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ABSTRACT  

A series of Tb doped LaF3 nanoparticles (NPs) was prepared by systematically varying the Tb 

doping rate from 0 to 100%. The elemental composition was confirmed by ICP-AES analysis and 

the size, morphology and crystal structure were determined in the solid state by transmission 

electron microscopy and X-ray diffractometry, while the size and zeta potential of the NPs in 
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solution were studied by dynamic light scattering, Taylor dispersion analysis and laser Doppler 

electrophoresis. While the crystal structure appears to be hexagonal for doping rate up to 70%, an 

admixture of hexagonal and orthorhombic phases is observed for 80 and 90% Tb contents with a 

pure orthorhombic phase being obtained for TbF3. The spectroscopic properties of the NPs were 

studied for bare NPs and in the presence of dipicolinic acid as surface capping antenna ligand in 

solution. The coverage of the NPs by the ligand resulted in an increase of the luminescence lifetime 

of the emitting Tb centers, as a consequence of a better protection towards luminescence quenching 

from water molecules, as well as a large improvement of the brightness of the NPs. Taking into 

account the various parameters, a doping rate of 40% Tb was shown to be the best compromise for 

the development of such NPs for bio-analytical applications. 

Introduction 

Photoluminescent nanoparticles (NPs) are very attractive probes for (bio)analytical applications 

and imaging1 and have evolved during the last decades to become a key component of the 

(bio)analysis and biomedical research. They are characterized by large surface-to-volume ratios, 

favoring the loading of photoluminescent entities such as organic compounds, complexes or 

elements, making them very bright probes compared to single photoluminescent entities. Among 

them, lanthanide containing nanoparticles (Ln-NPs) are a very special class of nanomaterials 

exhibiting the unique optical properties of Ln such as specific and sharp emission bands, long 

luminescence decay time allowing time-resolved measurements with very low auto-fluorescence 

background noise, large Stokes’ shift and good photostability.2 However, due to the forbidden 

nature of the 4f-4f transitions from which the optical properties of Ln3+ ions arise, their very weak 

absorptivity makes direct excitation inefficient. This can be overcome either by using a powerful 
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excitation source (laser) as commonly applied for upconversion Ln-NPs,3,4 or by the antenna 

effect,5 an indirect Ln photosensitization pathway using light-harvesting chromophoric ligands. 

Photosensitized Ln-NPs reported in the literature can be divided into three categories:6 (i) Ln doped 

inorganic NPs with surface capping antennas; (ii) polymeric NPs encapsulating Ln complexes; 

(iii) (in)organic NPs surface functionalized by Ln-complexes. The advantages of the first category 

are their very long lifetimes, especially for Tb3+ ions,7 originating from the protection of the atom 

in the NP from deactivation caused by the environment, and exceptional brightness, that can 

exceed those of Quantum Dots and semi-conducting nanopolymers, as previously demonstrated.8 

Indeed, a microwave-assisted synthetic protocol in water was proposed to obtain Tb doped LaF3 

NPs of diameter circa 20–25 nm (determined by TEM) with a 10% doping rate.8 When capped by 

appropriate light-harvesting coordinating ligands, they are highly luminescent and exhibit an 

exceptional brightness up to 2.2 × 106 mol.L-1.cm-1 along with a very long excited state lifetime 

(3.76 ms). Such NPs have been shown to be efficient luminescent probes for Förster Resonance 

Energy Transfer (FRET) based (bio)sensing,9 immunoassays10 and in vivo imaging.11 Various 

antennas have been tested to improve the luminescence properties of the NPs, however the Tb 

doping rate is also an important factor to be considered. We here report the design of TbxLa1-xF3 

NPs with various doping rates of Tb (x = 0 to 1 with 0.1 steps) and the comparison of their size, 

colloidal stability, crystal structure and luminescence properties in order to find the most promising 

luminescent probe for (bio)analytical applications. 

