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Abstract—This article presents the results of a study of new solid solutions formed in the system of diphos-
phates of alkaline elements and zinc: K,Zn;(P,07),—Cs,Zn;(P,05),. The obtained materials are promising
as matrices for creating phosphors. The formation of phases containing two alkali cations is established on
samples obtained by solid-phase synthesis by X-ray phase analysis, and the results of studying their thermal

stability are presented.
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INTRODUCTION

Complex diphosphates of alkali metals are of prac-
tical interest as ionic conductors [1—3], ferroelectric
and piezoelectric materials [4, 5], and the base for
obtaining glasses, including luminescent ones [4, 6—
14]. For crystalline materials, one of the most interest-
ing areas of application is the creation of phosphors
based on them, which are applicable, among other
things, for manufacturing light-emitting diodes, and
optical materials that are transparent in the UV range
[15—22]. The most interesting diphosphates are com-
pounds exhibiting nonlinear optical properties; and exam-
ples of such phases are RboNaMgP,0O, [23], Rb,Ba;(P,05),
[24], 0-Rb,Mgy(P,0;), [25], Rb,Zny(P,0;), [26],
K,Mg,(P,0,); and Rb,Mg,(P,0,) [27].

Diphosphates are often characterized by a fairly
flexible structure due to the change in the orientation
of the P,O, dimers, which leads to the frequent mani-
festation of polymorphism and wide isomorphic sub-
stitutions in the crystal lattice [28, 29]. In the stoichi-
ometry of M,ZnP,0,, where M are alkali metals, the
existence of solid solutions and compounds contain-
ing up to three different monovalent cations was con-
firmed [1, 29—31].

In the stoichiometry of M,Zn;(P,05),, the follow-
ing groups crystallizing in noncentrosymmetric space
groups are known: K,Zn;(P,0,),, sp. group P2,2,2,
[32]; and Rb,Zn;(P,0,),, sp. group P2, [6]; and
Cs,Zn;(P,0,), [26], which has the centrosymmetric
sp. group P2,/c. Solid solutions crystallizing in the

stoichiometry of M,Zn;(P,0,), and containing two
alkali metals were not previously considered; there-
fore, studying the phase formation in the
K,Zn,(P,0,),—Cs,Zn;(P,0,), system is an urgent
task, and it will give a new insight into the develop-
ment of diphosphates based on directed isomorphic
substitutions.

EXPERIMENTAL

Polycrystalline samples were synthesized in the
studied system by the method of solid-phase reactions.
For this, the initial KPO;, Cs,CO;, ZnO (chemically
pure grade), and NH,H,PO, (special-purity grade)
reagents were taken in ratios corresponding to the stoi-
chiometry of the extreme members of the system under
consideration: K,Zn;(P,0,), and Cs,Zn;(P,0,), were
crushed and homogenized in a planetary mill (Pulver-
izette 6) for 0.5 h at a speed of 350 rpm. The powders
thus obtained were pressed into tablets 10 mm in
diameter with a force of 4 tons. Potassium and cesium
zinc phosphate were fired in porcelain crucibles in two
stages. The first one was at 550°C and the second one
was for K,Zn;(P,05), at 730°C and for Cs,Zn;(P,0,),
at 650°C. The holding time at each stage was 18 h;
between the stages, the samples were subjected to
intermediate grinding and repeated pressing.

The compositions thus obtained were crushed and
used as the starting materials for the synthesis of samples
corresponding to the stoichiometry of K, _ ,Cs,Zn;(P,0;),
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Table 1. Unit cell parameters of synthesized solid solutions in comparison with known compounds of the same stoichiometry

Chemical formula x | Sp. gr. a, A b, A c, A B, deg v, A3
K,Zn;(P,05),* 0.0 | P2,2,2; 12.901(8) 10.102(6) 9.958(1) 90 1297.955(9)
K, _Cs,Zns(P,07), | 0.4 | P2, 7.1164(10) 7.1459(9) 13.0773(15) 91.37(1) 664.82(11)
Phase I 0.5 7.1292(8) 7.1622(11) | 13.0793(15) 91.34(1) 667.66(11)

