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a b s t r a c t

The fabrication of bifunctional nanocomposites, co-assembling photonic (RE3þ) and magnetic (Fe3O4)
features into single entity nanostructures is reported through a facile method, using Fe3O4 as core
nanoparticles, which were coated with SiO2 shell and further grafted with Eu3þ and Tb3þ complexes. The
sophisticated structural features and morphologies of the core-shell Fe3O4@SiO2-(TTA-RE-L) nano-
materials were studied by Small-angle X-ray Scattering. The core mean size hDSAXSi, shell thickness DR,
cluster size x and fractal dimension DF were determined by fitting the experimental SAXS data,
corroborating through Transmission Electron Microscopy images. The DC magnetic properties at tem-
peratures of 2 and 300 K were explored in support to the structural conclusions from SAXS and TEM
analyses. The magnetic contributions of the RE3þ ions to the magnetizations of the Eu3þ and Tb3þ

nanocomposites were discussed. The photoluminescence properties of the Eu3þ and Tb3þ nano-
composites based on the emission spectral data and luminescence decay curves were studied. The
experimental intensity parameters (Ul), lifetimes (t), emission quantum efficiencies (h) as well as
radiative (Arad) and non-radiative (Anrad) decay rates were calculated and discussed, in addition, the
structural conclusions from the values of the 4f-4f intensity parameters in the case of the Eu3þ ion. These
novel Eu3þ and Tb3þ nanocomposites may act as red and green emitting layers for magnetic and light
converting molecular devices.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Progress in design and fabrication of bifunctional nanosized
materials containing magnetic and photonic features integrated
into a single entity nanostructures has been advanced rapidly [1],
because of their potential multimodal biomedical applications such
as: drug delivery carriers [2], photothermal destruction of tumor
cells [3], MRI contrast agents [4,5], quantitative DNA analyses [6,7]
and magnetic hyperthermia for cancer therapies [8,9]. Therefore,
several reports have focused on preparation and characterization of
multifunctional magnetic and fluorescent core-shell materials
[10,11] as well as magnetite and trivalent rare earth ions (RE3þ)
efbrito@iq.usp.br (H.F. Brito).
based magnetic and luminescent ones [1,12e14].
Among the iron oxides nanoscale particles, the Fe3O4 shows

stronger magnetization, however, due to the large surface to vol-
ume ratio and high magnetization; bare magnetite nanoparticles
are usually prone to aggregation [15]. This difficulty makes them
inadequate candidates for biological applications. To overcome this
drawback, coating with organic ligands, polymers and silica is often
employed [16]. Nevertheless, the superparamagnetism of the Fe3O4
nanoparticles are also dependent on the surface modification
[17,18], influencing the saturation magnetization, coercivity and
blocking temperature [19,20] of these nanoparticles.

The silica coating is a most promising approach, presenting not
only the encapsulated magnetite nanoparticles a biocompatibility
[21], but also a greater chemical and mechanical stability against
variation in pH and temperature [22]. Besides, SiO2 coating retards
the oxidation of Fe3O4 nanocrystals to a-Fe2O3 at high temperature
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[23]. The surface of silica shell can be further functionalized to label
with fluorescent dye molecules [24] and also introduce specific
ligand functional groups to graft with the RE3þ complexes [13] to
produce multifunctional optical and magnetic nanomaterials.

The interest in luminescent materials containing RE3þ ions has
been grown considerably due to their unique ability to exhibit well-
defined narrow emission bands in different spectral ranges from
visible to near-infrared with relatively long lifetimes and high
quantum yields [25]. These features make RE3þ materials efficient
candidates for multidisciplinary photonic applications, recently
extended from laser physics to materials sciences, optical markers,
agriculture, and medical diagnostics [26], etc.

The photoluminescence properties of the RE3þ ions are mainly
due to the 4f energy level structures, which are only slightly
affected by the chemical environment due to the effective shielding
of the 4f electrons by the external filled 5s and 5p sub-shells [25].
Therefore, the absorption and emission spectra of the 4f intra-
configurational transitions of the RE3þ ions retain more or less their
atomic character and similar irrespective of the host matrix or
organic ligand [27].

The rare earth complexes can be remarkable candidates for light
conversion molecular devices (LCMDs), since introducing the
intramolecular energy transfer from the organic ligands to RE3þ

ions (antenna effect) [28] and overcoming the problem of very low
molar absorption coefficients (1.0 M�1 cm�1) [27] of 4f-4f transi-
tions. Therefore, the designs of efficient luminescent RE3þ com-
plexes have become an important research subject [29], being
investigated extensively using different organic ligands as sensi-
tizers [30].

The RE3þ ions are paramagnetic due to the presence of unpaired
electrons with the exception of La3þ, Lu3þ and Y3þ ones. Their
magnetic properties are determined entirely by the ground state
(except for the Sm3þ and Eu3þ ions), as the excited states are sowell
separated from the ground state due to the spineorbit coupling and
are thermally inaccessible [31]. The magnetic moment of the RE3þ

ions is essentially independent of chemical environment and one
cannot distinguish between different coordination geometries.
However, the magnetic moments of the rare earth ions also
contribute to the whole magnetization of the bifunctional nano-
materials [1].

In the present work, the syntheses, structural and morpholog-
ical characterizations as well as optical and magnetic properties are
reported for the bifunctional Fe3O4@SiO2-(TTA-RE-L) (RE: Eu3þ and
Tb3þ) nanocomposites with different organic ligands (L), where L:
thenoyltrifluoroacetonate (TTA), Thioglycolate (TC), 4-
aminobenzoate (AB) and 4-(aminomethyl)benzoate (AMB). The
Small-angle X-ray Scattering (SAXS) data in support with Trans-
mission ElectronMicroscopy (TEM) images were used to determine
the structural features and morphology of the core-shell Fe3O4@-
SiO2-(TTA-RE-L) nanomaterials containing aggregation of Fe3O4
core nanoparticles. In addition, core mean size hDSAXSi, shell
thickness DR, cluster size x and fractal dimension DF for these
nanocomposites were also calculated and discussed. Based on these
structural and morphological data, the DC magnetic properties
were studied at room (300 K) and low (2 K) temperatures in order
to better understand the final structure of the optical and magnetic
nanocomposites. The influences of amorphous silica phase and
RE3þ complexes on the behavior of magnetization (M), coercive
field (HC) and blocking temperature (TB) were presented and dis-
cussed. In addition, the magnetic contribution of the of RE3þ ions to
the whole magnetization (M � H and ZFC/FC measurements) of the
Eu3þ and Tb3þ nanomaterials was also studied. Though, the
magnetite is usually a luminescence quencher, this difficulty was
overcome by coating the Fe3O4 nanoparticles with silica shell using
modified St€ober method [32]. The influence of the chemical
structure of the ligand on the photoluminescence properties of the
Eu3þ and Tb3þ ions was also studied to produce highly luminescent
nanomaterials. The experimental intensity parameters (U2 and U4),
radiative and non-radiative rates (Arad and Anrad) for the Eu3þ

nanophosphors were calculated. Finally, the emission spectral
features, the experimental emission quantum efficiencies (h) and
the emission lifetimes for these nanomaterials are also discussed.

2. Experimental section

2.1. Reagents

The following commercially available chemical reagents were
used without further purification. The FeCl3$6H2O and FeCl2$4H2O
were purchased from Synth as well as Tetraethyl orthosilicate
(TEOS), 3-Chloropropyl-triethoxysilane (CPTES), thenoyltri-
fluoroacetone (HTTA), 4-aminobenzoic acid (ABA) and 4-
aminomethyl benzoic acid (AMBA) from Sigma-Aldrich. The Thio-
glycolic acid (TCA) was purchased from Merck as well as
EuCl3$6H2O and TbCl3$6H2O were synthesized from the Eu2O3 and
Tb4O7 (99.99% CSTARM) and hydrochloric acid (VETEC).

