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Chapter I. Introduction

There is growing interest in studying materials at nanometric scale both from
fundamental point of view and new technological applications [1,2].

The interesting and sometimes unexpected properties of the nanoparticles are
attributed mainly to the surface atoms. In the case of the magnetic nanoparticles by
reducing the size, a transition from polydomain to monodomain occurs [3]. In these
systems if the thermal energy is strong enough, a superparamagnetic behavior can be
observed [4].

An interesting system of magnetic nanoparticles is core-shell nanoparticles.
Essential for the applications of these systems is the control of their magnetic
properties. In this purpose a solution is to cover the magnetic core with a layer from
another material which can tailor the system properties. The magnetic core can be
covered with a non-magnetic layer or antiferromagnetic or ferro/feri-magnetic.

In this PhD thesis 1 studied the morphological, structural, magnetic and
spectroscopic properties of four nanoparticle systems: Fe;O4@PPy, Fe@Au,
La0_67Sr0.33MnO3@Au and L210.67SI'0.33M1'103@PP}’.

The aim of the thesis was to obtain core-shell magnetic nanoparticles, to
study their morphological, structural, magnetic and spectroscopic properties according
to the synthesis conditions and to explain the physical phenomena that take place at the
core and shell, and the saturation magnetization dependence on the synthesis method.

The scientific contribution of the thesis is the use of new synthesis conditions,
which reflects in new properties, to reach the desired demands of various applications
and to improve performance.

Core-shell magnetic nanoparticle structures with a gold shell are recently
reported that improve chemical stability by protecting the magnetic core from
oxidation and corrosion, and show a good biocompatibility and affinity by amino/tiol
terminal groups.

The hybrid magnetic nanoparticle structures with polypirrol attracted special
attention from the fundamental and applicative point of view, due to their special
unique properties, that are hard to obtain only in each of the component materials. The
hybrid structures magnetic nanoparticle — polymer allow the functionalization and
control of the magnetic nanoparticle properties by the structure and composition of the
polymer [15-18]. The special properties of the polymers such as: structural stability,
elasticity, corrosion resistance, mechanic resistance, the polymers easy synthesis, can
be used with the magnetic and optic properties of the nanoparticles to obtain new
multifunctional materials.



Chapter II. Magnetic properties of the nanoparticles

Chapter II consists of an analysis of the magnetic properties of the magnetic
nanoparticles, the size effect on the magnetic properties, superparamagnetic behavior,
magnetic anisotropy for nanoparticles, magnetization reversal via Stoner-Wohlfart
model, magnetic interparticle interactions, the magnetic hysteresis curve and
temperature dependence of the magnetization in zero field cooling and field cooling
regimes ZFC-FC.

In order to establish that a sample is superparamagnetic at least two
conditions must be accomplished:

(1) in the thermodynamic limit and finite time scale, the magnetization vs. applied
magnetic field show no hysteresis (very small coercitive field)

(11) with the exception of interparticle interactions, the magnetization of an isotropic
sample must be temperature dependent in a way that the M/M; vs. H/T curves taken at
different temperatures must approximately superimpose.

Chapter III. Synthesis conditions of the nanocomposites
FG304@PPy, FC@AU., La0.67Sr0_33MnO3@Au and Lao.67Sr0_33MnO3@PPy

In chapter III the synthesis methods and the preparation conditions of the four
nanoparticle  systems  (Fe;O;@PPy, Fe@Au, Lags;Sro3:MnO;@Au  and
Lag ¢7510933:MnO3;@PPy) are described

The magnetite nanoparticles were synthesized through coprecipitation of Fe’™,
Fe’" ions in solution, with NH4OH in excess. Combinations of surfactants with
different chain lengths: myristic acid (MA), lauric acid (LA) and dodecyl-benzene-
sulphonic acid (DBS) were used, such as LA + DBS, MA + DBS and DBS + DBS.
The magnetic nanocomposites were prepared by oxidative polymerization of pyrrole in
aqueous solution using ammonium peroxodisulfate as an oxidant in the water based
magnetic nanofluid. Details of the synthesis condition are presented in Table 3.1.

Table 3.1 Elemental analysis of PPy—Fe;0, nanocomposites determined by ICP-AES
magnetic C H N S Fe Fe;04

Sample onofluid (%) (%) (%) (%) (%) (%)
FC304/

PPy-F1 MALDRS 2263 307 179 107 4450  61.45

PPy-F2 Fes04/ 2132 308 1.11 088 4620 63.79
LA+DBS ' ' ' ' ' '

PPy-F3 Fe;04/ 1697 196 232 133 4840 66.83
DBS+DBS ' ' ' ' ' '

PPy-F4° Fe;04/ 13 1.82 132 0.88 5480 75.67
DBS+DBS ' ' ' ' '

" Sample obtained by pyrrole polymerization at 0°C.



The iron—gold core—shell nanoparticles (Fe@Au) were prepared by reverse
micelle method using cetyltrimethylammonium bromide (CTAB) as surfactant and 1-
butanol as cosurfactant. Details of the synthesis condition are presented in Table 3.2.

Table 3.2. Fe(@Au core-shell nanoparticles synthesis conditions

Molar ratio
Sample  surfactant : HAuCl, surfactant: FeSO, FeSO,: HAuClI,
FA1 10.4 14 1.5
FA2 2.1 14 1.8
FA3 8.2 14 7.2

The Lag47;Sro33:MnO; manganite was prepared by a sol-gel procedure using
diethylenetriaminepentaacetic acid as the gelificant agent [61-64]. Coating of the pre-
synthesized manganites with gold shells was performed by the seeding method. Details
of the synthesis condition are presented in Table 3.3.

Table 3.3 The synthesis conditions for the LSA samples and samples composition (wt%)
Concentration in

Sample Molar ratio synthesis solution Concentration determined by
Au(OOCCHj3)3: (wt%) ICP-AES (wt%)
LSMO Au Sr Mn Au Sr Mn LSMO
LSAI 5 81.47 240 4.58 83.23 1.70 3.10 12.64
LSA2 2.5 68.59 4.08 7.72 67.08 296 5.62 23.0
LSA3 1 3148 890 16.84 33.10 6.83 13.19 54.0

The magnetic nanocomposites based on polypyrrole Lag¢;Srg33:MnO;@PPy
were prepared by oxidative polymerization of pyrrole (Py) in aqueous solution using
ammonium peroxodisulfate (APS) as an oxidant in the water based manganite. Details
of the synthesis condition are presented in Table 3.4.

