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Abstract

A series of CaF,-doped phosphors was synthesized in situ in hydrothermal conditions (in a DAB- 2
reactor), in the presence of sodium citrate as a complexing agent preventing premature precipitation.
The materials were doped with Yb**/Er*" pair of ions, which resulted in up-conversion emission.
Additionally, Mn?* ions were incorporated into the structure of the CaF, to analyse their influence on
the chromaticity of the luminescence colour, in view of their application in bioimaging. Detailed
structural analysis showed that the structure of the nanoparticles obtained resembled the core@shell
like structure. Finally, the emission colour was tuned from green to orange — red. It was confirmed that
the quantity of Mn®" ions incorporated in the CaF, matrix definitely differs from the expected one. The
real concentration of Mn?" ions in the structure is frequently ignored, which leads to incorrect
conclusions. For this reason, a detailed structural and spectroscopic analysis was conducted and the
effect of Mn?" ions on the structure and the average size of the CaF,-doped phosphors was studied.
Moreover, the in vitro cytotoxicity of the nanoparticles was evaluated. Obtained results showed that
CaF,:15%Yb>", 2%Er®*, 2.6%Mn?" reduces cell viability of fibroblast at lower concentrations (50, 100 and
200 pg/ml) than CaF,:15%Yb>*, 2%Er>* (200 pg/ml). Moreover, CaF,:15%Yb>", 2%Er*" caused increase of

the fibroblast proliferation rate at the lowest tested concentration (10 pug/ml).

Keywords: upconversion, luminescence, lanthanides, calcium fluoride, Mn** ions, hydrothermal method
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Introduction

These days much attention is paid to phosphors exhibiting up-conversion phenomenon which is
of interest in many fields including fluorescence labelling [1], multilevel anti-counterfeiting [2],
temperature sensors [3-5], theranostic systems [6] or photodynamic cancer therapy [7]. From
the spectroscopic point of view, inorganic up-conversion materials doped with Ln** ions are very
attractive as they show narrow emission bandwidths and relatively long excited-state lifetimes
[8]. Moreover, they exhibit high chemical and optical stability in comparison to phosphors based
on organic compounds which tend to undergo photobleaching and photodegradation.
Moreover, RE-based inorganic matrices (RE, rare earth, e.g. Y, La, Gd), including fluorides are
predominantly low- or non-toxic [9—11] when compared to QDs containing hazardous to health
heavy metal ions e.g. Cd?* [12,13]. For this reason, the materials based on RE elements are
widely studied.

One of the most frequently studied up-converting dopant system is Yb3*/Er® ion pair, where Yb3*
ion acts as a sensitizer excited by infrared radiation, and Er’* ion is an emitter [14]. Generally,
there are several mechanisms of up-conversion emission and in this particular case of Yb*'/Er®*
ions the mechanism involved is the energy transfer upconversion (ETU)[15]. It is based on
absorption of two low energy photons by two neighbouring Yb** ions, then non-radiative energy
transfer from the excited energy level of donors (Yb** ions) to the excited energy level of the
acceptor (Er’* ions) and finally emission of a high energy photon [16,17]. The Er** ions’ emission
spectra consist mainly of three bands corresponding to the following transitions 2H11/294I15/2,
453/294I15/2 (green; A =525 nm, A = 550 nm) and 4F9/2%4I15/2 (red; A =660 nm) . In the application
in fluorescence labelling in biomedicine and the “optical transmission window” of biological
tissues, the green emission is not desired but the single-band red emission is of interest [18]. It

enables deeper penetration into the tissues and permits avoiding the side effects, reducing the
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sensitivity of bioimaging. In order to tune the emission colour and obtain one-band red up-
conversion emission, addition of Mn?" ions can be employed. According to literature, the proper
amount of Mn?" ions added to the materials doped with Yb3+/Er3 ions, can easily tune the
emission colour form green to pure red thanks to the efficient energy transfer between Er** and
Mn?" ions [19,20].

This article is focused on investigation of physicochemical properties and cytotoxicity of CaF,
structures used as a matrix for the trivalent dopant ions. The fluoride-based matrices are very
good candidates for Ln*" ions doping thanks to their low phonon energy which enables
minimization of the quenching effect of the excited luminescence levels of Ln**[21]. Moreover,
Ln** ions have ionic radius similar to that of Ca?" ions and can replace them in the structure.
Additionally, fluorides can be doped with foreign ions in a wide range of their concentration,
without forming impurities phases [22].