2.2. Materials preparation

Fe3O4 nanoparticles ¡ The magnetite was prepared with
chemical co-precipitation according to the reported literature
procedure [33,34]. Each 50 mL solution of FeCl2 (1.00 mol L�1) and
FeCl3 (1.75 mol L�1) in Milli-Q water was prepared separately into
two beakers and then transferred together to a 250 mL three-
necked flask, stirred under dynamic N2 with continuous flow. The
reaction mixture was heated at 60 �C and NH3$H2O (v/v 28e30%)
was added dropwise until pH adjusted to 11. The suspension was
immediately turned black, indicating the formation of magnetite.
Furthermore, the reaction content was heated at 80 �C for 1 h. The
black color precipitate was isolated from the reaction mixture by
applying external magnet, washed three times with Milli-Q water,
dried under reduced pressure, and stored in vacuum desiccator.

Fe3O4@SiO2 nanoparticles¡ The nanomaterials were prepared
by modified St€ober method, as reported in the literature [32e34].
The 2.0 g of Fe3O4 nanoparticles were suspended in 100 mL of
distilled water, followed by addition of the mixture of 5.0 mL of
CPTES, 15 mL of methanol and 5 mL of aqueous NaF solution (1%).
After stirring the reaction mixture for 5 min, 30 mL of tetraethyl
orthosilicate (TEOS) was added slowly and stirred for 48 h at room
temperature. The resultant product was separated with permanent
magnet and washed with ethanol and Milli-Q water, dried under
reduced pressure and stored in vacuum desiccator.

TTA ligand grafted magnetic core-shell nanostructures
(Fe3O4@SiO2-TTA) ¡ These nanostructures were prepared by
functionalizing the surface of Fe3O4@SiO2 nanoparticles with the-
noyltrifluoroacetonate (TTA) ligand. The mixture of 0.5 g
(2.25mmol) of HTTA and 0.11 g (4.50mmol) of NaH in dry DMF/THF
(1:3, v/v) was stirred at room temperature for 30 min. Thereafter,
1.2 g of Fe3O4@SiO2 was added and the reactionmixturewas heated
at reflux for 96 h. After cooling to room temperature, the Fe3O4@-
SiO2-TTA product was separated by applying external permanent
magnet, washed with ethanol, Milli-Q water and chloroform to
remove the excess TTA and then dried in vacuum desiccator to get
dark brown color Fe3O4@SiO2-TTA nanomaterials.

Fe3O4@SiO2-(TTA-RE-L) ¡ The core-shell luminescent and
magnetic nanomaterials were synthesized by general procedure,
involving the chemical preparation of RE3þ complexes on the sur-
face of Fe3O4@SiO2-TTA nanostructures. In a typical procedure, to a
suspension of 0.12 g of Fe3O4@SiO2-TTA in 30 mL of ethanol was
added 0.36 g of the ligand (L). After stirring the solution for 10 min,
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few drops of NH3$H2O (28e30 v/v %) was added and heated at
50 �C. Subsequently, a solution of 0.5 equivalent (relative to ligand)
of the hydrated rare earth chloride in ethanol was added dropwise
with the adjustment of pH to 8 by dropwise addition of NH3$H2O
(28e30 v/v %). The reaction mixture was continuously stirred at
50 �C for 4 h, thereafter, the temperature was adjusted to ambient
temperature and the reaction mixture was further stirred for
overnight. The resultant products were collected by magnetic
separation with permanent magnet and washed with ethanol,
methanol, Milli-Q water and chloroform to remove the excess of
RE3þ complex, thenwere dried under reduced pressure, and stored
in vacuum desiccator.
2.3. Characterization

The nanomaterials were characterized by X-ray Powder
Diffraction (XPD) patterns using a Rigaku Miniflex II diffractometer,
CuKa1 radiation (l: 1.5406 Å) in the 2q range of 10e80�. The
infrared absorption spectra (FTIR) were measured using KBr pellet
technique with a Bomem MB100 FTIR from 400 to 4000 cm�1.

Transmission electron microscopy (TEM) images were
measured with a JEOL JEM 2100 LaB6 TEM (acceleration voltage
200 kV, Spot Size 1, Alpha Selector 3) and JEOL JEM 3010 HR-TEM
(acceleration voltage 300 kV, Spot Size 1, Alpha Selector 3). The
nanoparticles were dispersed in Milli-Q water and sonicated for
15 min. Samples were prepared by drying the water-dispersed
nanoparticles on a carbon-coated copper grid (ultrathin carbon/
holey carbon, 400 mesh cooper grid). The TEM images were ac-
quired with the sample on a single-tilt sample holder using Gatan
MSC798 TV camera, Gatan Digital Micrograph and EMMENU
programs.

Small-angle X-ray Scattering (SAXS) experiments were recorded
at the Centro Nacional de Pesquisa em Energia e Materiais
(CNPEM), Brazilian Synchrotron Light Laboratory (LNLS) Campinas,
Brazil. The measurements were carried out at room temperature
using the beamline SAXS 2 in the energy range from 6.0 to 11.0 keV.
The scattering intensity was measured as function of momentum
transfer vector q (q ¼ 4p sinq/l), in the range from 0.05 to 1.3 nm�1,
being q is the scattering angle. Data treatment was performed using
the SASFit software package developed at the Paul Scherrer Insti-
tute (Switzerland).

DC magnetic properties were studied using a Quantum Design,
MPMS XL, SQUID magnetometer. Zero Field Cooling/Field Cooling
(ZFC/FC) measurements were done to characterize the static mag-
netic properties of the nanomaterials. The measurements were
carried out as follows: the sample was first cooled down from 300
to 2 K in a zero magnetic field, then a static magnetic field of 50 Oe
was applied and the magnetization was measured increasing the
temperature up to room temperature (300 K). Subsequently, the
samples were cooled down to 2 K under the same appliedmagnetic
field (50 Oe) and the magnetization was measured while warming
up the samples from 2 to 300 K. The magnetization as a function of
the applied field between �2 and þ2 T were measured at selected
temperatures from 2 to 300 K.

The excitation and emission spectra of the Eu3þ and Tb3þ

nanomaterials were recorded with a SPEX FL212 Fluorolog-2
spectrofluorometer using a 450 W Xenon lamp as an excitation
source and two 0.22 m double grating SPEX 1680 monochromators
for dispersing the radiation. Luminescence decay curves of the Eu3þ

nanomaterials were measured using the SPEX 1934D phos-
phorimeter accessory attached to the 150 W pulsed Xenon lamp.
The entire luminescence setup was fully controlled by a DM3000F
spectroscopic computer program and the spectral intensities were
automatically corrected for the photomultiplier (PMT) response.
3. Results and discussion

The bifunctional core-shell luminescent and magnetic nano-
composites were prepared by multi-step syntheses, utilizing Fe3O4
as precursor core particles [33,34], which were further coated with
silica using 3-chloropropyl-triethoxysilane (CPTES) and tetraethyl
orthosilicate (TEOS) [32e34]. The silica shell formation on Fe3O4
with this method is a very slow process from 12 to 48 h of me-
chanical stirring at room temperature. Nevertheless, results in
Fe3O4@SiO2 particles usually contain variable number of Fe3O4
cores even under optimal conditions [13,21]. In addition, heating of
the reaction causes of formation of irregular morphology big
magnetite-silica aggregates [21]. The Fe3O4@SiO2 nanoparticles
were further graftedwith thenoyltrifluoroacetonate (TTA) ligand by
chemical substitution of the chloro (Cl) present on the surface of
them with TTA organic moiety. Subsequently, a series of RE3þ

complexes were synthesized on the surface of Fe3O4@SiO2-TTA
nanostructures using different organic ligands (L), in order to
saturate the first coordination sphere of the RE3þ ions. The sche-
matic structure and stepwise preparation method of the bifunc-
tional luminescent and magnetic nanomaterials are illustrated in
the Scheme 1.