Table 3.4. Synthesis condition of the LSMO@PPy nanocomposites
Py/LSMO  oleic acid

Sample molar ratio surfactant
LSMO - da

#1 0.66 da

#1° 0.66 nu

#2 3.33 da

#2’ 3.33 nu

#3 6.25 da

#4 10 da




Chapter IV. Morphological and structural
characterization of the nanocomposites
FG304@PPy, FC@AU., La0.67Sro_33Mn03@Au and Lao.67Sro_33MnO3@PPy

In chapter IV the experimental techniques for morphological and structural
characterization are described. The experimental results include the study of the
nanoparticles diameter distributions, and the crystal structure is investigated by
X-Ray diffraction.

4.3. Experimental results

4.3.1 Morphology of Fe;O4@PPy nanocomposites [67-69]

Different size distributions were obtained for the Fe;O4 nanoparticles
depending on the surfactant nature. These differences can be evidenced by plotting the
Nf (V' ) product as a function of V', as shown in Fig. 4.7 (@) and (b) where V represents
the volume of nanoparticle and f (V) is the lognormal distribution expressed as a
function of V. The normalized distribution of diameters is well described by a
lognormal distribution function: [78]:

1 1{In*D/D,
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here D is the diameter, D, is the mean diameter and o 1s the standard deviation.

One can see from Fig. 4.7(a) that the nanoparticles stabilized with MA+DBS
or LA+DBS have a single peak narrow distribution while the distribution obtained for
the DBS+DBS ferrofluid has two maxima which likely result from the superposition of
two different distributions. The mean diameters obtained by the best fit of the
distributions in Fig. 4.7 are shown in Table 4.1.
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Fig. 4.7 N(V) distributions of the volumes V of nanoparticles from ferrofluids
(a) Fe;0, stabilized with MA+DBS and LA+DBS, (b) Fe;0, stabilized with DBS+DBS

HRTEM images of the magnetic nanocomposites are given in Fig.4.8 and 4.9.
The PPy layer is aproximatly 1.5 - 3.5 nm thick. The thicker PPy layer is observed for
the PPy-F3 sample prepared with the Fe;0,/DBS+DBS ferrofluid at room temperature



and the thinner one for the sample prepared with the same ferrofluid at 0°C (sample
PPy-F4).

Table 4.1. Nanoparticles mean diameter as obtained by TEM

Ferofluid
F9304/ FE304/ Fe304/
MA+DBS LA+DBS DBS+DBS
DOTEM 7.9
(nm) 7.2 7.6 11.4
TEM 0.19
o 0.217 0.193 0.179

6.00 nm..l':. RN : SALK |
Fig. 4.9. HRTEM images of the nano
prepared with magnetic nanofluid Fe;0,/MA+DBS

cosite ale Py-F 1

4.3.2. Morphology and structure of Fe@Au nanocomposites [72]

The diameter distributions of the Fe@Au nanoparticles of the samples FA1,
FA2, FA3 are presented in Fig. 4.11. One can see that the nanoparticles size
distribution of the FAl sample is broader. It can be fitted only by using the
superposition of two lognormal weighted distributions (the resulted weights are 0.498
and 0.502, respectively). The calculated fit diameters are presented in Table 4.2.

0.20
0.16-
0.12- . . s
o Fig. 4.11. The diameters distribution
z :
~ 0.08 of the Fe@Au nanoparticles
< corresponding to FAI, FA2 and FA3
0.044 samples. The continuous lines
represent the best fit using the
0.00+= ] . g .
0 ognormal distribution function




Table 4.2 Best fit parameters of nanoparticles external mean diameters D, and dispersions o
as resulted from fitting of the diameter distributions by using lognormal distribution

FAl FA2 FA3
D, 4.78
7.1 7.4
(nm) 8.57
0.32
0.35 0.33
o 0.56

In association of the HRTEM, energy-dispersive X-ray spectroscopy was
used to analyze an ensemble of about 50 nanoparticles and separately one single
nanoparticle. The spectra are shown in Fig. 4.13 in the case of FA1 sample. One can
see that both Au and Fe are present in the recorded spectrum for a single nanoparticle.
This fact is in correlation with the XPS data and represents an indication that the
core-shell structure is formed.
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Fig. 4.13. EDX spectra of an ensemble Fig. 4.14. The diffraction
of 50 nanoparticles and separately one patterns of FAI, FA2 and
single nanoparticle of FAI sample. One FA3 samples

can see that both Au and Fe are present
in the spvectra

The XRD patterns of the Fe@Au samples are presented in Fig. 4.14. The

mean effective gold nanocrystallite sizes are:

- for the Au shell <Dy ,>1=24.5 nm, <Dp,>=22.1 nm, <Dy, >=24.8 nm

- for the Fe core <Dg>; = 14.6 nm, <Dg>, = 12.0 nm, <Dg.>3=15.1 nm.
In accordance with core-shell structure, the values determined for Fe core are smaller
that the corresponding values determined for the gold shell. On the other hand, for
both Au and Fe nanocrystallites, the values calculated from the XRD line profiles are
much larger than the values observed from TEM and HRTEM images.



4.3.3. Morphology and structure of Lay ;51 33:MnOs;@Au nanocomposites [73]

For the LSA1 sample (Fig. 4.15) the HRTEM image showing large globular
nanoparticles with different shapes suggests that inside some of the globular gold
particles different LSMO core nanocrystallites could be found. In the case of LSA2
and LSA3 samples from Fig.4.16, due to the reduction of Au content in the synthesis
stage, thinner Au shells will also result and the number of nanoparticles having
multiple cores inside a single shell is also significantly reduced. One can also note that
the tendency to form regular self-assembled structures in the case of the LSA2 sample.

Fig. 4.15. HRTEM image of
nanoparticles of LSAI sample from samples: (a) LSA2 and (b) LSA3

An ensemble of bare LSMO nanoparticles is presented in the TEM and
HRTEM images shown in Fig. 4.17(a) and (b). Here one can observe that alongside
well dispersed nanoparticles, some large clusters are also formed.