Results and Discussion 

Preparation of the Tb doped NPs 

Eleven types of TbxLa1-xF3 were prepared in aqueous solution under microwave irradiation by 

adaptation of reported protocols.8,12 The total Ln concentration remained unchanged and the 
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desired Tb doping rate (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1) was obtained by adapting 

the La/Tb stoichiometry in the NPs. The resulting Tb doping rates (Table 1), obtained from ICP-

AES measurements, are in line with the theoretical rates, highlighting the good control of the 

doping rate by the NP preparation procedure. The detection of a tiny percentage of Tb in the 

supposedly pure LaF3 NPs is assumed to originate from the purity of the LaCl3 starting material 

and contamination via the synthesis glassware used for all the Tb doped NP preparation. 

 

Table 1: Theoretical Tb doping rates (%) of the various TbxLa1-xF3 NPs and the corresponding 

experimental doping rates, calculated from Tb and La concentrations measured by ICP-AES 

(Table S1). 

Theoretical 

Tb rate (%) 

Experimental 

Tb rate (%) 

0 0.52 ± 0.04 

10 10.9 ± 0.1 

20 20.3 ± 0.1 

30 29.3 ± 0.2 

40 38.6 ± 0.4 

50 48.3 ± 0.6 

60 58 ± 1 

70 69.6 ± 0.6 

80 79.8 ± 0.8 

90 89.5 ± 0.7 

100 99.9 ± 0.7 
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Characterization of Tb doped NPs 

X-Ray diffractograms of the series of Tb doped NPs are presented in Figure 1. XRD patterns of 

LaF3 NPs with Tb doping from 0 to 70% are consistent with the hexagonal LaF3 phase (COD 

1010983). 

 

Figure 1: X-ray diffraction pattern of Tb doped LaF3 NPs. The percentages indicated correspond 

to the Tb doping rates in the NPs. 

The dependence of the unit cell dimensions (see hexagonal lattice parameters calculated in Table 

S2) to the doping level of Tb (Figure 2) confirms that this system follows Vegard’s law13 as the 

unit cell parameters linearly depend on the dopant concentration. Thus, Tb3+ ions isomorphically 

substitute La3+ ions in the hexagonal LaF3 structure. The decrease of unit cell parameters with 

increasing Tb content originates from the Ln contraction, as the ionic radius of Tb3+ is 11% smaller 

than the ionic radius of La3+.14 

While the peaks of the TbF3 NPs diffractogram were assigned to a standard TbF3 orthorhombic 

phase (COD 1530594), 80 and 90% Tb NPs XRD revealed the coexistence of both hexagonal LaF3 

and orthorhombic TbF3 lattices. This concomitance of two different lattices inside individual 
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nanocrystals has already been observed in GdLaF3 NPs, reported by Brixton et al. and occur for 

LaF3 NPs doped with 50 to 75% Gd.15 Similarly, Liang et al. detected it in GdF3 doped with less 

than 30% La.16 Various phases (hexagonal/cubic,17 hexagonal NaYF4/hexagonal LaF3
18) were also 

observed in Ln doped NaYF4 NPs or in Lu1−xInxFeO3 films (orthorhombic/hexagonal mixed-phase) 

with specific doping levels.19  

Our results are in line with the study made by Liang et al. for La doped GdF3
16 as the two-phases 

coexistence is observed for the same La content (lower than 30%) even though the dopant was 

different (Gd vs Tb) but with very similar ionic radii.14  

 

Figure 2: Hexagonal lattice parameters of the unit cells from 0 to 70% Tb doped LaF3 NPs. Red 

dots correspond to a = b and black dots to c.  

