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The polyol-based co-precipitation process was employed for synthesis of GdF,:Pr (core) and
GdF:Pr@LaF, (core-shell) microspheres (MSs). Subsequently, an amorphous silica layer was
deposited surrounding the core-shell MSs, which was verified from high-resolution transmission
electron microscopy (TEM), energy dispersive X-ray analysis (EDX) and FTIR results. The absorption
spectral results revealed the high solubility with good colloidal stability in aqueous solvents. The
detailed structural and morphological analysis, as well as crystallinity of the samples, was investigated
through X-ray diffraction, TEM and band gap energy results. The experimentally calculated band gap
energy was found to decrease after gradually coating insulating layers of LaF, and amorphous silica
over the surface, because of an effective increase in particle size. The Pr**-doped GdF, shows sharp
4f'5d'—4f emission bands (260-480 nm) as well as typical 47— 4f* emission lines (460-800 nm) of
Pr** under 42 —4/'5d" excitation. After surface coating, comparative photoluminescence properties
of the MSs were investigated by excitation and emission spectra. The origin of the different types of

emission transitions were analyzed in details.
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1. Introduction

GdF, nanoparticles (NPs) as an important member
of the lanthanide fluoride compounds (LnF,) that possess
very low phonon frequencies of crystal lattices and high
radiative transition rate are regarded as a kind of excellent
host materials for upconversion as well as down conversion
photoluminescence'*. Additionally, GdF, can also act
as a highly efficient host lattice that achieves multicolor
luminescence by varying the dopants since the gadolinium
ion (Gd*) is a good intermediate that migrates and transfers
energy®>”’. Gadolinium fluoride is known as a multifunctional
agent because it has lower vibrational energies than oxides,
and consequently, the quenching of the excited state of the
Ln actions is minimized, resulting in a higher quantum
efficiency of the luminescence”. Besides, Gd** is an ideal
paramagnetic relaxation agent used in magnetic resonance
imaging because of its large magnetic moment and nanosecond
time scale electronic relaxation time”’. Hence, Gd**-based
compounds are good candidates as multifunctional agents for
multimodal bioimaging®°. Presently, some efforts have been
dedicated to preparing nano/micro GdF, crystals'®. Zhang and
co-workers have synthesized raisin-like GdF, nanocrystals by
microwave method>"". Lin and coworkers synthesized GdF,
spindle-like structures via microwave-assisted ionic liquid
method*'?. Chen and co-workers prepared GdF, NPs through
a one-step solvothermal route by employing poly(acrylic
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acid) as a capping agent®. Yin et al. have obtained GdF,
NPs with polyvinyl pyrrolidone as a surfactant and found
that the doping of Li* could enhance the red emission from
GdF :Yb*", Er** 6,

In order to preserve the high luminescent quantum
efficiency of the luminescent nanomaterials, Yi et al. initially
reported the synthesis of a core-shell structure composed of
NaYF,:Yb**/Er*@NaYF, and NaYF,:Yb*/Tm** @NaYF,,
and showed reduced interactions of lanthanides with surface
defects, ligands, and solvent'*!*. As a result, the emission
intensity enhanced up to 29 times when a shell was deposited
on upconverting NaYF,: Yb*/Tm**@NaYF, core NPs. The
Even higher increase, up to 450 times, was reported by Wang
et al. for shell covered small NPs (10 nm)". Additionally,
more complex shell compositions (e.g., NaYF,:Yb/Er@
NaYF,, NaGdF,:Yb/Er@NaGdF,, NaYF :Ce/Tb@NaYF,,
LaF:Nd@LaF,, CaMoO,:Ln @CaMoO,, YF,:Ln@LaF,,
CaF,:Ce/Tb, etc.) were also proposed to achieve further
increase in the photoluminescence intensity'*'*1¢2, However,
due to the weak solubility of these core-shell NPs in aqueous
or non-aqueous solvents, their application in photonic
based bio-application is limited. Therefore, further surface
modifications of the micro/NPs are required before they
can be used for biological applications. Moreover, surface
structure of the nanomaterials is likely to provide a better
environment for attachment of desired bio-macromolecules
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(antibody or oligonucleotides), leading to increased loading
of bio-macromolecules. But, it is still a great challenge to
directly synthesize water-soluble luminescent-doped lanthanide
NPs with the desired optical properties. Therefore, it is very
important need to synthesize water-soluble, biocompatible
and non-toxic luminescent activator-doped lanthanide
NPs; otherwise, their use in bio-related applications is
very limited. Recently, some synthesis routes have been
developed to selectively prepare the luminescent ion doped
lanthanide nanomaterials, including co-precipitation method”,
hydrothermal treatment®*-**, thermal decomposition reaction
of'the corresponding lanthanide compound precursors (e.g.,
lanthanide oleate, lanthanide trifluoroacetate) in high boiling
solvents such as 1-octadecenceat high temperature by using
oleic acid or oleylamine as a capping agent***’, solid-state
reaction as well as reversed micelle method?®, and as a result,
a series of the GdF, NPs with specific morphologies and
tunable luminescence properties were obtained?”.