The system CaF,:Yb**/Er** was co-doped with Mn?* ions. In order to synthesize a pure and
homogenous product a modified-hydrothermal method was used. Then, the structural and
tuneable luminescence properties of the product were examined, taking into account the
influence of the d-electron ion concentration, infrared excitation type source and laser power.
Finally, the cytotoxicity of the CaF,-doped materials was assessed as nanoparticles may enter
surrounding environment and influence living organisms. The effect may depend on, e.g.:
dosage, exposure time and size of studied nanoparticles, as well as surface charge, presence of
ligand, doping, coating or surface functionalization[10,23,24]. It has been demonstrated that
CaF, nanoparticles have relatively low effect on mammalian cells in in vitro tests, both cancer

and normal ones [21,25,26].

Experimental section
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Materials

The substances used were: calcium chloride dihydrate, CaCl,+2H,0 (Sigma Aldrich, ACS reagent>
99%), manganese chloride tetrahydrate, MnCl,*4H,0 (Sigma Aldrich, ACS reagent> 98%), sodium
citrate tribasic dehydrate, CgHsNasO;*2H,O (Sigma Aldrich, purum p.a. =2 99%) , sodium
tetrafluoroborate, NaBF, (Sigma Aldrich, puriss p.a. = 98%), ytterbium oxide Yb,0s3, erbium oxide
Er,03 (99.99% purchased from Stanford Materials, USA), chloric acid HCl (ultra-pure, Avantor
S.A., Poland).

Method of synthesis

A series of CaF,-doped powders was synthesized in hydrothermal conditions in a Berghof DAB-2
reactor. The synthesis was carried out for 6 hours at temperature T= 200 °C. The CaF, matrix was
doped with 15% Yb®", 2% Er’* and x% Mn*" ions (x = 0; 1; 5; 10; 20; 30). The desired
concentrations of Mn?" were different from those obtained and on the basis of ICP-OES analysis
were determined as: x =0; 0.7; 2.6; 4.7; 6.0; 7.0, respectively.

The synthesis proceeded as follows.

Firstly, the suitable RE oxides were dissolved in ultra-pure chloric acid, then RECI3 synthesized
were diluted with distilled water and 0.5 M solutions of YbCl;, ErCl; were obtained. The solutions
were evaporated three times in order to remove the excess of the acid. The 0.5 M solutions of
MnCl,, CaCl, and NaBF4; were also prepared. Four mmols of sodium citrate tribasic dehydrate
were dissolved in distilled water and mixed with stoichiometric volume of CaCl, solution upon
stirring (solution A). Next the desired amounts of RECl; and MnCl, solutions (solution B) were
mixed. Then, solution B was dropwise added to the solution A. Then, to thus prepared mixture, a
fluoride source was added (4 mmol), still upon continuous stirring. The prepared mixture had a
volume of about 20 ml and was filled with 10 cm? distilled water to obtain a series of solutions

of the same volume, which ensured the same pressure in each vessel. The pH was not set using
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additional reagents, but the procedure applied implied similar pH ~ 6.7 of each sample. The
amounts of the reagents used were calculated assuming that the final product molar amount
would be 2 mmol. Finally, the obtained transparent solutions were placed in Teflon vessels and
put in an autoclave. After synthesis the reactor was left to cool down. The as-obtained products
were collected by centrifugation, washed firstly with water then with ethanol three times and
dried at 70 °C for 12 h in air. White powders were grounded in a mortar and then analysed.

Methods of cytotoxicity assessments

In vitro assessment of the nanoparticles’ cytotoxicity was made. NIH/3T3 (mouse embryonic
fibroblast cells) cell line, were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Lonza),
supplemented with 10% foetal bovine serum (Sigma Aldrich), antibiotic and antimycotic solution
(Sigma Aldrich). For the cytotoxicity test, 5x104 cells/cm? were seeded at 96-well plates and
grown for 24 h at 37 °C and 5% CO,/ 95% air atmosphere. Afterwards, the cells were incubated
for 48 h with several different concentrations of the NPs (200, 100, 50 and 10 pg/ml). Phosphate
buffered saline (PBS, LabEmpire) supplementation was used as a control.

The influence of the studied NPs on the cells was investigated by determination of cell density
(sulforhodamine B assay) and cell condition and morphology . Sulforhodamine B assay (SRB
assay) was made according to (Skehan et al., 1990). In order to attach the cells to plastic
substratum, cold 50% TCA (trichloroacetic acid, Sigma Aldrich) were gently added to each well.
The plates were incubated at 40C for 1 h. Next, the plates were washed five times with distilled
water and 0.4% sulforhodamine B (Sigma Aldrich) dissolved in 1% acetic acid (POCh S.A.) was
added. The plates were incubated at room temperature for 0.5 h. At the end of the staining
period, SRB was removed and the cultures were quickly washed four times with 1% acetic acid,
to remove unbound dye. The cell-bound dye was dissolved with 10 mM unbuffered tris base

(POCh S.A.). Optical density at 540 nm was measured using multiplate reader (Tecan,
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Switzerland). Each experiment was repeated three times and all samples in each experiment
were tested in triplets.

