the FT-IR spectra of
CFO7 covered by exchange ligand process with HCA, CFOu and silica coated CFOu (CFOns)
nanocomposite. A shift of the characteristic bonds of HCA (bonds observed at 1620 cm™ and
at 1524 ,1450 cm™ assigned to the presence of aromatic ring C=C stretching vibration*® and
the C—C skeletal vibration of aromatic ring*®*’ respectively and the absorption at 1200 cm™
ascribed to the phenolic O-H deformation?’) to 1580 cm™ and 1465, 1340 cm™ is observed in
the spectrum of CFOy sample, confirming the interaction between the HCA ligand and the
CFO nanoparticles surfaces. The bond attributed to the vibrations of the crystalline lattice of
cobalt ferrite nanoparticles is shadowed in the spectrum of CFO_HCA sample, which is
probably due to high ligand concentration®®. The FT-IR spectrum of CFOus shows the
characteristic peaks of the silica structure. In this case, the M-O stretching vibration was
clearly visible in the spectrum of CFOws, which can be due to the extra washing and drying
process performed after the silica coating that removes all the excess of the surfactants and
free molecules.

High resolution (HR) TEM analysis of the CFOr sample shows that it is composed of
aggregates of small nanoparticles (Figure 2a). Atomic planes are clearly visible in some
particles, correctly oriented with respect to the electron beam, suggesting that they are well
crystallized. Good crystallization of the sample is confirmed by selected area electron
diffraction (SAED) measurements in which well-defined diffraction rings are visible (Figure
S1b). From HR-TEM observations, particles reveal a faceted spherical shape with a mean
diameter of around 6 nm, in agreement with XRD measurement. After ligand exchange with
HCA (Figure 2b), no change in single particle size or shape was observed, indicating the
success of the ligand exchange process used. To investigate the role of MNPs’ molecular
coating on the properties of nanocomposites, TEM measurements were performed after
silica coating of both CFOt (CFOrs) and CFOy (CFOus) samples. Figure 2c shows a typical TEM
bright field image of the CFOrs nanocomposite. Large agglomerates of nanoparticles are
clearly visible within the silica because of their darker contrast with respect to the matrix. On
the other hand, CFOus sample shows less aggregated particles within the silica structures. In
particular, in Figure 2d it is possible to observe the presence of smaller agglomerates of
magnetic nanoparticles inside the silica matrix, with a clearer contrast than that visible in
Figure 2c characteristic of a lower particles’ density. Furthermore, it is possible to notice a
sort of parallel stripes inside the silica (inset Figure 2d). This contrast is due to the presence
of pores inside the matrix having the shape of long tunnels, which line up in a parallel way



giving rise to an ordered texture. A possible explanation for the observed difference on
morpho-textured features of the samples can be ascribed to the reaction of silanes with the
polyol (CFOt) during the synthesis of mesoporous silica based-materials. These results
underline the significance of different coating ligands in the morphological and magnetic behaviour of
the hybrid materials. While triethylene glycol has a relatively weakly bonded coating between
-OH groups and the particle surface*®° (i.e., bonding through electrostatic interactions),
dihydrocaffeic acid is interacting with the particle surface through covalent bonding, attaching
the carboxylic group preferentially with respect to -OH groups®!. In addition, during the silica
formation process, TEG can react with the silanol groups, forming a hybrid matrix, in which
the organic chain is bounded with the Si atom through Si—-O—C covalent bonds 45275
affecting the formation of the mesoporous silica structure. This would coincide with the
findings that in presence of TEG, Large agglomerates of magnetic nanoparticles are clearly
visible within a silica matrix, unlike in case of the presence of HCA, that leads to particles
dispersed within the mesoporous silica structure®.

3.1 Magnetic properties

Temperature dependence of magnetization was investigated by zero field cooled (ZFC) and field
cooled (FC) protocols (Figure 3). In the ideal case, for a sample of non-interacting nanoparticles
with identical size, the maximum in ZFC curve corresponds to the blocking temperature, Ty.
However, the inevitable size distribution in real systems leads to a broadening of the curve and
to a shift of the peak temperature , Tmax = BTb ,where B is a coefficient which depends on the
type of particle size distribution (B=1.5; 2)*’. Ty is defined as the temperature at which the
relaxation time is equal to the timescale of the experimental technique®. In a real system of
nanoparticles, Tp is often defined as the temperature at which 50% of the particles are in
superparamagnetic regime>>®. Since Ty is proportional to the anisotropy energy barrier (Ea =
KV), an estimate of the Ty distribution can be obtained from the E, distribution by evaluating
the temperature at which 50% of the particles overcome their anisotropy energy barriers®%62
(Figure S2 ). An irreversible magnetic behaviour was observed below a given temperature called
Tirr, Which corresponds to the blocking temperature of the particles with higher E, in the
sample®3. Above Tir, ZFC and FC curves coincide, indicating the presence of all MNPs in a
superparamagnetic regime. In presence of interparticle interactions, it has to be considered
that they also contribute to the effective anisotropy of the system and then Tmax depends also
on them.

