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Study of stability of luminescence intensity of β-NaGdF4:Yb:Er
nanoparticle colloids in aqueous solution
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Hexagonal modification β-NaGdF4:Yb:Er with a particle size of 24 nm was synthesized by the solvothermal technique. Concentrated aqueous
colloids of nanoparticles were prepared using polyvinylpyrrolidone as the surfactant. The study of the luminescence characteristics for 25 days
revealed that the luminescence intensity did not significantly change and hydrolysis of nanoparticles was not observed.
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1. Introduction

The development of bioimaging allows in vivo determination of the impact of pharmaceuticals on cells. Dyes [1–
3], quantum dots [1, 2], carbon nanoparticles [3–7] and up-conversion luminescence fluoride nanoparticles [1, 8, 9]
are used as biosensors. Fluorides possess chemical stability and high values for up-conversion luminescence quan-
tum yields [10–12]. Up-conversion luminescence is convenient for bioimaging, since it allows the excitation of the
phosphor in the near-infrared region of the spectrum and the registration of the luminescence response in the vis-
ible range of the spectrum [13, 14]. Various techniques have been developed which allow in vivo determination
of temperature [15–18], pH, and a viscosity [19] inside cells based on up-conversion nanoparticles. The high-
est quantum yields of up-conversion luminescence (PLQY) were recorded for β-NaYF4:21.4%Yb3+, 2.2%Er3+

(PLQY=10.5% at 35 W/cm2) [20], BaY2ZnO5:7%Yb3+, 3%Er3+ (PLQY=5% at 2.2 W/cm2) [21], La2O2S:9%Yb3+,
1%Er3+(PLQY=5,8% at 13 W/cm2) [22], SrF2:3%Yb, 2%Er (PLQY=6.5% at 230 W/cm2) [11]. Instead of the NaYF4

matrix, NaGdF4 is being actively investigated, since gadolinium, in comparison to yttrium, is an NMR, X-ray, and pho-
tosensitive ion [23]. Cell-based research requires aqueous colloids of nanoparticles demonstrating stable luminescent
characteristics. One of the effective luminescence quenchers is hydroxyl ion, which lead to the hydrolysis of nanopar-
ticles. Hydrolysis study of the nanoparticles through the stages of formation of hydroxides and oxides was carried out
in [24] based on HAADF-TEM for CaF2:Yb nanoparticles to explain the source of optical losses in optical ceramics.
From a chemical point of view, the scenario of obtaining oxofluorides rather than hydroxides is more probable due to
the significant difference between the rates of hydrolysis of rare earth, alkaline, and alkaline earth fluorides [25, 26].
An illustrative example is the BaF2-BiF3 system, for which it is impossible to obtain bismuth fluoride by precipitation
from aqueous solutions [27]. Stability of the luminescence characteristics, possibility of hydrolysis under the action
of laser pumping, hydration of the nanoparticle surface in aqueous solutions are important questions at investigation
of luminescence characteristics of aqueous colloids of nanoparticles. Decrease in the luminescence intensity during
exposure of nanoparticles in aqueous solutions due to hydrolysis processes, which can be prevented by using a NaF
as a buffer or organic or inorganic shell [28, 29]. Colloid measurements are often limited to a few days, which make
it impossible to estimate the reproducibility of the measured data. Finally, the task of comparing the nanoparticles’
luminescent characteristics becomes much more complicated. In our research, aqueous colloids of β-NaGdF4:Yb:Er
nanoparticles were synthesized and the stability of their luminescent characteristics was studied with an unchanged
optical scheme for 25 days. It was reliably shown that the luminescence intensity of colloids does not change and the
absence of the influence of the hydrolysis impact on the luminescence characteristics.
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2. Experimental part

Gadolinium, ytterbium, and erbium acetates with a purity of 99.99 (LANHIT, Russia), ammonium fluoride, and
sodium hydroxide (chemically pure, Chimmed), octadecene-1 (90%, VEKTON), oleic acid (pure, Chimmed) were
used as initial chemicals.

The synthesis of β-NaGdF4:Yb:Er nanoparticles were carried out in several stages as described in [30]. In the first
step, 1.2199 g Gd(CH3COO)3·4H2O, 0.3249 g of Yb(CH3COO)3·4H2O, and 0.0321 g of Er(CH3COO)3·4H2O were
placed in a 250 ml three-necked flask with a reflux condenser, and oleic acid (10.9 ml) and octadecene-1 (58 ml) were
added. The system was filled with argon after preliminary evacuation. The reaction mixture was heated to 130 ◦C
with stirring until the solid acetates were completely dissolved. Then, water and acetic acid were removed by vacuum
pumping with control until foaming ceased. At this stage, RE oleates were synthesized by reactions (1-3).