Characterization

X-ray diffraction patterns (XRD) were measured with the use of a Bruker AXS D8 Advance
diffractometer in Debyee-Scherrer geometry, with Cu Ko radiation (1.5406 A) in the 20 range
from 6 to 60°. The XRD diffractograms were analysed with the use of the reference patterns
from the Joint Committee on Powder Diffraction Standards (JCPDS) database. An average
crystallite sizes were calculated from the Scherrer equation:

High resolution transmission electron microscope (HRTEM) images and energy-dispersive X-ray
spectra (EDX) were taken on an FEI Tecnai G2 20 X-TWIN microscope with an accelerating
voltage of 200 kV. Scanning electron microscope (SEM) images were recorded at Hitachi S-
3400N with EDS detector Thermo Scientific Ultra Dry. In order to prepare TEM samples a few
drops of dispersion containing nanoparticles were placed onto carbon grids and then left for
drying. The high resolution TEM (HR-TEM) experiments were performed by means of a High
Resolution Jeol ARM 200F microscope equipped with Gatan EELS (electron energy loss
spectroscopy) spectrometer at 200 kV of accelerating voltage. The quantitative and qualitative
composition of the samples prepared was determined and calculated on the basis of
measurements by a Varian ICP- OES VISTA-MPX inductively coupled plasma optical emission
spectrometer. The specific surface area was determined by the Brunauere Emmette Teller (BET)
method with the use of Quantachrome Autosorb iQ. Luminescence excitation, emission spectra
and lifetimes were measured at room temperature with the use of a QuantaMaster™ 40 (Photon
Technology International) spectrophotometer equipped with an Opolette 355LD UVDM (Opotek
Incorporation) tuneable pulsed laser as an excitation source, with repetition rate of 20 Hz, and a

Hamamatsu R928 or R5108 photomultipliers (detectors). Also, the solid-state 980 nm
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continuous laser (Dragon Lasers) for the up-conversion measurements was used as the

excitation source.

Results

Structural analysis

3 and additionally Mn?" ions were produced by a facile

The CaF, materials doped with Yb3+, Er
hydrothermal method. The parameters of the synthesis, mainly pH of the initial mixture
(pH~6.7), suitable concentration of sodium citrate preventing premature precipitation, were
established to obtain in situ desired materials. Further spectroscopic analysis showed that colour
tuning did not lead to pure red colour as reported in literature for other fluoride-based materials
[20].Therefore, more detailed structural analysis of the compounds obtained was made to find
out why. The quantitative composition of the CaF,-doped materials based on ICP-OES revealed a
significant amount of Na® ions in the CaF, crystal structure, about 16 mol% of Na* ions in each
sample synthesized. Moreover, the actual amounts of Yb** ions were different from those
expected, and the amounts of Mn?* ions were significantly lower than expected. Table 1
presents the ICP-OES results. It can be noticed that with increasing Mn?* ions concentration, the
discrepancy between the expected and measured amounts increases, similarly as described by Li
et al. [27]. According to literature, the incorporation of Mn?* ions into the CaF, structure is not
as efficient as expected and desired [27]. Comparable results have been obtained for other
matrices and a number of ideas have been proposed to explain this phenomenon, e.g. low
reactivity of the Mn?* precursor [27,28] or predisposition of Mn?* to incorporation into the cubic
instead of hexagonal phase in the case of NaGdF,; matrix [27]. The explanation we propose is

the difference in solubility in water between MnF, (S = 1.06 g/100g of water at T= 20°) and that

of less soluble CaF,, YbF3 and ErFs. The equilibrium between the precipitated products and ions
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in the medium requires that a proportionally higher amount of the better soluble components

(mainly Mn?" ions) remain in solution.

Table 1. Results of the ICP-OES elemental analysis of the CaF,—doped samples dissolved in
diluted HCI solution. Expected concentration of dopant ions was as follows: 18% Yb3+, 2% Er3+, X
Mn** (x=0, 1, 5, 10, 20, 30).

Actual amounts of ions in CaF,:Yb®*, Er**, x

Mn?"[mol %]

Ca*" Yb** Er’* Mn* [ Na'
68.0 14.9 1.9 0.0 15.3
66.1 14.8 2.0 0.7 16.4
64.5 15.2 2.1 2.6 15.6
61.6 15.6 2.0 4.7 16.1
59.9 16.6 2.3 6.0 15.2
53.7 19.0 2.6 7.0 17.7