Fig. 4.17 (a) TEM image of an ensemble of nanoparticles from sample LSMO
(b) HRTEM image of a cluster of nanoparticles from sample LSMO

The diameter distributions of bare LSMO and LSA samples are shown in Fig.
4.18 (a) and (b). The continuous line in Fig. 4.18 (a) represent the best fit using a
weighted superposition of two lognormal distributions (the resulted weights are 0.824
and 0.176, respectively). The distribution situated at larger diameters could result in
fact from the contributions of nanoparticle aggregates. Aggregation may appear
probably due to an insufficient stabilization of the nanoparticles. In Fig. 4.18 one can
observe that a narrow size distribution was obtained for the samples LSA2 and LSA3
prepared using Au concentrations lower than 67wt%. It reflects the tendency that is
shown in Fig. 4.16.
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Fig. 4.18. The distributions of nanoparticle diameters determined from TEM images
for: (a) bare LSMO nanoparticles and (b) LSAI, LSA2 and LSA3 samples. The

continuous lines represent the best fit as obtained by using Eq. (4.11)

The increase of Au concentration in the solution up to 83wt% for sample
LSAT1 results in a larger size distribution with a peak shifted to higher diameter as
compared with the previous case. It suggests that the increase of Au(OOCCH3;); in the
solution induces a destabilization of the surfactants, coating the manganite
nanoparticles, thus changing the interparticles interactions. This mechanism may
explain why nanoparticles aggregates are covered by Au, as one can observe from the
TEM image of LSA1 sample from Fig. 4.15.

Table 4.3. Best fit parameters of magnetic core—shell LSMO@Au nanoparticles
distributions as resulted by using Eq. (4.11). Here D, is the mean external
diameter, and o represents the dispersions. The last row displays the estimated
values of the mean gold outer shell thickness as resulted by using both D, values
and the iron/gold wt% ratios from ICP-AES data

LSMO LSA1 LSA2 LSA3
4.44 7.15 4.94 0.48
Do(om) sy
0.33 0.23 0.15 0.145
a 0.15
J (nm) ; 1.14 0.5 0.15

The best fit parameters of the curves from Fig. 4.18 (a) and (b) are given in
Table 4.3. The third row of Table 3 displays the mean values of the gold shell
thickness calculated by using the Au/LSMO wt ratios determined by ICP-AES and by
using Lag ¢7S1033MnQO; as stoichiometry. These results show that the thickness of the
Au shell covering the magnetic nanoparticles is an important parameter influencing the
size distribution of the core—shell nanoparticles. During the synthesis the thin gold
shells at the nanoparticles surfaces avoid the aggregates formation due to the reduction
of dipolar magnetic interparticles interactions. Therefore a narrow size distribution of
small diameter nanoparticles is obtained in this case. Above a critical value of the
thickness of the gold shell covering the magnetic nanoparticles, clusters containing
gold embedded nanoparticles will appear.



4.3.4. Morphology of Lay 4751933 MnO;@PPy nanocomposites [77]

As an example, HRTEM images of the magnetic nanocomposites are given in
the Fig. 4.21 and 4.22. One can observe that nanoparticles are grouped in clusters. All
the darker LSMO nanoparticles are surrounded by a clearer layer. This layer is
approximately 2 — 3.5 nm thick and the contrast suggests that it should be a polymer
(PPy) layer. It is worth noting that the different crystalline atomic planes can be
distinguished in some nanoparticles. One can observe that the polymer which
surrounds the magnetite nanoparticles seems to be strongly adhesive onto the surface
of the nanoparticles resulting in a very intimate connection between the two
components. This fact will result into an important interaction between PPy and the
surface of the nanoparticles.

Fig. 4.21. HRTEM image of a Fig. 4.22. HRTEM image of a

nanocomposite  corresponding to nanocomposite corresponding to
sample #3 sample #4

A TEM ensemble image is presented in Fig. 4.23. One can observe that the
nanoparticles have the tendency to form bundles which in turn are wrapped within a
polymeric “cloud”.

Fig. 4.23. TEM image of an ensemble corresponding to sample #3



Chapter V. Magnetic and spectroscopic
properties of the nanocomposites
FG304@PPy, FG@AU,, Lao.67SI'()_33MIlO3@AU. and Lao.67Sr0_33MnO3@PPy

In chapter V the experimental techniques used to analyze the magnetic and
spectroscopic properties are presented. In the experimental results the hysteresis and
ZFC-FC curves are analyzed using the composition determined by XPS or ICP-AES.

5.4 Experimental results

5.4.1 Magnetization of Fe;O0,@PPy nanocomposites [67-69]

The magnetization curves of the PPy nanocomposites, at room temperature,
are shown in Fig. 5.14. The data was normalized to the specific magnetite content of
each sample. For all samples the magnetic hysteresis curve is typical to a
superparamagnetic behavior [82].
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Fig. 5.14. The magnetization curves of the PPy covered nanocomposites, at
room temperature. The continuous lines represent the best fit using Eq.(5.12)

As shown in Table 5.1 the combined effect of surfactants and polymer yields
to an important increase of the saturation magnetization compared to the values
obtained for the nanofluid.

The magnetization of a superparamagnetic system is described by the
following equation [92]:

P T BN oy, (512

[v(D,)s(D,)dD,
here V(D,,) 1s volume of the magnetic core of the nanoparticles expressed as a function

of diameters D,, (“magnetic” diameter), H is the applied external magnetic field and
f(D,,) is the lognormal distribution of diameters given in Eq. (4.11).

M(H,T)=M

10



The magnetic diameter of a nanoparticle is smaller that it’s real diameter, D,, < D.
Many authors explained this observation upon the existence of a magnetically
disordered or nonmagnetic layer at the nanoparticles surface [85,92-94]. The
magnetization curves were fitted using Eq. (5.12). The calculated fit parameters are
shown in Table 5.1.