Gd(CH3COO)3 · 4H2O + 3C17H33COOH = Gd(C17H33COO)3 + 3CH3COOH + 4H2O (1)

Yb(CH3COO)3 · 4H2O + 3C17H33COOH = Yb(C17H33COO)3 + 3CH3COOH + 4H2O (2)

Er(CH3COO)3 · 4H2O + 3C17H33COOH = Er(C17H33COO)3 + 3CH3COOH + 4H2O (3)
In the second step, the formed oleates were fluorinated with α-NaGdF4:Yb:Er nanoparticles formation with a cubic
crystal structure by reaction (4-5).

NH4F + NaOH = NaF + NH3 + H2O (4)

4NaF + (1− x− y)Gd(C17H33COO)3 + xYb(C17H33COO)3 + yEr(C17H33COO)3 =

= NaGd1−x−yYbxEryF4 + 3C17H33COONa (x = 0, 20; y = 0, 02)
(5)

Appropriate weights of NaOH (0.1540 g) and NH4F (0.5698 g) were dissolved in methanol and was added to the
reaction mixture with oleates at room temperature. The reaction mixture was heated to 50–60 ◦C for methanol removal
during vacuum pumping. The removal of all methanol was monitored by the end of the foaming of the solution. The
resulting reaction mixture was held for 1 hour at 60 ◦C to nucleate nanoparticles of a cubic metastable modification. In
the third step, the polymorphic transformation from the cubic into the hexagonal phase was carried out at 290–300 ◦C
for 1.5 hours. The choice of temperature 290–300 ◦C is due to the phase transition from the cubic to the hexagonal
phase.

Nanoparticles were isolated by centrifugation (7000 rpm, 6 min). The precipitate was washed three-times in
chloroform with intermediate centrifugation. Aqueous solutions of nanoparticle colloids were prepared in two stages
using polyvinylpyrrolidone (PVP) as a surfactant. Sodium-gadolinium nanofluorides are insoluble in water and poorly
dispersed indirect interaction with water. Appropriate weighed quantities of β-NaGdF4:Yb:Er nanoparticles were
dispersed in chloroform and sonicated for 20 minutes at room temperature. An aqueous solution of PVP (1 wt.% or
2 wt.%) was slowly added dropwise to a suspension of β-NaGdF4:Yb:Er nanoparticles in chloroform under vigorous
stirring. The resulting mixture was kept in an ultrasonic bath at 63 ◦C to remove chloroform (boiling point 61.2 ◦C)
for colloid formation. Control of the completeness of chloroform removal was carried out by changing the volume
of the solution. X-ray powder diffraction analysis was performed on a Bruker D8 Advance diffractometer (from 12
to 55 2θ with 0.02 2θ step) with CuKα radiation. The unit cell parameters were calculated using the Powder 2.0
software (calculation error ∆Q <10), where ∆Q = 104/d2

theor−104/d2
calc, d is the interplanar distance. The coherent

scattering region was calculated using the Scherrer formula. Transmission electron microscopy was performed on a
JEOL JEM-2100 microscope. The particle size was estimated using the ImageJ software. Energy dispersive analysis
(EDX) was performed on a Carl Zeiss NVision 40 microscope.

The photoluminescence spectra of β-NaGdF4:Yb:Er nanoparticles were obtained in the 90-degree geometry on
a setup consisting of a pulsed laser (Solar LS, 980 nm excitation, pulse duration 12 ns, pulse repetition rate 100 Hz,
average power density 3.4 MW/cm2 or 40.7 mJ/cm2 in impulse), monochromator (MVR-80, focal length 500 mm,
diffraction grating 600 lines/mm) and a CCD camera (1024 * 128 Synapse BIUV, Horiba Jobin Yvon).

3. Results and discussion

A typical X-ray diffraction pattern of synthesized β-NaGdF4: Yb:Er solid solution is shown in Fig. 1. Comparison
with JCPDS 27-0699 for hexagonal modification β-NaGdF4 revealed complete agreement of the X-ray diffraction
reflections with a slight shift in the peak positions. The deviation of the calculated unit cell parameters a = 5.981(6),
c = 3.63(2) Å from the JCPDS 27-0699 data (a = 6.020 Å, c = 3.601 Å) arise from a difference in the sizes of the
gadolinium, ytterbium, and erbium ions [31]. The coherent scattering region was 12 nm.

The transmission electron microscopy (TEM) image is presented in Fig. 2. The particles have average size of
about 24 nm. TEM image and coherent scattering region allows us to conclude that nanoparticles grow by cooperative
growth mechanism [32].
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FIG. 1. X-ray diffraction patterns of (a) β-NaGdF4:Yb:Er and (b) JCPDS 27-0699

FIG. 2. Transmission electron microscopy of β-NaGdF4:Yb:Er nanoparticles

The actual composition was determined by EDX as Na1,186Gd0,606Yb0,192Er0,016F3,628, while the nominal
composition was NaGd0,78Yb0,20Er0,02F4,00. The distribution coefficients (k) were: k(Na)= 1.19, k(Gd)= 0.78,
k(Yb)= 0.96, k(Er)= 0.80, which means there is an incongruent crystallization of the powders.

