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Abstract 

Bifunctional and highly uniform Ln:BaGdF5 (Ln= Eu
3+

 and Nd
3+

) nanoparticles have 

been successfully synthesized using a solvothermal method consisting in the aging at 

120 °C of a glycerol solution containing the corresponding Lanthanide acetylacetonates 

and butylmethylimidazolium tetrafluoroborate. The absence of any surfactant in the 

synthesis process rendered hydrophilic nanospheres (with tunable diameter from 45 nm 

85 nm, depending on the cations concentration of the starting solution) which are 

suitable for bioapplications. The particles are bifunctional because they showed both 

optical and magnetic properties due to the presence of the optically active lanthanides 

(Eu
3+

 in the visible and Nd
3+

 in the NIR regions of the electromagnetic spectrum) and 

the paramagnetic gadolinium ion, respectively. The luminescence decay curves of the 

nanospheres doped with different amounts of Eu
3+

 and Nd
3+

 have been recorded in 

order to determine the optimum dopant concentration in each case, which resulted to be 

5% Eu
3+

 and 0.5% Nd
3+

. Likewise, proton relaxation times were measured at 1.5 T in 

water suspensions of the optimum particles found in the luminescence study. The values 

obtained suggested that both kinds of particles could be used as positive contrast agents 

for MRI. Finally, it was demonstrated that both the 5% Eu
3+

 and 0.5% Nd
3+

-doped 

BaGdF5 nanospheres showed negligible cytotoxicity for VERO cells for concentrations 

up to 0.25 mg mL
-1

. 
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1.- Introduction 

In recent years, lanthanide-doped rare earth fluoride nanoparticles have become a 

research focus in the optical materials and biomedical fields because of their interesting 

luminescent properties which confer to them important applications as components of 

different optoelectronic devices and as biosensors and optical bioprobes.
1,2,3,4,5

 In 

comparison with oxygen-based systems, fluorides possess very low vibrational energies 

and therefore the quenching of the excited states of the lanthanide (Ln
3+

) ions is 

minimal, thus improving their luminescence emissions.
6,7

 Among the fluoride systems, 

the Ln:GdF3 and Ln:MGdFx compositions (Ln= optically active lanthanide ion; M= 

group I or II element with x= 4 or 5 respectively) show an added value because of the 

large magnetic moment and nanoseconds electronic relaxation time of Gd
3+

, which 

makes them ideal paramagnetic relaxation agents to be used in magnetic resonance 

imaging (MRI).
8,9

  

Up to now, high quality, monodisperse, Ln-doped GdF3 as well as MGdF4 (M= alkaline 

element) nanoparticles including LiGdF4,
10

 NaGdF4,
11

 and KGdF4,
12

 with controllable 

phase, size and shape, have been reported in the literature. However, the MGdF5 (M= 

earth alkaline element) systems have been paid much less attention in spite of the fact 

that Yb
3+

/Er
3+

:BaGdF5 nanocrystals have been shown to be as efficient as β-NaYF4, 

which is considered to be the most efficient up-converting material.
13

  The synthesis 

methods reported up to now to obtain BaGdF5 particles were based, mainly, on the 

homogeneous precipitation, at temperatures ≥180°C during long reaction times (~24 

hours), of ions from aqueous or ethylene glycol solutions containing either nitrates or 

chlorides as the Gd
3+

 and Ba
2+

 precursors, and NaBF4 or NH4F as the fluoride source. 

Most of them made use of organic additives as surfactants and led either to ill-defined, 

and/or poorly dispersed  nanoparticles (12 – 75 nm),
14,15,16,17

 although in a few cases  

uniform particles were obtained but their size was above 100 nm.
18,19

 Only the use of 

oleic acid as capping agent led to monodispersed BaGdF5 nanospheres (3 to 10 nm).
13,20

 

However, the latter method required the use of very high temperatures (300 ºC) and 

rendered hydrophobic particles due to the oleate ligands attached to their surface.  

Herein, we propose a surfactant-free method to obtain hydrophilic, uniform BaGdF5 

nanoparticles with control size (45 nm to 85 nm) using lower temperatures and times 

than those previously reported. The method is based on a homogeneous precipitation 
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using suitable precursors that release cations and anions into the reaction medium in a 

control manner. We have used in particular gadolinium acetylacetonate as the Gd 

precursor and an ionic liquid (1-butyl, 3-methylimidazolium tetrafluoroborate, 

[BMIM]BF4, as the fluoride source. The latter has been shown to be successful for the 

synthesis of homogeneous rare-earth fluoride nanoparticles, such as YF3
21

 and GdF3,
22

 

because, it did not only act as a fluoride source but also as a morphology-directing 

agent. Likewise, glycerol has been selected as solvent because of its high viscosity, 

which is expected to slow down the kinetics of the process, thus favoring the formation 

of small, uniform particles.
23

 Homogeneous precipitation requires a precise control of 

the experimental conditions to obtain monodisperse particles. For this reason, we have 

analyzed the influence of the precursors type and concentration, the solvent nature and 

the reaction temperature on the morphology of the precipitated particles. The crystal 

structure of BaGdF5 has been analyzed in detail with the help of X-ray diffraction and 

Rietveld refinement, and compared with data of the literature. The same method is 

shown to be successful to obtain Eu
3+

-doped and Nd
3+

-doped nanophosphors with the 

same morphological features as the undoped particles. The reasons to select these two 

lanthanides as doping ions are as follows: The luminescence of Eu
3+

 is located in the red 

region of the electromagnetic spectrum, where the auto-fluorescence of tissues is 

minimal,
24

 while Nd
3+

 is excited and emits within the second biological window (1000-

1400 nm), in which the radiation is weakly attenuated by tissues and can penetrate more 

deeply than the visible light thus improving the sensitivity of the assays.
25

 In both cases, 

particles with different doping levels were synthesized to find the optimum 

composition. Finally, the magnetic relaxivity as well as the cytotoxicity of the optimum 

Eu
3+

 and Nd
3+

-doped particles were evaluated to assess their suitability for biomedical 

diagnosis. 