Table 5.1. Characteristic diameters Dy, dispersions o, and saturation
magnetizations M, calculated for the magnetic cores of the nanoparticles from
ferrofluids and for the nanocomposite samples, respectively. The last columns
show the values of the effective anisotropy constant, Kz calculated by combining
the fit parameters resulted from M(H) dependences with ZFC-FC curves

Dy, Ms K4
Sample (nm)  °™  (emulg Fe;0,) (Jlcm®)
Fe;0,/MA+DBS 64  0.43 50 3.1x10*
Fe;0/LA+DBS 64 037 49 3.9x10*
6.6  0.34 4.1x10*
Fe;04/DBS+DBS 65
T 946 031 . 43x10°
PPy-F1 6.6  0.35 81 2.6x10"
PPy-F2 7.5 0.346 75 2.6x10*
6.9  0.240 6x10*
PPy-F3 75.7
9.8  0.260 4x10*
9.2  0.175 3.5x10*

The temperature dependences of the magnetizations of the nanocomposites in
zero field cooling (ZFC) and field cooling (FC) regimes are presented in Fig. 5.15.
They show a typical superparamagnetic behavior.

Fig. 5.15. Temperature dependence of
the magnetization under zero-field

S ]
= 10 4 . .

g ] cooling (ZFC) and field cooling (FC)
s 8] o8 o for the magnetic nanocomposites. The
61 . ﬁ,'zﬁg applied magnetic field was 1000e.

4 - = < PPy-F4
1 g
2 T T T T T T T T T T T T T
0 50 100 150 200 250 300

In the superparamagnetic regime the difference between FC and ZFC gives
the thermo-remnant magnetizations (TRM). The temperature dependence of the TRM
is directly correlated with the deblocking process which occurs inside the system of
magnetic nanoparticles when the temperature increases in zero applied magnetic field
and after a previous FC process. Therefore the TRM is the sum of the moments which
are still blocked in the field cooled state. Deblocking occurs when the thermal energy
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overcomes the anisotropy energy barrier AE,. The energy barrier can be expressed, in a
general manner, as [4]:

AE, = KV, (1 — H/H,)? (5.13)
Here K is the energy density due to axial anisotropy, V is the volume of the
magnetically ordered core of the nanoparticles (associated with D) and H. the
coercivity field. For the TRM case the following simple equation holds [91]:

KV (T,H)=k, Tlnlz (5.14)

Ty
where 7, is a microscopic relaxation time (usually in the range of 107 s), kg is the
Boltzmann constant and ¢ the relaxation time necessary to cross the barrier which is
usually considered to be equal to the measurement time ¢,. ¢, has typical values
ranging between 10 s and 100 s leading to values for /n(#,/7y) between 23 and 27.

It is possible to relate the temperature derivative of the TRM (the Mpc—Mzrc
difference) to the energy barriers distribution of the magnetic nanoparticles as shown
in Eq (5.15) [95]:

2 2

8(MFC8—TMZFC)=_MSszH In’¢,/z, v (10407, (T.0)

3K* (1-H/H,)
Fig. 5.16 (a) and (b) display the energy barriers distributions, as deduced from the
temperature derivative of the TRM for the magnetic nanoparticles from ferrofluids and
for the nanocomposite samples PPy-F1, PPy-F2, PPy-F3 and PPy-F4, respectively.
The double peak distribution is evident in the case of Fe;O4 nanoparticles stabilized
with double layer DBS+DBS in the ferrofluid and also in the nanocomposites prepared
using this ferrofluid, samples PPy-F3, PPy-F4.

Using as V}, the results of the fit of the M(H) magnetizations, one can extract
the axial effective anisotropy constant K by using Eq (5.14) with In(t,/ty) = 25. The
calculated values of K are given in Table 5.1 for the magnetite nanoparticles and for
the nanocomposite samples. This estimate is valid since the temperatures associated
with the peaks of the energy barriers distribution of Fig 5.16 do not depend on the
dispersion o [96].
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Fig. 5.16. The temperature dependence of the derivative with respect to T of
the —Mygpy magnetizations of (a) PPy nanocomposites prepared with
Fe;0/MA+DBS and Fe;0/LA+DBS and (b) for PPy nanocomposites
prepared with Fe;0,/DBS+DBS samples
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The saturation magnetizations M; for the three samples of Table 5.1, namely,
magnetite nanoparticles covered with different surfactants, is in the range 49-65
emu/g[Fe;0,], in agreement with what is usually reported for magnetite nanoparticles
with diameters smaller than 100 nm [83-91]. This value is significantly lower than the
bulk value 92 emu/g due to surface spin disorder.

The combined effect of surfactants and PPy leads to an increase in the
saturation magnetizations for PPy-FI and PPy-F4 nanocomposite samples as
compared with the corresponding magnetizations of the magnetite nanoparticles. The
surface modification of magnetite by polypyrrole coating results in an apparent
increase in the magnetic diameter in the case of nanocomposite samples, which could
be ascribed to an induced surface spin ordering effect.

In order to investigate the origin of magnetization increase by PPy covering,
the infrared absorption spectra was recorded using a JASCO FTIR-6100
spectrophotometer.

Fig. 5.17 compares the FTIR spectrum of a pure PPy sample doped with DBS
and the spectra of PPy-F1 and PPy-F3. The FTIR spectra of the nanocomposites
contain the characteristic absorption bands of both constituents, namely, oxidized PPy
and Fe;0,4. The intense absorption band located around 580 cm | is characteristic of
Fe;04 [97, 98]. The characteristic bands of PPy appear in the 500-1700 cm ! region.
They are clearly visible in all the spectra. It is well known that the PPy absorption
bands are sensitive to the oxidation level and to the conjugation length of the PPy
chain [99].

3.0

Fig. 5.17 FTIR spectra of PPy doped
with DBS and nanocomposites
PPy-F1 and PPy-F3

Absorbance (a.u.)
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The absorption bands characteristic for pyrrole ring vibrations, located at 914, 1198,
1465 cm™' in the PPy spectrum, are significantly shifted to lower frequencies in the
nanocomposites spectra. This indicates a higher degree of oxidation of PPy in the
nanocomposite as compared with conventional PPy [100].