3.1. Structural and morphological characterization of Fe3O4@SiO2-
(TTA-RE-L)

The FTIR absorption spectra (Supplementary materials, Figs. S1
and S2) of the Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-
(TTA-RE-L) nanomaterials are dominated by the broad absorption
bands centered at ca 3500 cm�1, indicating the presence of the
water molecules in the nanomaterials. The absorption band
centered at 1632 cm�1 corresponds to the nC]O of the thenoyltri-
fluoroacetonate (TTA) in the Fe3O4@SiO2-TTA nanostructure. It was
red shifted in the absorption spectrum of the Fe3O4@SiO2-(TTA-Eu-
TTA) nanomaterial and appeared at 1619 cm�1, suggesting that the
TTA is coordinated to the Eu3þ ion via oxygen atoms. Moreover, the
infrared spectrum of the Fe3O4@SiO2-(TTA-Eu-TC) shows an ab-
sorption band in the region of 1560e1665 cm�1 corresponds to the
nC]O of carboxylic group of the thioglycolate (TC) ligand coordi-
nated to the Eu3þion (see Supplementary materials, Fig. S1). In
addition, the absorption bands observed at 1627 and 1637 cm�1

assigned to the nC]O of carboxylic group of the 4-Aminobenzoate
(AB) and 4-Aminomethyl benzoate (AMB) ligands coordinated to
the RE3þ ion in the Fe3O4@SiO2-(TTA-RE-AB) and Fe3O4@SiO2-(TTA-
RE-AMB) nanocomposites, respectively. It was also observed the
absorption bands in the region of 1412e1540 cm�1 correspond to
the nC]C in aromatic ring of the TTA, AB and AMB ligands. Besides,
the infrared absorption spectra of all the Fe3O4@SiO2, Fe3O4@SiO2-
TTA and Fe3O4@SiO2-TTA-RE-L) nanostructures present a strong
absorption band at 1098 cm�1 corresponds to the stretching vi-
bration of the framework and terminal SieO- groups, confirming
the coating of Fe3O4 nanoparticles with amorphous silica phase
(Supplementary materials, Figs. S1 and S2). The weak absorption
band observed at ca 595 cm�1 for the Fe3O4@SiO2, Fe3O4@SiO2-TTA
nanostructures corresponds to the nFe-O in the crystal lattice of
Fe3O4 core is also maintained to certain extent in infrared spectra of
the Fe3O4@SiO2-(TTA-RE-L) nanocomposites.

The structures of the Fe3O4@SiO2, Fe3O4@SiO2-TTA and
Fe3O4@SiO2-(TTA-RE-L) nanomaterials were further characterized
by X-ray powder diffraction (XPD) technique (Fig. 1 and Supple-
mentary materials, Fig. S3). As shown in the XPD pattern of
magnetite, the diffraction reflections can be indexed as the face-
centered cubic (fcc) lattice of the Fe3O4 phase (XPD reference
pattern of Fe3O4, ICDD/PDF 19e629). Therefore, the XPD patterns of
the Fe3O4@SiO2 and Fe3O4@SiO2-TTA nanostructures retain the



Scheme 1. Preparation route of magnetic and luminescent nanocomposites; including synthesis of Fe3O4@SiO2 nanoparticles, chemical modificationwith TTA and further syntheses
of RE3þ complexes on the surface of Fe3O4@SiO2-TTA nanostructures - Fe3O4@SiO2-(TTA-RE-L).

Fig. 1. X-Ray Powder Diffraction patterns of the Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-TTA
and Fe3O4@SiO2-(TTA-Tb-L) nanomaterials.
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reflections of the Fe3O4 spinel structure, in addition, to the mainly
characteristic reflection of an amorphous silica phase, confirming
the coating of the magnetite core with silica shell (Fig. 1). However,
the intensity of these characteristic reflections decreases due to the
further grafting of Fe3O4@SiO2 with TTA ligand as shown in
diffraction pattern of Fe3O4@SiO2-TTA. In the case of the Fe3O4@-
SiO2-(TTA-RE-L) nanocomposites, the characteristic reflections of
the magnetite are no longer appeared due to domination by either
the diffraction reflections or amorphous phase of the Eu3þ com-
plexes, suggesting the efficient formation of rare earth complexes
on the surface of Fe3O4@SiO2-TTA nanostructure.

The mean crystallite size (D) of the precursor Fe3O4 core parti-
cles were deduced from the full width at half maximum (FWHM, b)
of the most intense peak using Scherer’s formula: D ¼ Kl=bcosq,
where K is the dimensionless shape factor, l is the wavelength of
the X-ray radiation employed (CuKa1 radiation, l: 1.5406 Å), q is the
diffraction angle (Bragg angle) and b is the full width at half
maximum of the peak, in radians. The calculated mean crystallite
size of the Fe3O4 nanoparticles was about 9 nm.

The morphology of the luminescent and magnetic nano-
materials was studied using the TEM and high-resolution TEM (HR-
TEM) images (Fig. 2) of four selected materials. The nanoparticles
with cubical and spherical shapes near 10 nm and well-defined
crystallinity were observed for the bare Fe3O4, corroborating by
the XPD pattern. For the Fe3O4@SiO2, Fe3O4@SiO2-(TTA-Tb-L) and
Fe3O4@SiO2-(TTA-Eu-L), biggest nanostructures composed of
several magnetite nanoparticles (agglomerated) with the coating
were observed (see also Supplementary materials Figs. S4eS7 for
more images). Considering that TEM images only give local
description on part of these nanomaterials, Small Angle X-Ray
Scattering (SAXS) measurements were performed and the results
were combined with the TEM and HR-TEM preliminary results, in
order to globally understand the possible structures present on
each Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-(TTA-RE-L)
nanostructures.

Fig. 3 shows a loge log representation of scattering curves of the
luminescent and magnetic nanocomposites, including the scat-
tering curves of Fe3O4 and Fe3O4@SiO2 nanoparticles, which are
vertically shown for clarity. All the experimental scattering profiles
(symbols) are slightly different, however all patterns display a po-
wer law comportment with a smooth decreasing q-behavior. These
patterns are typical to interacting particulate systems, showing at
low q region a clear deviation from the Guinier’s law [35,36],
indicating polydispersity and aggregation. Such deviation arises
from the scattering interference between the neighboring Fe3O4 or
Fe3O4@SiO2 nanoparticles as the case. On the other hand, in the
high q region, after background subtraction, all scattering profiles
follow a power law behavior with a slope close to �4, representa-
tive of Porod scattering from the smooth surface of the elementary
particles.