In addition, low level of Mn?* ions incorporation into CaF, structure (Mn2+ ions prefer 6 or 4
coordination number) can be explained by low compatibility of these ions to eight coordinated
Ca’" ions, in contrast to Ln*" ions whose most common coordination number is 8 [29].
Furthermore, the substitution of Ca®" ions by Yb>* and Er®* occurs easily because of their similar
ionic radii and despite the ion charge imbalance. Furthermore, the charge compensation can
explain the presence of Na' in the structure, which play a charge compensator role and can
easily replace Ca®' ions of similar ionic radius, which is 1.12 A and 1.18 A for Ca?" and Na*,

respectively, both in 8-fold coordination, [30,31]. Unexpectedly high concentration of Na* ions
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in the samples may be additionally increased as a result of the surface modification of the
nanoparticles with trisodium citrate, used as a complexing agent. The coverage of particular
nanocrystals and in general sub-microspheres with organic compound was confirmed by the IR
spectra presented in Fig. S1 The spectra of the CaF,—doped samples present absorption bands
typical of trisodium citrate and water molecules [25,31-33].

The structure of the CaF,:15%Yb>*, 2%Er®*, x%Mn>* materials obtained was characterized on the
basis of XRD diffractograms (Fig. 1 left). All the samples crystallized in cubic crystal system with
space group Fm3m. Comparison to the reference pattern, JCPDS No. 35-0816, reveals the lack of
additional lines, which implies the absence of foreign phases. The crystallinity of the phosphors
obtained is high as follows from the intense peaks observed in the XRD patterns. However, a
deeper analysis of magnified particular peaks (line 111, as an example, Fig. 1 right) indicates
some discrepancy. The XRD lines showed broadening, asymmetry and shift of their maxima
towards lower or higher angels, without any regular dependence. These aberrations indicate
slight changes in the crystal structure due to doping (Table S1). Firstly, when doping with up to
2.6% of Mn?*, the host lattice parameters have the same values (Fig. 1 right, inset), indicating
the lack of noticeable changes in the crystal structure, as expected because Ca®"ions (1.12 A) are
replaced with Mn®* and Yb>" or Er’* ions of smaller ionic radii 0.96 A, 0.985 A , 1.004 A ,
respectively [30]. When the Mn?* concentration reached 4.7%, the host lattice begun to shrink
[34]. The opposite situation was observed when the concentration of the Mn?" ions reached
6.0%, then the calculated lattice parameters indicate the crystal cell expanding probably due to

more Mn?* and F in the interstitial positions [35].
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Fig. 1 XRD patterns of the CaF,:15%Yb>", 2%Er®*, xX%Mn>* (left) and magnification of the reflex

(112) (right).

On the basis of the broadened peaks observed on the XRD diffractograms, the average size of
the crystallites in the nanometric scale was estimated. Additionally, the result obtained from the
calculation with the Scherrer equation partly confirmed this estimation (Table S2.) [36].
Furthermore, SEM images show that the nanocrystallites of CaF,:15%Yb>", 2%Er**, xX%Mn*" are
the building blocks of the homogenous sub-micrometric spheres (Fig. S2). The 30-50 nm CaF,-
doped nanoflakes formed sub-microspheres with the size changing from 300 to 800 nm, upon
increasing Mn?" ions concentration. It is quite a typical behaviour of the CaF,-based compounds
synthesized in hydrothermal conditions in the presence of trisodium citrate (Fig. 2) [11,37,38].
As shown in dark field and TEM images (Fig.2, Fig. S3 (a and b)), increasing content of Mn*" ions
and at the same time Yb>" ions, resulted in decreasing average size of the spheres from 760 nm
to 250 nm and also in changes in the packing density of nanocrystallites. This relation is probably
a result of charge compensation by interstitial F ions whose increasing concentration destroys
the structure and stability of the crystallites and simultaneously decreases the tendency to

aggregation [39]. Moreover, when Mn?" ions concentration increases, the content of Yb** and



239 Er’*ions in the structure is rising, so the charge compensation decreases. Then, more F~ anions
240 are induced to compensate the charge and dipoles are formed when the negative charge is on
241  the surface of the crystallites. Therefore, the negative charged crystallites repel each other, and

242  sub-microspheres are not as dense and big as those without Mn?*.

243

244  Fig. 2 Dark field images of CaF,:15%Yb®", 2%Er’* (a), CaF,:15%Yb>", 2%Er®*, 2.6%Mn** (b) and
245  CaF,:15%Yb**, 2%Er®*, 7.0%Mn?" submicrospheres synthesized under hydrothermal conditions
246  in the presence of trisodium citrate.
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i) E!nm CaF:15%Yh™, 2%Er™, 2.6%Mn”™"

2 1/nm CaFx:15%Yb*", 2%Er™, 7.0%Mn™"
L

Fig. 3 . HRTEM images (a, ¢, e ) and SAED diffraction patterns (b, d, f) of CaF,:15%Yb>*, 2%Er**

CaF,:15%Yb®", 2%Er®", 2.6%Mn>" and CaF,:15%Yb>*, 2%Er®", 7.0%Mn*'samples, respectively.

