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photoluminescence of scheelite
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The scheelite type sodium lanthanide double tungstates NaRE(WO, ), (RE =Sm3*, Ho3* and Pr3*) were
synthesized by three different synthesis methods, namely solid-state reaction, hydrothermal method
and solvothermal method using ethylene glycol. The synthesized samples were characterized by X-ray
diffraction (XRD), scanning electron microscopy, UV-DRS and photoluminescence spectroscopy. The
phase pure sample preparations with the Scheelite-like crystal structure in /4, /a space group were
established by XRD. Among the three synthesis methods, the broader XRD peaks were noticed for the
solvothermal samples and resulting in crystallite sizes of ~11-28 nm. The SEM micrographs supported
the XRD results and the agglomeration of particles with similar morphology was confirmed for all
synthesis methods. The smallest particle size was obtained in the solvothermal method with average
particle size distributions of ~100-140 nm. Indeed, the synthesis methods and particle size played a
crucial role in the photoluminescence (PL) emission spectra. The PL emission intensity was very low for
as-synthesized solvothermal samples where the particle size was considerably smaller compared to the
other two methods. However, the calcination of solvothermal samples at different temperatures has
improved their PL emission such that the emission intensity gradually increased with increasing the
calcination temperature. Simultaneously, the SEM confirmed that the particle size remained the same
till the calcination temperature of 600 °C. The microbial cell viability and cytotoxicity experiments
were performed on the solvothermal samples using E. coli, S. aureus and HelLa cells, respectively. The
biological studies demonstrated the biocompatibility of synthesized samples. The biocompatibility and
smaller particle size in the solvothermal method could be useful in developing improved phosphors for
cell imaging and theranostic applications.
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Alkaline rare-earth double tungstates with a general formula ARE(WO,),, where A =monovalent alkali cation
and RE =rare earth ion, have attracted considerable attention due to their attractive photoluminescence (PL)
properties, high stability and biocompatibility’. They display distinctive photoluminescent properties depending
on the chemical composition, purity of samples, surface morphology, stability and particle size>-*. The double
tungstates are extensively explored as solid-state lighting phosphors®~7, solid-state lasers®’, optical waveguide'?,
fluorescent bioprobes!! and temperature sensors'>!*. Many attempted to achieve the particle size distribution
during the synthesis and their effects on PL properties of rare-earth doped materials in the literature!*15.
Recently, lanthanide-doped tungstates have played a significant role in solid-state lighting applications and
biophotonics'®. The intense tunable luminescence emissions and nontoxicity were found to be useful in
theranostic applications'®. Yang et al. investigated the biocompatibility of NaLa(MoO,),:Eu**/Tb** on ARPE-
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19 cells for in-vitro applications'’. Further, NaLa(WO,),:Eu** and NaLa(WO,),:Eu**/Tb*" were explored
to study the influence of sensitizer and activator concentration on the luminescence intensity'8-%0. The effect
of particle size of NaEu(WO,), was examined for the red emission properties and b10c0mpat1b1l1ty studies®®
Indeed, NaGd(WO,),:Pr**, KLa(WO ),:Eu’t, KGd,_,Pr,(WO,), and NaGd,,_,Eu (WO,), were used as novel
red-emitting phosphors21 3, Further some of RE substituted double tungstates such as NaY(WO ),: S,
NaGd(WO,),:Sm**%, NaGd(WO ),;Ho**%, NaGd(WO,),:Pr**¥, NaGd(WO,),:Eu**%, NaGd(WO ) Th3+2,
NaY(WO 4)2 Dy3+3° have shown con51derable 1mpr0vement in the PL emission hfetlme ranging from ms to us
and could be useful phosphors. The NaIn(WO,),:Dy** phosphors demonstrated superior white light emission
and could be encouraging for white light- emlttlng diodes®!. The KYb(MoO,),:Er** phosphor has demonstrated
an excellent temperature sensing performance and has potential use as a temperature sensor’2. Further,
NaGd(MoO,),:Dy**Eu** and NaGd(WO,),:Dy**/Eu** have been demonstrated as improved photocatalysts for
the photodegradatlon of antibiotic drug, nltrofurantom33 The solid solution of Na(Gd La, )(MoO,),: :'Yb3*/Er’*
has shown simultaneously enhanced photothermal conversion efficiency and PL properties®*.