 

2. Experimental section 

2.1. Synthesis of samples 

The BaGdF5 nanoparticles were obtained according to the following method: barium 

nitrate (Ba(NO3)2, Sigma Aldrich, ≥ 99%) and Gadolinium acetylacetonate (Gd(acac3)) 

hydrate (Gd(C5H7O2)3·xH2O, Sigma Aldrich, 99.9%) were dissolved, with magnetic 

stirring at 70 °C, in 4 mL of glycerol (Gly, Panreac) to obtain a 0.04 M solution of each 
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cation. The solution was then cooled down to room temperature and admixed with 2 mL 

of a 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIM]BF4, Aldrich, ≥ 97%) 

solution in glycerol (0.55 M) and magnetically stirred for 5 minutes at room 

temperature to favor homogenization. The final solution was aged for 10 hours in 

tightly closed test tubes using an oven preheated at 120 °C. The resulting dispersion was 

cooled down to room temperature, centrifuged to remove the supernatants and washed, 

twice with ethanol and once with double distilled water. For some analyses, the powders 

were dried at room temperature. Different Gd
3+

 and F
-
 sources were used to analyze 

their effect on the particles characteristics. Such sources were Gd(NO3)3 (Sigma 

Aldrich, 99.99%) and NH4F (Sigma Aldrich, 99.99%), for Gd and F, respectively.  We 

also used solvents other than glycerol, such as ethylene glycol (EG, Sigma Aldrich, 

99.99%) and butylene glycol (Fluka, 99.5%), to analyze the effect of the polyol nature 

on the particles morphology.  

The Eu
3+

-doped particles were synthesized following the same procedure and using 

Eu
3+

 acetylacetonate hydrate (Eu(C5H7O2)3·xH2O, Sigma Aldrich, 99.9%) in variable 

amounts. The lanthanide ions (Gd + Eu) concentration was kept constant (0.04 

mol·dm
−3

) in all experiments, whereas the Eu/(Gd + Eu) molar ratio was varied from 

0.5% to 30% in order to investigate the effect of this parameter on the morphological 

and luminescent properties of the precipitated particles. Secondly, Nd
3+

-doped particles 

were prepared to obtain a luminescent nanomaterial with VisIR downconversion 

properties. The same synthesis method described for the case of the Eu-doping was also 

used to obtain the Nd
3+

-doped particles. In this case, the Nd/(Gd + Nd) molar ratio was 

varied from 0.5% to 1.5%.  

2.2. Characterization techniques 

The shape and size of the particles was examined by both transmission electron 

microscopy (TEM, Philips 200CM) and scanning electron microscopy (SEM-FEG 

Hitachi S4800). Particle size distributions were obtained from the micrographs by 

counting several hundreds of particles, using the free software ImageJ. Additional 

information on the size and colloidal stability of the particles in aqueous suspension (0.5 

mg·mL
-1

 of solid) was obtained from Dynamic Light Scattering (DLS) measurements. 

The experiments were carried out using a Malvern Zetasizer Nano-ZS90 equipment, 

which was used as well to measure the Zeta potential of the suspensions. 
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The crystalline structure of the prepared particles was assessed by X-ray diffraction 

(XRD) using a Panalytical, X´ Pert Pro diffractometer (CuKα) with an X-Celerator 

detector over an angular range of 10° < 2θ < 120°, 2θ step width of 0.02°, and 10 s 

counting time. The crystallite size was calculated using the Scherrer formula from the 

full width at half maximum of a single reflection. A shape factor of k = 0.9 and an 

instrumental broadening factor of 0.112 were used for the calculation. 

The incorporation of Ln
3+

 (Eu
3+

 and Nd
3+

) into the BaGdF5 crystal structure was proved 

by determination of unit cell parameters of the undoped and the Ln
3+

-doped particles. 

For this purpose, the corresponding XRD patterns were analyzed using the Rietveld 

method with the TOPAS software (TOPAS version 4.2, Bruker AXS, 2009). Starting 

crystallographic parameters were taken from those reported for cubic BaYF5
26

 because 

the BaGdF5 structure has not been reported in the literature. Nominal Ln
3+

 contents 

were added to the structure. Refined parameters were: scale factor, zero error, 

background coefficients, unit cell parameters and atomic displacement factors of the 

heavy atoms (Ba, Gd, and Ln).  

The excitation and emission spectra of the Eu
3+

-doped BaGdF5 particles, dispersed in 

water (2.5 mg·mL
-1

), were measured in a Horiba Jobin Yvon spectrofluorimeter 

(Fluorolog3). The excitation/emission slits used to record the excitation and emission 

spectra were 1 nm/5 nm and 5nm/1nm, respectively. All the spectra were recorded using 

1 nm steps. The emission spectra were transformed to the CIE color coordinates system 

using a 2° observer.  

The excitation and emission spectra of the Nd
3+

-doped BaGdF5 particles, in powder 

form, were recorded using a cw Ti-zaphire laser (Spectra Physics). 

All luminescence spectra (emission & excitation) have been corrected to account for the 

spectral response of the experimental setup. 