In order to take into account the single or core-shell nano-
particle aggregation, the experimental scattering curves were
analyzed using the structure factor S(q) derived from the fractal
aggregate model, postulated by Chen and Teixeira [37]. This
analytical function, S(q), considers fractal aggregates composed of
primary particles of radius R, with fractal dimension DF and a
limited aggregate size x. This structure factor is given by Eq. (1):



Fig. 2. TEM and High-resolution TEM images (clockwise from top left) of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-(TTA-Eu-L) and Fe3O4@SiO2-(TTA-Tb-L) nanomaterials.
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ðqRÞDF
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ðqxÞ2

!ðDF�1Þ
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(1)

Being GðDF � 1Þ is the gamma function.
The scattered intensity from a collection of particles can be

described as the product of two contributions, the structure S(q)
and form P(q) factors. For fitting procedure, to the product S(q)P(q),
was added a constant term (CBKG), taking in account the incoherent
background. In the case of the Fe3O4 nanoparticles, it was used a
form factor for polydisperse sphereswithmean radius size R, which
is given by equation:

Pðq;R;DhÞ ¼
Z∞
0

K2ðq;R;DhÞf ðRÞdR;

where, Dh is the scattering length density difference between
nanoparticles and the solvent. On the other hand, for Fe3O4@SiO2
nanoparticles and Fe3O4@SiO2-(TTA-RE-L) nanocomposites, it was
chosen the core shell form factor for polydisperse spherically
symmetric particles withmean radius size R and shell thicknessDR,
such form factor is given by Pðq;R;DR;Dh1;Dh2Þ ¼

R∞
0 ½Kðq;R

þDR;Dh2Þ � Kðq;R;Dh2 � Dh1Þ�2 f ðRÞdR. In this equation Dh1 and
Dh2 are the scattering length density difference between the core
or shell and the solvent, respectively. In all cases f(R) is the radii
distribution of lognormal type [38] and

K ¼ 4
3pR

3Dh3 sinðqRÞ�qRcos ðqRÞ
ðqRÞ3 .
SAXS fitted parameters are summarized in the Table 1. The ob-
tained mean core sizes hDSAXSi are smaller than those observed in
the TEM images. The underestimation of the mean nanoparticle
size is usual in aggregate nanoparticle systems and arises from the
scattering interference between the neighboring nanoparticles
[39,40]. Accordingly, it is possible to consider that for the Fe3O4 and
Fe3O4@SiO2 systems, the lowest apparent size values were obtained,
attributing to the fact that the nanoparticles are closer to each
other. On the other hand, when the surface of the Fe3O4@SiO2 was
further modified withe(TTA-Eu or Tb-L), the separation among the
magnetic cores were promoted, and the achieved values of hDSAXSi
were found closer to the real ones. Such behavior is well correlated
with the obtained shell thickness, where these values were 3.4 and
4.9 nm for Fe3O4@SiO2 and Fe3O4@SiO2-TTA nanostructures,
respectively. While, for the Fe3O4@SiO2-(TTA-Eu or Tb-L) nano-
composites were found the values of shell thickness (DR) higher
than 17 nm (Table 1), correlating with the TEM images (see Sup-
plementary materials, Figs. S4eS7). Maximum aggregated sizes are
indicating the formation of aggregates in all the nanomaterials with
values between 22 and 38 nm. Regarding the DF values, fractal
dimension remains almost constant for all the nanomaterials with
values around 2.7, which is close to that predicted by the diffusion-
limited cluster-cluster aggregation [41].

3.2. Magnetic properties

The magnetic properties (M-H curves) were measured at 300
and 2 K temperatures with the applied magnetic field cycling
betweenþ20 and �20 kOe (1 Oe ¼ 79.577 Am�1), respectively. The
hysteresis loops of the Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-TTA and
Fe3O4@SiO2-(TTA-Eu-TC) nanomaterials (Fig. 4) as well as



Fig. 3. logelog representation of scattering curves of the luminescent and magnetic nanocomposites, including the scattering curves of Fe3O4 and Fe3O4@SiO2 nanoparticles.
Schematic illustration of the structure formed by Fe3O4 and Fe3O4@SiO2-(TTA-Eu/Tb-L) nanoparticles.

Table 1
SAXS fitted parameter data of the materials. Core mean size calculated using hDSAXSi ¼ 2R expðs2=2Þ being s standard deviation of the lognormal size distributions, shell
thickness DR, cluster size x and fractal dimension DF.

Materials hDSAXSi Core (nm) DR Shell (nm) x (nm) DF

Fe3O4 4.2 ± 0.2 e 22.4 ± 0.3 2.5
Fe3O4@SiO2 5.9 ± 0.2 3.4 ± 0.1 23.2 ± 0.3 2.7
Fe3O4@SiO2-TTA 5.0 ± 0.2 4.9 ± 0.1 22.1 ± 0.3 2.6
Fe3O4@SiO2-(TTA-Eu-AB) 9.1 ± 0.1 18.3 ± 0.1 29.2 ± 0.3 2.7
Fe3O4@SiO2-(TTA-Eu-AMB) 9.8 ± 0.1 21.7 ± 0.1 25.0 ± 0.3 2.9
Fe3O4@SiO2-(TTA-Tb-AB) 9.2 ± 0.1 17.4 ± 0.1 31.1 ± 0.3 2.8
Fe3O4@SiO2-(TTA-Tb-AMB) 9.7 ± 0.1 27.8 ± 0.1 38.7 ± 0.3 2.7
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Fe3O4@SiO2-(TTA-Eu-AB), Fe3O4@SiO2-(TTA-Eu-AMB), Fe3O4@SiO2-
(TTA-Tb-AB) and Fe3O4@SiO2-(TTA-Tb-AMB) ones (Fig. 5) show a
near superparamagnetic behavior at 300 K with null or very low
value of coercive field (HC). For the Fe3O4 nanoparticles, the
magnetization per mass of material at H ¼ 20 kOe and T ¼ 300 K
exhibits a value of 56.3 emu g�1, consequently, after coating with
the silica shell (Fe3O4@SiO2) it was observed a considerably
decreased to 9.8 emu g�1, showing large amount of non-magnetic
mass contribution from the silica shell. In addition, due to the
additional grafting of Fe3O4@SiO2 nanoparticles with TTA organic
moiety, the magnetization at the same temperature and magnetic
field was also largely decreased to a value near 1.0 emu g�1.
Furthermore, functionalization of the surface of Fe3O4@SiO2-TTA
nanostructure with Eu3þ and Tb3þ complexes, using different
organic ligands results in a magnetization per mass of material at
H ¼ 20 kOe and T ¼ 300 K, presenting the values about 0.9, 0.88,
1.59, 3.01 and 3.40 emu g�1 for Fe3O4@SiO2-(TTA-Eu-TC), Fe3O4@-
SiO2-(TTA-Eu-AB), Fe3O4@SiO2-(TTA-Eu-AMB), Fe3O4@SiO2-(TTA-
Tb-AB) and Fe3O4@SiO2-(TTA-Tb-AMB) nanocomposites, respec-
tively (Table 2).

The observed decrease in magnetization values measured at
H ¼ 20 kOe and T ¼ 300 K for the Fe3O4@SiO2-TTA, as well as those
ones functionalized with Eu3þ and Tb3þ complexes, when
compared to the Fe3O4@SiO2 nanostructure could be attributed to



Fig. 4. Magnetization as a function of applied field (clockwise from top left) of the Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-(TTA-Eu-TC) nanomaterials at room (300 K)
and low temperature (2 K) as well as zoom-in of the M-H curves in low field regions.
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the aspects, such as: i) reduction of the degree of crystalline order
as indicated by XPD patterns or the ii) presence of silica shell and
successive organic coating on the surface of Fe3O4@SiO2 nano-
material caused by chemical modification with TTA organic moiety
and RE3þ complexes.