Previously, NaRE(WO,), (RE=Sm’*, Ho*" and Pr**) were synthesized by solid-state reactions at 800 °C for
10 h and XRD results indicated the presence of starting compounds, Na,CO,, WO, and Re, O, as impurity phases
during the synthesis®. Further, there was no efforts to control the partlcle size of NaRE(WO ) (RE=Sm**, Ho**
and Pr**) which is detrimental for the biocompatibility and anti-cancer studies. Addltlonally, the space group of
NaPr(WO 4)2 was determined as P2/n which seems to be controversial as the family of NaRE(WO,), compounds
crystalize in the I4,/a space group®. To resolve the above ambiguities, we have synthesized, NaRE(WO,),
(RE=Sm**, Ho** and Pr®*) by three different methods, namely solid-state reactions, hydrothermal method and
solvothermal method where ethylene glycol (EG) was used as solvent. The phase pure samples with smaller
particle size were obtained. The effect of the synthesis method on the particle size distribution, biocompatibility
and PL properties are systematically investigated.

Experimental section

Materials

Na,CO, (99.9%), WO,(99.9%), RE,0, (99.9%) (RE= Sm**, Ho* and Pr*"), Na,WO,2H,0 (99.9%),
Sm(NO,),-6H,0 (99.9%), HO(NOS”)3 5H O (99.9%) and Pr(NO,),-H,0 (99.9%) were used as startlng materials
to prepare NaRE(WO,), (RE=Sm"*, Ho"* and Pr3*). Milli-Q water and EG were utilized as solvents. HNO, and
NaOH solutions were used to manage the pH of the solution. All the materials were procured from Alfa Aesar and
Sigma-Aldrich of analytical grade and used as such without further purification. MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide), Dulbecco’s modified Eagle’s medium (DMEM), penicillin, streptomycin,
phosphate-buffered saline (PBS) and Fetal bovine serum (FBS) were used in pure form for the MTT assay. The
human cervical cancer cell line, HeLa cells used for the cytotoxicity experiments were received from NCCS
Pune, India. The microbial cytotoxicity studies were performed on bacterial strains Escherichia coli (E. coli)
(ATCC 25922) and Staphylococcus aureus (S. aureus) (ATCC-25923) acquired from the Microbial Type Culture
Collection (MTCC), Chandigarh.

Synthesis
Samples were synthesized by solid-state reaction method, hydrothermal method and solvothermal method.

Solid state reaction method

1 mmol of Na,CO,, 4 mmol of WO, and 1 mmol of RE,O, (RE= Sm3" , Ho*" and Pr3*) were weighed and
thoroughly mixed in agate mortar by grinding for 30 min. Then finely ground mixture was transferred to an
alumina crucible and annealed at 800 °C for 12 h. After cooling the furnace to room temperature, the reacted
mixture was grounded and NaRE(WO,), (RE=Sm?*", Ho*" and Pr**) were obtained. The pure single-phase
samples, NaSm(WO,), (S1), NaHo(WO,), (82) and NaPr(WO,), (S3) were synthesized by the solid state
reaction method.

Hydrothermal method

1 mmol of RE(NO,),xH,O (RE= Sm**, Ho** and Pr**) (solution-A) and 2 mmol of Na,WO,-2H,O (solution-B)
were separately dissolved in 10 mL milli-Q water and stirred continuously. Afterwards, solution-A was mixed
with solution-B in drop wise and simultaneously stirred for 30 min at room temperature. The white suspension
was further diluted to 40 mL and the pH was maintained to be neutral using 0.1 mM NaOH and HNO,. The
resultant product is later transferred into a 100 mL Teflon-lined autoclave, sealed and heated at 200 °C for 24 h.
After cooling the autoclave to room temperature, the resulting precipitate was collected by centrifugation. The
white powder of NaSm(WO,), (H1) and NaHo(WO ), (H2) and light green powder of NaPr(WO,), (H3) were
obtained after washing with milli-Q water and dried at 90 °C for 4 h.

Solvothermal method

The procedure was similar to the hydrothermal method, where water was replaced with EG as a solvent. Light
greyish colour powder of NaSm(WO,), (EG1) and NaHo(WO,), (EG2) and light green powder of NaPr(WO,),
(EG3) were obtained. In the case of EG2, 12 ml of milli-Q water was mixed with the solution to enhance the
solubility of Ho(NO,),xH,0 in EG.