Lifetime measurements were obtained under pulsed excitation at 532 nm using the 

second harmonics of a Nd:YAG laser (Spectra Physics model DCR 2/2A 3378) with a 

pulse width of 10 ns and a repetition rate of 10 Hz. Fluorescence was analyzed through 

an ARC monochromator model SpectraPro 500-i and then detected synchronously with 

an EMI-9558QB photomultiplier and recorded by a Tektronix TDS420 digital 

oscilloscope.  
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1
H NMR relaxation times T1 and T2 were measured at 1.5 Tesla in a Relaxiometer 

(Bruker Minispec spectrometer) at different concentrations of Gd
3+

 (0.2, 0.4, 0.6, 0.8, 

and 1.0 mmol dm
−3

) in water at 298 K. T1 and T2 values were determined by the 

inversion-recovery method and by the Carr–Purcell–Maiboom–Gill sequence, 

respectively. Relaxivities (r1, r2) were obtained from the slopes of the curves 1/T1 or 2 

vs. the concentration of Gd
3+

 expressed in mM.  

2.3. Cytotoxicity assay 

Vero cell cultures (monkey kidney epithelial cells) were cultured in Dulbecco's 

Modified Eagle's Medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 

5% glutamine (200 mM) and 5% penicillin (5000 units per mL)/streptomycin (5 mg 

mL−1). Cell cultures were incubated at 37 °C and equilibrated in 4% CO2 and air. Cell 

viability and proliferation were analyzed by the MTT colorimetric assay. For the 

cytotoxicity assay 5000 cells were seeded in each well of 96-well plates and grown for 

24 h. After that, the medium was replaced with fresh medium containing the different 

types of nanoparticles in varying concentrations. After cultivation again for 24 h or 120 

h (in the case of 120 h, the medium was supplemented with FBS (20 μL per well) after 

72 h of incubation), 20 μL of MTT dye solution (5 mg cm−3 in PBS) was added to each 

well. After 4 h of incubation at 37 °C and 5% CO2, the medium was removed, the cells 

were washed with fresh medium, and formazan crystals were dissolved in 100 μL of 

DMSO. The absorbance of each well was read on a microplate reader (Biotek ELX800) 

at 570 nm. The spectrophotometer was calibrated to zero absorbance using culture 

medium without cells. The relative cell viability (%) related to control wells containing 

cell culture medium without nanoparticles was calculated by [A]test/[A]control × 100. 

Each measurement was repeated at least five times to obtain the mean values and the 

standard deviation. 

 

3.- Results 

3.1.- Synthesis strategy and morphology of the precipitated BaGdF5 nanoparticles. 

The well-known La Mer and Dinegar
27

 model establishes that separation of nucleation 

and growth processes are necessary to obtain monodisperse particles by homogeneous 

precipitation while the presence of several nucleation events would obviously drive to 
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polydisperse systems. This requirement can be achieve through a precise control of the 

experimental conditions which affect the precipitation kinetics.
28

 In our case, uniform 

and disperse nanoparticles with spherical shape (40(5) nm) were obtained after aging, at 

120 °C for 10 hours in a conventional oven, 4 mL of a solution containing Gd(acac)3 

(0.12 M) and Ba(NO3)3 (0.12 M) in glycerol admixed with 2 mL of a glycerol solution 

of [BMIM]BF4 (0.55 M), as illustrated in Figure 1 (top). The hydrodynamic diameter 

measured by DLS in a fresh aqueous suspension of the particles was 55 nm (Figure 1, 

middle). This value is only slightly larger than the mean particle size estimated from the 

TEM micrographs of the sample, and confirmed the absence of particle aggregation in 

the aqueous suspension.  

Changing anyone of the experimental conditions necessary to obtain the particles shown 

in Figure 1 (top) and keeping the other conditions constant, led to the loss of the 

dispersion, uniformity and/or morphology of the particles. For example, using 

diethylene glycol (Fig. S1a) or ethylene glycol (Fig. S1b) instead of glycerol led to ill-

defined precipitated or aggregated and polydispersed nanospheres, respectively. This 

effect can be attributed to the change in the viscosity and in the dielectric constant of the 

solvent. These two parameters affect, respectively, the ion diffusion, involved in the 

nucleation and growth processes, and the surface charge of the precipitated particles, 

and control therefore their aggregation. Likewise, changing the Gd
3+

 or fluoride sources 

to precursors that do not allow a control release of ions (Gd(NO3)3 and NH4F) led to the 

formation of irregular particles with different degrees of aggregation, as shown in the 

TEM micrographs of Figures S1c and S1d. This result indicates that a controlled release 

of both the cations and anions is required to achieve the adequate reaction kinetics in 

this particular case. The aging temperature was also shown to be an important factor for 

the synthesis of uniform nanoparticles, as shown in Figures S1e and S1f, which exhibit 

the aggregated nanoparticles obtained at 85 °C and 180 °C, respectively. These changes 

must be assigned to variations in the kinetic of precipitation which also affect the 

nucleation and growth processes.
27

      

The only experimental parameter that did not alter the shape and uniformity of the 

precipitated particles was the concentration of cations (Gd
3+

 and Ba
2+

), as long as the 

Gd/Ba ratio was kept constant and equal to 1. However, a significant and exponential 

increase in the particle size up to 85 nm was observed with decreasing the cations 

concentration from 0.12 M to 0.02 M (Figure 1, bottom). At cations concentrations 
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higher than 0.12 M the particles appeared much less uniform both in size and shape, 

while at concentrations lower than 0.02 M no precipitate was detected after 20 hours 

reaction. This finding suggests that an increase in reagents concentration produces an 

associated increase in the number of nuclei leading to a decrease in the final particle 

size, in agreement with the classical model proposed by La Mer and Dinegar.
27

  

In summary, tunable-size (40-85 nm), uniform, and well dispersed spherical 

nanoparticles can be obtained with the synthesis method reported here, as long as a 

strict control of the reaction parameters is applied.  

