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Complex phosphates containing two different ions have been identified in the fluxes of
M,0-P,0;-Mn,0; systems (where M — Na, K) for the first time. Optimum conditions for
the growing of single crystals of NaMng(P;0,,)(P,0,), and KMng(P;0,,)(P,0;), compounds
have been selected. Complete X-ray diffraction analysis has been performed to study single
crystals of synthesized phosphates MMng(P;0,0)(P,0), (where M — Na, K). The structure
of compounds is defined by the monochnlc crystal system (space group P21/m) with lattice
parameters: a = 5.350 (5.358) A b =26.643 (26.697) A ¢ =6.566 (6.575) A B =107.250
(107.22%; Z =2, p = 3.575(3.568) g/cm3, respectively. The synthesized compounds have
been studied using the following techniques: DTA, IR- and EPR-spectroscopy, magneto-
chemistry; the dependence of dielectric constant on the temperature has been measured for
the obtained phosphates. Slight antiferromagnetic interaction has been detected in octahe-
dron chains [MnOg]. Based on the findings from conducted research, a set of physicochemi-
cal properties has been proposed for the synthesized compounds, which can be utilized in
the development of these functional materials.
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Brepssie B pacmirasax cucteM M,0-P,0,—Mn,0O5 (rae M — Na, K) BrigeneHBI clI0KHBIE
docdarsl, cogep:aniue 1Ba PasHbIX UOHA. 110700paHbl OLNTHUMAJIbHBIE YCIOBUA IS BbIPAIU-
BaHUA MOHOKpHcTamLnoB coequaenuit NaMng(P;0,4)(P,07), 1 KMng(P30,,)(P,05),. IIposexme-
HO PEHTreHOCTPYKTYPHOE UCCJICI0BaHNEe MOHOKPUCTAJIOB CUHTE3UPOBAHHEIX (pocdaTos

IMnG(P 0,0(P,0;), (rze M — Na, K). Crpyrrypa coeguHeHMII OTHOCHTCA K MOHOKJII/IHHOI/I
cuarornn (op. rp. P2;/m), napamerTphbl PENIeTKH PABHbL a4 = 5.350 (5.358) A b =26.643
(26.697) A, ¢ = 6.566 (6.575) A, p = 107.250 (107.22%; Z = 2, p = 8.575(3.568) r/cm3 co-

oTBeTcBeHHO. CHMHTE3MPOBAHHEIE COeAVMHEHUA uccaenoBaHbl Merogzamu I[ITA, DIIP-cmexTpo-
CKOTINU, MArHETOXUMMNHN, M3MEPEHBl 3aBUCUMOCTU IUIJIEKTPUYECKOH TOCTOAHHOI OT TeMIle-
paTyphl. YCTAaHOBJEHO Hajuume caaboro aHTU(epPOMATHUTHOTO B3aUMO/ECTBUSA B IIETOY-
kax oxrasnpoB [MnOg]l. B pesynsTaTe NpPOBEJEHHBIX MCCIEJOBAHUI IPENIOMKEeH P
(DUBUKO-XMMUUYECKUX XAPAKTEePHUCTUK CHUHTE3UPOBAHHBIX COEIUHEHUI, KOTOPble MOKHO TC-
MOJIb30BATEH B PaspaboTKe TaHHBIX (QYHKIMOHAJLHBEIX MATEPUATOB.

IMonsiiini docharu NaMng(P;0,,)(P,0;), Ta KMng(P;0,0)(P,0;), — mnepcmexTunHi
dbyuxunionaxsHi martepiaau. [1.I"Hazopruit, M.C.Crobodanux, T.I.Ywanisecvra, P.B.Jlaspui.

Brnepme y posmiaBax cucrem M,O-P,05—Mn,O; (me M — Na, K) supainmeno crnapgmi

docdaru, Akl micTares gBa pisui iomm. Iligmibpano onrTuMmaabpHiI yMOBU [Js BUPOIIYBAaHHS
moHokpucranis cnoxyk NaMng(P;0,0)(P,07), Ta KMng(P30,0)(P,07),. IIpoBeseno penrreno-
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CTPYKTYPHE JOCTi:KeHHA MOHOKPHCTAJIiB cuHTezoBaHmX (ocharis MMng(P;0,,)(P,0), (ze
M — Na, K). Crpykrypa CHOJIYK HAJEKHUTL 10 MOH(?)RJIiHHO'l' cunrouii (mp. Ip. P2,/m),
mapaMeTpu PENITKU gopiBHIOITH: a = 5.350 (5.358) A, b =26.643 (26.697) A, ¢ = 6.566
(6.575) A, B =107.25° (107.22%); Z = 2, p = 8.575(8.568) r/cm® BignosigHo. CunTesosami cro-
ayku pocaipsxeno merogamu: PCA, JITA, I4- ta EIIP-cuekTpockomnii, maraeroximii, nas orpu-
MaHuxXx (ocdariB BUMIPAHO 3aJIEKHOCTI mieleKTpuduHOl cTasol Big Temmeparypu. BcTaHoOBIEHO
HaaABHiCTH crabroi anTEdepomarHiTHOI Bsaemoil y maHmioxKax oxraeapis [MnOgl]. ¥V pesyns-
TaTi IPOBEIEHUX IOCIIAKEeHb 3AIPONOHOBAHO PAX (PIBUKO-XIMIiUHMX XapaKTepUCTUK CHHTE30Ba-
HUX CHOJYK, AKi MOXKHA BUKOPHCTOBYBATU y PO3pOOIli JaHmX (PYHKI[IOHAJIBHUX MaTepiajis.