To the best of our knowledge, there is no report on the
synthesis of Pr’* doped GdF, and their surface covered micro/
NPs. Herein, we employ a simple polyol based co-precipitation
process to prepare Pr** ion doped GdF, (core) and an insulating
layer coated GdF,:Pr@LaF, core-shell MSs. Subsequently, these
core-shell microstructures were encapsulated with aqueous
soluble amorphous silica layer through sol-gel method. The
crystal structure, crystallinity, and morphology of core as well
as their surface coated core-shell MSs were investigated by
X-ray powder diffraction (XRD) and Transmission electron
microscopy (TEM). In the present study, we carried out a
detailed investigation of the optical properties of core-MSs
and compared their results with surface coated core-shell and
amorphous silica coated core-shell-SiO, MSs, which are an
excellent probe to a local crystal structure. Additionally, we
proposed co-relation between band gap energy and grain
size of the as-prepared core and their subsequent LaF, and
amorphous silica shell coated MSs. The growth of an inert
LaF, shell on the surface of GdF,:Pr core MSs suppresses
non-radiative recombination processes at the MSs surface,
which is important for producing high quantum yield
photoluminescence. However, photoluminescence efficiency
ofsilica surface modified core-shell-SiO, MSs were quenched
with respect to core-shell MSs due to nonradiative energy
losses enhanced by the surface passivation (caused by the
presence of high energy water molecules or organic moieties
etc.) molecules. Our results clearly show that the silica surface
modified core-shell-SiO, MSs exhibit good water dispersibility
and colloidal stability in aqueous solvents. Finally, it is well-
known that the silica surface modification of the micro/NPs
is an important method for solubility, biocompatibility and
their conjugation with bio-macromolecules, which could
be employed as a promising multifunctional macro/nano
platform for simultaneous photonic based bio-imaging and
bio-probe etc.
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2. Experimental Procedure

2.1. Materials

Gadolinium oxide (99%, BDH chemicals Ltd, England),
lanthanum oxide (99%, BDH chemicals Ltd, England)
Praseodymium oxide (99.99%, Alfa Aesar, Germany), ethanol
(E-Merck, Germany), Tetraethyl orthosilicate (TEOS, 99
wt% analytical reagent A.R.), ethylene glycol(EG), NH,F,
HNO, and NH,OH were used as the starting materials without
any further purification. Gd(NO,),.6H,0, Pr(NO,),.6H,0
and La(NO,),.7H,0 were prepared by dissolving the
corresponding oxides in diluted nitric acid. The de-ionized
water was prepared using a Milli-Q system (Millipore,
Bedford, MA, USA).