In all the samples, FC magnetization increases as the temperature decreases down to a
temperature below which Mg tends to a temperature-independent behaviour, revealing the
presence of interparticle interactions, leading to a frozen magnetic ordered state with high
anisotropy®*.

The CFOt and CFOts samples show very similar values of Tmax and Tp within the experimental
error, suggesting that the silica coating does not influence the magnetization dynamics of the
nanoparticles. On the other hand, comparing the CFOy and CFOuns samples, a decrease in the



values of Tmax and Ty, (Tablel) in CFOwxs is observed suggesting a reduction of the effective
anisotropy energy, to which interparticle interactions contribute, when the particles are
embedded in a silica structure.®>% Moreover, comparing COFr and COFy, a lower Tir value is
observed for the second one, confirming that surface coating with the HCA exchange ligand
produces a reduction of the particles aggregation.*

The field dependence of magnetization was investigated at 5 K (Figure 4). The values of
saturation magnetization (Ms), coercive field (HoHc), reduced remanent magnetization (M/Ms)
and saturation field (poHk) extracted from the hysteresis loops are reported in Table 2. The
latter is defined as the minimum field that reverses the moment of the particles with the highest
anisotropy energy®’. The Ms values for the samples are, within the experimental error, quite close
to that of bulk one (83-90 AmZkg™). However, coercivity, saturation field and reduced
remanent magnetization (M:/Ms) show a quite complex behaviour. A lower M./M;s value was
observed in CFOus (~0.62) sample with respect to that of CFOu (~0.7) sample.

Previous studies have investigated the interaction of polyols with TEOS, establishing the
influence of these additives on silica structures formation343’. This means that during the
synthesis of CFOts nanocomposite , the TEG molecules present on nanoparticles surface can
chemically interacts with the silanol groups: the organic chain is bounded with the Si atom
through Si—O—C covalent bonds 3% . Consequently, it results more aggregates of particles inside
silica matrix. This could explain the increases of M;/M;s suggesting an increase of interparticle
interactions. On the other hand, using HCA as a coating ligand instead of TEG, leads to a
dispersion of nanoparticles inside ordered silica structure. CFOuxs nanocomposite shows a
decrease in the M/Ms value indicating a reduction in the interparticle interactions among
particles ®. Moreover, the reduction of coercivity indicates that the system becomes less
anisotropic. Similar results have reported that M,/Ms increases with increasing particle
interactions®. However others find that the reduced remanence decreases with increasing the
interactions’®72, Monte Carlo simulations reported by Kechrakos et al. suggest that reduced
remanence can increase or decrease depending upon the interparticle interactions strength”’3.
The lowest coercive field value is observed for CFOys, as an effect of the reduction of surface
anisotropy due to the HCA ligand. Such effect is combined with that of the silica matrix.This
confirms the role of ordered silica structure that leads to a distribution of the particles along
the channels minimizing the dipolar interactions in the sample®. On the other hand, the high
MoHk value (Table2) reported for CFOrs nanocomposite compared to CFOys, also confirm the lower
anisotropy in the latter sample, indicating the significant effect of the coatings in the magnetic
behaviour’. It was evaluated as the field at which the difference between the magnetizing and
demagnetizing branches normalized to the Ms value, becomes = 1%°7:7> .

The empty symbols in Figure 4 represent the low temperature (5K) direct current
demagnetization (DCD) remanent curves. Generally, only the blocked particles contribute to the
remanent magnetization. The obtained Mpcp is only sensitive to the irreversible component of
the magnetization and the value of the field at which the remanent magnetization is equal to
zero, called remanence coercivity, Hcr corresponds to the mean switching field’®”’. The
decrease in the Hc, Hcand Her values for CFOns nanocomposite , also was an indication that the



ligand exchange with HCA induces a decrease of the magnetic anisotropy .On the other hand,
for CFOrs nanocomposite the ordered silica structure was not obtained as seen from TEM
images, which support the possible interaction between TEG polyol and TEOS during the silica
phase formation.

3.2 Investigating nanoparticles arrangement by interparticle interactions.

The investigation of interparticle interactions allows us to get information about nanoparticles
arrangement in the different systems.