The smallest particles obtained in this study (40(5) nm diameter), will be used thereafter 

to analyze their chemical nature, crystal structure, optical and magnetic properties as 

well as cytotoxicity, because their small size make them potentially useful for biological 

applications.
29

 

 3.2.- Crystal structure of the BaGdF5 nanoparticles. 

Figure 2 (top) shows the experimental XRD pattern obtained for our BaGdF5 

nanoparticles. All the reflections present match those of cubic BaGdF5 (PDF 00-024-

0098). However, our experimental reflections are slightly shifted towards higher angles, 

indicating a smaller unit cell parameter compared with that given in the mentioned PDF 

file (a= 6.023 Å). In order to calculate the unit cell dimensions of our particles, we have 

carried out a Rietveld refinement
30

 of the structure using the TOPAS software (TOPAS 

version 4.2, Bruker AXS, 2009). Given that no description of the BaGdF5 crystal 

structure could be found in the literature, we used, as starting parameters, those reported 

for BaYF5 by Huang et al.,
26

 who described the structure using the Fm-3m space group 

with a= 5.890 Å. The refined parameters were: scale, background coefficients, zero 

error, cubic unit cell parameter, and atomic displacement factors of the heavy atoms (Gd 

and Ba). The fitted curve, together with the difference one, is shown in Figure 2 (top). 

The unit cell parameter obtained was a= 5.9073(4) Å, which is in between those 

reported for BaYF5 (a= 5.890 Å)
26

 and BaCeF5 (a= 6.033 Å).
31

 These are the only two 

BaLnF5 phases reported in the literature, in addition to the BaGdF5 phase reported in 

PDF 00-024-0098, as commented above. We have plotted in Figure 2 (bottom) the unit 

cell volume of these two phases, plus those of the BaGdF5 obtained in this work plus the 

one reported in ICDD 00-024-0098, versus the ionic radius of the corresponding Ln
3+

. It 

can be observed that the R factor of the regression line calculated using the BaGdF5 cell 
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volume of this work is significantly better (R= 0.95) that that obtained with the BaGdF5 

cell volume reported in ICDD 00-024-0098 (R= 0.76), indicating that ours represents a 

more reliable value.  

Finally, it is noteworthy that the crystallite size obtained after applying the Scherrer 

formula to the 220 reflection (located at 43.3 °2θ) was 42 nm, which is very close to the 

particle dimension inferred from the TEM images. This result suggests that the particles 

are probably single crystals, which is highly desirable from an optical point of view due 

to the known fact that the luminescence efficiency increases with increasing the 

crystallinity perfection of the host matrix.
32

 

3.3.- Synthesis and characterization of the Ln:BaGdF5 nanoparticles (Ln= Eu
3+

and 

Nd
3+

 ). 

With the aim of optimizing the luminescence properties of the BaGdF5 nanophosphors 

doped with Eu
3+

and Nd
3+

, we synthesized different compositions of both phosphors, 

namely 2.5%, 5%, 10% and 20% Eu
3+

 in BaGdF5 and 0.5%, 1.0%, and 1.5% Nd
3+

 in 

BaGdF5. The differences in compositions used for each dopant are due to the known 

fact that concentration quenching  for Nd
3+

 doped materials appear at much lower levels 

than in the case of Eu
3+

 doping.
33,34

 The syntheses were carried out using the method 

reported above for the undoped material, and adding the corresponding amount of 

europium or neodymium acetylacetonate in each case. It was found that the shape, size 

and crystal structure of the undoped particles was reproduced for all doped samples 

irrespective of doping ions and doping levels (Figure S2, top and Figure S3, top). The 

XRD patterns of the doped Eu
3+

:BaGdF5 and Nd
3+

:BaGdF5 particles were very similar 

to the one of the undoped material (Figure S2, bottom and Figure S3, bottom). In both 

cases, the reflections were slightly shifted towards lower 2theta values, which indicated 

an increase in the unit cell size of the doped materials compared to the undoped 

particles. Such increase suggests that Gd
3+

 (ionic radius in VIII co-ordination= 1.053 Å) 

has been substituted by the bigger doping ions (Eu
3+

 ionic radius in VIII co-ordination= 

1.066 Å
35

 and Nd
3+

 ionic radius in VIII co-ordination= 1.109 Å
35

).  

To confirm effective replacement of Gd
3+

 for Eu
3+

 and Nd
3+

 in the crystal structure of 

BaGdF5 and the corresponding formation of the BaGd1-xEuxF5 and BaGd1-xNdxF5 solid 

solutions, the XRD patterns of the doped particles were analyzed by the Rietveld 

method to obtain the corresponding unit cell volumes. The values obtained have been 
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plotted in Figure 3, where a linear increase of the unit cell volume can be observed with 

increasing doping level in both cases, as expected from the different ionic radii of Gd
3+

 

and each doping ion, as commented above. The observed behavior satisfies Vegard´s 

law
36

 and indicates that Eu
3+

 and Nd
3+

 are replacing Gd
3+

 in each BaGdF5 crystal 

structure. Finally, it is also worth mentioning that the comparison between the unit cell 

volumes obtained for the Eu- and Nd-doped materials is in good agreement with the 

bigger size of Nd
3+

 respect to Eu
3+

.  

3.4.- Luminescence of the Ln:BaGdF5 (Ln= Eu
3+

 and Nd
3+

) nanoparticles. 