A qualitative explanation of this novel effect of PPy coating on the magnetic
properties of magnetite could be given considering the charge transfer process from
the conducting polymer to the surface iron ions of magnetite. It involves the laterally
delocalized = electrons of the conjugated PPy which could penetrate under the surface
of magnetite nanoparticles. Since we are referring to the surface iron ions, this effect is
an increase of the surface contribution to the total magnetic moment of the
nanocomposites.
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5.4.2. XPS spectra and magnetization of Fe(@Au nanocomposites [72]

The analysis of the Fe 2p core-level XPS lines evidenced that in between the
Fe(0) cores and the gold shells there is an additional shell of iron oxides As it concerns
the origin of this inner oxidized shell it seems to result from the oxidation of iron
nanoparticles before full covering with gold inside the water inverse micelles dispersed
in octane. In accordance to the XPS spectra, the schematic representation of the
nanoparticles is presented in Fig. 5.19.

s///”//ﬂ///'

Fe oxides

Fig. 5.19. The core—shell structure of

i

ﬁ a sectioned Fe@Au nanoparticle.
/// / 4 The Fe(0) core is surrounded by
%/M oxidized iron having an outside gold

shell

The oxidized Fe could be seen as a rather disordered mixture of FeO and
Fe,O3 [102] since in the XRD patterns did not show any evidence of structurally
ordered oxides.

One can consider that, after some long enough etching time, due to the
random spatial disposition of nanoparticles, the mean structure of a sectioned
nanoparticle could be considered as seen in Fig. 5.19.

Table 5.3. The calculated values of weight and molar contents of the
samples as resulted from XPS data

Fe® Fe oxide Au CTAB
wt% molar% wt% molar% wt% molar% wt% molar%
FAl 21.83 5828 5770 2692 18.50  13.99 1.97 0.81
FA2 2222 6040 5836 27.72  10.70 8.24 8.72 3.64
FA3 2847 68.05 59.39 25.40 6.81 4.6 5.33 1.95

Sample

The calculated values of weight and molar contents of the samples are shown
in Table 5.3.

The magnetization curves vs. the applied magnetic field, M = f(H) of the
Fe@Au samples are presented in Fig. 5.20. The experimental values of the
magnetizations, for all the samples, were normalized by dividing to the content of
corresponding magnetic material, from Table 5.3. In this way one can compare the
magnetic behaviors of samples. As one can see the magnetizations does not show
hysteresis loops, having typical superparamagnetic fine particle behaviors.
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Fig. 5.20. The magnetization curves

fo v FA1 versus applied magnetic field at room
12' © Eﬁg temperature of the Fe@Au samples. The
- (] . .

— absolute magnetizations are calculated
D 5] calculated
2 referred to the Fe content of each
k) 2' specific sample. The continuous lines
L represent the best fits obtained for each
= -10- .

5] sample using Eq. (5.12)
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Table 5.4. Characteristic diameters D,™, dispersions o©,, and saturation
magnetizations My calculated for the magnetic cores of the nanoparticles from the
FAI-FA3 samples respectively. The last column shows the values of the effective
anisotropy constant, K calculated by combining the fit parameters resulted from
M(H) dependences with the analysis of the ZFC-FC curves

D,™ M K
Sample 0 - S eff
P m) %" (emulgeampe)  (10°J/md)
FAL 2.7 0.26 172 9.05
4.84 0.46 2.23
FA2 4.5 0.49 9.7 2.25
FA3 6.6 0.39 5.5 5.24

The mean “magnetic diameter” D™ of a ferromagnetic iron core differs from
the physical diameter D, of the core inside the Au shell. It was shown that the magnetic
size of a nanoparticle is smaller than the morphological size. It is due to the formation
of a disordered non-magnetic surface layer(s) or, as in our case, an interface layer(s)
between the iron core and the oxide shell [85,92-94].

The magnetization data M(H) were fitted with Eq. (5.12). The calculations
were performed following the method presented in Refs [1,67]. In the specific case of
FA1 sample, according to Table 5.4, two superposed distributions were used for
calculations [67]. The results for the best fit of each sample are shown in Fig. 5.20 by
continuous lines. The resulted best fit parameters for the Fe@Au samples are
summarized in Table 5.4. As one can see, going from FA1 to FA3, the mean magnetic
diameters increase while the saturation magnetizations decrease. This is due to the fact
that by increasing the particles mean volumes due to the dispersion of the distributions
a larger number of superparamagnetic particles are blocked even at the room
temperature.

The temperature dependences of the magnetizations in the ZFC-FC regimes
for the Fe@Au samples are shown in Fig. 5.21. One can see a typical
superparamagnetic behavior.
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The energy barriers distributions, as deduced from the temperature derivative
of the TRM for the magnetic core-shell Fe@Au nanoparticles, are shown In Fig. 5.22.

~ 0.20- — FA1 Fig. 522, The temperature
> ——FA2 dependence of the derivative with
r_(! 0.15. —FA3 respect to T of the -Mmpy
2 magnetizations of  core-shell
£ 0.10- Fe@Au nanoparticles. For the FAI
2 sample the two maxima are at 26 K
£ 0.051 and 37 K. For FA2 and FA3
% samples the corresponding maxima
" 0.00- . , ; are at 30 K and 22 K respectively
0 50 100 150 200
T (K)

It should be mentioned that, for the nanometric particles, there is not a linear
correspondence between the deblocking temperatures and the volumes of the
magnetically ordered cores. In Eq. (5.14) the anisotropy density K it is not a constant
and it should be seen as an effective value K. = Ky + C Kg where K, represents the
axial volume contribution, Kg the surface density contribution and C is a constant
specific to a certain nanoparticle [104]. At nanoscale the surface anisotropy Ks plays
an important contribution also being dependent of particle dimensions. The calculated
values of K¢ are given in Table 5.4 for the Fe@Au samples by using a mean value of
In(t,/ ty) = 26. The calculation was performed following Ref [67]. Usually the equation
Keir = Ko + CKg could be expressed as:

6
K, =K, +WKS (5.16)

In Fig. 5.23 it is presented a plot of K. as a function of 6/Dy™ by using the
data from Table 5.4. The size dependence is in accordance with Eq. (5.16) and the
slope of the straight line representing the surface contribution is Ks = 0.66 107 J/m’.
For FA1 sample there were considered two sets of values corresponding to the two
superposed distributions. One can see that the intersection with K¢ axis is negative. Its
absolute value is about |Ky|= 5.96 10° J/m’ and it is one order of magnitude larger that
the usual magnetocrystalline value.