Characterizations

The sample purity and crystalline nature of samples were examined by XRD measurements performed at
room temperature using monochromatic Cu-K_ radiation on a Rigaku Smartlab SE diffractometer operating
at 40 kV and 50 mA in the 20 range from 10° to 80° with step size of 0.02° and scan rate of 2°/min. Morphology,
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particle size distribution and energy dispersive spectroscopy (EDS) spectrum were obtained in a Carl Zeiss,
Evo 18 scanning electron microscopy (SEM). The diffuse reflectance spectra (UV-DRS) measurements in the
range 200-600 nm were conducted in a Shimadzu UV-2401PC UV-Visible spectrometer using halogen and
D2 lamp sources. FTIR spectra were measured to analyse the functional groups on the surface of samples with
Bruker Alpha IT FTIR spectrometer in the range of 500-4000 cm™'. The emission and excitation PL spectra were
measured on an Agilent Cary Eclipse fluorescence spectrometer with a xenon lamp as an excitation source. The
PL lifetime was measured by an Edinburgh FLS1000 photoluminescence spectrometer.

Biological studies

Microbial cell viability and cell viability studies for NaRE(WO,), samples were conducted by serial dilution of
test samples using E. coli (ATCC 25922), S. aureus (ATCC-25923) and human cervical cancer cell line HeLa cells,
respectively. All compounds were dispersed in 50 mM phosphate buffer (pH=7.0) and sonicated for 1 h prior
to experiments.

Microbial cell viability assay

The microbial cytotoxicity of the given compounds was evaluated against a gram-negative bacteria, Escherichia
Coli (ATCC 25922), and a gram-positive bacteria, Staphylococcus aureus (ATCC-25923) bacteria using the broth
dilution method, as reported previously®®. Bacterial cells were pre-cultured in Luria-Bertani broth (LB broth)
overnight at 37 °C. 1% of the bacterial suspension was reinoculated into a fresh LB broth to bring the bacterial
cells to log phase and incubated at 37 °C. The bacterial cells were treated with the desired concentration of the
inhibitors when the optical density (OD) of the bacterial culture reached 0.3-0.5. The viability of untreated cells
was taken as a negative control. The optical density of the cells was estimated at different time intervals 6, 12, 24,
48, and 72 h using a Biotek 800 TS absorbance reader recorded at 600 nm.

Cell cytotoxicity studies by MTT assay

The cell cytotoxicity of all EG samples was examined using the HeLa cancer cell lines up to the highest
concentration of 500 pg/ml at five time points, 6, 12, 24, 48 and 72 h. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (v/v) Penicillin-
Streptomycin at 37 °C temperature in a humid atmosphere with 5% CO,. The cell viability was analyzed by MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay. Cells are grown to 80% confluency and
further seeded with a cell density of 7000 cells per well onto a 96-well plate. After 24 h of culturing, cells were
treated with compounds at the desired concentration. The untreated cells were taken as a negative control. The
cells were further cultured for different time intervals 6, 12, 24, 48, and 72 h to analyze the effect of compounds
on cell viability. After the desired time, 20 uL of 5 mg/ml MTT reagent was added to each well and incubated
for 4 h. The medium was replaced, and 50 uL DMSO (dimethyl sulfoxide) was added to dissolve the formed
formazan crystals. The absorbance was measured using an Envision plate reader at 595 nm, corresponding to
the percentage of viable cells.