3.4.1.- Eu
3+

-doped BaGdF5 nanoparticles: The photoluminescence properties of the 

Eu
3+

:BaGdF5 nanoparticles with different Eu
3+

 contents were evaluated in order to find 

the optimum nanophosphor. The excitation spectrum recorded for 5% Eu
3+

-containing 

sample by monitoring the Eu
3+

 emission at 593 nm (Figure 4a) displays a strong band at 

273 nm along with much weaker features in the 300–400 nm range, among which the 

most intense appeared at 393 nm. The latter are due to the direct excitation of the Eu
3+

 

ground state electrons to higher levels of the 4f-manifold, whereas the former can be 

ascribed to the electronic transition from the ground state level of Gd
3+

 (
8
S7/2) to the 

6
I7/2-17/2 excited levels. The observation of this band while monitoring a Eu

3+
 emission 

indicates that an energy transfer from Gd
3+

 multiplets to Eu
3+

 electronic levels takes 

place in this sample.
37

  

The excitation of the 5% Eu
3+

-containing sample either at 273 or at 393 nm resulted 

(Figure 4b) in similar emission spectra composed of several bands, characteristic of 

transitions between the Eu
3+

 electronic levels, which have been labeled in the figure.
38

 

The intensity of the Eu
3+

 emissions was considerably higher when exciting through the 

Gd–Eu energy transfer band (λex = 273 nm) than by direct excitation of the Eu
3+

 

electronic levels (λex = 393 nm), as expected from the excitation spectrum recorded for 

this sample and this wavelength will be used later on to analyse the influence of Eu 

concentration on the samples luminescence. The two dominant bands at 590 nm and 

612 nm observed in Figure 4b are due to the 
5
D0–

7
F1 and 

5
D0–

7
F2 transitions, 

respectively, and they confer the sample an orange-red luminescence when irradiated 

with UV light at 273 or 393 nm (CIE coordinates: x= 0.57, y= 0.43 plotted in the inset 

of Figure 4b). The 
5
D0–

7
F1 transition is due to the magnetic dipole transition of Eu

3+
 

ions and it is independent on the symmetry of the Eu
3+

 site. However, the 
5
D0–

7
F2 
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transition is a forced electric dipole transition, hypersensitive to the site symmetry of the 

Eu
3+

 ions. The lower intensity of the latter, observed in our spectrum, suggests that the 

Eu
3+

 ions are located at a centrosymmetric site,
39,40

 in agreement with the 4a site of the 

rare earth ion in the cubic (S.G. 225) BaGdF5 crystal structure. Also noteworthy is the 

presence of a weaker band at lower wavelengths (554 nm) that is associated with the 

5
D1–

7
F2 transition. The low phonon energy of the fluoride matrix is known to cause a 

low probability of quenching by multiphonon relaxation that explains the observation of 

such emission at low wavelengths.
41

 The emission spectra of the rest of Eu 

compositions (Figure 4c) exhibit very similar bands to those of Figure 4b; the intensity 

of the emissions increased with increasing Eu
3+

 content up to 10% and then decreased 

for higher Eu doping levels. The scattered points in Figure 4d represent the integrated 

area of the spectra plotted in Figure 4c vs. Eu content. The curve obtained shows a clear 

deviation from a straight line indicating that the emission intensity is not directly 

proportional to the number of emission centers. This result suggests, therefore, the 

presence of a concentration quenching effect in most of the Eu-doped samples. 

In order to gain additional information in this respect, luminescence lifetime 

measurements were carried out on the different Eu compositions using the excitation 

provided by the second harmonic of a pulsed Nd:YAG laser (λexc = 532 nm). This 

excitation efficiently populates the 
5
D1 multiplet (

7
F1 → 

5
D1 transition) which then 

populates the 
5
D0 state via non-radiative relaxation from where the different visible 

emissions originate (Figure S4).
39

 It has been verified that the emission spectra under 

this excitation are coincident with that of Figure 4b, obtained after 273 nm or 393 nm 

excitation. The normalized temporal decays of the 
5
D0 level, measured at the dominant 

Eu emission λem = 592 nm (
5
D0 → 

7
F1 transition), for the different Eu concentrations are 

shown in Figure 5 (top, dotted lines). After an initial rise, which corresponds to the 

filling of the 
5
D0 emitting level from the upper 

5
D1 level, as commented above, the 

luminescence curves showed an exponential decay. In the case of the low Eu-containing 

samples (2.5 and 5 %) such decay was successfully fitted to a single exponential decay 

of the form: 

𝐼(𝑡) = 𝐼0exp(-t/τ)                                           (1) 

where I(t) and I0 = I(0) are the luminescence intensity at time t and zero, respectively, t 

is the time after excitation and τ is the decay time. The luminescence curves of the 
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higher doped samples (Eu content= 10% and 20%) showed, however, a bi-exponential 

decay of the form: 

𝐼(𝑡) = 𝐼01exp(-t/τ1)+𝐼02exp(-t/τ2)                      (2) 

where I(t) is the luminescence intensity, t is the time after excitation and τi (i = 1, 2) is 

the decay time of the i-component, with initial intensity I0i. As reported for other 

fluoride-based particles, the long component could possibly be associated with the 

decay of Eu
3+

 ions located in the bulk, not affected by surface effects, whereas the 

shorter component could be ascribed to Eu
3+

 ions located nearer the surface of the 

nanoparticles, which could therefore be influenced by OH-species or surface defects 

that are known to act as luminescence quenchers.
33,42

 The corresponding fitting curves 

have been plotted in Figure 5 (top, solid lines) while the fitting parameters are 

summarized in Table 1. Considering the non-exponential behavior of the decays, we 

have calculated the average life-time values, <τ>, defined as: 
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where tf represents a final time where the luminescence signal reaches the background, 

while t0 represents a time delay after the excitation pulse from where the luminescence 

decay is analysed. This delay time has been chosen such to avoid the initial rise 

transient, and for that purpose a time t0  2 tM, where tM represents the time when the 

intensity reaches its maximum. This delay, which represents a minimum fraction of the 

total decay time, guarantees that the feeding from upper levels is excluded in the 

analysis. 