Therefore, it appears that the extrapolated value for |K,| does not have any

physical significance except its opposed sign relative to Ks. It seems that combined
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shape and stress anisotropy at the gold—iron oxide-iron interfaces are opposed to the
crystalline field anisotropy indicating a possible rotation of the easy axis

magnetization.
9.0x10° © HKogt
_ linear fit Fig. 5.23. Plot of Kyas a function
E 6.0x10° of 6 / D™ . According to Eg.
L’t (5.16) the slope of the linear fit
«° 3.0x10°- gives the surface contribution to
the effective anisotropy constant
0.0
80x10°  1.2x10° 16x10° 2.0x10° 2.4x10°
6/D, ™ [m™]

5.4.3. Magnetization of Lay ;51 33:MnOs;@Au nanocomposites [73]

A comparison of the magnetization curves versus the applied magnetic field,
M=f(H) of the bare LSMO nanoparticles as well as of LSMO@Au samples is shown
in Fig. 5.24. The experimental values of the magnetizations, for all samples, were
normalized by dividing by the content of corresponding magnetic material, as shown
in Table 3.3. Typical values of the saturation magnetization for polycrystalline Sr
doped manganite, at room temperature, are within 40—-65 emu/g range [105,106]. The
M=f(H) curves show no hysteresis loops, indicating a superparamagnetic behavior for
the investigated nanoparticles. The continuous lines represent the best fit based on Eq.

(5.12).

Fig. 5.24. Magnetization versus
applied magnetic field
dependences at room temperature
for LSA1, LSA2 and LSA3 samples
together with the bare LSMO
sample. The continuous lines
represent the best fit of the
magnetizations  calculated by
using Eq. (5.12).

- LSA1
LSA2

LSA3
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The calculations were performed following the method presented in Ref. [67].
The calculated values are presented in Table 5.5. By comparing the calculated
magnetic size distribution parameters Dy, and o, with D, and o, previously determined
from TEM analysis, one can observe that the calculated diameters are twice larger that
the real values determined by using TEM images. The fact represents an indication
that, as a result of the dipole—dipole magnetic interactions, the nanoparticles are
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gathered in clusters, each particle apparently having a much larger magnetic diameter

than the real one.

Table 5.5. Characteristic magnetic diameters D", dispersions o,, and saturation
magnetizations M; calculated for the magnetic cores of the nanoparticles for the
LSMO sample as well as for LSA core—shell samples, respectively.

Mg (emulg
Sample D Om Lag.67Sr0.33MNO3)
LSMO 9.9 0.175 494
LSAI 9.7 0.31 36.2
LSA2 104 0.20 42.5
LSA3 10.1 0.18 44.0

Temperature dependences of the magnetization under ZFC-FC for the bare
LSMO nanoparticles and for the LSA1- LSA3 samples are presented in Fig. 5.25, also
showing a typical superparamagnetic behavior.
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Fig. 5.26 displays the energy barrier distributions, as deduced from the
temperature derivative of the TRM for the bare LSMO nanoparticles together with
LSA samples. Some two or multiple peak distributions appear in the case of the LSMO
sample also appears for the LSA samples. It is less evident in the case of LSAI
nanoparticles where the largest amount of Au is present in the outer shells.

200
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0.02

-d(M-M . )/dT (a.u.)

0014 A"

0.00

Fig. 5.25. Temperature dependences of
the magnetization under zero-field
cooling (ZFC) and field cooling (FC)
for the (a) bare LSMO nanoparticles
and (b) for the LSAI- LSA3 samples.
The applied magnetic field was 1000e

Fig.  5.26. Energy  barriers
distributions, as deduced from the
temperature derivative of the TRM
for (a) bare LSMO nanoparticles
and (b) LSA1-LSA3 samples
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As it was previously mentioned, the disagreement between the calculated
“magnetic” diameters and the diameters resulted from TEM images represents an
indication that clusters of various dimensions are formed, most probably due to the
dipole—dipole magnetic interactions of neighbor nanoparticles. It was shown that the
particle interactions influence of height of the energy barrier and affects the blocking
temperatures of the nanoparticles [108—110]. Therefore, the total mean height of the
energy barrier due to both anisotropy and dipolar interactions could be expressed as
[108-110]:

Y,

(AE,,) =KV, + <n1>YlL(k 1T ] (5.17)
B

here y = (M, )2<(3COSZ ¥ _1)> /<d13>, L represents the Langevin function, My is the

saturation magnetization, ¥, the mean volume of the ensemble of nanoparticles, d; and
¥, designate the positions of the first neighbors, <d1> represents the interparticle mean

distance and <n1> 1s the mean number of interacting nearest neighbors.

In the weakly interaction limit L(x) function can be approximated as L(x)=x/3 (x<1)

and the mean height of the energy barrier becomes [108]:
2

Y,
AE V=K 1 (5.18)
< tot> Vm+<n1>3kBT

In the strong interaction limit the Langevin function is given by L(x) =1-1/x (x>2),
and Eq.(5.17) becomes

(AE,,) =KV, +(n)Y ~(n)k,T (5.19)
The temperature dependence of <AEW> was made by integrating energy

barrier distribution functions over the blocked states (in the upward sense starting from
a given T), in a similar manner as shown in Eq. (2.31) where the temperature (the
blocking temperature) appears in the lower bound of the integral.

L B 231)
3k, HTOT,(V,H)

The dipolar interaction acts in order to increase the height of the energy
barriers therefore increasing the deblocking temperatures. As compared to the
noninteracting case, as the temperature increases, as a consequence of the dipole—
dipole interactions, the occurring of the nanoparticles deblocking process is “slowed
down” [108]. The dipole—dipole interaction became less important for the already
deblocked nanoparticles where the magnetizations are governed by thermal
fluctuations. The calculated temperature dependences of (AE,) for the bare LSMO

sample together with gold covered LSA nanoparticle samples are presented in Fig.
5.27. The linearity dependences having negative slopes, as given by Eq. (5.19),
indicates that strong dipole—dipole interactions are present between blocked
nanoparticles in all the cases. According to Eq. (5.19) the absolute value of the slope is
proportional to the mean number of interacting nearest neighbors <n1> Therefore,
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weaker interactions (lower <n1> ) are present in the case of LSA1 sample which possess

a thick gold shell as compared to the LSMO sample.

