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ARTICLE INFO ABSTRACT

Keywords: Sulfate anion plays an important role in the development of inorganic phosphors and is considered as the path for

Crystal structure for the enhancement of the luminescent properties. The heterovalent [PO4]%~ — [SO4]?" anion substitution in the

}S)hl‘;si’hates B-Ca3(PO4),-type compounds was realized using the “ellestadite”-type strategy called by the analogy with the
ulfates

apatite-type structures. The novel compounds belonging to the Cajg.5-0.5xyMy(P0O4)7_x(SO4)yx, M = Cat, Mg2+
and Zn%* series have been synthesized using high-temperature solid state reaction. The used isomorphous
scheme was [PO4] St ucatt = [SO4]2’ + Y% [J with the formation of the vacancy for the charge compensation.
The successful incorporation of [S04]% groups was approved by Fourier-transform infrared spectroscopy, EDX
method, and powder X-ray diffraction analysis. It was found that the sulfur atoms predominantly occupied T2
sites in the anionic sublattice according to crystal structure refinement based on the analysis of interatomic
distances. The photoluminescent properties were studied for the Eu®*-doped samples and it was shown that
Zn?*_containing samples exhibit a 1.5 times higher intensity in comparison with Mg?"-containing substituted
phosphates. Thus, a new “ellestadite”-type substitution in f-Caz(PO4)2-type structure significantly expands the
crystal chemistry and give more insights into the deeper understanding of the dependence of luminescent
properties on the cation distribution. The pathways of the [SO4]%" incorporation into the crystal structures are
discussed in details.
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1. Introduction P5*, As®t, Vo1, si*t, s8+, B3F; Y = F, CI", OH". The general formula of

compounds with the p-Cag(PO4)s-type structure is Cajgs.os

Among oxysalt inorganic phosphors, which are considered as the
most promising host-matrices based on or derived from calcium phos-
phates, form a considerably large family of materials which is exten-
sively studied. These materials are predominantly characterized by one
of two structural types: apatite or §-Cag(PO4)2 (which is synthetic analog
of natural mineral whitlockite). The general formula of compounds with
the apatite-type structure is [9]A14 [7]A26[ [4]XO4]6Y2 [1]. In natural
samples A site can be occupied by monovalent (Na*), divalent (Ca?",
Pb2*, Ba®™, Sr?T, Mn?™"), and trivalent (Ce3*, La®*, Y3+, Bi®") ions; X =

(e-2y-39A5 B3 'R (T04);, where A — monovalent alkaline cations (Li",
Na™, K1); B>" — alkaline-earth divalent cations (Ca®", Sr?*) and cations
of transition 3d-metals (Cu2+, Zn2+, Fez+, Ni2+); R3* _rare-earth REE>
elements (Y3 Sc3T, Ln®h), as well as Bit, cr®t, AI*Y, In®"; T - tetra-
hedral cations — P°*, V°*. Due to wide range of isomorphous sub-
stitutions within the initial host-matrix, it is possible to modify the
crystal structure by varying the cationic and anionic sites to design novel
materials with the directly improved physical properties.

It was previously shown that anionic tetrahedral substitutions make
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a significant contribution to the luminescent properties of compounds
both with apatite [2-4] and B-Cag(PO4)2 [5-7] type structures. The
preservation of the structural types is controlled by the similar size (in
particular, bond distances), coordinational environment and geometry
as well as the stereoactivity of the [PO4]%-tetrahedral phosphate anion
and the substituted [XO4]™ -tetrahedron, e.g. despite the different
negative charges, the covalent character of the bonds in [PO4]3’ tetra-
hedral anion is similar to those in aluminate [A104]5’, silicate [SiO4]4’,
sulfate [SO4]2’, perchlorate [ClO4]7, etc. anions [8]. Therefore, the
formation of the series of isostructural compounds during the synthesis
of anion-mixed compounds is possible. The major requirement in this
case is the electronegativity of the crystal structure and the heterovalent
tetrahedral substitutions have to be compensated in the cationic part.
Such substitutions are widespread in Nature and are known, in partic-
ular, for whitlockite [5,6], ardealite- [9], eulytite- [10], apatite- [11],
and alunite-group minerals [12].