For calculation purposes, the experimental decays have been fitted within these limits 

using the bi-exponential form given by eq. (2) (see the solid lines in Figure 5, top) and 

then, average lifetimes have been calculated from the corresponding fitting parameters 

(Table 1) using the right-hand side of eq. (3), which is readily derived assuming a bi-

exponential decay. 
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These average lifetimes have been plotted, versus Eu
3+

 concentration, in Figure 5 

(bottom). As observed, the emission lifetime remained almost constant (~11.5 ms) for 

the 2.5–5% Eu-containing samples and then decreased with increasing  Eu doping level, 

reaching a value of 8.7 ms for the sample doped with 20% Eu
3+

. These data confirm that 

a concentration quenching is present in the samples above Eu doping levels of 5% and 

that the most efficient Eu:BaGdF5 nanophosphor is, therefore, the one doped with 5 

mol% of Eu
3+

. This is, to best of our knowledge, the first time that Eu
3+

 lifetime values 

in Eu:BaGdF5 nanophosphors are reported in the literature, which precludes a 

comparative analysis of the luminescence efficiency of our nanophosphors with other  

previously reported. In particular, we cannot identify at this point the mechanism 

responsible of the observed concentration quenching. It is widely accepted that the 

luminescence of RE-doped nanoparticles is strongly influenced by the presence of some 

radicals, for instance OH- groups, both in the volume or in the surface, which act as 

“luminescence killers”.
33,42

 Therefore, a plausible mechanism responsible for the 

observed concentration quenching would be energy migration of the excitation between 

RE ions, which facilitates it could reach the proximity of killers, enhancing therefore the 

quenching of luminescence. But there are other possible options, such as direct “cross 

relaxation” between RE ions, an additional route for de-excitation that would increase 

when increasing dopant concentration and that may trigger also luminescence 

quenching. Both mechanisms are plausible (and perhaps concurrent), but they are only 

tentative proposals to be considered as underlying mechanisms responsible for the 

observed concentration quenching. 

 3.4.2.- Nd
3+

-doped BaGdF5 nanoparticles: The excitation spectrum of the 1.5%Nd
3+

-

doped BaGdF5 nanophosphor recorded by monitoring the Nd
3+

 emission at 1055 nm is 

shown in Figure 6a. It exhibits two intense excitation bands at 797 nm and 866 nm, 

corresponding to the electronic excitation from the Nd
3+

ground state (
4
I9/2) to the 

excited levels 
4
F5/2:

2
H9/2 and 

4
F3/2, respectively, as depicted in the Nd

3+
 energy level 

diagram of Figure S5. A third, low intensity excitation band can also be observed at 

~753 nm, which is due to the electronic transition from the 
4
I9/2 ground state to the high 

energy 
4
F7/2:

4
S3/2 multiplet. The emission spectrum of the same nanophosphor recorded 

while exciting at 797.7 nm, using a Ti-zaphire laser, showed (Figure 6b) the emissions 

characteristic of Nd
3+

 centered at ~900 nm, ~1050 nm and ~1325 nm, corresponding to 

the transitions from the 
4
F3/2 level to the 

4
I9/2, 

4
I11/2 and 

4
I13/2 levels, respectively (Figure 



15 
 

S5). In order to establish the optimum Nd doping level, luminescence lifetime 

measurements were carried out on the BaGdF5 nanoparticles doped with 0.5%, 1.0% 

and 1.5% Nd
3+

 using the excitation provided by the second harmonic of a pulsed 

Nd:YAG laser (λexc = 532 nm). This excitation efficiently populates the 
2
G7/2 multiplet 

(
4
I9/2 → 

2
G7/2 transition) which then populates the 

4
F3/2 state via non-radiative relaxation 

from where the different NIR emissions originate, as observed also in the Nd
3+

 energy 

level diagram of Figure S5. The luminescence decay curves have been plotted in Figure 

6c (symbols) for all three Nd
3+

-doped samples (0.5%, 1.0% and 1.5% Nd
3+

). Also in 

this case, as observed for the Eu
3+

-doped samples, a rise in the luminescence intensity 

occurs at the very beginning of the detection period, which corresponds to the filling of 

the emitting 
4
F3/2 level from the upper 

2
G7/2 level. After reaching a maximum, the 

luminescence decays following a non-exponential behavior. The decay can be fitted 

using a bi-exponential temporal dependence (like that of equation (2)) for all three 

compositions in this case (solid lines in Figure 6c). The existence of two different time 

components can be assigned to  the already reported fact that the Nd
3+

 ions doped in the 

nanoparticles are separated into two kinds: inside the core and near or at the surface.
43

 

The corresponding fitting parameters are summarized in Table 2 together with the 

average decay time, <τ>, calculated using equation (3). As observed in the Table, the 

average lifetime values calculated for the three samples clearly decreased with 

increasing Nd
3+

 content, with a maximum of 244 μs at 0.5% Nd content. Therefore, a 

concentration quenching effect is present in the Nd-doped samples for doping levels 

above 0.5%, this concentration being, therefore, the optimum for luminescence 

purposes.  