The chemical composition of the samples obtained was confirmed by EDX analysis (Fig. S3 (c and
d) and the presence of Ca%*, Yb**, Er**, Mn?" ions was proved. An additional signal from Na*ions
is also noticed, which is consistent with previous information related to the surface modification

by sodium citrate and incorporation of these ions into the CaF, crystal structures.
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In order to analyse the atomic structure of CaF,:15%Yb>*, 2%Er®*, xX%Mn*" samples, the HRTEM
and SAED experiments were performed. It was found that the samples obtained were highly
crystalline and the lattice planes (200) with characteristic distance of about 2.7A were identified
(Fig. 3 (a, ¢, e). Nevertheless, individual nanoparticles exhibited polycrystalline morphology
particularly in the sample CaF,:15%Yb®", 2%Er’*, 7.0%Mn*" (Fig. 3 (e, f)). The remarkable
difference in contrast in HRTEM images of studied EELS (Fig. 4 (a-f)) was used to investigate
chemical composition of the produced material especially in terms of its elemental
homogeneity. On the basis of previous HRTEM observations, the stochastic and non-uniform
distribution of elements being the components of the structure was predicted and consequently
confirmed by EELS mapping. What is more, the core@shell like structure of nanoparticles was
observed i.e. the higher intensity of Ca and O signal coming from the outer part of nanoparticles
was evident. It is in accordance with HRTEM and SAED results showing the existence of CaO
phase that may be considered as the amorphous outer layer of nanoparticle. The EELS
experiments also showed that Mn?' ions are incorporated over the volume of the whole

nanoparticle and may accumulate in some areas forming more Mn?* ions doped areas.
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Fig. 4 Dark Field image (a, ¢, €) and EELS mapping (b, d, f) of CaF,:15%Yb>", 2%Er**(a, b),

CaF,:15%Yb*", 2%Er®*, 2.6%Mn*" (c, d), CaF,:15%Yb>", 2%Er", 7.0%Mn** (e, f) samples.

In order to confirm the presence of particular elements but also to identify the additional
impurity CaO phase on the surface, the XPS analysis of the sample CaF,:15%Yb®", 2%Er®*, 4.7

%Mn*" was carried out in the range from 200 to 1300 eV (Fig. S4) [40]. The binding energy was
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corrected to Cls line of carbon assigned to 284.8 eV. Fig. S4 (a) shows the lines that confirm the
presence of all expected elements, including sodium, in accordance with ICP-OES analysis. Figs.
S4 (b-f) present high resolution scans of the energy regions specific of each component of CaF,-
doped samples. The calcium high resolution spectrum shows the Ca2ps/,, peak, which consists of
two components, centred at 350.7 eV and 351.2 eV, assigned to the presence of CaF, and CaO,
respectively [41](Fig. S4 (b)). Also, a line at 354.7 eV typical of Ca2p;/; is observed. What is more,
the peaks related to Ca are significantly shifted in comparison to the CaF, reference, probably as
a result of Ca-O or Ca-OH bond formation [40]. Fig. S4 (c) shows the deconvoluted F1s line,
which exhibits two components. It is explained by different chemical environment of fluorine in
the structure [40]. The porosity of the samples prepared was confirmed by the BET analysis of
the CaF,:15%Yb>", 2%Er** and CaF,:15%Yb>*, 2%Er*", 2.6%Mn*" sub-microspheres, in good
agreement with the HR-TEM and SEM images (Fig. S5). The shape of the curves in both cases is
characteristic of type IV isotherms with H1 hysteresis loops, which means that the materials
have mesoporous structure [11,37,42]. The detailed data related to the BET surface area and
total pore volume and diameters are summed up in Table S3.

Luminescence analysis

The spectroscopic properties were characterized on the basis of the excitation spectra,
measured by observing the maximum of the red emission band, related to the 453/2%4I15/2
transition, at Agps = 536 nm (Fig. 5 (a)). The spectra of all prepared samples showed broad and
intense excitation bands related to the Stark levels transitions between the 2F7/2 and 2F5/z levels
of Yb>' ions. High broadening of the 2F7/2 %2F5/2 band corresponds to the nanosize of the
building blocks and polycrystalline character of the CaF,-doped sub-microspheres, as well as high
concentration of Yb** ions which enhances significantly a disorder of environment of the Yb3*

ions in the structure [31].
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According to literature, Yb>' ions can occupy mainly three sites in the CaF, crystal structure:
tetragonal C4, trigonal C3, and cubic Oy [43]. However, these three isolated types of symmetry
sites can be clearly spectroscopically detected only at low concentration of trivalent dopant ions
(<1mol%), when F ions occur in the structure next to nearest neighbour cation in order to
compensate the charge imbalance [43—-45] Then, depending on the crystal location of Yb** ions,
the dominance of different bands in the excitation spectra can be observed. However, high
concentration of Yb*" in CaF,-doped samples (<19% of Yb®" ) induced the clusters formation.
Hence, there is a huge number of structural possibilities, which make it highly difficult to
separate them in the spectra, which is additionally emphasized by strong electron—phonon
coupling mixing both electronic and vibrionic transitions [43].