In this regard, the above mentioned magnetization values
indicate that the silica shell and organic moieties contribute to a
non-magnetic mass. In addition, the presence of almost zero
coercivity and remanence on the magnetization curves indicate
near superparamagnetic behavior at T ¼ 300 K for the Fe3O4,
Fe3O4@SiO2 and Fe3O4@SiO2-TTA as well as Eu3þ and Tb3þ nano-
materials. Interestingly, the successive increment of coercive field
can be observed on the M-H curves of the magnetite nanoparticles
with silica coating and further grafting with organic compound
(TTA), without the nanocomposites containing RE3þ ions
components.

At low temperature (2 K), the magnetic field dependence of the
magnetization shows that Fe3O4@SiO2 nanoparticles are reached
larger magnetization values (Fig. 4), as was also reported by the G.
Marcelo and co-workers [42] for this kind of nanosystems. The
increase in coercive field was attributed to the surface effect
induced by the silica that generates an extra energy term (possibly
due to the surface spin freezing). The surface spin effect vanishes
due to the functionalization of the RE3þ complexes on the surface of
silica-coated magnetite nanoparticles. In addition, the temperature
of the synthesis is leading to the surface spin relaxation. On the
other hand, the M-H curves (Figs. 4 and 5) of all the nanomaterials
show blocked regime at lower temperature. Indeed, the coercive
fields recorded at T ¼ 2 K increased considerably for the silica
coated nanoparticles when compared the uncoated Fe3O4 ones and
then also decreased when functionalized with the RE3þ complexes
(Table 2).

Besides, the M-H curves recorded at T ¼ 2 K (Fig. 5) show a
similar trend in magnetic behavior for both Eu3þ and Tb3þ nano-
materials, as was observed at room temperature, with only slightly
increase in the magnetization values (at H ¼ 20 kOe) for the Tb3þ

materials at 300 K. Although, the Fe3O4@SiO2-(TTA-RE-AB) (RE: Eu
and Tb) nanocomposites have the same ligand, this difference on
magnetization could be attributed to higher magnetic moment of
Tb3þ ion (9.8 Bohr magneton) than that of the Eu3þ ion (3.3 Bohr
magneton).

The magnetization at high fields of the Tb3þ nanomaterials
recorded at low temperature is considerably higher when
compared to the Eu3þ counterpart ones. This magnetic behavior
could be explained considering the difference of curie constants
(TC∝nðgJmB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
JðJ þ 1Þp Þ2=3kB, where n is the number of magnetic

moment per unit volume, gJ is the Land�e g-value, mB is the Bohr
magneton, J the total angular momentum and kB is the Boltzmann
constant) of the europium and terbium ions. The 5F6 ground state of
the Tb3þ ion has total angular momentum (J ¼ 6) and much higher
curie constant when compared to the 5F0 ground state of the Eu3þ

ion with J ¼ 0. Therefore, an abrupt increase in magnetic suscep-
tibility of Fe3O4@SiO2-(TTA-Tb-AB) and Fe3O4@SiO2-(TTA-Tb-AMB)
nanomaterials is observed at low temperatures and relatively high



Fig. 5. Magnetization as a function of applied field (clockwise from top left) of the Fe3O4@SiO2-(TTA-Eu-AB or AMB) and Fe3O4@SiO2-(TTA-Tb-AB or AMB) nanocomposites at room
(300 K) and low temperature (2 K) as well as zoom-in of the M-H curves in low field regions.

Table 2
Magnetization (M) and coercivity (HC) magnetic parameters of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-(TTA-RE-L) at room (300 K) and low (2 K) temperatures.

Materials M300K (emu g�1) M2K (emu g�1) HC
300K (Oe) HC

2K (Oe)

Fe3O4 56.3 65.7 3 382
Fe3O4@SiO2 9.8 12.1 13 463
Fe3O4@SiO2-TTA 1 1.31 14 531
Fe3O4@SiO2-(TTA-Eu-TC) 0.9 1.40 5 514
Fe3O4@SiO2-(TTA-Eu-AB) 0.88 1.36 0 440
Fe3O4@SiO2-(TTA-Eu-AMB) 1.59 1.90 0 460
Fe3O4@SiO2-(TTA-Tb-AB) 3.01 34.90 2.6 83
Fe3O4@SiO2-(TTA-Tb-AMB) 3.39 27.00 2 213
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magnetic field (higher than 300 Oe). Although this could be an
explanation, for a more quantitative analysis other factors should
be taken into account. For example, the dipolar interaction between
the magnetite core nanoparticles and the RE3þ ions, which can lead
to the nanoparticles stronger coupling, generating a collective
behavior.

The magnetization at H ¼ 20 kOe for Fe3O4@SiO2-(TTA-Tb-AB)
and Fe3O4@SiO2-(TTA-Tb-AMB) nanomaterials is increasing thor-
oughly with decreasing temperature and is more noticeable at 2 K
(Table 2), indicating that the magnetic contribution from the Tb3þ

ion cannot be neglected at low temperatures and high magnetic
field (higher than 300 Oe).

The temperature dependence magnetization at the Zero Field
Cooling (ZFC) and Field Cooling (FC) modes (Fig. 6) were measured
with an applied field of 50 Oe, between 2 and 300 K temperatures
for the Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-(TTA-
RE-L) nanomaterials. Although the shape of ZFC/FC magnetization
curves are more like a collective assemble nanoparticles, from
magnetization loops and due to the absence of coercive field the
nanoparticles could be considered near superparamagnetic regime
at room temperature with irreversibility near 300 K for all the
cases. However, important differences on the ZFC ramp were
observed for the different nanomaterials. For the Fe3O4 nano-
particles a well-defined maximum can be observed at 230 K,
ascribing to the maximum blocking temperature. While the
Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-(TTA-RE-L) nano-
materials do not show this behavior in the measure temperature
interval, which could be related to the dipolar interaction among
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Fig. 6. Zero Field Cooling and Field Cooling measurements (clockwise from top left) of the Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-TTA and Fe3O4@SiO2-(TTA-Eu-TC) nanomaterials as well
as Fe3O4@SiO2-(TTA-Eu-AB or AMB) and Fe3O4@SiO2-(TTA-Tb-AB or AMB) nanocomposites at 50 Oe applied field.
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the Fe3O4 core nanoparticles.
The dipolar interaction could be ascribed to the nanoparticles

aggregation in the TEOS and CPTES solution during the SiO2 coating
process [21]. It is also interesting to notice the magnetization in-
crease on the ZFC and FC curves of the Tb3þ nanomaterials recorded
at 2 K, as the temperature further decreases (Fig. 6). This effect is
due the paramagnetic contribution and higher magnetic moment
of the Tb3þ ion compared to the other materials, including the Eu3þ

ones; confirming the non-negligible effect of Tb3þ ion on magnetic
properties.

3.3. Photoluminescence behavior

Among the luminescent trivalent rare earth materials reported
in the literature [25,29], the Eu3þ and Tb3þ ions act as efficient
emitting centers owing to the very intense red and green mono-
chromatic colors displayed by their compounds, respectively. In
addition, the principal emitting level (5D0) of the Eu3þ ion is non-
degenerate showing the emission bands arising from the
5D0 / 7FJ transitions (J ¼ 0, 1, 2, 3 and 4) and can provide infor-
mation about the local symmetry based on their ligand field
splitting with a long lifetime of the emitting level. On the other
hand, in contrast to the Eu3þ ion, detailed analyses of the energy
level structure and site of symmetry of the chemical environment
around the Tb3þ ion are complicated since the 5D4 emitting level is
ninefold degenerate. Generally, the organic ligand can act as
sensitizer for both Eu3þ and Tb3þ ions due to their 4f
intraconfigurational energy level structures through the antenna
effect.