As far as we know, the lifetime of Nd
3+

 ions in BaGdF5 has not been previously 

published, although it has been recently reported for a variety of other nanoparticles.
44

 

Although the comparison is difficult, considering that lifetimes are affected not only by 

the intrinsic radiative properties of Nd
3+

, but also by the host nature or surface 

treatments, a general trend has been advanced, showing longer lifetimes in fluorides 

than in oxide nanoparticles, and attributed to higher phonon energies and hence greater 

non-radiative losses in the latter.
44

 In the present case, the observed lifetime ( 244 μs for 

0.5% Nd content) is substantially longer than that reported for other fluorides (123 μs in 

KYF4 or 3 μs in NaGdF4, for instance), which suggests a high quantum efficiency of 
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Nd
3+

 luminescence in BaGdF5, though further evaluation would be needed for a more 

quantitative analysis. 

 

3.5.- Magnetic relaxivity. 

We have used the particles which showed the optimum Eu
3+

 and Nd
3+

 doping level in 

the luminescence studies to evaluate their corresponding longitudinal (r1) and 

transversal (r2) magnetic relaxivity, respectively. With this purpose, the longitudinal 

(T1) and transversal (T2) proton relaxation times were measured at different 

concentrations for both types of nanoparticles (5% Eu
3+

- and 0.5% Nd
3+

-doped BaGdF5) 

in water at 298 K. The 1/T1 and 1/T2 values obtained were plotted as a function of  

Gd
3+

 concentration for the Eu
3+

 and Nd
3+

-doped BaGdF5 nanoparticles (Figure S6). The 

slopes of the curves gave the relaxivity values r1 and r2 shown in Table 3. The 

corresponding r2/r1 values were 4.88 and 3.78 for the 5% Eu
3+

 and 0.5% Nd
3+

-doped 

BaGdF5 nanoparticles, respectively. The fact that these r2/r1 values are lower than 5 

suggests that these samples could be adequate for use as positive contrast agents, the 

Nd-doped particles being more interesting due to their higher r1 value.
45

 Comparison of 

these values with those of the literature require that the spectra are recorded under the 

same magnetic field and same temperature, among other parameters. To the best of our 

knowledge, only Zhao et al.
19

 have reported relaxivity values for BaGdF5 particles at 

1.5 T, as is our case. Their r1 value was 2.13, which is indeed higher than ours, but 

unfortunately, they did not report on the r2 value, which prevents the full comparison of 

the magnetic data.  

3.6.- Cytotoxicity test. 

For cytotoxicity analyses, we have also used the particles which showed the optimum 

Eu
3+

 and Nd
3+

 doping levels in the luminescence studies. Both types of particles were 

submitted to biocompatibility studies by evaluating the viability of Vero cells with the 

MTT assay.
46

  MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is 

a yellow, water soluble tetrazolium salt which can be converted into a water-insoluble 

dark-blue formazan by metabolically active cells. Formazan crystals can then be 

dissolved in an organic solvent such as dimethyl sulfoxide and quantified by measuring 

the absorbance of the solution at 550 nm. The resultant value is then related to the 

number of living cells. The metabolic activity and proliferation of cells were thus 

measured after 24 h of culture. The viability percentages for both doping ions were 
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higher than 80% for concentrations up to 0.25 mg/mL for both samples (Figure 7). 

These results are similar to those published for other BaGdF5 nanoparticles and 

demonstrate the negligible toxicity effects of this type of particles.
47

  

4.- Conclusions  

Uniform and well dispersed spherical (40(5) nm diameter) nanoparticles were obtained 

after aging, at 120 °C for 10 hours in a conventional furnace, 4 mL of a solution 

containing Gd(acac)3 (0.12 M) and Ba(NO3)3 (0.12 M) in glycerol admixed with 2 mL 

of a glycerol solution of [BMIM]BF4 (0.55 M). Changing anyone of the experimental 

conditions and keeping the rest constant, led to the loss of the dispersion, uniformity 

and/or morphology of the particles. Only the increase in cations (Ba
2+

 and Gd
3+

) 

concentrations allowed obtaining uniform, spherical particles whose diameter 

exponentially increased with decreasing cations concentration. The obtained 

nanoparticles crystallized in the cubic system and exhibited a high degree of 

crystallinity with cubic cell parameter =5.9073(4) Å. The synthesis procedure was also 

successful for the preparation of Eu
3+

- and Nd
3+

-doped BaGdF5 nanoparticles with the 

same morphology and crystalline structure as the undoped materials. The former 

showed a strong orange-red luminescence under near-UV excitation (393 nm), while the 

Nd
3+

-doped particles exhibited near infrared luminescence when excited at 797 nm. The 

optimum doping levels, obtained from luminescence decay curves, were 5% and 0.5% 

for the Eu
3+

- and Nd
3+

-doped particles, respectively. Because of these properties these 

particles could be useful for optical imaging. In addition, these particles exhibited r2/r1 

values lower than 5, which make them suitable for use as positive contrast agents in 

MRI imaging. Finally, these multifunctional probes have been found to be non-toxic for 

cells, fulfilling one of the requirements for their biotechnological applications. 

 

Supporting information 

TEM micrographs of BaGdF5 samples prepared using diferente experimental conditions. 

SEM micrographs of BaGdF5 particles doped with 2.5%, 5%, 10% and 20% Eu
3+

. XRD 

patterns of the BaGdF5 particles undoped and doped with 2.5%, 5%, 10% and 20% 

Eu
3+

. SEM images of the 0.5% and 1.5 % Nd
3+

: BaGdF5 particles. XRD patterns of the 

BaGdF5 particles undoped and doped with 0.5%, 1%, and 1,5% Nd
3+

. Electronic energy 

levels of Eu
3+

 ion illustrating the excitation and emission processes. Electronic energy 

levels of Nd
3+

 ion illustrating the excitation and emission processes. Inverse of proton 
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relaxation times (1/T1 and 1/T2) of 5% Eu
3+

- and 0.5%Nd
3+

-doped BaGdF5 

nanoparticles in water suspensions as a function of Gd content. 
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Table 1: Fitting parameters of the single and bi-exponential temporal dependence for 

the luminescence decay curves of the Eu
3+

-doped BaGdF5 nanophosphors recorded at 

the dominant emission of the Eu
3+

 ion.  

from the right hand-side term of equation (3), using the corresponding fitting 

parameters. 