Sulfate [SO4]%" anion plays an important role in the development of
inorganic phosphors because the heterovalent [PO4] SN [SO4]2' anion
substitution is considered as the path for increasing the intensity of the
luminescence [13,14]. Moreover, it has been also reported about the
positive effect of the use of the mixed phosphate-sulfates for medical
purposes, in particular in the restoration of bone tissue [15], and pros-
theses production [16,17]. As it was mentioned above, inorganic phos-
phors with the apatite-type structure are characterized by a large
variation of substitutions in the cationic and anionic parts [18-20]. Both
unsubstituted  sulfates [21-23], sulfide [24] and mixed
phosphate-sulfates [25,26] are known. In particular, the variety of
natural sulfate-containing minerals with apatite-type structures are
known and classified as members of ellestadite group with the general
formula A10(Si04)3(SO4)3Xo, where A = Ca®", Pb®>"; X = OH, F, CI".
The effect of the anionic substitutions in synthetic phosphors with
apatite-type structures affects the luminescent properties, due to the
distortion of the coordination environment of the emission centers.

Based on the presence of natural samples with the apatite-type
structures, characterized by the mixed occupancy of tetrahedral sites
both by phosphate and sulfate, we could expect the similar behavior in
related materials with B-Cag(PO4)o-type structure. In inorganic phos-
phors with the p-Ca3(PO4)o-type structure the “ellestadite”-type heter-
ovalent [PO4]3’ - [SO4]2’ anion substitution was performed in system
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Cag1 x(PO4)14.2x(SO4)2x (0 < x < 1) [27] with the limit composition
Cazo(PO4)12(S04)2 at x = 1.

The “ellestadite”-type heterovalent [PO4]3’ - [SO4]2’ anion substi-
tution in p-Ca3(PO4)2 (Fig. la) structure requires coupled charge
compensation with the formation of a vacancy in the crystal structure,
which could be described by the following scheme (Fig. 1b):

PO + % Ca¥ = [SO4 > + % [, )

where [] - is a vacancy. Based on the crystal chemistry of compounds
with p-Ca3(PO4)2-type structures, the vacancy should be located at the
M4 site at three-fold axes, which is characterized by a variable occu-
pancy aj (0 < q;[M4] < 1). The cationic sites M1-M3 and M5 are fully
occupied. The vacancy could be absent, however, in this case charge
compensation with the incorporation of additional monovalent ions (i.g.
Li%) [28] is required, and the isomorphous scheme can be written as
(Fig. 1c):

[POL* + Ca’t=[SO4* + M™. 2

Despite of the extensive study of inorganic materials with
B-Cas(PO4)o-type structures, there are only few works [27,28] dedicated
to the anionic substitutions of the initial host-matrix by sulfate anion.
The aim of this work is the expansion of the family of materials with
B-Cag(PO4)o-type structures via deeper study of the “ellestadite”-type
heterovalent [PO4]3’ — [SO4] 2~ anion substitution and determination of
the influence of the [SO4]%" group on the luminescent properties of the
host-matrix doped with Eu>* ions. To reduce the number of variable
parameters in this work, we only used the scheme (1) for a clear un-
derstanding of the structure changes and their influence on the observed
properties.

2. Experimental section
2.1. Materials and sample preparation

A series of mixed phosphates sulfates with the general formulas
Ca10.5-0.5x(PO4)7 x(SO4)x and Cag 5 0.5xMg(PO4)7 x(SO4)x with x = 0,
0.1, and 1, have been synthesized by high-temperature solid state re-
action from stoichiometric mixtures of CaCO3 (99.9%), (NH4)2SO4
(99.9%), MgO (99.9%), CaHPO4-2H50 (99.9%) purchased from Sigma-
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Fig. 1. The schematic representation of [PO4]>~ — [SO4]%" substitution in the p-Caz(PO,).-type structure: the initial p-Caz(PO4), structure (a), the substitution with
coupled charge compensation with formation of vacancy in the M4 site (b), and with full occupation of the M4 site (c).
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Aldrich. Another approach to synthetic road was the sol-gel method
from the above starting materials. However, this synthesis leads to for-
mation of an impurity CaSO4 phase at all stages of the synthesis.
Unsubstituted p-Cag(PO4)2 and CagsMg(PO4); powders were synthe-
sized as a reference.