 

 

The colloidal stability of the NPs was then investigated by estimating their surface charge 

through zeta potential determination (Figure 3). As it is considered that a zeta potential value 

higher than |30| mV indicates a good nanosuspension behaviour,20 it can be concluded that LaF3 

NPs with a Tb doping rate up to 60% have a good dispersion in solution. Moreover, their surface 

charge increases with the Tb content, before dropping drastically to zeta potential values close to 

30 mV for Tb percentage higher than 60%, correlated with the TbF3 orthorhombic lattice 
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appearance in the NPs (except for 70%Tb NPs). These latter values could indicate a colloidal 

instability leading to NP aggregation. 

 

Figure 3: Zeta potential (mV) of Tb doped LaF3 NPs determined by laser Doppler electrophoresis 

(LDE) measurements (Figures S1 and S2) for the different Tb doping rates. Measurements were 

realized at pH 4.8 ± 0.2 (pH of each batch is indicated in Figure S3) to obtain comparable results. 

 

Hydrodynamic diameters (DH) were determined by Dynamic Light Scattering (DLS) and Taylor 

Dispersion Analysis Coupled to Inductively Coupled Plasma-Mass Spectrometry 21 (TDA-ICP-

MS, Figure 4). It is worth noting that DLS measurements were performed directly on the NP stock 

solution or two times diluted solution in water whereas the NP samples for TDA-ICP-MS 

measurement were prepared by a 30 times dilution in a TBS solution at pH 7.4 with the addition 

of sodium citrate. As shown in Figure 4, while the DH determined by DLS is generally lower than 

by TDA-ICP-MS, same trends are observed with both techniques. The introduction of Tb in the 

LaF3 matrix leads to a constant increase of the NP size, with the exception of 80% Tb doped NPs 

that are smaller than the 70%. Moreover, the highest values reaching a hundred nm are obtained 

for 90% Tb and TbF3 NPs. For those two NPs, DH determination was very complex by DLS, as 

illustrated by the high error bar for 90% Tb and the impossibility to obtain reliable values for TbF3 

NPs. Two hypotheses could explain this issue: (i) NPs may aggregate, as supported by the low 
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zeta potential measured, leading to a heterogeneous sample or (ii) NPs are not spherical as it is 

assumed for the DH determination by both techniques.  

The abrupt increase of the size of the NPs for high Tb doping rate is strongly related to the 

change of the crystallographic phase from hexagonal, for low doping, to orthorhombic at doping 

rate exceeding 90%. 

 

Figure 4: Hydrodynamic diameters (DH) of Tb doped LaF3 NPs determined by DLS (blue bars) 

and TDA-ICP-MS (grey bars) respectively for the different Tb doping rates. Size distributions 

measured by DLS and taylorgrams for each NP batch are shown in Figures S4-5 and S6 

respectively. 

Transmission Electron Microscopy (TEM) images (Figure 5) confirmed the previous 

assumptions. Indeed, although LaF3 NPs are not perfectly spherical (Figure 5a), 90% Tb NPs 

(Figure 5e) are very elongated and especially more aggregated, while TbF3 NPs (Figure 5f) have 

a needle-like morphology with formation of star-like aggregates. NPs with Tb doping level from 

0 to 70% present a similar morphology (Figure 5a-c for 0, 60 and 70% and Figure S7 for other 

samples), with the presence of lighter rounded zones inside the NP. This particular structure is 

described in the literature as a hollow-like morphology, reported to be related to the hexagonal 

structure of the LaF3 NPs as it is not or rarely observed in orthorhombic structures.22–24 
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Figure 5: TEM images of (a) 0%, (b) 60%, (c) 70%, (d) 80%, (e) 90% Tb doped LaF3 NPs and 

(f) TbF3 NPs.  

 

This is in line with the XRD data as an orthorhombic lattice is present in the NPs up to 70% Tb 

doping level, and TEM images confirm the absence of hollow-like structure for doping rates higher 

than 70% (Figure 5d-f). From TEM images, length and width of 200 to 300 individuals of each 

batch were measured (see Figures S8 and S9) and a mean NP diameter was determined (Figure 6), 

except for the needle-like TbF3 NPs for which such an averaging is irrelevant. NP diameters are 

increasing from 20 to more than 30 nm with increasing Tb content up to 50%, as it was previously 

noticed with DH. 