%Eu
3+

 I01 τ1 (ms) I02 τ2 (ms) <τ> (ms) 

2.5 1.00 11.3   11.3 

5 1.00 11.5   11.5 

10 0.88 10.8 0.12 3.9 10.5 

20 0.83 9.2 0.17 2.87 8.8 

 

Table 2: Fitting parameters of the bi-exponential temporal dependence for the 

luminescence decay curves of the Nd
3+

-doped BaGdF5 nanophosphors recorded at the 

dominant emission of the Nd
3+

 ion. 

the right hand-side term of equation (3), using the corresponding fitting parameters 

%Nd
3+

 I01 τ1(μs) I02 τ2 (μs) <τ> (μs) 

0.5 0.62 78 0.38 312 244 

1.0 0.67 83 0.33 312 232 

1.5 0.72 84 0.28 312 219 

 

Table 3: Proton relaxivity values (r1 and r2) obtained for water suspensions of the Ln-

doped BaGdF5 nanoparticles at 1.5 T and 298 K. 

Ln-BaGdF5 

nanoparticles 

r1  

(s
-1

 mM
-1

) 
r2 

(s
-1

 mM
-1

) 
r2/r1 

5% Eu
3+

   0.59 2.88 4.88 

0.5% Nd
3+

 0.93 3.52 3.78 
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Figure captions: 

 

Figure 1: Top: TEM micrograph showing uniform spherical (~40 nm diameter) 

nanoparticles obtained after aging, at 120 °C for 10 hours in a conventional furnace, a 

solution containing Gd(acac)3 (0.12 M) and Ba(NO3)3 (0.12 M) in glycerol admixed 

with 2 mL [BMIM]BF4 (0.55 M). Middle: Hydrodynamic diameter distribution, 

obtained from DLS technique on an aqueous suspension of the particles shown in the 

left. Bottom: Exponential decay of the average diameter of the particles with increasing 

Gd
3+

 and Ba
2+

 concentrations. The average diameter was calculated from TEM 

micrographs The solid line is the exponential fit to the data. Error bars represent the 

standard deviation of the measurement. 

 

Figure 2: Top: Experimental (crosses) and fitted (solid line) XRD pattern of the 

BaGdF5 particles shown in Figure 2b. Bottom: Unit cell volume of different BaLnF5 

compounds versus the Ln
3+

 ionic radius: BaYF5,
26

 BaCeF5,
31

 and BaGdF5 (values from 

PDF 00-024-0098 and from this work). The solid red line is the linear fit to the red data 

points while the dashed blue line is the linear fit to the data points corresponding to 

BaYF5, BaCeF5 and BaGdF5 from this work.  

 

Figure 3: Unit cell volume of the Ln:BaGdF5 (Ln= Eu
3+

 and Nd
3+

) particles versus Ln 

content. Different x-axes have been used for the Nd
3+

 and Eu
3+

-doped samples due to 

their different doping levels. 

 

Figure 4: a) Excitation spectrum of the 5% Eu
3+

-doped BaGdF5 nanoparticles recorded 

at the characteristic Eu
3+

 emission wavelength of 593 nm. b) Emission spectra of the 5% 

Eu
3+

-doped BaGdF5 nanoparticles recorded after excitation at 273 nm and 393 nm. The 

inset is a CIE diagram showing the coordinates obtained for an aqueous suspension of 

the nanoparticles illuminated at 393 nm. c) Emission spectra of the different Eu-doped 

samples after exciting at λex=273 nm. d) Integrated area (circles) of the spectra shown 

above versus Eu content.  

Figure 5: Top: Temporal evolution of the 
5
D0–

7
F1 luminescence for the BaGdF5 

nanophosphors doped with different amounts of Eu
3+

 (excitation at 532 nm). Solid lines 

correspond to the fitting of the experimental data using equations (1)  (Eu content = 2.5 
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and 5 %) or equation (2) (Eu content = 10 and 20 %) with the parameters given in Table 

2. Bottom: Evolution of the average lifetimes with Eu
3+

 content.  

Figure 6: a) Excitation spectrum of the 1.5% Nd
3+

-doped BaGdF5 nanoparticles 

recorded by monitoring the Nd
3+

 emission at 1055 nm. b) Emission spectrum of the 

1.5% Nd
3+

-doped BaGdF5 nanophosphor recorded while exciting at 797.7 nm, using a 

Ti-zaphire laser. c) Temporal evolution of the 
4
F3/2 – 

4
I11/2 luminescence for the BaGdF5 

nanophosphors doped with different amounts of Nd
3+

 (excitation at 532 nm using the 

2
nd

 harmonics of a Nd:YAG laser). Solid lines correspond to the fitting of the 

experimental data assuming a bi-exponential luminescence decay, using equation (2) 

with the parameters given in Table 2. 

Figure 7: Cytotoxicity profiles of 5% Eu
3+

 and 0.5%Nd
3+

-doped BaGdF5 nanoparticles 

(top and bottom, respectively) with Vero cells, determined by MTT assay. Percentage of 

viability of cells was expressed relative to control cells (n = 5). Results are represented 

as mean ± standard deviations. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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