0.6 7.1335(9) 7.1675(11) | 13.0831(17) 91.55(1) 668.68(11)
K, _,Cs,Zn;(P,0,), | 1.4 |P2,/c |13.3297(26) 7.3605(10) | 14.4952(17) 90.89(1) 1422.01(28)
Phase I1 1.6 13.3869(20) 7.3608(09) | 14.5151(17) 90.96(1) 1430.09(24)

1.8 13.4040(22) 7.3756(10) | 14.5495(18) 91.04(1) 1438.16(26)
Cs,Zn;(P,0,),* 2.0 13.453(5) 7.407(3) 14.603(5) 91.203(5) 1454.9(9)
Rb,Zn;(P,0,),* — | P2 7.1950(3) 7.2206(3) 13.2128(5) 92.1120(1) 685.97(5)

* Published data [26, 32].

at x = 0.2—1.8 with a step of 0.2. Powders of complex
oxides taken in molar ratios were mixed by hand in an
agate mortar for 15 min, after which they were pressed,
similarly to the initial compositions, and fired at
650°C with exposure ranging from 5 to 18 h.

The phase composition of the samples at different
stages of firing was determined using X-ray phase
analysis (XPA). The surveys were carried out on a
DRON-3M diffractometer (radiation of Cuk,) at
room temperature in the range of Bragg angles of 20 of
10°—=70° in steps of 0.02 deg.

The thermal behavior of the synthesized samples
was studied on an STA 429 thermal analyzer (Netzsch)
in the temperature range 25—1000°C. The sample
weight was 30—100 mg. The survey was carried out
using platinum crucibles in the heating mode at a rate
of 10 deg/min. The onset of the thermal effect was
determined by the intersection of the tangents to the
baseline of the differential scanning calorimetry
(DSC) curves and to the initial branch of the thermal
effect curve.

The IR spectra of the obtained compositions were
measured on an Infraspec FSM 2202 instrument in
the wavenumber range from 4000 to 400 cm~! at room
temperature. KBr served as the standard of compari-
son; its mixture with the studied composition was
placed in a mold from which air was pumped out for
10 min, and then pressed into tablets with a diameter
of 12 mm.

RESULTS AND DISCUSSION

The results of the X-ray phase analysis of the syn-
thesized samples are shown in Fig. 1.

As can be seen from the diffraction patterns, the
sample at x = 0.0 corresponds to single-phase
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K,Zn;(P,0;,),, and the samples with a cesium content
of x =0.4—0.6 represent a limited solid solution (here-
inafter, phase I), which can be identified in the space
group P2,. This structure was previously found in the
Rb,Zn;(P,0,), compound [26]. It is characterized by
the presence of endless tunnels in the zinc-phosphate
framework filled with alkali metal atoms. The central
part of the diffraction pattern of one of the composi-
tions of phase I in comparison with the theoretical dif-
fraction pattern of isostructural rubidium-zinc
diphosphate is shown in Fig. 2. The potassium and
cesium in the resulting solid solution, probably simi-
larly to the rubidium analog, are coordinated by nine
oxygen atoms. It is interesting to note that KOg poly-
hedra are realized in K,Zn;(P,0;),; and CsOn (n =9, 12),
in Cs,Zn;(P,05),. The average crystal radius accord-
ing to Shannon for alkali cations in the realized coor-
dination for the obtained solid solution is Ry =
1.60...1.64 A, which is close to the size of rubidium
ions (Rx = 1.69 A). A more detailed description of the
crystal structures with visualization of these polyhedra
and the crystal structure of the framework for the con-
sidered phases is given in [26, 32].

The sample at x = 0.2 is two-phase, and it contains
potassium zinc phosphate and phase I. At x > 1.4 a
solid solution K, _,Cs,Zn;(P,0;), is formed based on
the Cs,Zn;(P,0,), compound, which possesses the
space group P2,/c (further, phase II). Two-phase
compositions, containing a mixture of phases I and II,
are compositions that lie in the concentration range
fromx =0.8 to 1.2.