With the exception of 90% doped Tb NPs and TbF3 NPs that have the tendency to aggregate and 

whose sizes are not well controlled during the synthesis, the Tb doped LaF3 NPs are suitable for 

(bio)analytical applications.2,6,25  
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From the diffractograms, the crystal sizes of the different NP batches were also determined using 

the Scherrer equation (Figure 6, blue bars), highlighting NPs with crystallite sizes of 15 to 20 nm 

except for TbF3 NPs that appear to be much bigger with a high dispersity  (30 ± 15 nm). The sizes 

of the crystalline domains obtained by the Scherrer equation are globally in good agreement with 

those obtained from TEM data (Figure 6, grey bars), pointing to the uniformity of the crystallinity 

of the NPs. The slightly larger sizes obtained by TEM may be induced by the biases inherent to 

the spherical model used to determine sizes in TEM images. An important difference is 

nevertheless observed for 90% doped NPs whose particle size is more than twice higher than the 

crystallite size, suggesting that the NPs could be made up of several crystallites.       

 

 

Figure 6: Particle size determined by TEM (grey bars) and crystallite size calculated from Scherrer 

equation (blue panel) of Tb doped LaF3 NPs for the different Tb doping rates.*For 80% Tb doped 

NPs, only one peak was accessible for the measurement of its area.  
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An estimation of the molar concentration of NPs was determined following a published method,8 

by using the mean NP diameter calculated from TEM images, the density of La1-xTbxF3 calculated 

as the percentage weighted density of TbF3 and LaF3 and the concentration of La and Tb in solution 

obtained by ICP-AES analysis. Concentration of NP stock solutions in water was typically found 

in the 10-7 mol.L-1 range (see Table S1 for detailed concentrations). 

 

Photoluminescence properties of Tb doped NPs 

 

As mentioned previously, the direct excitation of Tb is very inefficient because of its very low 

absorptivity.26 Thus, dipicolinic acid (DPA) was chosen as antenna to indirectly excite Tb ions in 

the NPs, as it has been reported to be a very good Tb photosensitizer in complexes27,28 and as 

capping antenna for the NPs.8,29 Time-resolved excitation spectra of bare and DPA capped 20% 

Tb doped NPs (Figure S10; emission of Tb at 545 nm) show the appearance of an intense and 

broad excitation band at 270 nm in the presence of DPA, illustrating the antenna effect.  

Spectroscopic titrations of the various Tb doped NPs by DPA ligand were realized. Increasing 

quantities of ligand were added to an HEPES solution (10 mmol.L-1, pH 7.0) containing a fixed 

NP amount and the time-gated emission spectra of the solutions upon excitation into the maximum 

of the excitation band of DPA (270 nm) were monitored, as illustrated in Figure 7 for La0.9Tb0.1F3 

NPs. The introduction of DPA ligands in the solution resulted in the observation of four main 

emission bands at 485, 545, 590 and 620 nm, corresponding to the typical 5D4 → 7FJ (J = 6 to 3 

resp.) electronic transitions of Tb. The 5D3 → 7FJ emission bands (in the 350-450 nm range) are 

never observed whatever the Tb doping level (as shown in Figure S11 for 20% Tb doped NPs as 

an example). These emission bands are reported in the literature for low Tb concentration in Tb 
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doped materials and for higher Tb contents, their intensity decreases due to Tb-Tb cross-relaxation 

energy transfer (CRET) along with the increase of green emission bands.30,31 Unfortunately, the 

contribution of CRET as a function of Tb doping rate cannot be investigated here, as the emission 

from 5D3 level is not visible in our conditions. 