Result and discussion

Effect of synthesis methods

Crystal structure and morphology

There were considerable efforts to synthesize the samples by different methods to analyse the influence of the
synthesis method on the particle size and morphologies of products'®. Figure 1a—c illustrate the XRD patterns
of synthesized samples, S1, S2 and S3 by solid-state reaction method, H1, H2 and H3 by hydrothermal method
and EG1, EG2 and EG3 by a solvothermal method using EG as a solvent. X-ray diffraction patterns of all
samples were indexed with a tetragonal phase and there were no additional peaks corresponding to secondary
phase impurities. The samples display the scheelite structure with the space group I4,/a and are in agreement
with reported studies on NaRE(WO,), compounds*. However, previously published results have shown 2-3
secondary impurity phases for all NaRE(WO,), samples obtained from the solid-state reaction method*
whereas we could synthesize the phase pure samples from the same method without any secondary impurity
phases (Fig. 1, Figs. S1, S4 and S7). In our solid-state reaction method, the finely ground powders are directly
used for the annealing process instead of sintering the pellets. This modification might have yielded pure single-
phase samples in our case. The scheelite crystal structure contains isolated WO, tetrahedra and edge-shared
(Na/RE)O, dodecahedra units such that W** cations occupy the 4a Wyckoff site whereas Na* and RE** cations
are occupying the 4b Wyckoff site in a ratio of 1:1 and oxide anions are found at 16f site. The WO, tetrahedra
and (Na/RE)O, dodecahedra are characterized by a single W-O bond distance and two distinct Na/RE-O bond
distances, respectively (Fig. 1d and Table S2 of supporting information). Further, WO, tetrahedra and (Na/RE)
O, dodecahedra in the structure are connected by bridging oxygen using Na/RE-O-W bridges. It is interesting
to note that XRD peak intensities were sharply decreased in the solvothermal method when compared with
the solid-state reaction and hydrothermal methods. Additionally, broad XRD peaks were obtained for all EG
samples (EG1, EG2 and EG3) synthesized by the solvothermal method. The XRD peak intensities and peak
shape indicate high crystallinity of solid state and hydrothermal samples whereas the lower crystallinity and
smaller crystallite size for solvothermal samples. The XRD pattern of all samples matches with the JCPDS card
No 79-1118 for tetragonal NaLa(WO,), (a=b=5.349 A, c=11.628 A) as a reference. The Rietveld refinements
were performed on samples using the GSAS-II program suite>” and the obtained results were summarized in
Figs. S1-S9 and Table S1 of supporting information. The crystallite sizes from the Rietveld refinement were
found to be 123.6,117.6 and 14.8 nm for S1, H1 and EG1, 104.5, 105.3 and 28.0 nm for S2, H2 and EG2 and 64.5,
61.0 and 11.6 nm for $3, H3 and EG3, respectively. The crystallite sizes determined from the Rietveld refinement
were corrected for instrumental and strain effects. EG molecules behave as a capping agent in the solvothermal
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Fig. 1. XRD pattern of (a) NaSm(WO,), (S1, H1 and EG1) (b) NaHo(WO,), (82, H2 and EG2) and (c)
NaPr(WO,), (83, H3 and EG3) samples. The notation S, H and EG denotes the sample preparation by solid-

state reaction, hydrothermal and solvothermal methods, respectively. (d) Structural diagram of NaRE(WO,),.

method and influence in controlling the surface morphology and particle size of synthesized samples, which
provides the smaller-sized particles®. Further, the viscosity and complexing behaviour of EG is also found to be
crucial parameters to selecting EG as a solvent for controlling the particle size in solvothermal reactions. Indeed,
similar results were demonstrated for NaEu(WO,),"%, and NaTb(WO,),", compounds during the solvothermal
synthesis using EG.

Scanning electron microscopy (SEM) studies

The SEM micrographs of prepared samples by different methods are illustrated in Fig. 2. Indeed, the synthesis
methods influence the surface morphology and particle size of prepared samples. SEM micrographs of S1,
H1 and EG1 are displayed in Fig. 2a—c. S1 has agglomeration of spherical-shaped particles with an average
size of 800 nm whereas H1 and EG1 have agglomeration of spherical particles of size 650 nm and 135 nm,
respectively (Fig. 3a and Fig. S10). The particles have regular and uniform morphology throughout the sample.
The samples, S2, H2 and EG2 (Fig. 2d-f) and S3, H3 and EG3 (Fig. 2g-i) have shown similar results. SEM study
confirms that the solvothermal method provides smaller particles (Fig. 3) compared to the other two methods
and results show the same trend as observed for the crystallite size determination from XRD. EDS spectrum
and elemental mapping analysis were performed on all samples the presence of all constitutive elements and
their uniform distribution (Fig. 4 and Figs. S11-520). Additionally, there is a considerable influence of the rare-
earth elements on the particle size distributions when compared between identical synthesis methods. In our
studies, Ho** has resulted in a relatively smaller particle size distribution across all synthesis methods, which is
followed by increased particle size distributions for Sm*" and Pr**. Similar observations were also made during
the hydrothermal synthesis of NaRE(WO,), in the literature and larger lattice distortions along the ‘c’ axis with
decreasing RE ionic size could be the reason for it*.
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Fig. 2. SEM micrographs of (a) S1, (b) H1, (c) EG1, (d) S2, (e) H2, (f) EG2, (g) S3, (h) H3 and (i) EG3.
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Fig. 3. Particle size distributions of as-synthesized (a) EG1, (b) EG2 and (c) EG3 samples.