For all samples, besides the typical intense band at 976 nm connected with the hexameric
clusters REgF37 of Yb3* ions [46], an additional shoulder at 966 nm is clearly visible which can be
assigned to the fact of prevalent occupation of one of the three mentioned above symmetry
sites in the clusters. It has been proved that the assignment of particular lines to possible
symmetries by classical optical measurements for samples with high concentration of Yb*" ions is
ambiguous [45]. Probably, it is assigned to the prevalent occupation of the cubic Oy, sites by Yb3*
ions [44,45]. For the sample CaF, :15% Yb®*", 2% Er’*, 2.6 Mn”" the most prominent excitation
line with a maximum at A = 966 nm was measured, instead of a typical line at 976 nm. This
observation can be interpreted as the effect of Na* ions which stabilize Oy, position of Yb** ions
[31]. According to the ICP-OES results (Table 1) for the sample CaF, :15% Yb®*, 2% Er’*, 2.6 Mn**
the contents of Yb** and Na* ions and also Er** and Mn?" ions are most similar and probably the
charge balance of the Yb** ions is the highest in comparison to the remaining samples, which
results in the enhancement of the 966 nm band. Probably, this composition is ideal for

stabilization of the O, site symmetry of Yb*" ions, and enhancement of the 966 nm excitation
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band. Generally, the highest intensity of the excitation band was obtained for the sample doped
with 2.6% of Mn** ions.

The emission spectra were measured with the use of two different NIR radiation sources: solid-
state continuous laser (Aexc = 980 nm) and pulsed laser (tuneable beam, here A¢ = 980 nm and
Aexc = 966 nm were applied) (Fig. 5 (b-d)). The reason for employing different excitation sources
was different emission colour observed, depending on the laser type. In both cases, the
characteristic emission lines corresponding to the transitions 2H11/294I15/2, 453/294I15/2,
4F9/294I15/2 in Er¥* ions were observed. Additionally, upon excitation with Aq = 966 nm a weak
band corresponding to the transition 2H9/2%4I15/2 was noted (Fig. 5 (b)). However, the use of the
pulsed laser resulted in green emission with the dominant band at 536 nm, in the whole range of
Mn?* ions concentration used (Fig. 5 (c,d)). In this case, tuning of the luminescence colour with
increasing concentration of the Mn?* ions was almost unnoticeable. The explanation may be a
back energy transfer from red energy level of Er*" to Yb®" or Mn?* ions, which resulted in
increased intensity of the green emission of the sample [47]. Otherwise, when the continuous
laser was used, changes in the emission colour, from green through orange-red to red were seen
with increasing Mn?* ions’ concentration [27]. The maximum of the emission was measured at
653 nm in the red region of visible luminescence, and increasing concentration of Mn?" ions
caused changes in the Iz/lg ratio (Fig. 6). Generally, in both cases, upon pulsed and continuous
laser excitation, the overall luminescence of the materials synthesized increased with Mn?" ions’
concentration increasing up to 2.6%, then decreased with Mn?* ions concentration increasing up
to 7.0%. In the entire range of Mn?* ions doping the green band assigned to 4H11/294I15/2
appears. It means that the energy transfer between the *T; state of Mn?* ions and the 452/3 state
of Er** ions is not as efficient as expected, similarly to the phenomenon observed in

NaYbF,:Mn?*/Er®* described by Tian et al. [48]. This behaviour may be the effect of the mismatch
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of the *T; level of Mn** ions and the excited levels of Er** ions, as described by Wu et al. for
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356  various matrices [49].
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Fig. 6 Dependence of Ir/lg ratio on Mn?" ions concentration calculated for different excitation

sources: solid-state continuous laser and pulsed laser; Aexc = 980 nm.

Spectroscopic characterization was completed by luminescence lifetimes measurements in order
to analyse the dependencies on the excitation wavelength and concentration of Mn?*ions. The
decay curves shown in Fig. S6 were recorded upon excitation with Aec = 966 and 980 nm
wavelengths. At the same time, the observation wavelengths were chosen to be the most
intense emission bands at Agps =520 nm, 536 nm and 653 nm and, attributed to the transitions
*Hi1/2>M1s/2, *S3/2-> 152 and *Fej25%115/2 , respectively. The decay curve of luminescence lifetimes
was exponential in character. For this reason, the effective lifetimes were determined from the

following equation :
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375

I t(at

376 Teff = —fowl(t)dt

(1)

377
378 where 1.5 is the effective decay time, I(t) is the intensity at time t [50].
379 Table 2. Calculated effective luminescence lifetimes of the sample CaF,:15%Yb*", 2%Er®*,

380  x%Mn?*.