2.2. Preparation of GdF :Pr’* MSs

For the preparation of GdF,:Pr** MSs (Gd,,Pr,  F,),
0.2 M stock solutions of Gd(NO,),6H,0 and Pr(NO,),6H,0
were prepared in deionized water at normal pH®’. Briefly,
9.9 ml of Gd(NO,),6H,0 and 0.1 ml of Pr(NO,),6H,0
were dissolved in 50 ml EG at normal pH. Then an equal
molar aqueous solution of NH F(1.7 g) was added dropwise
under magnetically stirred reaction, and the whole solution
was kept on hot plate with magnetic stirring at 80°C. This
homogeneously mixed solution was transferred into a 250 ml
round bottle flask fitted with reflux condenser and reaction
continued for 4 h until complete precipitation. On cooling
to room temperature, the white precipitates got segregated
to the bottom. The product was collected by centrifugation
and washed with distilled water and absolute ethanol several
times, and dried in an oven at 60 °C for 6 h. The obtained
solid product can be re-dispersed in deionized water to form
a water-dispersible solution.

2.3. Preparation of GdF :Pri*@LaF ; Core-shell
MSs

For the preparation of GdF,:Pr**@LaF, core-shell MSs,
similar polyol process was used as discussed above. The as-
prepared 0.500 g GdF:Pr*" was dispersed with the help of
ultra-sonication in 10 ml of distilled water. This dispersed
MSs solution was mixed into magnetically stirred hot
ethylene glycol dissolved La(NO,),7H,0 (0.500 g) solution.
After thirty minutes an equal. a molar aqueous solution of
NH,Fwas injected into the foregoing mixed system under
magnetic stirring at 80 °C. Afterward, this suspension was
refluxed at 80 °C for 3 h until the complete precipitation
occurs. This white precipitate was centrifuged and washed
many times with ethanol and dist. water to remove excess
unreacted reactants. The core-shell MSs were collected after
centrifugation and allowed to dry in ambient temperature
for further characterization.
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2.4. Preparation of Silica-Coated GdF ;:Pr*@
LaF @SiO, Core-shell MSs

The GdF,:Pr*@LaF,@SiO, core-shell MSs were prepared
through a versatile solution sol-gel method as follows (20,
39,40). The synthesized GdF,:Pr**@LaF, MSs (50 mg) were
well dispersed in a mixed solution of deionized water (50
mL), ethanol (70 mL) and aqueous ammonia (1.0 mL) in a
flask. Afterward, 1.0 mL of tetracthylorthosilicate (TEOS)
was added dropwise over 2 min, and the reaction was allowed
to proceed for 6-7 h under continuous mechanical stirring.
After continuous stirring at room temperature, the silica-
coated GdF :Pr**@LaF, core-shell MSs were separated by
centrifugation, washed several times with ethanol and dried
at room temperature for further analysis.

2.5. Characterization

The crystallinity and phase purity of the powder samples
were examined by Powder X-ray diffraction (XRD, Rigaku
X-ray diffractometer) at room temperature equipped with
Ni filter using Cu-Ka(A=1.5405A) radiation as a X-ray
source. Morphology and elemental analysis were carried
out using Field emission transmission electron microscope
(FE-TEM) equipped with the Energy dispersive X-ray (EDX)
(JEM-2100F, JEOL, Japan). FTIR spectra were recorded by
Vertex 80 (Bruker, USA) spectrophotometer using KBr pellet
technique. UV/Vis spectra were recorded by Cary 60 optical
absorption spectrophotometer. The excitation and emission
spectra were recorded by Fluorolog 3 spectrometer (model:
FL3-11), Horiba JobinYvon Edison MJ USA.

3. Results and Discussion

3.1. Crystal Phases and Morphologies of the
Microspheres

The phase purity, crystal structure, composition and
crystalline nature of the prepared products were first examined
by XRD. Fig.1 reveals that all samples are well crystalline
and reflection planes readily indexed to orthorhombic
phase (Space group: Pnma), which are in good agreement
with the standard data of bulk GdF, (ICDD# 49-1804)>™°.
As illustrated in Fig.1b, the reflection peaks in core-shell
MSs become sharp with respect to core-MSs; could be due
to inert crystalline LaF, shell deposition which enhances
the grain size of the material. Furthermore, the reflection
planes are broadened with decreased relative peak intensity
in the case of core-shell-SiO, MSs as seen in Fig.lc. It
indicates that the silica network formed on the surface of
crystal expanded the nanopore structure and rearranged
the Si-O-Si network structures without any impurities
[21,24,39,42]. The observed broadening or slightly shifting
in diffraction peaks in the case of core-shell-SiO, MSs are
mainly due to particle size effect, instrumental or strain

Figure 1. X-ray diffraction pattern of core, core-shell and core-
shell-SiO, microspheres.

broadening. However, no defined characteristic peak for
silica was observed after one coating process due to the
thinner property of the silica layer.