 

Figure 7.  Evolution of the TR emission spectra of a 5.5 10-10 mol.L-1 solution of La0.9Tb0.1F3 

(HEPES 50 mmol.L-1, pH 7.0) upon addition of DPA (0 to 10 µmol.L-1; from light green to dark 

green). λexc = 270 nm; delay time of 50 µs; integration time of 2 ms. 

The evolution of the 5D4→7F5 transition band (at 545 nm) as a function of the increasing DPA 

amount is represented, the results being normalized either by the total Ln concentration (Figure 

8a) or by the NP molar concentration (Figure S12a) in order to compare the titrations of the various 

NP batches. For every batch of NPs, the emission intensity increases with the increased DPA 

amount before reaching a plateau (Figure 8a), showing that the NP surface is fully covered by the 

ligands. By comparing the intensities at the plateau for each Tb doping rate (Figure 8b), it can be 

observed that the maximal intensity increases with the Tb doping rate and reaches a maximum for 
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40 to 60% Tb contents. A dramatic decrease is then observed for NPs with 80% and higher Tb 

rates, that can be correlated with the partial crystal lattice change from hexagonal to orthorhombic 

phase.  

 

Figure 8: (a) Evolution of the Tb centered emission intensity at 545nm ( 5D4
7F5 transition) as 

a function of the DPA concentration (µmol.L-1) and (b) intensity measured at the plateau for NPs 

containing 10 (pink), 20 (purple), 30 (dark blue), 40 (light blue), 50 (dark green), 60 (light 

green), 70 (yellow), 80 (orange), 90 (light red) or 100 (dark red) % of Tb. Titrations made in 

HEPES buffer (10 mmol.L-1, pH 7.0) with NP solutions corresponding to a total Ln 

concentration of exactly circa 7 × 10-5 mol.L-1 and normalized by the total Ln concentration for 

comparison (λexc = 270 nm). 

 

The same trend is observed for the emission intensity normalized by the NP molar concentration 

(Figure S12a and S12b), with the exception of 50% and 90%Tb doped NPs that have a much more 

intense emission than 40% and 60%Tb NPs and than 80%Tb NPs respectively. This originates 

from their average mean diameter determined by TEM that is higher than the other batches. 

However, it can be observed that these NPs have a very large size distribution (see Figure S9), 

thus the data normalized by the NP molar concentration (calculated using the average TEM related 

diameter) should be considered with caution. Nevertheless, a number of DPA per NP at the 
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equivalence has been calculated from these data (Figure S12c), determined by the intersection of 

the initial and final tangents of the curve. This gives an approximate information of the number of 

DPA required to saturate the NP surface (from 2500 to 12500 DPA/NP depending on the NP size). 

 

The luminescence properties of the NPs were also investigated through the record of temporal 

photoluminescence intensity decays of both bare NPs (Figure S13) and DPA covered NPs (Figure 

S14; number of DPA per NP determined previously as the equivalence in Figure S12c). For all the 

Tb doped NPs, excited at 270 nm, a bi-exponential Tb-centered emission is observed, with the 

determination of a lifetime composed of two main components as previously reported11 (the two 

components are reported in Table S3). The longer one is attributed to the Tb ions that are protected 

in the core of the NP and the shorter one corresponds to Tb ions at the NP surface, that suffer from 

photoluminescence quenching by the aqueous solvent. A clear trend observed is that the short 

component lifetime systematically increased when the NPs are capped with DPA ligands. The 

protection offered by the tridentate ligands to surface Ln atoms decreased the non-radiative 

deactivation pathways for these ions, resulting in an increase of their lifetime. However, it is far 

more difficult to draw clear conclusions from the lifetime values or their relative proportions for 

two main results. For bare NPs, excitation at 270 nm is performed directly in the high energy f-f 

transitions of Tb. Assuming in first approximation similar absorption cross sections for inner and 

surface Tb atoms, this results in a larger excitation of the core Tb atoms, more abundant than the 

surface ones. In contrast, excitation at the same energy in the presence of DPA ligands will result 