Fe3O4@SiO2-(TTA-Gd-L) Phosphorescence � The energy posi-
tions of the excited triplet electronic states (T1) of the organic li-
gands in rare earth complexes are important for the efficient
intramolecular energy transfer to the RE3þ ions, in order to design
highly luminescent materials. The great importance of using Gd3þ

ion in these materials for the photoluminescence study is to
determine the triple state (T1) positions of the TTA, TC, AB and AMB
organic ligands present on the surfaces of chemically modified
core-shell nanoparticles.

The greater advantage of using the Gd3þ ion is due to concept
that its compounds can simulate structural properties of the Eu3þ

and Tb3þ complexes and also due to the first excited level (6P7/2) of
Gd3þ ion is located at 32000 cm�1, which is located above the T1
state of the organic ligands [27,29]. Therefore, the Gd3þ ion cannot
accept energy from the lower lying excited T1 states of these ligands
via intramolecular ligand-to-metal energy transfer. As a result, the
emission spectra of the gadolinium complexes show only the
phosphorescence from the T1 states in lower energy than 320 nm,
providing information about the structure of the energy levels of
the corresponding ligands.

The emission spectra (see Supplementary materials, Fig. S8) of
the Fe3O4@SiO2-(TTA-Gd-L) nanocomposites (L: TTA, TC, AB and
AMB) were recorded in the spectral range of 350e750 nm at 77 K,
monitoring the excitation of the intraligand, S0 / S1 transition of
the TTA, TC, AB and AMB ligands correspond to the 370, 345, 315
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and 282 nm, respectively. The emission spectrum of Fe3O4@SiO2-
(TTA-Gd-TTA) nanomaterial displays overlapped intense broad
bands centered at 550 nm. The Fe3O4@SiO2-(TTA-Gd-TC) nano-
phosphor also exhibits broad emission band with maximum
centered at 500 nm. Moreover, the emission spectrum of Fe3O4@-
SiO2-(TTA-Gd-AB) sample shows strong broad band with
maximum at 463 nm, while the Fe3O4@SiO2-(TTA-Gd-AMB) one
displays strong emission band centered at 470 nm. The T1 triplet
state energies of the ligands in the Eu3þ and Tb3þ nanomaterials
were estimated as the higher energy corresponding to the shortest
emission wavelengths (0e0 phonon transition) on the basis of the
phosphorescence spectra: 20746 (TTA), 23041 (TC), 23584 (AB) and
23364 cm�1 (AMB).

Fe3O4@SiO2-(TTA-Eu-L) red phosphors � The excitation
spectra (Fig. 7) of the Eu3þ nanophosphors in solid state were
recorded at 77 K in spectral range of 240e550 nm, under the
emission monitored at the 5D0 / 7F2 hypersensitive transition of
Eu3þ ion. These spectra are dominated by broad absorption bands
centered at 372, 360, 362 and 282 nm, which are assigned to the
S0 / S1 transitions of TTA, TC, AB and AMB ligands, respectively.
This result indicates that the luminescence from the Eu3þ nano-
phosphors is a consequence of sensitization of the europium
excited state by energy transfer from the corresponding ligands and
also due to the operative antenna effect of the b-diketonate (TTA
moiety) present on the chemically modified surface of core-shell
magnetic nanoparticles.

In addition, narrow absorption bands are also observed that can
be assigned to the intraconfigurational-4f transitions, originating
from the 7F0 ground state to the following excited states of Eu3þ

ion: 5H4 (318 nm), 5D4 (361 nm), 5L7 (374 nm), 5L6 (~394 nm), 5D2
(~464 nm) and 5D1 (~525 nm). However, these 4f-4f transitions are
Fig. 7. Luminescence spectra of the Fe3O4@SiO2-(TTA-Eu-L nanophosphors recorded at low t
hypersensitive transition and emission (right) spectra under excitation at 372, 360, 362 and 2
respectively.
completely absent or negligibly smaller in the case of Fe3O4@SiO2-
(TTA-Eu-TTA) and Fe3O4@SiO2-(TTA-Eu-AMB) nanophosphors
(Fig. 7), suggesting that the luminescence sensitizations through
intramolecular energy transfer from TTA and AMB ligands to Eu3þ

ion are more efficient. The intensity of the large broad absorption
bands are similar or comparably smaller to those of the 4fe4f
narrow bands, as observed in excitation spectra of the Fe3O4@SiO2-
(TTA-Eu-TC) and Fe3O4@SiO2-(TTA-Eu-AB) ones. Additionally, this
result indicates that the second kind of ionic ligands play more
important role in the antenna effect than the TTA group covalently
bonded on the surfaces of Fe3O4@SiO2 nanoparticles.

The emission spectra of all the europium nanomaterials were
recorded in solid state at 77 K (Fig. 7) and room temperature (see
Supplementary materials, Fig. S9), in the range of 500e750 nm,
under excitation monitored at S0 / S1 transition of each TTA, TC,
AB and AMB ligands which is centered at 372, 360, 362 and 282 nm
respectively. All of these spectra exhibit narrow emission bands
assigned to 5D0 / 7FJ transitions (where J ¼ 0e4), with the
5D0 /

7F2 hypersensitive one, that is centered at 612, 615, 615 and
612 nm for each Fe3O4@SiO2-(TTA-Eu-TTA), Fe3O4@SiO2-(TTA-Eu-
TC), Fe3O4@SiO2-(TTA-Eu-AB) and Fe3O4@SiO2-(TTA-Eu-AMB)
nanomaterials respectively (Fig. 7). It is important to mention that
the emission spectra of all the Eu3þ nanomaterials no exhibit broad
emission band from the triplet state (T1) of the ligands, indicating
an efficient ligand-to-metal intramolecular energy transfer [43,44].
In addition, the relative emission intensities of the 5D0 / 7FJ
transitions indicate that the Eu3þ ion is found in chemical envi-
ronment without the center of inversion, considering that Laporte’s
rule is slightly relaxed for 4fe4f transitions due to the mixing of
opposite parity electronic configurations [45], produced by the odd
components of a non-centrosymmetric ligand field.
emperature (77 K): excitation (left) spectra of monitoring the emission of the 5D0 /
7F2

82 nm, which correspond to the S0 / S1 transition of the TTA, TC, AB and AMB ligands,
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It was also observed the broadened emission bands of the
5D0 / 7FJ transitions in the emission spectra of the Fe3O4@SiO2-
(TTA-Eu-TTA), Fe3O4@SiO2-(TTA-Eu-TC), Fe3O4@SiO2-(TTA-Eu-AB)
and Fe3O4@SiO2-(TTA-Eu-AMB) nanomaterials (Fig. 7), which can
be explained by a non-homogeneity of Eu3þ sites due to the silica
porous nanostructures, consistent with the previous reported
result [46]. One of the effects of a distribution of different symmetry
sites occupied by the RE3þ ion is to produce the inhomogeneous
line broadening. The Stark levels overlap in such a way that in most
cases, even the luminescence line-narrowing technique cannot
help to identify a particular site occupied by the rare earth ion [47].

Themost appealing result, that deserves to bementioned here is
the two main features observed in the emission spectrum of the
Fe3O4@SiO2-(TTA-Eu-AMB) nanophosphor. The first one is much
lower intensity (practically negligible) of the 5D0 /

7F0 transition,
when it is allowed by symmetry; it “borrows intensity”mainly from
the 5D0 / 7F2 transition through the J-mixing effect. The second
one is the abnormally high intensity of the 5D0 / 7F4 transition,
which contrary to the spectral data of other europium nano-
materials is as much intense as 5D0 / 7F2 transition [48].