Transmission electron microscopy was used to estimate
the size and morphological changes after surface modification
as well as the thickness of the shell around the core-MSs.
As seen in low magnification TEM image in Fig.2a, the
particles are well dispersed irregular spherical shaped porous
microspheres with the average particle size 200-400 nm. As
shown in Fig.2c&d, a thin but silica layer, with a thickness of
~10 nm has been effectively coated surrounding the core-shell
structure. To confirm this hypothesis we utilized SAED and
EDX analysis. The crystalline nature and orthorhombic crystal
lattice of the core-shell-SiO,-MSs were also confirmed from
selected area electron diffraction (SAED) pattern (Fig.2b).
In the SAED pattern, the strong concentric ring patterns
can be indexed to the (101), (111), (210), (112) and (131)
planes of the orthorhombic GdF, phase and demonstrate its
crystalline nature*’#!. The EDX analysis indicates that the
single core-shell-SiO -MSs is composed of Gd, La, Pr, F,O
and Si elements. Thus it is confirmed that silica has been
successfully grafted on the surface of core-shell MSs. No
other impurity peak was detected indicating the phase purity
of the material supporting the XRD results.
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Figure 2. FETEM images of (a) core microspheres (b) SAED (c&d) core-shell-SiO, microspheres and (e) Energy dispersive X-ray

analysis of core-shell-SiO, microspheres.

Thermogravimetric analysis was carried out to examine
the thermal stability of the core, core-shell, and core-shell-
SiO,-MSs (Fig.3). The thermograms of core and core-shell
MSs exhibit two-stage weight losses. In the first stage of
core and core-shell MSs approximately 2.5 mol% weight
loss took place in between 25-450 °C, which correspond to
the crystalline water or organic moieties which are bonded
with MSs in different bonding state for the present complex
system. The second stage core and core-shell MSs showed

a minor weight loss of about 1.5 mol% and 3 mol% in the
temperature range of 450-900 °C which is attributed to the
combustion of carbonates linked with Gd** ion. However,
in core-shell-SiO, MSs a slow moving decomposition
(~ 12 mol% weight loss) is observed in the temperature
range 25-900 °C. It could be due to slow removal of water
molecules followed by combustion of surface amorphous
silica transforming it into silicate. This hypothesis is also
supported by FTIR analysis.
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Figure 3. Thermogravimatric analysis of the core, core-shell and
core-shell-SiO, microspheres.

FTIR spectral measurements were carried out to verify
the surface chemistry of the prepared samples. As seen in
Fig. 4, FTIR spectra reveal a diffused band before and after
surface modification located at 3412 cm™', which originate
from O-H asymmetric and symmetric stretching vibration of
the anchored physically adsorbed residual water molecules
on the surface of MSs**424 Two additional bands found at
around 1634 and 1384 cm™ are attributed to the bending
and wagging vibrations of -OH groups®. The broadening
of this stretching vibration indicates that large numbers of
-OH groups either chemically bonded or physically adsorbed
are present on the surface of MSs. It is worth mentioning
that, MSs are prepared in aqueous media and their surface
may be covered by -OH groups. An observed infrared
absorption band at around 460 cm™! in core and core shell
MSs is assigned to asymmetric bending vibrational modes
of F-Gd-F bonding. The silica surface encapsulation is
confirmed by observed characteristic peaks located at 1080,
950, 793 and 460 cm' ascribed to the symmetric stretching
and bending vibration modes of amorphous silica ((Si-O),
(Si-0O-Si), and (Si-OH)), which are in good agreement with
the TEM and EDX observed results*##4. Tt indicates that
amorphous silica has been grafted successfully around the
surface of core-shell MSs which makes them high soluble
in aqueous solvents.