in a preferred excitation of the surface Tb atoms via the antenna effect, rendering the comparison 

of bare/capped lifetimes or proportions difficult. As a second point, cross relaxation between Tb 

atoms are expected to occur with energy hoping between surface and core Tb atoms. These 
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processes will be strongly dependent on the Tb doping ratio, on the one hand, and in preferred 

directions, depending on the presence or not of DPA (from the core to the surface for bare NPs, 

the reverse for DPA capped NPs). For these two reasons, a direct comparison of both lifetimes and 

proportionality factors appeared to be hazardous in our hands. From these data, a weighted average 

lifetime < 𝜏 > was calculated32 by taking into account the fractional contribution 𝑓 of both core 

and surface Tb in the emission and their respective lifetimes 𝜏:  

< 𝜏 >= ∑ 𝑓𝑖𝜏𝑖

𝑛

𝑖=1

 

with 𝑓𝑖 =
𝛼𝑖𝜏𝑖

∑ 𝛼𝑖𝜏𝑖
𝑛
𝑖=1

  and ∑ 𝑓𝑖 = 1𝑛
𝑖=1  

where 𝛼 is the pre-exponential factor of amplitude. 

 

The weighted average photoluminescence lifetimes are shown in Figure 9. Lifetimes between 

ca. 1.5 ms and 2.3 ms are measured for low Tb doping levels in bare NPs (grey bars) and drop to 

values between 0.7 and 1.1 ms with doping rates higher than 50%Tb. The values are generally 

higher following the addition of the antenna (Figure 9, green vs grey bars), the latter protecting the 

NP from solvent quenching, except for 10 and 40% doping ratii, showing a reverse trend, but with 

differences that are within experimental errors. After surface coverage by DPA, a clearer tendency 

is observed as the lifetime increases up to 2.7 ms for 20%Tb, before linearly decreasing by up to 

1.5 ms for 50%Tb doping rate and then remaining quite constant. A decrease of lifetime values is 

noted from 50-60%Tb for both bare and DPA capped NPs, that most probably originates from 

concentration quenching.33 This phenomenon is generally observed beyond 5mol% dopant for bare 

Ln doped nanocrystals,34 however Prasad and colleagues demonstrated with upconverting Nd 



 

 16 

doped NaYF4 NPs that the optimal doping concentration can be shifted from 2 to 20mol% thanks 

to surface capping organic dye photosensitization.35  

It is worth noting that an unclear behavior is obtained for bare 90% Tb NPs that exhibit a higher 

average lifetime (1.1 ms) compared with their orthorhombic counterparts (80% Tb NPs and TbF3 

NPs) while no significant difference is seen when covered by DPA. 

Among all NPs, a Tb doping of 20% leads to longest lifetimes for both bare and DPA covered NPs 

(2.3 and 2.7 ms respectively). 

 

Figure 9:  Weighted average photoluminescence lifetimes of bare Tb doped LaF3 NPs (grey 

bars) or Tb doped LaF3 NPs covered with DPA (green bars), calculated from photoluminescence 

intensity decays (Figures S13 and S14). 

 

Conclusion 

From a rapid and simple microwave-assisted synthesis in water, a series of Tb doped LaF3 NPs 

with various doping rates was prepared. Thanks to a large panel of techniques (TEM, DLS, TDA-

ICP-MS, zeta potential, XRD), the size, morphology, colloidal stability and crystal structure of the 

NPs were meticulously investigated. The spectroscopic properties (time-resolved emission and 
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lifetimes) of both bare NPs and NPs photosensitized by various quantities of the capping antenna 

(dipicolinic acid, DPA) were examined. 

The crystal lattice composing the NPs has been shown to have an important impact on both their 

physical and optical properties. NPs with Tb doping levels up to 70% display a hexagonal LaF3 

lattice while an orthorhombic TbF3 phase appears for higher Tb contents, in coexistence with the 

hexagonal LaF3 phase for 80 and 90% Tb, and in a pure orthorhombic TbF3 phase for TbF3 NPs. 