For the study of the influence of SO3~ substitution on the lumines-
cent properties the additional series of the Eu®'-doped CagMe
(PO4)6(S04):5%Eu>" and CagsMe(PO4)7:5%Eu’" (Me = Mg?", Zn?")
were synthesized. The raw materials were CaCO3 (99.9%), (NH4)2SO4
(99.9%), MgO (99.9%), ZnO (99.9%), CaHPO4-2H50 (99.9%), Eus03
(99.9%) purchased from Sigma-Aldrich.

The mixtures were heated to 1273 K, and kept for 18 h with one
intermediate grinding in an agate mortar, followed by slow cooling to
room temperature in the furnace. Before grinding, the mixtures were
slowly cooled. To prevent the formation of CaSO4, MgSO4, or SO, during
heating, the mixtures were heated very slowly (during 12 h). The
powder X-ray diffraction (PXRD) patterns of the prepared phases and
initial reagents were checked using JCPDS PDF-4 database.

2.2. Characterization

Scanning  electron  microscopy (SEM)  observations  of
Ca10.5-0.5x(PO4)7-x(SO4)x and Cags 05:Mg(PO4)7_(SO4)x were per-
formed using a Tescan VEGA3 microscope equipped with an Oxford
Instruments X-Max 50 silicon drift energy-dispersive X-ray spectrometry
(EDXs) system with AZtec and INCA software. SEM images were ac-
quired using secondary electron imaging and backscattered electron
imaging technique. The local cation composition of disk fragments was
determined by SEM-EDX.

Powder X-ray diffraction (PXRD) patterns were collected on Rigaku
SmartLab SE (3 kW sealed X-ray tube, D/teX Ultra 250 silicon strip
detector, vertical type 6-0 geometry, HyPix-400 (2D HPAD) detector).
PXRD data were collected at room temperature in the 20 range between
3° and 110° with a step interval of 0.02°. The LeBail decomposition was
applied using JANA2006 software [29]. The crystal structure was suc-
cessfully refined by the Rietveld method using RietveldToThensor [30]
software. Illustrations were created with DIAMOND [31] and ATOMS
[32] software.

The second harmonic generation (SHG) signal was measured with a
Q-switched YAG:Nd laser at A, = 1064 nm in the reflection mode. The
experimental set-up and arrangement have been described previously
[33].

The middle infra-red (MIR) absorption spectra of the synthesized
compounds were obtained on FSM 1201 FTIR spectrometer in the
wavenumber region 4000-400 cm ™! with the spectral resolution of 2
cm ™! using a standard KBr disk technique.

Photoluminescence emission (PL) and excitation (PLE) spectra were
measured at 300 K using a laboratory set-up based on the Lot-Oriel MS-
257 spectrograph equipped with the Marconi CCD detector. A 150 W Xe
arc lamp was used as an excitation source for the measurements of PL
spectra, while a 40 W deuterium arc lamp - for the measurements of PLE
spectra. The powder samples were placed into an optical cryostat Cry-
otrade LN-120. The photoluminescence spectra of all samples were ob-
tained with spectral resolution of 0.3 nm under similar experimental
conditions to compare the relative emission intensities and reduce the
error. The obtained spectra were corrected for the sensitivity of the
spectrometer. Gauss fit of PL spectra was performed in energy scale after
the conversion of the spectra from nm scale with account of A2 factor.

3. Results
3.1. Powder X-ray diffraction study
The PXRD patterns of Caj.5.0.5x(PO4)7_x(SO4)yx (x = 0.1 and 1) ob-

tained by solid state reaction are shown in Fig. 2. A significant amount of
the impurity CaSO4 phase was observed in Cajg(PO4)s(SO4) sample
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Fig. 2. PXRD patterns of Cajg45(PO4)6.9(S04)0.1 and Ca;o(PO4)e(SO4) and
Bragg reflections for p-Caz(PO4), (PDF2 # 09-169) and CaSO,4 (PDF2 # 72-
916). Dotted lines show the presence of the impurity CaSO, phase
in Ca;o(P04)6(SO4).

(Fig. 2). However, the substitution for a small amount of [SO4] 2~ avoids
the formation of CaSO4. Apparently, this is related to the difference in
the ionic radii of St (ry = 0.12 A) and P>" (ry = 0.15 A), and the
substitution requires the reducing of cation size in the cationic sub-
lattice. Thus, the two-positive ions with smaller ionic radii, in compar-
ison with Ca®*, should be added for structure stabilization. Such ions
can be Mg?", Zn?* and Mn?", see, for instance, Refs. [34,35].