381 x% Mn** 0 0.7 2.6 4.7 6.0 7.0

382 Wavelength Lifetime [ps]

383 Aexc = 980 nm Aobs = 520

384 15.95 | 16.27 | 30.61 16.89 | 16.90 | 14.57
nm

385
Aexe = 980 nm Agps = 536

386 13.94 | 12.92 | 30.48 16.90 | 16.81 | 14.41
nm

387
Aexe = 980 nm  Agps = 653

338 4399 | 47.71 | 117.61 | 75.50 | 54.45 | 40.26
nm

389
Aexc = 966 nm Aobs = 520

390 22.18 | 17.02 | 34.16 19.12 | 19.04 | 16.24
nm

391
Aexc = 966 nm Aobs =536

397 16.10 | 16.04 | 41.08 18.91 | 19.53 | 16.02
nm

393
Aexe = 966 nm Agps = 653

47.07 | 51.77 | 127.93 | 83.15 | 64.62 | 44.55

nm
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excitation, Agyc = 980 nm.

The calculated values of the effective luminescence lifetimes are presented in Table 2. The
lifetimes measured for the red emission at Asps = 653 nm observation are much longer when
compared to those of the green luminescence at Agps = 520 nm and Agps = 536 nm. Generally, for
up-converting materials longer lifetime are interpreted as a result of a higher energy transfer
rate from other levels to the emission level. The red emission lifetime of Er’* may be a
consequence of the energy transfer process from Mn?" to Er** ions [51]. This phenomenon is
associated with the competition between the transition between Mn®* and Er’* ions and
radiation emission, which probability increases simultaneously with decreasing local symmetry
after addition of Mn?' ions. When the energy transfer between Mn?" and Er** ions is more
competitive, the lifetime of luminescence increases and if the radiation emission is more
competitive the luminescence lifetime shortens [52]. The lifetimes upon 966 nm excitation were

slightly longer than those measured upon 980 nm excitation. Connecting this result with red
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emission lifetime and Iz/lg ratio, it can be concluded that the excitation with 966 nm promotes
red emission and at the same time longer lifetime, and its higher contribution to the whole
emission finally gives longer lifetime due to the “forbidden” energy transfer to Yb** ions at O,
symmetry sites. This symmetry is characterized by highly disordered environment of Ln®*" ions,
which can probably increase the lifetimes of Er** emission connected with excitation of Yb*" ions
at the sites of this symmetry. Another tendency is that the emission lifetimes increase with the
Mn?" concentration increasing up to 2.6% and then rapidly decrease. The longest luminescence
lifetimes were calculated for the sample doped with 2.6% Mn?* ions, regardless of the excitation
wavelength and emission band observed. This phenomenon can be connected to the fact that
for Mn?* ions concentration of 2.6% the ideal system is obtained in which the concentrations of
Mn?* and Er** ions are very similar and competition of energy transfer between their energy
level is the highest. Hence, the lifetimes are the longest and the emission is the highest. For

analysis of the emission processes, the intensity of luminescence was measured as a function of



423  the laser power and interpreted assuming the rule /Iyc. < I}, where lyc, is the emission intensity

424  and I, is the pump power. The results were expressed as slopes (Fig. X) of the dependencies of
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425 log(laser power per cm2) on log(emission intensity). Generally, Fig. 7 shows curves of the
426 intensity of luminescence at 536 nm (2H11/294I15/2 transition, green squares) and 653 nm
427 (453/2%4I15/2, red squares) vs laser power. The slopes of these curves are about 1.5, which
428 indicates two photon process of the weak green and intense red emission of Er*" ions, which is
429  typical of the up-converting materials [53—-55]. No particular tendency in changes of in the slope
430 of the above dependencies was observed with increasing Mn?" ions. The obtained slopes,
431  especially for the green emission are obviously smaller than 2, which is probably due to the large
432 depopulation rate of intermediate energy state in the UC process induced by forward and
433 backward energy transfer among Er**, Yb*" and Mn?*ions [56].