Optical bandgap studies

A broad absorption peak around 250-300 nm in the UV-DRS spectra of NaRE(WO,), samples was assigned
to the RE-O charge transfer band (CTB), the characteristic features of the Scheelite-like materials'®. The other
peaks were assigned to the intra-configurational f-f transitions. NaSm(WO %)2 samples from all synthesis
methods exhibit absorption peaks at 377, 405, 420 and 466 nm corresponding to °H,, > 6P7 1 6H5 5 4F7 1 6H5 "
> *P,, and °H;,, > *I,, , transitions respectively*»*. Similarly, NaHo(WO,), samples show absorption peaks
360, 398, 418 and 455 nm corresponding to °I, >°H,, °I, >°G,, °I, »°G, and °I, °G, transitions, respectively*>*!.
NaPr(WO,), samples demonstrate absorption peaks at 449, 473 and 487 nm corresponding to the *H, »°P,,
H,> °P, and *H > *P, transitions, respectively’>*’. The positions of intra-configurational f-f transitions for
RE‘§+ ions remain the same indicating identical crystal structure and crystallographic site occupancy for RE3*
ions across different synthesis methods.

The determination of the optical bandgap was performed based on the Kubelka-Munk function (Tauc plot)
using the UV-DRS spectra for all samples. The energy band gaps for NaRE(WO,), (RE = Sm**, Ho*" and Pr**) were
in the range varying from 4.25 to 4.75 eV as depicted in Fig. 5 and listed in Table S3 of supporting information.
The band gap values for EG samples were high compared to those of respective solid state and hydrothermal
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Fig. 6. Excitation spectra of (a) NaSm(WO,), [S1/H1/EG1] (b) NaHo(WO,), [S2/H2/EG2] and (¢)
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samples. The increase in the optical bandgap for EG samples is due to smaller particle size in the solvothermal
method which is further consistent with XRD and SEM results. EG solvent used in the solvothermal method
behaves as a capping and complexing agent in the synthesis and restricts the growth of particles. It is known
that the size reduction in particles would affect the energy levels*. Hence, the synthesis method could control
the particle size and subsequent optical bandgap of materials. The bandgap tuning of the material by controlling
the synthesis methods is useful for obtaining exotic physical properties due to quantum and surface effects®. It
could have potential applications in catalysis, optoelectronics, cell imaging, and theranostic applications.

Photoluminescence studies

Figure 6 shows the comparison of luminescence excitation of NaRE(WO,), (RE =Sm**, Ho** and Pr’*) prepared
by three different synthesis methods. The maximum PL emission was noticed for the samples obtained by
the solid reaction method whereas the lowest PL intensity was seen for the solvothermal samples. The lower
PL intensity for the solvothermal samples could be explained by the existence of surface defects and organic
functional groups such as -CH and —~OH groups from EG in as-prepared samples and it was supported by the
FITR spectra in the range 500-4000 cm™! (Fig. $21)!°. The vibrational frequencies corresponding to ~-CH and
—OH groups were observed in as-synthesized EG samples and they were found to be absent after the calcination
at 600 °C for 12 h. As expected, the position of vibrational frequencies corresponding to the W-O-W stretching
remains unaltered during the calcination process.

Excitation spectra were further monitored at different emissions for all samples clearly indicating that
RE tungstate materials can be excited using several wavelengths. Figure 6a shows the excitation spectra of
NaSm(WO ), samples for the PL emission at 650 nm?*?. This gives an intense peak at 405 nm corresponds to
SH, %9 *F,,, transition and smaller peaks at 377, 420 and 466 nm corresponding to °H, , > °P, ,, °H; , > *P; ,
and °H,, 3 4I13 » transitions respectively 2425, Figure 6b displays the excitation spectra of NaHo(WO,), samples
for the PL emission at 545 nm*%4L, Tt results in excitation peaks at 360, 398, 418 and 455 nm correspondlng to °L

>’H,, I, »°G,, °I, 5°G; and °I; >°G,, respectively’®*!. The excitation spectra of NaPr(WO,), samples for the PL
emlssmn at 649 nm in F1g 5c¢. The peaks at 449, 473 nm and intense peak at 487 nm are correspondlng to °H,
P, *H, >°P, and *H, »°P transitions, respectively*>**. It is interesting to note that solid-state reaction method
samples (Sl SZ and S3) show more intense PL peaks than the samples from the other two synthesis methods.
This could be attributed to higher crystallinity and fewer surface defects of samples in the solid-state synthesis
which minimizes non-radiative transitions.