For this reason, the Mg?"-doped B-Ca3(PO4),-type samples were
synthesized, and the PXRD patterns of Cag s ¢ 5xMg(P04)7_x(SO04)x (x =
0.1 and 1) are shown in Fig. 3. No impurities of CaSO4 or MgSO4 phases
were detected. The unit cell parameters (a, c¢), and volume (V) for single-
phase compounds are listed in Table 1. The larger values of the unit cell
parameters for Cag45Mg(P04)6.9(SO4)0.1 in comparison with CagMg
(PO4)6(SO4) can be explained by the difference in the chemical
composition of the incorporated Mg?* ion (See Selection 3.2).
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Fig. 3. PXRD patterns of Cag s_0.5,Mg(P04)7_x(SO4)x (x = 0.1 and 1) and Bragg
reflections for B-Caz(PO4), (PDF2 # 09-169).
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Table 1

The unit cell parameters, SHG signal and EDX data for Caj.45(PO4)6.9(SO4)0.1 and Cag s ¢ 5xMg(PO4)7_x(SO4)x
Compound a A ¢, A Vv, A3 SHG signal
B-Caz(PO4)2 10.4324(1) [36] 37.4029(1) [36] 3525.4(1) [36] 2.0
Ca10.45(P04)6.0(S04)o.1 10.4284(1) 37.3889(1) 3521.36(9) 1.3
Cag 4sMg8(P04)6.9(S04)0.1 10.3432(1) 37.1207(2) 3439.19(9) 0.7
CagMg(P0O4)6(S04) 10.3618(2) 37.2361(2) 3462.32(2) 0.3

3.2. Elemental composition and SEM observations

EDX analysis of Caj.45(P04)6.9(SO4)0.1 and Cag s o.5xMg(PO4)7_x(-
SO4)y (x = 0.1 and 1) were used to prove the chemical composition and
presence of sulfur in the samples. The measurements were performed for
8 points of each crystallite sample. Using EDX, the Ca:P:S and Ca:Mg:P:S
ratios have been obtained which were close to the expected bulk
composition. The refined chemical compositions are Cag 356Mgo.771(-
P04)6.013(504)0.987 (CaMgS1), Cag.50Mgo.86(PO4)6.9(SO4)0.1
(CaMgS0.1), and Cajg.445(PO4)6.89(SO4)0.11 (CaS0.1). The SEM images
of the studied samples are shown in Fig. 4. The samples with the small
amount of sulfate anion form agglomerates of crystals with unregular
form (Fig. 4a and b). The grain boundaries can be seen in CaMgS1
sample (Fig. 4c and d). In this sample the crystallites don’t agglomerate
into bulk particles. A similar morphology was observed in non-
centrosymmetric B-Cag(POg4)2-type compounds [37]. However, the par-
ticles stick together due to preservation of noncentrosymmetric
structure and slight polarization (SGH signal, Fig. 4d, Table 1). The
elemental mapping of the samples shows the uniform distribution of
sulfur in the samples (Fig. 4e).

3.3. Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy was used to confirm the
presence of SO4 group in the crystal structure. The FT-IR spectra of
synthesized compounds are shown in Fig. 5. The slight difference be-
tween sulfur and phosphorus atomic masses and also P — O and S - O

distances in tetrahedral coordination predetermine the difficulties with
P -0 and S - O vibrations separation [38-40]. However, the difference
in the charge of $°* in comparison with P>* causes a slight shift of in-
ternal SO4 vibrations to higher wavenumbers. The fundamental fre-
quencies of SO4 unit internal vibrations (v; — 983 cm’l, Vo —450 cm’l, V3
~1105cm ™, 14— 611 cm™) are slightly higher than the vibrations of PO,4
unit (v — 938 em™, vy — 420 em™, 13- 1017 em™, 14 — 567 em™) [41].