In order to interpret further this result and to obtain information
about the chemical environment of the Eu3þ ion in the Fe3O4@SiO2-
(TTA-Eu-L) nanocomposites, experimental intensity parameters Ul

(l ¼ 2 and 4), radiative rates (A0J) for the 5D0 /
7F2 and 5D0 /

7F4
transitions and emission quantum efficiency (h) were determined
from their emission spectral data recorded at room temperature.
The Ul, also known as Judd-Ofelt parameters, which are deter-
mined from the intensities of the 5D0 /

7FJ transitions (J¼ 2 and 4)
of Eu3þ ion, and the forced electric dipole and dynamic coupling
mechanisms are considered simultaneously. Under normal excita-
tion conditions, the emission intensities (I) of the bands may be
given by the expression [28]:

I0/J ¼ Zu0/JA0/JN0 (2)

where ħu0 is the energy of the transition (in cm�1), N0 is the
population of the emitting 5D0 level and A0 / J is the coefficients of
spontaneous emission. For the experimental determination of the
A0 / J emission coefficients from the emission spectra of the
nanomaterials, the special character of themagnetic dipole allowed
5D0 /

7F1 transition was exploited. This 4f-4f transition is formally
insensitive to the chemical environment around the Eu3þ ion and
consequently, can be used as a reference [28]. The values of Ul are
obtained from Eq. (3) as follow:

A0/J ¼
4e2u3

3Zc3
1

2J þ 1
c
X

l¼2;4;6

Ul

D
5D0

���UðlÞ
���7FJ〉2 (3)

where c ¼ n0ðn2
0þ2Þ2
9 is the Lorentz local field correction and n0 is the

refractive index of the medium (n0 assumed to be equal to 1.5). The

squared reduced matrix elements h5D0

���UðlÞ
���7FJi2 have values of

0.0032 and 0.0023 for J ¼ 2 and 4, respectively. The coefficients of
Table 3
Experimental intensity parameters (Ul), lifetimes t, emission coefficient rates Arad an
nanocomposites.

Materials U2 (10�20 cm2) U4 (10�20 cm2)

Fe3O4@SiO2-(TTA-Eu-AB) 15 13
Fe3O4@SiO2-(TTA-Eu-AMB) 5 12
Fe3O4@SiO2-(TTA-Eu-TTA) 17 10
Fe3O4@SiO2-(TTA-Eu-TC) 10 8
[Eu-TTA-Si]a 8 9

a [46] taverage ¼ ðA1t
2
1Þ þ ðA1t

2
1Þ=ðA1t1 þ A2t2Þ, where t1 and t2 are short and long li
spontaneous emission (A0/J) are then obtained from Eq. (4):

A0/J ¼
�
s0/1

S0/1

� 
S0/J

s0/J

!
A0/1 (4)

where S0 / J corresponds to the integrated area under the curve
related to the transition 5D0 / 7FJ transition and s0 / J is the en-
ergy barycenters of the transitions. The emission quantum effi-
ciency (h) of the 5D0 emitting level is determined according to the
Eq. (5) [44,45]:

h ¼ Arad
Arad þ Anrad

(5)

The total decay rate corresponds to Atot ¼ 1
t ¼ Arad þ Anrad,

where Aradð¼
P
J
A0/JÞ and Anrad are the total radiative and non-

radiative rates, respectively.
On the basis of theoretical considerations, the U2 intensity

parameter is by far mostly influenced by small angular changes in
the local coordination geometry [1,48e50], while U4 and mainly U6
are by far the most sensitive to lanthanide-ligating atom bond
distances. This fact together with changes in the ligating atoms
polarizabilities (a) have been used to rationalize the hypersensitive
character of certain 4f intraconfigurational transitions to changes in
the chemical environment. The fact that the U2 and U4 experi-
mental parameters of Fe3O4@SiO2-(TTA-Eu-L) nanomaterials (L:
TTA, TC, AB and AMB) (Table 3) have different values than for the
[Eu-TTA-Si] materials reported by Lourenço [46] is an indication of
different chemical environments and bond distances around the
Eu3þ ion. The higher value of the U2 experimental intensity
parameter of the Fe3O4@SiO2-(TTA-Eu-TTA) material (Table 3) re-
flects the higher intensity of the 5D0 / 7F2 transition in this
nanomaterial when compared to the 5D0 /

7F1 transition intensity
[48].

The abnormally high value of theU4 (12� 10�20 cm2) parameter
when compared to the U2 (5 � 10�20 cm2) experimental intensity
parameter of the Fe3O4@SiO2-(TTA-Eu-AMB) nanomaterial
(Table 3) is to be noted. Malta and co-worker [48] have reported
that this result may be theoretically interpreted in terms of the U4
intensity parameter, and indicates that the local point symmetry is
close to a distorted high symmetry one, D4d in the present case,
with a coordination number equal to 8.

The value of the emission quantum efficiency of the 5D0 level for
the Fe3O4@SiO2-(TTA-Eu-TTA) nanophosphor (h ¼ 22%) is higher
than the [Eu-TTA-Si] (h ¼ 16%) as shown in Table 3. This spectro-
scopic result is a consequence of the considerably increase radiative
(Arad) contribution to the total decay rate. Thus, corroborating the
fact that the Eu-TTA is grafted to silica functionalized magnetite
nanoparticles for the Fe3O4@SiO2-(TTA-Eu-TTA) nanocomposite in
contrast to the [Eu-TTA-Si], whereas, Eu-TTA complex is incorpo-
rated in silica matrix.

The high value of the emission quantum efficiency for Fe3O4@-
SiO2-(TTA-Eu-TC) nanophosphor (h ¼ 31%) when compared to the
d Anrad as well as emission quantum efficiencies h for the Fe3O4@SiO2-TTA-Eu-L)

Arad (s�1) Anrad (s�1) Atot (s�1) t (ms) h (%)

691 5931 6622 0.151 10
390 1746 2136 0.468 18
727 2478 3205 0.312 22
489 1054 1543 0.648 31
410 2090 2500 0.400 16

fetimes, with corresponding intensity coefficients A1 and A2.



Fig. 8. Luminescence spectra of the Fe3O4@SiO2-(TTA-Tb-L) nanophosphors recorded at low temperature (77 K): excitation (left) spectra of monitoring the emission of the
5D4 / 7F5 hypersensitive transition and emission (right) spectra under excitation at 305 and 282 nm, which correspond to the S0 / S1 transition of the AB and AMB ligands,
respectively.
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other prepared nanomaterials (Table 3) is a consequence of the
presence of less water molecules in the materials. Where this fact is
reflected by the lower contribution of non-radiative decay rate
(Anrad), arising from the OH oscillator of water molecules. On the
other hand, the highest value of non-radiative decay rate for the
Fe3O4@SiO2-(TTA-Eu-AB) nanophosphor may be a consequence of
the luminescence quenching via both water molecules oscillators
and ligand-to-metal charge transfer (LMCT) state of the AB organic
moiety. In this case, both of complementary effects can be
contributed to the lowest value of emission quantum efficiency
(h ¼ 10%) for the nanomaterial.