2.0
Fig. 5.27. Temperature dependences of
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0.0 graphs and of the number of particles in
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5.4.4. XPS and XANES spectra and magnetization of Lag 7519 33MnO;@PPy
nanocomposites [77]

The composition of the samples was determined using the XPS technique.
The weight contents of LSMO nanoparticles, PPy and oleic acid in case of the
composite samples as determined by XPS are shown in Table 5.6. The last column
shows the values of the saturation magnetization, the data was normalized to the
content of LSMO specific for each sample.

Table 5.6. The weight contents of LSMO, PPy and oleic acid in case of the
composite samples as determined by XPS. The last column shows the
saturation magnetizations Mg normalized by the LSMO content

Lsmo ppy O M

Sample wt% wt% ?v(;l"/do (emu/gSLSMO)
LSMO - - - 55.67

#1 82.8 143 2.9 68.21

#1° 84.0 16.0 - 65.53

#2 69.5 27.5 3 66.41

#2’ 43.7 56.3 - 86.13

#3 47.7 39.8 12.5 68.10

#4 222 683 9.5 132.08

The magnetization curves at room temperature of the bare LSMO
nanoparticles together with the LSMO / PPy nanocomposites are presented in Fig.5.29.
As expected, the magnetization of different combinations of PPy and LSMO
nanoparticles together with the bare LSMO nanoparticles covered or not with oleic
acid as surfactant does not show any hysteresis loop, being consistent with a
superparamagnetic behavior [82]. The temperature dependences of the magnetizations
in ZFC-FC regimes for the LSMO nanoparticles and the LSMO@PPy composites are
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shown in Fig. 5.30. As expected, a typical superparamagnetic behavior is evidenced in
this figure.

As one can observe in Fig. 5.29 the saturation magnetizations My for the
LSMO@PPy composites have larger values that the saturation magnetization of bare
LSMO nanoparticles. The effect of PPy attached to the nanoparticles or the combined
effect of both surfactants and PPy leads to an increase of the saturation magnetizations
for all the nanocomposites samples as compared with the LSMO nanoparticles. The
same type of increase of My has been recently reported for the oleic acid coating and
PPy coating of magnetite nanoparticles respectively [67-69]. It seems that the
attachment of organic molecules to the surface of magnetic nanoparticles could induce
a reduction of the surface spin disorder resulting in an increase of the saturation
magnetization values.
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—e—#1 . . .
80—y oo ittt Fig. 5.29 The magnetization curves
Q ,l-i—#2 ,Fﬁ' e A of the PPy nanocomposites as a
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8 Vleeooeosel 3 s
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e o :
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To cheek if a charge transfer, going from PPy polymer to the LSMO
nanoparticles, also occurs in our composites samples XANES measurements were
done. The Mn-K and La-L;; edges were investigated for one of the LSMO@PPy
composite sample #2. As a reference the same lines were recorded for the bare LSMO
nanoparticles. Fig. 5.31 presents results of XANES measurements near the Mn K-
edge. The insert presents derivative spectra, performed in order to derive eventual
chemical shifts of the absorption edge, defined as the inflection point of the XANES
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(Teo et al. 1983). No noticeable chemical shift corresponding to the transition from 1s
to final states of p symmetry is observed between the LSMO and the LSMO@PPy.
That means, the empty state DOS of p symmetry is not affected by the polymer
adsorption. On the contrary, with polymer adsorption, a redshift of about lel is
observed for the inflection point of the pre-edge peak, which is usually attributed to
quadrupole transitions from /s to 3d states and dipole transitions from /s to 3d final
states hybridized with 4p [113-115].

A noticeable the enhancement of the pre-edge peak with polymer adsorption
is observed. The ratio between the two pre-edge peaks is 1.32 + 0.05 when comparing
absolute intensities, or 1.28 + 0.03 when comparing areas. If an initial mixture of
(0.67) Mn®™ + (0.33) Mn*" is ascribed to the bare LSMO states, this yields an average
3d vacancy number of 6.33 electrons for a Mn atom. The increase by the above
specified factors implies a depopulation of Mn 3d states such that the number of 3d
holes becomes about 8. A configuration 4s,3d,, which corresponds to Mn>" can be
ruled out. Therefore, there are two outlines that may be proposed:

(i) formation of supplementary Mn*" with configuration 3d; (an increase of
the pre-edge peak by a factor of 7/6 may be explained), together with serious
modification of the transition matrix element which is induced by the orbital shrinking
around absorbing Mn ions. This effect yields an increased superposition of the /s state
and final state (3d4p) orbitals;

(ii) formation of supplementary Mn*", but with electronic configuration 4s,
3d,, 1.e. transfer of one electron from Mn 3d to Mn 4s partial DOS upon polymer
adsorption.

The first outline is more plausible, involving the increase of the Mn*" content
can be correlated with the magnetization increase via the enhancement of the double-
exchange interactions between manganese positions at the surface of the PPy covered
nanoparticles. Within this picture the delocalized n electron of the PPy chains goes to
the oxygen vacancies existing at or near the surface of LSMO nanoparticles. Actually
the oxygen deficiency at the nanoparticle surface breaks the double-exchange between
Mn ions creating some spin disordered layers and reducing the magnetization. The
transferred DOS at oxygen vacancies reestablishes the double exchange interactions
within the occupied e, band hence increasing the overall magnetization with some
contributions from the surface disordered layers. This effect is sustained by the
observed increase of white peak intensity in the La-L;;; XANES spectrum in case of
the LSMO@PPy composite as compared to the LSMO nanoparticles. The effect is
ascribed to an increase of the oxidation degree of the La ions determined by the PPy &
electrons DOS existing at the oxygen vacancies.

22



Absorption, pd (arb.)

0.8+

0.6 -

0.4 —

— Lay ;51 ;,MNnO,
== Ly 051, ,MnO,@PPy

Mudvihv) {arb.)

AN

RARARRERES RESSE LSS S ey
B530 6540 6550 6560 B570 6580
Photon energy (eV)

G600 6650 6700
Photon energy (eV)

Fig. 531 Results of XANES
measurements near the Mn K-
edge. The insert presents the
derivative spectra, performed in
order to derive eventual
chemical shifts of the absorption
edge

23



Chapter VI. Conclusions

6.1. Fe;O4,@PPy nanocomposites

PPy-Fe;0O4 nanocomposites were obtained by the polymerization of Py in the
presence of water based magnetic nanofluid. The surfactant nature (LA+DBS,
MA+DBS, DBS+DBS) influences the size distribution of the magnetic nanoparticles
in the nanofluid and ultimately the thickness of the PPy layer covering these
nanoparticles in the nanocomposite.