The absorption bands in the region 1250-500 cm™ are due to internal
vibrations of phosphate and sulfate tetrahedra. The theoretical group
analysis for similar compounds Cag_,Zn,La(PO4)7 with the same space
group R3c was performed in Ref. [37]. In Ca3(PO4)2 spectrum (Fig. 5a)
the absorption bands at 1220 — 1000 cm™ were assigned to antisym-
metrical stretching v3 vibrations and symmetrical stretching v; vibra-
tions, which reveal as two bands at 971 and 945 cm!. The bands of
antisymmetrical bending vibrations v4 are observed at 650 — 500 cm™! as
a typical doublet of bands at 606 and 553 cm™! with several shoulders.
The spectrum of Cajg.45(P04)6.9(SO4)0.1 (Fig. 5b) is almost identical to
the spectrum of pure phosphate (Fig. 5a). The changes that we can trace
in spectrum at Fig. 5c belonging to Cag 45sMg(PO4)6.9(SO4)0.1 compound
are caused by the distortion of anionic tetrahedral groups (PO4, SO4) due
to the isomorphic Ca —Mg substitution in M5 sites. The significant
change of spectral pattern due to substitutions in the anionic part of the
crystal structure can be observed at the spectrum of CagMg(PO4)s(SO4)
(Fig. 5d). The wide absorption band at 1091 cm‘l, which is typical for
antisymmetrical stretching vibrations of SO%’ tetrahedral ion [42-44]
appears in CagMg(P0O4)(SO4) in comparison to pure phosphate spec-
trum. In the region of bending vibrations, the occurrence of a new low

Fig. 4. The SEM images of Caj0.45(P04)6.9(S04)0.1 (), Cag 4sMg(PO4)6.9(SO4)01 (b) and CagMg(PO4)s(SO4) (c). The enlarged SEM image of a particle (d) and

elemental mapping (e) of CagMg(PO4)s(SO4).
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intensity band at 635 cm™ is also evidence of SO4 group presence. The
diffuse and illegible character of the corresponding spectrum indicate
statistically disordered isomorphic substitutions in anionic tetrahedra.
The absence of absorption bands in the region 4000 — 1300 cm™! indicate
the absence of O — H bonds in the crystal structure.

3.4. SHG study

An additional confirmation that the [SO4]2’ group was successfully
introduced into the p-Caz(PO4)s-type structure is the SHG study
(Table 1). SHG measurements can be useful for the determination of the
presence/absence of the symmetry center in the lattice cell. Previously,
it was shown [45] that p-Ca3(PO4)2-type compounds are characterized
by polar (space group R3c) [46] and non-polar [space groups R3c [47]
and R3m [48] (high-temperature phase)] structures. The presence of
even a weak SHG signal response (I5,/I2,(Si02)) is evidence of polar
structure.

The incorporation of [SO4]? in the unit cell with charge compen-
sation requires the formation of a vacancy in the M4 site (Fig. 1). A small
[PO4]% — [SO4]1% substitution in Caig.45(PO4)6.0(SO4)01 leads to an
approximately half-occupied M4 site (a;[M4] = 0.445) (Table S1 of the
Supporting Information). This value differs a little from pure phosphate
B-Cas(PO4)2 (ai[M4] = 0.5) [36], and this is the reason for a slight dif-
ference in the SHG signal of CaS0.1 (I,/I2,(SiO2) ~ 1.3 in comparison
with pure B-Caz(POg)2 (I24/I2,(SiO2) [B-Caz(PO4)2] ~ 2. In CagMg
(PO4)6(SO4) the occupation of the M4 site decreases (a;[M4] = 0.127,
Table S2 of the Supporting Information) (Fig. 1), and the SHG signal
drops (Table 1). However, its presence confirms structure refinement in
the polar space group (R3c) for all samples.

3.5. Crystal structure refinement

According to SHG measurements, structure refinement was

1133
1120
1091
1044
1020

Absorbance, a. u.

1200 1100 1000 900 800 700 600 500
Wavenumber, cm!