The aqueous colloids with different concentrations of nanoparticles and PVP were prepared (Table 1).

TABLE 1. Concentration of β-NaGdF4:Yb:Er colloids

Sample Colloid concentration, mg/ml PVP, wt.%

1 1.0 1.0

2 1.0 2.0

3 2.0 1.0

4 2.0 2.0

The luminescence spectra with excitation at 980 nm on the first day of the experiment are presented in Fig. 3. The
luminescence spectra of colloids contain luminescence bands with maxima at 522 nm, 544 nm and 655 nm, which
correspond to the transitions 2H11/2 →4I15/2, 4S3/2 →4I15/2, 4F9/2 →4I15/2 of the erbium ion. Analysis of the
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luminescence spectra revealed that an increase of nanoparticles concentration from 1.0 to 2.0 mg/ml led to an increase
in the luminescence intensity in ten times at the same PVP content (1.0 wt.%). An increase in the PVP content up
to 2.0 wt.% at a particle concentration of 2.0 mg/ml resulted in a decrease in the luminescence intensity by two-fold,
which is associated with an increase in scattering due to the appearance of turbidity of the colloid. An increase in the
luminescence intensity of samples with increase in the PVP content from 1.0 to 2.0 wt.% at the same nanoparticle
content of 1 mg/ml was associated with the prevention of luminescence quenching processes due to the interaction
of hydroxyl ions with surface of nanoparticles. The effect of an aqueous medium on the luminescence intensity was
analyzed based on sample 3, which demonstrated the most intense luminescence and low solution turbidity. This
sample has a low PVP concentration, which does not prevent the interaction of water with the nanoparticle surface.

FIG. 3. Luminescence spectra of β-NaGdF4:Yb:Er aqueous colloids on the first day of the experi-
ment

Studying the luminescent properties of nanoparticle suspensions complicated by elastic scattering. This contribu-
tion is expressed in a decrease in the luminescence intensity and distortion of the shape of its spectra. Strong scattering
at the exciting radiation wavelength effectively reduces the power density of the probe radiation in the signal collection
region, which leads to a decrease in the luminescence intensity. The signal intensity also decreases directly due to the
scattering of luminescence photons. Since the scattering efficiency depends on the wavelength, the shape of the spectra
is also distorted. In the case of small particles (less than the radiation wavelength), the dependence of the scattering
intensity on the wavelength obeys the 1/λ4 law. If the scattering intensity increases due to an increase in the particle
size due to aggregation, the spectra are distorted i.e. the ratios between the intensities of the luminescence bands
change. Control of the possible contribution of scattering to the change in the luminescence spectra was revealed by
calculation of band intensities ratios in the region of 540 nm and 520 nm. Decrease in this ratio would indicate an
increase in scattering. A clear tendency to change this ratio with time was not found (Fig. 4), which indicates that the
intensity of radiation scattering remains unchanged within the framework of this experiment.

The luminescence spectra were recorded regularly for 25 days. The results are presented in the form of histograms
characterizing the change in the integral intensity of the luminescence bands in the 496–583 nm and 636–689 nm
ranges (Fig. 5). The reproducibility of luminescence spectra during a measuring day was ensured by repeating the
measurement 5 times. Reproducibility of luminescence spectra was about 10%. Finally, the mean value and standard
deviation were calculated. Analysis of the histograms did not demonstrate the change in luminescent characteristics
within 25 days. This indicates the absence of hydrolysis processes on the surface of nanoparticles and the possible
compatibility of using aqueous colloids of β-NaGdF4:Yb:Er nanoparticles for long-term biomedical research.

4. Conclusion

Nanoparticles of β-NaGdF4:Yb:Er were synthesized by the solvothermal technique. Based on the data on the
coherent scattering region (12 nm) and transmission electron microscopy (24 nm), it is shown that the growth of
nanoparticles occurs by the cooperative growth mechanism. Stable colloidal solutions of nanoparticles with a concen-
tration of 1–2 mg/ml were prepared by using polyvinylpyrrolidone as a surfactant. Measurement of the luminescence
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FIG. 4. The ratio of band intensities in the region of 540 nm and 520 nm on different days

FIG. 5. Intensities of the luminescence bands of the aqueous colloid of β-NaGdF4:Yb:Er in 496–
583 nm and 636–689 nm ranges over a 25 day period

spectra for 25 days revealed the retention of the luminescence intensity at the level of measurement error. This in-
dicates the possibility of using such colloids for biomedical applications and the absence of intense hydrolysis of
nanoparticles.
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