The magnetization versus applied magnetic field of the reported
nanocomposites does not show any hysteresis loop, which indicates a
superparamagnetic behavior. FC and ZFC dependences of the magnetization versus
temperature also evidence the superparamagnetic behavior of the nanocomposites.
From the synthesis point of view the nature of the surfactants as well as the Py
polymerization temperature are relevant synthesis parameters that allow tailoring the
magnetic properties of the nanocomposites.

The surface modification of magnetite by PPy coating results in an increase in
the saturation magnetization and of the apparent magnetic diameter of the
nanoparticles due to a decrease in surface spin disorder. This novel effect is ascribed to
a charge transfer process from the conducting polymer to the surface iron ions of
magnetite. It involves the laterally delocalized 7 electrons of the conjugated PPy which
could penetrate under the surface of magnetite nanoparticles.

The easy polymerization of PPy in stable dispersions of magnetic
nanoparticles represents a good strategy to generate magnetic nanocomposites with
controllable magnetic properties, which can be further easily provided with
biofunctionality by the attachment of specific molecular groups to the polymer chains
for applications in biotechnology.

6.2. Fe(@Au nanocomposites

Core-shell Fe@Au nanoparticles were obtained by the inverse micelles
method in different conditions.

In between the Fe(0) cores and the gold shells there is an additional shell of
iron oxides as it results from the analysis of the Fe 2p core-level XPS lines.

Among the synthesis parameters, the molar ratio surfactant/HAuCl,
influences strongly the nanoparticles size distribution and their magnetic properties.
The narrowest size distribution was obtained for the Fe@Au sample prepared with the
lowest value of surfactant/HAuCl, molar ratio while the highest magnetization resulted
when the highest content of gold was put into the synthesis.

The size distribution of the nanoparticles influences strongly the
magnetization values. For nanoparticles having greater mean magnetic (samples FA2
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and FA3), due to the superparamagnetic blocking process, the saturation magnetization
values are lower than for the nanoparticles with a thicker gold shell and a smaller
magnetic diameter (FA1). This fact persists even if the particle size distribution and
the corresponding energy barriers distributions (sample FA1 in Fig. 10) have multiple
peaks.

The missing hysteresis loop in the magnetization vs. applied magnetic field
represents a clear evidence for the superparamagnetic behavior for the core-shell
Fe@Au nanoparticles. The superparamagnetic behavior is also evidenced from FC and
ZFC dependences of the magnetization vs. temperature. The effective anisotropy
constant, K. for the core-shell Fe@Au nanoparticles was obtained using the
temperature dependence of the thermoremnant magnetization combined with
magnetization vs. applied magnetic field. K. of core-shell Fe@Au nanoparticles
increases linearly with the decrease of the iron core magnetic diameter D,™. The high
value of surface contribution, Kg resulting from the linear dependence of K. vs. 1/
Do™ is attributed to the combined shape and stress anisotropy at the gold—iron oxide—
iron multiple interfaces.

6.3. Lag6751933MnOs(@Au nanocomposites

Manganite nanoparticles Lag¢;Sr)33:MnO; having a mean diameter of 4.4nm
were obtained by using the sol-gel procedure. By using the so-called seeding method,
the LSMO nanoparticles were covered with gold forming core—shell like
nanostructures.

Among the LSMO nanoparticles one can find few large particles (up to 50
nm) and as it appears from TEM images some clusters are formed. The surfactant layer
on the manganite nanoparticle surfaces cannot avoid their aggregation due to the
dipolar interactions.

The missing hysteresis loop in the magnetization vs. applied magnetic field
represents a clear evidence for the superparamagnetic behavior for the LSMO@Au
nanoparticles. Due to the magnetic dipole—dipole interactions the “magnetic”
diameters of the nanoparticles appears to be at least twice larger that the real values as
determined by TEM (here including both cores and shells). This assertion is sustained
by the analysis of energy barrier distributions calculated from FC and ZFC
temperature dependences of magnetizations. By going from LSA1l to the LSMO
uncoated nanoparticles the mean number of interacting neighbors increases as the
thickness of the Au shell decreases. As expected by gold coating the LSMO
nanoparticles one can adjust the magnetic properties by reducing the strong magnetic
dipole—dipole interactions between nanoparticles. By covering the LSMO cores with a
properly adjusted gold shell one can diminish the tendency of the nanoparticles to form
clusters and adjust the magnetic properties of the system.

The easy attachment to the nanoparticles gold surface of thiol containing
molecules represents a good strategy to generate magnetic heterocomposites with
controllable magnetic properties, which can be further easily provided with different
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functionalities for applications as magnetic extraction, magnetic separation,
biotechnologies, etc.

6.4. Lay 6751033MnO;@PPy nanocomposites

LSMO@PPy nanocomposites were obtained by the oxidative polymerization
of pyrrole in presence of water dispersed LSMO nanoprticles. The polymerization
produced some adhesive PPy layers around the magnetic nanoparticles leading thus to
a core-shell structure evidenced by HRTEM.

The missing hysteresis loop in the magnetization vs. applied magnetic field
represents a clear evidence for the superparamagnetic behavior for the core-shell
Fe@Au nanoparticles. The superparamagnetic behavior is also evidenced from FC and
ZFC dependences of the magnetization vs. temperature. A significant increase of the
saturation magnetizations appears for all the samples when compared to the bare
LSMO nanoparticles. The surface modification of manganite nanoparticles by
polypyrrole coating results in a decrease of surface spin disorder. Therefore from the
synthesis point of view the pyrrole polymerization is a relevant synthesis method that
allows tailoring the magnetic properties of the LSMO nanocomposites.

Our results show for the first time that an enhancement of the magnetization
could be obtained in the case of manganite nanoparticles coated with PPy due to the
charge transfer from polymer & electronic states to some oxygen vacancies nearby the
surface of the nanoparticles This novel effect is ascribed to a charge transfer process
from the conducting polymer to the surface iron ions of magnetite.
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