Fig. 5. FT-IR spectra of B-Cag(PO4)2 (a), Ca10'45(PO4)6‘9(SO4)0‘1 (b), Ca9'45Mg
(PO4)6.9(S04)0.1 (¢), CagMg(PO4)6(SO4) (d).
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performed in the R3c space group for CaS0.1, CaMgS0.1, and CaMgS1
samples. Thus, the crystal structures of solid solutions were refined
starting from the positional parameters of CajgMga(PO4)14 [49]. The
background was described by a Chebyshev polynomial function (31st
order). Pseudo-Voigt functions were used for fitting the reflection pro-
files. Among structural parameters, we refined the atomic coordinates
and the isotropic temperature factor, which were constrained to be the
same for all atoms. The free refinement of calcium positions showed
partial occupancy of Ca4 positions (~0.44, 0.48, and 0.22 for CaS0.1,
MgS0.1 and MgS1, respectively). Then, the Ca and Mg atoms were
disordered over M5 sites and their occupancies were refined with total
occupancy restrained to unity resulting in ~0.87, 0.73 of magnesium
occupancies for MgS0.1 and MgS1 samples, respectively. So, occupancy
refinement is in good agreement with the EDX data and the formulas
were fixed accordingly (Caio.5-0.5x5Mgy(PO4)7_x(SO4)x: x = 0.1, y =
0.86 (MgS0.1); x = 0.11, y = 0 (CaS0.1); x = 0.987, y = 0.771 (MgS1)).
We determined the occupation factor of the Ca4 site as y-x while the
occupation factors of the magnesium and calcium atoms in the M5 were
taken as y and 1-y, respectively. The sulfur and phosphorus atoms were
disordered over T2 sites and their occupancies were taken as x/3 and
1-x/3, respectively. Main crystallographic data and experimental details
of Ca10.5-0.5xyMgy(PO4)7_x(SO4)x, x = 0.1,y = 0.86; x = 0.11, y = 0; x =
0.987, y = 0.771 are listed in Table 2. Tables S1-S3 of the Supporting
Information contain atomic coordinates, displacement parameters and
site-occupancy factors, and Tables S4 and S5 include selected bond
distances and angles, respectively. CCDC 2142920, 2142921, 2142922
contain the supplementary crystallographic data for this paper. The final
results of the refinement are presented in Fig. S1 of the Supporting
Information.

3.6. Photoluminescence properties

The photoluminescence properties were studied for CagMe
(PO4)6(S04):5%Eu’" and Cag sMe(P0O4)7:5%Eu®" as a reference, where
Me = Mg?*t, Zn?". The PLE spectra of studied samples are presented in
Fig. 6. The spectra consist of a set of narrow lines in the range 290-470
nm originating from intracenter 4f-4f transitions within Eu>* ions and a
broad band observed in the region of 200-290 nm, which arise due to
charge transfer transitions from 2pO to 4fEu states. The PLE profile is
same for the samples containing Mg2+ [46] and Zn®" [45,50] cations,
however, the introduction of [SO4]2’ groups results in the slight shift of
the CTB maximum from 244 to 247 nm (Fig. 6, dotted line) and
broadening of the CTB. The energy of charge transfer transitions de-
pends on the Eu-O bond length, which varies with the introduction of
[SO41% groups into the sample’s composition.

The PL spectra are presented in Fig. 7. The spectra consist of a group
of intense lines in the region 580 — 720 nm, which arise due to 5Dy - 7F;
(J = 0-4) transitions and a group of less intensive lines in the region
520-570 nm, which arise due to transitions from upper excited term °D;
to 7Fy 5 terms of Eu®* (Fig. 7, inset (a)).

The integrated intensities of Eu>* emission are presented in Fig. 7,
inset (b). As it follows from the figure, the introduction of [SO41% groups
resulted in the 65% reduction of Eu®>" emission intensity for both series
of samples with Mg?* and Zn?* ions. The most intensive emission was
observed for the Cag sZn(P04)7:5%Eu>* sample. The positive influence
of structure modification on luminescent properties by Zn?" instead of
other ions was previously established in other p-Ca3(PO4)2-based phos-
phors [37,51]. The main reason for such an improvement is based on
increased polyhedra distortion [47] and the influence of first and second
coordination spheres of Eu®' environment [52].

To estimate the contribution of the SOF~ anion to the luminescent
properties the polyhedra distortion index (DI) was calculated for the
synthesized samples along with the undoped compounds using the
following equitation [46]:
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Table 2
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Main Crystallographic Data and experimental details for Cajo.5-0.5x,Mg,(PO4)7_x(SO4)x, x = 0.1, y = 0.86; x = 0.11, y = 0; x = 0.987, y = 0.771.