The lattice change from hexagonal to orthorhombic leads to drastic modifications in the 

morphology of the NPs and the spectroscopic properties are widely affected. Thus, it appears that 

a host matrix with only hexagonal LaF3 lattice is mandatory to obtain small rounded NPs with long 

Tb excited-state lifetimes and a higher photoluminescence emission.  

From this series, the 40% Tb doped LaF3 NPs arise as the best probe candidate, being among the 

most colloidally stable, monodisperse rounded NPs and exhibiting an average luminescence 

lifetime of 1.8 ms and the highest emission through DPA photosensitization. With improved 

luminescence properties compared to the already studied 10%Tb doped NPs, such a luminescent 

probe would be very appealing to push forward the development of (bio)analytical assays that 

require a higher sensitivity as obtained thanks to the background free time-resolved detection 

mode,36 for ELISA type assays37,38 or for the detection of specific analytes depending on their 

coordination ability towards Ln atoms.39 

 

Experimental section 

Synthesis of the nanoparticles 

A solution of NH4F (0.72 mol.L-1, 3.51 mL) in water was added dropwise to a stirred aqueous 

mixture of TbCl3 (0.05 mol.L-1, 𝑥 mL) and LaCl3 (0.05 mol.L-1, 16 − 𝑥 mL) at room temperature 
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with a volume « 𝑥 » between 0 and 16 mL depending on the desired Tb doping rate. It results in 

the formation of a turbid solution. The mixture was heated in a microwave oven at 150°C for 12 

min. After cooling, the precipitate was collected by centrifugation at 9000 rpm for 25 min. The 

isolated solid was dispersed in milliQ water (20 mL) with sonication at 60°C for 30 min. The Tb 

and La content of the obtained solutions was determined by ICP–AES.  

NP characterization methods 

ICP–AES analysis of samples in water were performed on a Varian 720 spectrometer equipped 

with a quartz Meinhard nebulizer and a cyclone spray chamber. In a typical experiment, the mother 

solution of NPs was sonicated for 30 min in an ultrasound bath, and was strongly agitated on a 

vortex before a sample (1 mL) was collected by pipetting. The sample was mineralized with high-

purity nitric acid (3 mL) by heated in a microwave oven at 200°C for 50 min. The concentration 

was then determined by ICP–AES spectrometry by comparison with certificate standard samples.  

The XRD pattern was recorded at room temperature using a Brucker D8 Advance diffractometer 

equipped with a monochromatic copper radiation source (Kα = 1.54056) and a Vantec detector 

working at 40 kV and 40 mA in the 20–90° 2θ region with a scan step of 0.028°. Diagrams were 

processed using the COD (crystallographic open database) and the Diffrac Eva processing tool. 

The crystal sizes were determined as the mean value for three reflexes using the Scherrer equation. 

For this purpose, the areas of the reflexes with hkl 112, 223 and 211 were measured for samples 

with hexagonal structure and the reflexes with hkl 121, 002 and 321 for samples with orthorhombic 

structure. Transmission electron microscopy (TEM) was performed using a JEOL 2100 LaB6 

microscope with a point resolution of 0.22 nm, and operating at 200 kV acceleration voltage. A 

drop of the suspension of NPs in water was deposited on TEM grids. The grid was prepared with 



 

 19 

a porous membrane covered by an amorphous carbon layer. From TEM images, length and width 

of 200 to 300 individuals of each batch were measured and a mean NP size was determined. 