Figure 7 shows the PL emission spectra of NaRE(WO,), (RE=Sm**, Ho** and Pr**) samples. This also
follows a similar trend as discussed above. The PL emission intensity decreases with decreasing the particle
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Fig. 9. Energy level diagram of Sm**, Ho*" and Pr** in NaRE(WO,),.

size of samples. Figure 7a displays the PL emission spectra of NaSm(WO
emission peak centred at 650 nm corresponds to the G, > °H,, transition of Sm**. Two other peaks at 565
and 607 nm correspond to the *G;,, » °H,,, and *G,,, » °H, , transitions, respectively**?*. Figure 7b illustrates
the PL emission spectra of NaHo(WO,), under 455 nm excitation. Two emission peaks at 545 nm correspond to
the °F, »°I, transition and 658 nm correspond to the 5F >°I, transition’>*! of Ho*". Similarly, the PL emission
spectra of NaPr(WO,), under 487 nm excitation are shown in Fig. 7c. The emission peaks centred at 529,
620 nm and intense peak at 649 nm are corresponding to the 3P1 93H5, 3P0 93H6 and 3P0 >3F_ transitions of Pr3*,
respectively’>*, The PL emission lifetime (Fig. 8) on NaRE(WO,), (RE=Sm?*, Ho** and Pr**) were performed
to determine the performance of synthesized samples and to understand non-radiative quenching pathways
in the structure. All samples have shown a lifetime in the range from s to ns. From the room temperature PL
decay profile (Fig. 8) shows an average lifetime of 0.27-0.87 ps, 0.10-0.13 ps, and 10.7-12.8 ns for NaSm(WO,),,,
NaHo(WO,), and NaPr(WO,),, respectively. On the basis of above mentioned PL spectral measurements, the
energy level diagram of Sm?*, Ho®" and Pr** in NaRE(WO,), with possible excitation and emission pathways is
shown in Fig. 9.

), under the 405 nm excitation. The

4)2

Temperature dependent PL properties

As described in the previous section, the lower PL intensity was observed for the solvothermal samples where
the smaller-size particles were obtained. However, the smaller particles with higher PL emission are required for
most of practical applications such as bio-imaging. Thus, the PL intensity of EG1, EG2 and EG3 samples need
to be enhanced without altering their particle size. Systematic studies have demonstrated that the calcination
process enhances the PL emission of the sample!>**. Thus, as-synthesized EG samples were systematically
calcined at various temperatures such as 300, 400, 500 and 600 °C for 12 h to evaluate the effect of calcination
temperature on the particle size and PL properties.

Figure 10 displays the XRD pattern of EG1, EG2 and EG3 calcined at 300, 400, 500 and 600 °C for 12 h.
Indeed, the original crystal structure and phase were preserved during the calcination as shown by XRD peaks.
This indicates the high-temperature stability of NaRE(WO,), prepared by the solvothermal method. However,
the XRD peak intensity enhances with the calcination temperature which strongly suggests improvement in
the crystallinity of EG samples. The SEM micrographs of calcined EG samples at 600 °C for 12 h are shown in
Fig. 11. There were no significant changes in the particle size distribution with the calcination temperature. The
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Fig. 12. Excitation spectra of (a) EG1, (b) EG2 and (c) EG3 at different calcination temperature.

homogeneous particle distributions with small surface agglomeration were observed. The average particle size
after calcination was about ~ 100-140 nm which was comparable to as-synthesized samples without calcination.

The excitation and emission PL spectra of calcined EG1, EG2 and EG3 samples at various calcination
temperatures are shown in Figs. 12 and 13. A systematic enhancement in the PL emission intensity was
demonstrated by increasing the calcination temperature for EG samples. The PL intensity of the calcined sample
at 600 °C was tripled to that of the samples without calcinating. As-synthesized samples have low PL intensity
due to the presence of -CH and —~OH organic moieties on the surface of particles which result in increased
non-radiative transitions. The calcination will improve the crystallinity of samples and reduce microstrain in
the sample. Further, disappearance of ~-CH and —~OH organic moieties from the calcination process might also
contribute to increasing PL intensities of calcined samples. Indeed, the PL emission intensity could be improved
for EG samples by retaining their particle size and crystal structure through a suitable calcination process.