Phase Cag.50Mgo.86(PO4)6.9(S04)0.1 Ca10.445(P04)6.89(SO04)0.11 Cag 356Mg0.771(P04)6.013(S04)0.987
Abbreviation CaMgS0.1 CaS0.1 CaMgS1
M, 1070.17 1083.52 1059.3
Temperature, °C 300
Crystal system, Space Group Trigonal, R3c
a,c (A) 10.3432(1), 37.1207(2) 10.4284(1), 37.3889(1) 10.3618(2), 37.2361(2)
V(A% 3439.19(9) 3521.36(9) 3462.32(2)
Z 6
D, (Mg m~3) 3.1002 3.0657 3.0484
Radiation type Cu K«
Diffractometer Rigaku SmartLab SE
6-Range 3-110, step size (°) 0.02
Rup 0.055 0.048 0.059
R, 0.058 0.031 0.060
Rpragg 0.045 0.033 0.048
S 1.39 2.04 2.51
No. of parameters 83 80 82
« B0, 3+
Ca, ,Mg(PO,), : 5%Eu 101 From®D (b)
. T rom - 7
Ca,Mg(PO,).(SO,) : 5%Eu* 0 F, 10 1
Ca, Zn(PO,),: 5%Eu**
5 : 0.6 3
Ca,Zn(PO,).(SO,) : 5%Eu* ]
. =1 0.2 2 4
= 5L, ©
- >
>'; =
= & Ca, Mg(PO,), : 5%Eu*
2 | i} Ca,Mg(PO,)(SO,) : 5%Eu®
g E . ==
7
0- T T T T T T
520 560 600 640 680 720
Wavelength, nm

200 250 300 350 400 450 500
Wavelength, nm

Fig. 6. PLE spectra of CagMe(PO4)6(S04):5%Eu>* and Cag sMe(PO4)7:5%Eu>*"
(Me = Mg?*, Zn?") at Aem = 615 nm, T = 300 K.

1 - ‘li_lavl

ni Ay

DI =

where n is the coordination number of the central cation, [; is the dis-
tance from the central cation to the O atom, and I, is the average bond
length for the selected polyhedra. DI was calculated for each of M1-M3
polyhedra, which can be occupied by Eu®'. The data are given in
Table S6 and Fig. 8. The distortion of polyhedra is the highest and the
symmetry of the averaged crystal field of the ligands is the lowest for
Cag 5Zn(PO4)7 (ICDD No 04-020-2028) (Fig. 8). These data explain the
higher intensity of luminescence for Zn%**t containing Cag 5Zn(P04)7:5%
Eu®* and Caan(PO4)6(SO4):5%Eu3+ samples. As the result, the samples
with [PO4]% = [SO4]% substitution (CagZn(PO4)e(S04):5%Eut and
CagMg(PO4)6(SO4):5%Eu3+) show a lower intensity of luminescence
than unsubstituted phosphates (Cag.5Zn(P04)7:5%Eut and Cag sMg
(P04)7:5%Eu3+). However, the SHG signals for studied compounds are
almost the same (Table 3).

The small PO3~ — SO3~ substitution in CaS0.1 has little effect on DI
in comparison with p-Ca3(PO4)s. Perhaps, the reason for a positive effect
of SO3~ substitution in Cag,,xLix(POA;)2,,¢(SO4)X:Z%Dy3+ [28] was related
to Li" ions in the p-Caz(POg)o-type structure. Such regularities with the
introduction of lithium into whitlockite-type hosts were previously

Fig. 7. PL spectra of Cag s o 5:Mg(P04)7_(S04),:5%Eu>" (x = 0 and 1) at Aeye
= 396 nm, T = 300 K. The inset (a) shows the enlarged transitions from 5D,
state. The inset (b) shows the relative emission intensity of Cag sZn(PO4)7:5%
Eu®" (1), CagZn(PO4)e(S04):5%Eu" (2), CagsMg(PO4),:5%Eu’" (3), CagMg
(PO4)6(SO4):5%Eu34r (4); PL spectra was integrated in the spectral region
520-710 nm.

0181 __ w1
015] o= ps
0.12-
0.091
0.061
0.031

1 2 3 4 5 6

Fig. 8. Calculated polyhedra disortion index DI for M1-M3 polyhedra in
Cag 356Mg0.771(PO4)6.013(504)0.987 (1), Caz71Mgo.20(PO4)2 (2), CagsoMgo.s6(-
PO4)6.9(SO04)0.1 3), Cag 5Zn(P0O4)7 @, B-Caz(POq4)2 (5),
Ca10.445(PO4)6.89(SO4)0.11 (6)-
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Table 3
SHG signals and lifetimes for CagMe(PO4)s(SO4):5%Eu®" and CagsMe
(PO,)7:5%Eut (Me = Mg**, Zn2").