434  Fig. 8 Scheme of the energy levels and proposed mechanism of energy transfer between Yb**,

435  Er’* and Mn?*' dopant ions in the CaF, host matrix.

24



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

On the basis of literature reports and detailed luminescence characterization, a mechanism of
energy transfer in the tri-doped system with Yb**, Er** and Mn?" ions is proposed and
schematically presented in Fig. 8. Upon excitation with IR A = 966 or 980 nm wavelengths, Er®*
ions are excited through the energy transfer from the 2F5/2 excited level of Yb®" ions which as the
sensitizers absorb the IR radiation. According to Wu et al., higher energy levels of Mn?* ions
promote the green emission and its lower energy levels enhance the red luminescence [49]. For
the materials discussed in this article, the increasing content of Mn?* ions resulted in a
simultaneous rise of red and green emission band with Mn?* ions concentration increasing up to
2.6% and then decreased up to the Mn?" ions concentration of 7.0%. However, changes in the
emission intensity were definitely more significant for the transition 4F9/2%4I15/2 than for 2H11/2,
453/2%4I15/2 . It can be concluded that the energy transfer (ET) between Mn?" and Er®* ions is
clearly visible and at the same time, the most efficient transfer takes place between the *T;
excited level to 4F9/2 level than to 2H11/2 and 453/2 levels, especially for the sample CaF2:15%Yb3+,
2%Er®*,2.6 %Mn?*. Hence, it can be established that “T; excited level of Mn?* ions is located
between the excited levels 4F9/2 and 2H11/2, 453/2 of Er** ions, but closer to the red one. This is the
reason for more efficient energy transfer to the level 4F9/2 and relaxation to the ground state
4I15/2 of Er’* ions and for observation of intense red emission. Next, electrons can be excited to
the levels 4F9/2 and 2H11/2, 453/2 by the excited state absorption (ESA) and simultaneously by ET
from 4I11/2, , followed by relaxation to 4I15/2 and give red and green emission, respectively. Back
transfer is also possible, from green excited energy level of Er** to the excited level *T; of Mn?*

ions, which resulted in quenching of green emission.
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Fig. 9. Viability of NIH/3T3 cells, evaluated by SRB assay, treated with the following
nanoparticles: A. CaF,:15%Yb>", 2%Er>", 2.6%Mn*", B. CaF,:15%Yb>", 2%Er>", C. control. Each of
the samples is presented with the subsequent concentrations: 200 pug/ml, 100 pug/ml, 50 pg/ml
and 10 pg/ml. Control cell cultures were supplemented with adequate volume of PBS. Asterisks
indicate the results significantly different from those obtained for the control (ANOVA).

Cytotoxicity

In order to estimate of the nanocrystals’ cytotoxicity, cell proliferation studies in in vitro cultures
of the fibroblast were examined (Fig. 9). The results suggested that CaF,:15%Yb>*, 2%Er**,
2.6%Mn*" reduces cell viability at a lower concentration than CaF,:15%Yb>", 2%Er>". Namely, the
proliferation rate of the cells incubated with the calcium fluoride doped with manganese at
concentrations: 200, 100 and 50 pg/ml were statistically lower than in the control cells.
Whereas, calcium fluoride without manganese decrease the cell viability only at the
concentration 200 pg/ml. It confirms the previous observations that Mn?" ions may increase cell

mortality [57]. Calcium fluoride without manganese was not toxic up to 100 pg/ml. What is
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interesting, the cells incubated with CaF,:15%Yb®", 2%Er** nanoparticles at 10 pg/ml showed a

higher proliferation rate than in the control.

Conclusions

Applying the hydrothermal conditions and sodium citrate as a surfactant, a series of CaF,
samples doped with Yb**, Er** and Mn?" ions was synthesized. The morphology of the materials
prepared was defined as sub-microspheres composed of nanocrystallites whose average size
was decreasing with the concentration of Mn?* ions increasing , from 300 to 800 nm. On the
basis of the XRD results the structures of the obtained samples was determined as pure, without
any impurities. However, detailed structural analysis based on HR-TEM images and SAED
diffraction supported by EELS mapping permitted identification of a foreign phase in the form of
CaO. Moreover, ICP-OES studies showed that Mn?" ions can be not as efficiently as expected
introduced into the structure of the host matrix. The analysis of spectroscopic behaviour is
complicated due to the presence of a foreign phase and a discrepancy between the expected
and desired contents of particular elements.

The use of two different types of excitation source permitted achieving different effects of
colour tuning. In fact, noticeable changes in the emission colour were observed for the solid-
state continues laser as a excitation source, the colour could be changed from green to orange-
red. The most effective composition of the dopant ions concentration, determined on the basis
of ICP-OES analysis and luminescence characterization, was that of the ratio of Mn?* to Er** ions
was 1:1, which resulted in long luminescence lifetime and the brightest emission of the highest
intensity.

The cytotoxicity of the materials obtained indicated that CaF, — doped samples are not toxic for

human living cells.
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Emission colour changes in the CaF, sub-microspheres doped with Yb*', Er**

and Mn** ions
Highlights

1) Structural analysis of CaF,-doped phosphors showed the core@shell like structure
2) The Mn*" ions’ quantity in the CaF, matrix definitely differs from the expected
3) The emission colour of CaF,-doped materials was tuned from green to orange — red

4) Two various type of excitation source resulted in different effect of colour tuning
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