 

The zeta potential and the hydrodynamic diameter were measured using an AMERIGO system 

(Cordouan technologies). All measurements were done in milliQ water at room temperature. DLS 

measurements were performed using an external probe with laser wavelength at 638 nm. The 

experimental correlograms are fitted by SBL mathematical algorithm and the particle size 

histograms were reported in number representation. Laser Doppler electrophoresis measurements 

were performed 5 to 20 times diluted solutions from stock solution at 20.27 V/cm applied electric 

field. Zeta potential is directly correlated to the mobility of NPs according to the theory of 

Smoluchovski. Results are given as the mean value of at least 6 measurements with their standard 

deviations. 

 

TDA experiments were conducted using a TDA-ICP-MS hyphenation between a 7100 capillary 

electrophoresis instrument (Agilent) and a Nexion 300X ICP-MS (Perkin Elmer), described 

elsewhere.21 Fused silica capillaries with an inner diameter of 75 µm and outer diameter of 375 

µm, and a total length of 70 cm, were coated with hydroxypropylcellulose (HPC) using a solution 

of 0.05 g.mL-1 in water. Twenty-µL sodium citrate 20 mg.mL-1 were added to 10 µL nanoparticles 

suspensions and the mixture was sonicated for 1 h at 60°C. Before experiments, samples were 

diluted 10 times in TRIS 10 mmol.L-1, NaCl 125 mmol.L-1, pH 7.4. Samples were 

hydrodynamically injected (20 mbar for 3 s) and mobilized at a constant pressure of 35 mbar using 

TRIS 10 mmol.L-1, NaCl 125 mmol.L-1, pH 7.4. Detection was carried out by ICP-MS at m/z = 

139 (for La) and 159 (for Tb) with a data acquisition rate of 500 ms point-1. Between runs, the 
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capillary was flushed at 1 bar for 5 min with the mobilization medium. Peak deconvolution was 

carried out using Origin 8.5 software. 

 

Photoluminescence spectroscopy 

Time-gated emission spectra were recorded at 25°C on a TECAN Spark multimode microplate 

reader with monochromators, working with a Xe flash lamp in low-binding black 96-wells 

microplates from Greiner bio-one.  

For each batch of NPs, various quantities of DPA ligand in HEPES (pH 7.0, 10 mmol.L-1) were 

added to HEPES buffered solution (pH 7.0, 10 mmol.L-1) of La1-xTbxF3 NPs (concentration in the 

well is 500 times diluted compared to the NP stock solution, corresponding to a Ln concentration 

of circa 60 µmol.L-1) in wells of a 96-well microplate. The plate was then agitated at 25°C for 10 

min. and the time-gated emission intensity was recorded at 544 nm with a 5 nm bandwidth after 

an excitation at 270 nm (20 nm bandwidth) for each well. Time-resolved emission intensity was 

recorded under the following conditions: excitation at 270 nm with a bandwidth of 20 nm, emission 

measured at 544 nm with a bandwidth of 25 nm, a delay time of 50 μs and an integration time of 

2 ms. To compare the results, the emission intensity was then normalized by the total Ln 

concentration or by the molar NP concentration calculated with the diameter determined from 

TEM images (see Table S1) for each NP batch. 

Photoluminescence lifetimes were measured on an Edinburgh Instruments FLP920 spectrometer 

operating in the multichannel spectroscopy mode, using a Xe flash lamp as the excitation source. 

Errors in luminescence lifetimes were estimated to ±10%. Emission lifetimes of both bare and 

DPA covered NPs were recorded at room temperature, with a DPA concentration corresponding 

to a full coverage of the NP surface. The stock solutions of NPs were diluted 500 times in HEPES 

(10 mmol.L-1, pH 7.0). 
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A systematic study of the size, structure and luminescence properties of a series of Tb doped 

LaF3 nanoparticles has been realized to identify the best Tb doping rate for the design of a 

luminescent nanoprobe for bio-analytical applications. From this study, 40% Tb doped LaF3 

nanoparticles appear as the best candidate, being among the most colloidally stable, monodisperse 

rounded nanoparticles and exhibiting a long luminescence lifetime and high brightness when 

photosensitized by an appropriate antenna. 

 