Figure 5 shows the absorption spectra of core, core-
shell and silica surface modified core-shell-SiO, MSs
measured in dist. water over the range from 200-600 nm
within UV-Visible region. As observed from FTIR spectra,
the surface of MSs are covered with -OH groups which
make them water-dispersible, whereas, the formed aqueous
dispersion is not stable enough and precipitation could be
clearly observed after 24 h because of the low contents of
the hydrophilic components on the surface of the core and
core-shell MSs. In order to improve their dispersibility
along with colloidal stability, we modified the surface of
core-shell with amorphous silica. Silica surface had a lot
of hydroxyl groups (hydrophilic group), which are easily

Figure 4. FTIR spectra of the Core, core-shell and core-shell-SiO,
nanocrystals.

available for covalent interaction with the aqueous solvent
or for conjugation with bio-macro-molecules. As observed
in Fig.5A, the absorption spectrum of silica modified MSs
reveals a significant enhancement in absorption edge with
respect to non-modified MSs. It suggests that the optically
active silica has been effectively grafted around the surface
of core-shell MSs which is also inconsistent with the FTIR
results. It is worth mentioning that the well-known 4f-4f'
absorption transitions of Pr** ions are not detected in these
nano phosphor samples causing the small quantity of the
Pr** ion in the host lattice. We observed a similar trend in
absorption spectra recorded in absolute ethanol as seen in
Fig. 5B. Optical absorption spectra were utilized to reveal
the correlation between band gap energy and particle size
of the as-prepared materials. According to the Tauc law*®,
the quantitative evaluation of the energy band gap can be
performed by plotting (ahv)* versus photon energy (/4v)
and extrapolating the linear part of the curve to the energy
axis as shown in inset Fig.5A &B. The energy band gap for
core, core-shell, and core-shell-SiO, MSs are found to be
2.22,2.54 and 2.01 eV in H,0 and 1.84, 2.27 and 1.72 in
absolute ethanol, respectively. The reduction in band gap
energy after surface coating could be related to grain size
of the material. Owing to the shell formation crystallinity
decreases because of increase in grain size of the material.

Photoluminescence spectra verified the Pr** doping into
the GdF, crystal lattice. Fig. 6 illustrates the excitation spectra
of core, core-shell and core-shell-SiO, MSs by monitoring
the emission at 486 nm ®*H,—P ) at room temperature. The
sharp excitation transitions between 280 -480 nm are assigned
to the 4/>-4f* intra-configuration forbidden transitions of Pr**.
The observed excitation transitions at 296, 358, 444 and
467 nm correspond to the 4/—5d, *H,—*P, and *H,—’P ,'I,
transitions, respectively***.

Fig.7 displays the emission spectra of samples obtained
by excitation at 444 nm ®°H,—"P). Several sharp and some
strong 4/*—4f* emission transitions are clearly resolved,
having maxima at 480, 486, 499, 520, 537, 584-597,
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Figure 5. (A). UV-Vis absorption spectra of core, core-shell and
core-shell-SiO, microspheres in de-ionized water and inset shows
the plot of (ahv)? vs. photon energy(hv) of core, core-shell and
core-shell-SiO, microspheres. (B). UV-vis absorption spectra of
core, core-shell and core-shell-SiO, microspheres in absolute ethanol
and inset shows the plot of (¢hv)? vs. photon energy(hv) of core,
core-shell and core-shell-SiO, microspheres.

600-612, 680, 691 and 727 nm assigned to °P,—’H,,
3Po_’3H4’ 3P1_)3H5’3P0_>3H5’ 3P1—>3H6, lDz_’SHv 3I)o_)3H(»’
*P,—’F,, *P —°F,, and *P —°F transitions of the Pr*" ion,
respectively'?464°50, There are two possible 4/ emitting states
for the Pr* ion, i.e. ’P and 'D, levels, and the emission color
of Pr** depends on the intensity ratio of 4/—4/* transitions
at a fixed energy, which is strongly affected by the host
lattice. The observed emission is typical characteristics
of 4°—4f* rare earth transitions and is typical for Pr** in a
fluoride environment. After relaxation from the °P, to the °P,
levels, emissions are detected to the first six excited levels
from 450 nm to 750 nm. As seen in Fig. 7, the strongest
features of emission bands are located at 486, 604 and 727
nm, which are ascribed to the °P —*H 4’3P0—>3H6 and P —°F,
transitions, respectively*’. No transition originating from
the 'D, state is clearly observed with excitation in the P,
multiplets. Previously, some researchers observed emission,
after excitation in the ultraviolet, from two different types
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Figure 6. Excitation spectra of the core, core-shell and core-shell-
SiO, microspheres.