For an ensemble of nanoparticles with average magnetic moment i and average separation d,
the interaction energy, due to the dipole — dipole interaction, can be expressed by 72:

b’
d 4md3

(1)

The effect of interparticle interactions has been investigated by means of DCD and IRM
measurements carried out at 5K (supporting information) ’°. For non-interacting single-domain
particles with uniaxial anisotropy and magnetization reversal by coherent rotation, the IRM and
DCD curves are related via the equation’®:

AM = mpcp (H) — 1+ 2mygy (H) (2)

where mpcep(H) and mim(H) represent the reduced terms Mpceo(H)/Mboeo(Hmax) and
Mirm(H)/Migm(Hmax), with Mpcep(Hmax) and Mirm(Hmax) being the remanence values for the DCD
and IRM curves for a large reversal field Hmax capable of fully saturate the sample. The negative
AM deviation, shown in Figure 5 indicates the prevalence of dipolar interparticle interactions for
all the samples. It’s worth mentioning that the application of AM approach to particles with
cubic anisotropy should give positive deviation®"8!, For CFOrs sample, the dipolar interaction
strength does not change with the silica coating (Figure 5a), whereas for CFOus sample the
presence of silica coating produces 47% reduction in the AM strength compared to that of CFOy
sample (Figure 5b). The study of magnetic interactions among nanoparticles can be further
improved calculating, as a first approximation, a mean value of interactions field(Hint)%%8%3

between the particles:

H -H
= 3)

H
where H’rand H, correspond to the position of the maxima of the field derivative of the mpcp(H)
and mirm(H) curves, i.e., the maximum of the irreversible susceptibility (Figure S3), which maps
the switching field distribution’®”7. The values of Hint were -10 mT and -12 mT for CFOus and
CFOrs, respectively, indicating higher interparticle interactions in the latter one. Considering the
dominance of the dipolar interactions and the fact that the magnetic nanoparticles are coming
from the same synthesis batch, the difference in the strength of interactions between CFOus
and CFOvs samples can be discussed on the basis of the change of interparticle distance.



Assuming a point dipole model for a sample of randomly distributed nanoparticles, where the
maximum distance is considered from the center to the center, an approximation of the
interparticle distance d, can be given by:

li
d:‘uated e g | Ed Bare g | ﬂl']:""':[Beu."le (4]
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By applying eq (4) to complex systems one can semi-quantitatively evaluate the trend of the
interparticle interactions. The proposed approximation can give values that are proportional to
the ratio of the interparticle distance between coated and bare systems. For our
nanocomposites, CFOuxs shows a value of about 1.23, higher than that of CFOrs (~0.98) sample
(Figure 6), indicating weaker interparticle interactions in CFOxs nanocomposite.

4.Conclusions

We have investigated, the effect of MNPs’ molecular coating in the formation of ~5 nm
CoFe;04-based magnetic nanocomposites. The thorough magnetic characterization of all the
samples shows that for CFOxs nanocomposite the coating produces a decrease in the strength
of interparticle interactions, corresponding to a reduction of 47%, as shown by AM plots, which
allow an estimation of the interparticle interaction in complex systems. This finding is consistent
with a better dispersion of nanoparticles within the ordered silica matrix and a decrease of
interparticle distance, providing evidence that the choice of a suitable molecular coating allows
to get a system with small interparticle interactions. Magnetic investigation at low temperature
allows verifying such approach used in tuning the strength of interparticle interactions, which is
of paramount importance for applications, as they require homogeneous and non-interacting
nanoparticles systems.
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Figure 1: FT-IR for (a) TEG, CFOr CFOrs and (b) HCA, CFOy, CFOus samples measured in the range 400-
4000 cm*
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Figure 2: TEM images of (a) CFOr, (b) CFOy, (c) CFOrs, and (d) CFOys, samples.
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Figure 3. ZFC (full symbols) and FC (empty symbols) curves for the (a) CFOr (triangles) and CFOrs samples
(stars), (b) CFOu (circles) and CFOus (rectangle) samples.
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Tablel. Temperature Corresponding to the maximum in ZFC Curve (Tmax), blocking Temperature from
ZFC-FC measurements (T,) and irreversibility temperature (Tir). Uncertainties are given in parentheses.

Sample Tmax (K) To (K) Tire (K)
CFOr 214(6) 160 (5) 241(7)
CFOrs 215 (6) 154 (5) 222(7)
CFOH 220 (7) 172 (5) 219(6)
CFOus 207 (6) 153(4) 221(7)
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Figure 4: Field-dependence of magnetization (Full symbols) and direct current demagnetization (DCD,
empty symbols) curves measured at 5 K for (a) CFOr, (b) CFO4 samples, and (C) CFOrs, (d) CFOus

nanocomposites.
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Table2: Saturation magnetization (M), reduced remanent magnetization (M,/M;), saturation filed(poHx),

coercivity (LoHc), remanence coercivity (He) at 5 K. Uncertainties are given in parentheses.

Sample

CFOr
CFOrs
CFOn

CFOwns

Ms
(AmZKg?)

90 (3)
75(2)
86 (2)

85(2)

Mr/Ms

0.56
0.73
0.70

0.62

HoHk(T)

3(1)
3.24(1)
3.2(1)

2.96(1)

MoHc (T)

0.94(1)
0.9(1)
1.08(1)

0.8(1)

Hc(T)

1.14(1)
1.08(1)
1.25(1)

1.04(1)
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Figure 5: AM plots for (a) CFOr, CFOrs and (b) CFOy, CFOus systems.
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]Figure 6\[551]: Sketch of the nanoparticles arrangement within a silica structure.
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