Fe3O4@SiO2-(TTA-Tb-L) green phosphors � The excitation
spectra (Fig. 8) of the terbium nanocomposites were recorded in
the range of 200e450 nm at liquid nitrogen temperature, under
emission monitored at the higher intensity 5D4 /

7F5 transition of
the Tb3þ ion. The excitation spectrum of Fe3O4@SiO2-(TTA-Tb-AB)
nanophosphor contains intense broad band centered at 305 nm
corresponding to the S0 / S1 transition of the AB ligand. Similarly
spectrum of the Fe3O4@SiO2-(TTA-Tb-AMB) one presents a broad
absorption band at 282 nm attributed to the S0 / S1 transition of
AMB ligand.

The excitation spectra of both the nanomaterials (Fig. 8) no
exhibit the narrow absorption lines due to 4f8-4f8 transitions of the
Tb3þ ion. As a result, it can be suggested that the Fe3O4@SiO2-(TTA-
Tb-AB) and Fe3O4@SiO2-(TTA-Tb-AMB) nanomaterials act as green
phosphors due to high efficient intramolecular energy transfer
from the corresponding AB and AMB ligands to the terbium ion.

The emission spectra of the Fe3O4@SiO2-(TTA-Tb-AB) and
Fe3O4@SiO2-(TTA-Tb-AMB) nanomaterials were recorded in the
range of 400e750 nm at liquid nitrogen (Fig. 8) and room tem-
peratures (see Supplementary materials, Fig. S10), under excitation
at around 305 and 282 nm, assigned to the S0 / S1 transitions of
the AB and AMB ligands, respectively. The emission peaks were
assigned to the 5D4 /

7FJ transitions (J ¼ 6, 5, 4, 3, 2, 1 and 0) of the
Tb3þ ion. The optical data show that the 5D4 / 7F5 transition at
around 542 nm is the most intense one for Fe3O4@SiO2-(TTA-Tb-
AB) and Fe3O4@SiO2-(TTA-Tb-AMB) nanomaterials, respectively.

In addition, the phosphorescence broadened band of the ligands
were not observed in emission spectra of both nanomaterials,
indicating a very operative intramolecular energy transfers fromAB
and AMB ligands to the Tb3þ ion. As similar to the Fe3O4@SiO2-
(TTA-Eu-L) nanophosphors, same pattern of broadened emission
peaks were also maintained in the spectral features of the Tb3þ

nanocomposites, corroborating the above mentioned result that
produce the inhomogeneous line broadening. In the Fe3O4@SiO2-
(TTA-Tb-AB) and Fe3O4@SiO2-(TTA-Tb-AMB) emission spectra line-
narrowing technique cannot help to identify a particular site
occupied by the trivalent terbium ion.

CIE chromaticity diagram � The chromaticity properties of the
red and green emitting superparamagnetic Fe3O4@SiO2-(TTA-Eu-L)
and Fe3O4@SiO2-(TTA-Tb-L) nanocomposites were studied using
CIE chromaticity diagram (Commission Internationale de l’Eclairage)
[51]. The Fe3O4@SiO2-(TTA-Eu-L) nanophosphors show shift in the
x,y color coordinates from the red to blue region due to the influ-
ence of SiO2 matrix, consistent with previous reported result [46].
Thus, the (x,y) color coordinates (x ¼ 0.5649 and y ¼ 0.2917),
(x ¼ 0.5444 and y ¼ 0.2913), (x ¼ 0.5139 and y ¼ 0.2820) and
(x ¼ 0.6091 and y ¼ 0.2937) were calculated for the Fe3O4@SiO2-



Fig. 9. CIE chromaticity diagram showing the (x,y) emission color coordinates for the Fe3O4@SiO2-(TTA-Eu-L) and Fe3O4@SiO2-(TTA-Tb-L) (L: AB, AMB, TTA and TC) nanophosphors
irradiated at different wavelengths. The inset figures are photographs of nanomaterials taken with a digital camera displaying the green and red emissions under UV irradiation
lamp at 254 and 365 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

L.U. Khan et al. / Journal of Alloys and Compounds 686 (2016) 453e466 465
(TTA-Eu-TTA), Fe3O4@SiO2-(TTA-Eu-TC), Fe3O4@SiO2-(TTA-Eu-AB)
and Fe3O4@SiO2-(TTA-Eu-AMB) nanophosphors, respectively. The
higher blue shift in x,y color coordinates of the Fe3O4@SiO2-(TTA-
Eu-AB) and Fe3O4@SiO2-(TTA-Eu-TC) nanomaterials when
compared to Fe3O4@SiO2-(TTA-Eu-TTA) and Fe3O4@SiO2-(TTA-Eu-
AMB) ones is due to the lower red (Eu3þ) emission intensity of these
nanomaterials (Fig. 9).

On the other hand, the Fe3O4@SiO2-(TTA-Tb-AMB) nanomaterial
displays green yellowish emission color with (x ¼ 0.3984 and
y ¼ 0.5187) color coordinates when compared to the Fe3O4@SiO2-
(TTA-Tb-AB) one with (x ¼ 0.3562 and y ¼ 0.5466) color co-
ordinates due to the 5D4 /

7F6-0 transitions of the Tb3þ ion (Fig. 9).
Thus, for the Fe3O4@SiO2-(TTA-Tb-AMB) nanophosphor, a gradual
shifting in the (x,y) color coordinates is observed from the green to
the yellow spectral region due to the increased emission intensity
contribution from the 7FJ energy levels (J¼ 6, 5, 4 and 3) of Tb3þ ion.
As a result, these luminescent and superparamagnetic nano-
materials also can act as efficient phosphors for magnetic and light
conversion molecular devices (MLCMDs), displaying red and green
emission colors arising from Eu3þ and Tb3þ ions (see Supplemen-
tary materials, Fig. S11).
4. Conclusion

The red-green emitting and magnetic nanocomposites con-
taining Eu3þ and Tb3þ ions were successfully prepared bymultistep
syntheses, utilizing Fe3O4@SiO2 nanostructures grafted with Eu3þ

and Tb3þcomplexes. The structural features and morphologies of
these core-shell Fe3O4@SiO2-(TTA-RE-L) nanocomposites were
studied using SAXS, XPD and TEM analyses, as well as the average
crystallite size of the Fe3O4 core nanoparticles were found near
10 nm. The SAXS data suggest that the bifunctional nanocomposites
show sophisticated core-shell structure, containing fractal aggre-
gates formed by cubical and spherical Fe3O4 core particles that
support the DC magnetic properties, also corroborated by the TEM
images. All of the nanomaterials exhibit superparamagnetic
behavior at room temperature. The magnetic properties are due to
the core Fe3O4 nanoparticles, in addition, the magnetic moments of
the RE3þ ions are also contributed to the whole magnetization of
the Eu3þ and Tb3þ nanocomposites. Thus, it was observed the
efficient magnetic contribution of the Tb3þ ion to the magnetiza-
tion of the Fe3O4@SiO2-(TTA-Tb-AB) and Fe3O4@SiO2-(TTA-Tb-
AMB) nanocomposites when compared to the Eu3þ counterparts
ones.

The photoluminescence data suggest that the T1 states energies
of the TC, AB and AMB ligands are higher than the emitting levels of
Eu3þ (5D0) and Tb3þ (5D4), indicating these ligands can transfer
energy to the rare earth ions. However, the Fe3O4@SiO2-(TTA-Eu-
TTA or AMB) and Fe3O4@SiO2-(TTA-Tb-AB or AMB) nanocomposites
present high red and green emissions intensities. These photonic
data suggest that the TTA and AMB ligands act as an efficient sen-
sitizers for the red (Eu3þ), as well as AB and AMB ligands for the
green (Tb3þ) emissions in the nanomaterials.
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