SHG signal T, HS
Cag sMg(PO,),:5%Eu’" 2.1 1.834
CagMg(P04)6(S04):5%Eu>" 0.3 1.876
Cag 5Zn(P04)7:5%Eu>" 2.0 1.843
CagZn(P04)6(S04):5%Eu>" 0.3 1.877

ot
(]
T

Ca,Mg(PO,)(SO,) : 5%Eu*

o
o

Intensity, a. u.
o
i

1.0+ Ca, Mg(PO,),: 5%Eu®

Intensity, a. u.

0.2+

0 1 1 J
2.135 2.140 2.145 2.150

Photon energy, eV

Fig. 9. PL spectra in the region of D, — ’F, transitions of CagMg
(PO4)6(S04):5%Eu" and CagsMg(P0O,)7:5%Eu>t and their decomposition on
Gaussian curves.

observed in Refs. [53,54].

The details of emission spectra in the region of Dy — "Fj transitions
are presented in Fig. 9 for samples with Mg cation. The corresponding
transition is forbidden and can be observed when Eu®* occupies the non-
centrosymmetric site in the crystal lattice. Two pronounced peaks were
observed for Ca9_5Mg(PO4)7:5%Eu3+. However, three Gaussian curves
are needed for the reliable fit of the emission spectra, thus indicating
that Eu* ions occupy three non-equivalent sites in the crystal lattice.
The introduction of [SO4] groups results in a slight shift of the peaks to
the high energy region. The position of °Dy — “Fg bands depends on the
Eu-O bond length due to the nephelauxetic effect [55,56] and shifts
toward higher energies when the distance between Eu and O increases.
Moreover, the profile of the 5Dy — 7Fy peak broadens and the Gaussian
curves broadens as well. The broadening is associated with the partial
structural disorder and redistribution of the mean distances’ values
(Table S6) in M1-M3 polyhedral, which arise due to the substitution of
POy tetrahedra by SO4 ones.

The measured lifetimes are listed in Table 3. With a general decrease
in luminescence efficiency in sulfur-containing samples, lifetimes tend
to increase. The higher local distortion of the Eu>* environment in the
phosphates results in shorter luminescence lifetimes in comparison with

Ceramics International xxx (XXxX) XXX

sulfur-substituted samples according to higher probability of the radia-
tive transitions.

4. Conclusions

In this paper we propose a new route to design inorganic phosphors
with B-Cag(PO4)o-type structure via the “ellestadite”-type heterovalent
[PO4]3’ - [SO4]2’ anionic substitution. This new route significantly
expands the crystal chemistry of materials with -Cag(POg4)2-type
structures and gives more insights into the deeper understanding of the
dependence of luminescent properties on the cation distribution. It was
found that [PO4]3' - [SO4]2' substitution requires the reducing of
cation size in the cationic sublattice or can be realized in a small range in
the initial B-Cag(PO4)2 phosphate. The reducing of the cationic sub-
lattice was performed through the incorporation of Mg?* and Zn?" ions.
The polar structure was confirmed for all synthesized samples by the
presence of SHG response. According to the PXRD study, the preferred
site in the anionic sublattice is T2, and this assumption was based on the
interatomic distances analysis. The photoluminescent properties study
of the [SO4] 2~ substituted phosphates shows that the Zn%* containing
samples exhibit a 1.5 times higher intensity in comparison with the
Mg2* containing samples. Such dependence was also observed in other
substituted phosphates and explained to be due to the higher rate of
polyhedra distortion in the Zn?' containing samples. The absence of
positive effect of the heterovalent [PO4]3’ - [SO4]2’ substitution in
B-Cas(PO4)2-host matrix doped by Eu®t on the luminescent properties,
in comparison with Cag_xLix(PO4)2_,C(SO4)X:2%Dy3+ [28] can be prob-
ably explained by (i) the presence of Li* ions in the p-Ca3(PQOg4),-type
structure and (ii) the difference between crystal chemical features of
Dy>* and Eu®" ions. The obtained results allow to enrich the crystal
chemistry of substituted and co-substituted phosphates.
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