of Pr** sites noted as (1) and (2) respectively: the first,
Pr(1) is in a strong crystal field site, in low concentration,
and the second, Pr(2) is a weak crystal field site with high
concentration'>#’. This latter type is ascribed to Pr** ions
occupying the Gd** sites in GdF, and Pr(1) is ascribed to
Pr** ions with a locally distorted coordination. In our case,
the emission is in agreement with that observed after short-
wavelength pumping in previous works and is attributed to
Pr(2) sites. This means that no hints of lattice distortion or
contaminants are present in the luminescence of Pr** in MSs.

As shown in Fig.7, a significant enhancement is observed
in the emission spectra of core-shell MSs because of an
insulating LaF, layer effectively grafted surrounding the
luminescent core-MSs. Here the presence of LaF, shell
protects the dopants in the core, especially those near the
surface, from quenching arising from high energy hydroxyl
groups and surface-bound ligands'***3!. The presence of
an undoped LaF, layer on the surface of luminescent core-
MSs eliminates the non-radiative transition pathways and
protects the core from light scattering effect. According to
recent reports, the addition of an undoped LaF, shell on the
surfaces of GdF,:Pr core-MSs would eliminate the surface
defects, which enhance the relative emission intensities of
the material'*?"3!, The reduction in quenching improves
the overall quantum yield of the luminescent materials.
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Figure 7. Emission spectra of the core, core-shell and core-shell-
SiO, microspheres.

Furthermore, our group has shown strong evidence for
the formation of core-shell lanthanide MSs using the fore
mentioned synthesis procedure'®?, and we conclude the
same is true for this core-shell structure. Figure 8 depict
the energy level program for trivalent praseodymium ion.

Figure 8. proposed energy level diagram of Pr(III) ion.

After the core-shell MSs are coated with amorphous
silica layer their emission intensity decreased to some extent
because of the light-scattering effect on both emission and
incident light by the silica layer. The presence of free Si-OH
groups on their surfaces not only results in high solubility
in water, but also allows further conjugation with various
biomolecules, which paves the way for further bio-applications
of the core-shell-SiO, MSs. However, these Si-OH groups may
also cause considerable non-radiative transition and reduce
the quantum yield of fluorescence emission of lanthanide

ions®*3¢, The effect of hydroxyl groups on the fluorescence
emission of lanthanide ions in the MSs was investigated.
To investigate the location of the hydroxyl groups in the
MSs, Pr** was used as a probe because the fluorescence of
Pr* ion is very sensitive to their immediate surroundings.

4. Conclusion

In summary, we proposed a strategy to enhance the
emission intensity with colloidal stability in aqueous
solvents by gradually coating undoped LaF, and amorphous
silica shell surrounding the luminescent ion doped GdF,:Pr
core-MSs. The results show that the emission intensity of
luminescent core-MSs was significantly increased after core-
shell formation, but decreased after amorphous silica surface
coating due to surface silanol (Si-OH) groups scattered the
emission and incident light from the surface of core-shell
MSs. However, these Si-OH groups improve the solubility
and colloidal stability in aqueous and non-aqueous solvents
as confirmed by UV/Vis results. TEM images showed the
successful silica surface coating which was verified by EDX
and FTIR results. The emission spectra exhibited emission
peaks associated with the electronic energy inter-level
transitions of the Pr** ion. The results of emission spectra
showed that the excitation process by high energy photons
the self-trapped excitons were created with an energy that
isresonant to °P, (J =0, 1, 2) and 'I, levels and high enough
to populate them. Emission spectra were observed in the
wavelength range associated with the three basic colors: blue
color due to the contributions of the GdF, host and Pr** ion
and the green and red colors due to the Pr** ion.
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