CIE chromaticity studies

The estimated CIE-X and CIE-Y coordinate values for NaSm(WO,), [S1/H1/EG1], NaHo(WO,), [S2/H2/
EG2] and NaPr(WO,), [S3/H3/EG3] were found to be 0.60, 0.39; 0.36, 0.63 and 0.46, 0.53 respectively and
shown in Fig. 14. Thermally treated EG1, EG2 and EG3 samples also displayed identical CIE coordinates at
all temperatures. Indeed, the CIE chromaticity coordinates were independent of the synthesis method and
calcination temperature. The CIE coordinates obtained for NaSm(WO,), were located in the red-orange region

and close to reported values for NaGa, __Eu (WO,), in the literature?2. Similarly, the CIE values for NaHo(WO D,
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were closer to the commercially available Y,0,:Tb** green phosphor'” and other reported green phosphors'>*.
The CIE coordinates for NaPr(WO,), were determined in the orange region which is close to the Al-doped ZnO
phosphor?®,

Biological studies

Cell viability studies

The microbial cell viability experiments were carried out on a gram-negative (E. coli) and a gram-positive (S.
aureus) bacterium to examine the biocompatibility of synthesized samples as depicted in Figs. 15 and 16. Indeed,
EG1, EG2 and EG3 were utilized for the biological studies due to their smaller particle size. The microbial growth
without nanoparticles was taken as the control growth and considered as 100% viable. The dose-dependent
study at five-time points till 72 h was carried out on EG1, EG2 and EG3 samples and results suggest the non-
toxicity of NaRe(WO,), (RE= Sm**, Ho** and Pr*>*) towards microbial growth in comparison with the controlled
bacterial growth. The microbial cells were more than 90% viable at the highest concentration of 500 ug/ml at
48 and 72 h for all EG samples as demonstrated in Figs. 15 and 16. Hence, these compounds may not exhibit
major adversary effects on the cell membrane or the subcellular components. Indeed, cell viability results are

comparable to similar studies on NaEu(WO,),'*, NaTb(WO,),", and NaGd(MoO,),*, compounds.

4)2 4)2

Cell cytotoxicity studies

The cell cytotoxicity experiments were conducted on the human cervix carcinoma HeLa cell line. The cells were
treated dose-dependently at five time points, 6, 12, 24, 48 and 72 h. The HeLa cells without nanoparticles are taken
as the control cells and considered 100% viable. The present study highlighted that all three EG compounds do
not show a cytotoxic effect on the cell, as shown by the higher cell density percentage. The cells under the study
were more than 90% viable at the highest concentration of 500 ug/ml at 48 and 72 h for all three EG samples
as displayed in Fig. 17. Additionally, stimulated cell viability was observed at certain time points, especially at
higher concentrations, suggesting that NaRe(WO,), (RE=Sm*", Ho*>* and Pr**) samples were compatible with
cell growth and proliferation.
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(negative) is the untreated cells viability without nanoparticles and is considered as 100%. The results are the
mean of triplicated values.

Conclusions

The phase pure double tungstates, NaRE(WO,), (RE=Sm?*, Ho’* and Pr**) were synthesized by solid-state
reaction, hydrothermal and solvothermal methods to analyse the influence of the synthesis methods on the
particle size and subsequent biocompatibility and PL properties. The XRD and SEM confirm the formation of
the smallest size particles from the solvothermal method where ethylene glycol molecules act as a capping agent
and restrict the growth of particles. The crystallite and particle sizes of samples obtained from the solvothermal
method are about 11-26 nm and 135-140 nm, respectively. The PL emission intensity was minimal for as-
synthesized solvothermal samples compared to other two methods. All samples have shown an average lifetime
in the range from 0.87 ys to 10.7 ns. The PL intensity was increased with increasing the calcination temperature
for the solvothermal samples. The smaller particle size samples are more useful for biological applications. Thus,
the microbial cell viability and cytotoxicity towards cancer cells were performed on the solvothermal samples
using E. coli, S. aureus and HeLa cells, respectively and NaRE(WO,), (RE= Sm**, Ho** and Pr**) demonstrated
good biocompatibility and comparable with similar family of tungstate compounds. These biocompatible double
tungstates could be doped with suitable RE ions to enhance their PL properties for bio-imaging applications.
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