The unit cell parameters of phases I and II obtained
in this study, calculated using the least squares
method, as well as individual compounds indicated
according to the published data, are given in Table 1.
An increase in the cesium content is accompanied by
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Fig. 1. X-ray diffraction patterns of samples of K, _ ,Cs,Zn3(P,05), composition, at different cesium content (x indicated in the
figure). Symbols for reflexes: (1) K,Zn;(P,07),; (2) phase I; (3) phase 1.

an increase in the size of the crystal cell; however, for
the extreme composition of the phase I solid solution
at x = 0.6, it remains smaller than that of the rubidium
analog (see Table 1).

Based on the data obtained, it can be concluded
that the volume occupied by the formula unit (Fig. 3)
increases with the increase in the cesium content,
which is true for all three structures implemented in
the section. This result is in close agreement with the
increase in the average ionic radius of the alkali metal.

The “fingerprint” region of the IR spectra of a
number of obtained samples, including the crystalliza-

GLASS PHYSICS AND CHEMISTRY Vol.49 No.6

tion region of phase I, is shown in Fig. 4. The absorp-
tion peaks with the maxima lying at 1210—1110 cm™!
are asymmetric; and those with maxima at 975—
950 cm™! are symmetric P—O stretching vibrations in
PO, tetrahedra. The absorption band around 735—
765 cm~! can be attributed to the stretching vibrations
of the P—O—P bridges. In addition, the absorption
peaks in the range from 645 to 527 cm~' can be
attributed to the asymmetric O—P—O bending vibra-
tions and symmetric O—P—O bending vibrations in PO,,
respectively [26, 27]. The presence of all the reflections
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Fig. 2. Experimental diffraction pattern of a sample of composition K, _ ,Cs,Zn3(P,07), at x = 0.5 in comparison with the the-
oretical diffraction pattern of Rb,Zn3(P,05), constructed from structural data [26].
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Fig. 3. Dependence of the crystallographic volume occupied by the formula unit on the content of cesium (the line shows the

approximation).

mentioned above confirms the construction of the struc-
ture of the considered phases from the P,O, dimers.

Complex thermal analysis was used to study the
behavior of the obtained ceramic materials upon heat-
ing. Based on this study and information about the
concentration boundaries of the existence of the
detected solid solutions, a preliminary diagram of
phase equilibria was built, shown in Fig. 5. The solidus
and liquidus lines are shown as dotted lines due to the
insufficient number of samples under consideration
and will be refined in the future.

GLASS PHYSICS AND CHEMISTRY  Vol. 49

The results of DSC and thermogravimetry (TG)
for samples corresponding to the region of crystalliza-
tion of the noncentrosymmetric phase I are shown in
Fig. 6. The melting temperature, determined by plot-
ting the tangents to the DSC curve of both presented
compositions, is 750—752°C. Based on the nature of
the DSC curves, it can be concluded that the melting
behavior of the putative K;CsZn4(P,0,), compound is
congruent with very similar solidus and liquidus tem-
peratures in the region of the formation of a solid solu-
tion (phase I). This type of melting allows us to hope
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Fig. 4. IR spectra of synthesized samples at 0.0 <x <0.8.
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Fig. 6. Results of complex thermal analysis of samples of K, _ ,Cs,Zn3(P,07), composition at x = 0.4, solid line; and x = 0.6,

dotted line (phase I).
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for the possibility of growing single crystals of this
compound by crystallization from a melt.

CONCLUSIONS

A new zinc phosphate crystallizing in the space
group P2, was found in the concentration range of
0.4 <x <0.6 of the K, _ Cs,Zn;(P,0-), compositions
(phase I). By analogy with isostructural zinc phos-
phates, this phase can be expected to have nonlinear
optical properties together with high transparency in
the ultraviolet range. The formation of a solid solution
at 1.4 <x < 2.0 based on the Cs,Zn;(P,0,), compound
(phase II) is confirmed.
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