1. Introduction

Constant development of science and
technology necessitates further studies of
new compounds and generation of new ma-
terials [1-8]. Recently, scientists have made
significant progress in the field of inorganic
chemistry of molten salts, in particular, the
synthesis of simple and double phosphates
of alkali and polyvalent metals [4]. These
compounds exhibit a wide range of mag-
netic, nonlinear optical, catalytic and elec-
trophysical properties, and are used as sin-
gle crystals and ceramies [5, 6].

Phosphate melts of alkali metals are
widely used as media for the synthesis and
growing of single crystals of various phos-
phates and at the same time they are uni-
versal solvents of multivalent metal oxides
[7]. Directed synthesis of phosphate com-
pounds with various properties dictates in-
depth study of their ecrystalline structure
and evaluation of physicochemical proper-
ties [5, 8, 9] to be used in the development
of new technologies. Investigation of com-
pounds’ properties, synthesis and develop-
ment of materials on their base are of spe-
cific interest [10, 11].

The objective of this research is to deter-
mine the optimum conditions for the syn-
thesis of double phosphates
MMnG(P3O10)(P207)2 (Where M — Na, K) in
the fluxes of M,0-P,05—Mn,05 systems
(where M — Na, K) and to investigate their
physical and chemical properties.

2. Experimental

The solubility and interactions of manga-
nese oxide (III) in the Na,O-P,0g—Mn,0,
and K,0-P,0g~Mn,0; systems have been
studied at temperatures of 800—980°C. Mo-
lecular ratios of M,0:P,0g5 have been
changed over the range of 0.5 to 2.0; the
content of Mn,O5 in original fluxes of the
studied system have been changed over the
range of 15.0-30.0 wt.% . The mixtures of
the My,O—P,05—Mn,O5 system have been pre-
pared using anhydrous reagents MPOs;,
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through mixing of their calculated amounts
with subsequent dehydration and melting at
800°C. Mn,O5 has been introduced into the
fluxes at various M,0:P,0g ratios with sub-
sequent melting at elevated temperature in
platinum crucibles for 3—4 h with intermit-
tent mixing to the point of constant consis-
tency. Homogenous fluxes have been kept at
respective temperatures for 10 h until the
establishment of equilibrium between liquid
and crystalline phases. Equilibrium liquid
phases have been separated from crystalline
ones by decantation and the rest of flux has
been washed out with hydrochloric acid so-
lution. The content of manganese oxide (III)
has been determined in the decanted equilib-
rium liquid phases.

Optimum conditions for the growing of
single crystals of NaMng(P3044)(P207), com-
pound in the flux of Na,O-P,05-Mn,03 sys-
tem have been observed at the 0.76-
0.91 molar ratios of Na,O:P,0;5. Initial pre-
pared phosphate melts have been saturated
with Mn,O5 oxide (15.0 wt.%) at 900°C and
homogenized for 3 hours. With the gradual
lowering of temperature from 920°C to
700°C, single crystals of complex phosphate
have been crystallized out of the fluxes
within 24  h. Single crystals of
KMng(P3040)(P207), have been obtained
using similar methods at 0.56-0.66 molar
ratios of K,0:P,05, saturated with Mn,O,
(30.0 wt.%) over the range of temperatures
from 980°C to 700°C. Solid phases have been
identified using quantitative chemical and
physicochemical analytical methods: XRD,
DTA, IR- and EPR-spectroscopy, magneto-
chemistry; dependence of dielectric constant
(¢) on the temperature has been assessed.

3. Results and discussion

White crystals of rhombic habit
0.2x0.3x0.1 mm3 underwent X-ray diffrac-
tion analysis at "Siemens P3/PC"” diffrac-
tometer excited with Mo irradiation passing
through graphite monochromator. The find-
ings of X-ray diffraction study demonstrated
that crystalline structure of synthesized phos-
phates of MMne(P3O10)(P207)2-type is based
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Fig. 1. "Wavy" chains formed of [MnOg] in structure MMng(P;0,,)(P,0;), (M — Na, K).

on the space framework composed of octahe-
dron chains [MnOg] joined by edges and tet-
rahedrons [PO,] combined into [P,0;] and
[P3040] groups. The cavities of the frame-
work contain potassium atoms.

The unit cell of manganese polyhedral
chain consists of three distorted octahedra
with the length of Mn—O bonds falling within
2.090-2.442 A. Two "wavy" chains with re-
currence interval equal to 12 octahedra
[MnOg] pass through the unit cell of lattice.

"Wavy" chains formed of [MnOg] octahe-
dra have been discovered in the structure of
(Fig. 1). The presence of such composite
structural fragments may affect the physi-
cochemical properties of obtained phos-
phates.

Interpretation and clarification of the
structure have been performed using
"SHELX-97" set of programs [13].
KMngP;0,, crystals belong to the mono-
clinic crystal system, (space group P2;/m).
The space unit parameters have been fur-
ther defined using LS method according to
24 reflections within the angular range of
24.0° <0 <40.0°. Integral intensities have
been measured with 20:0 method within the
angular range of 3.05° <0 <50.07° at the
scanning rate of 2—29 degrees per min. As a
result of experiment, 5515 reflections have
been obtained (within 7<h<0; —37<k<37; —
8<i<9), of which 2587 independent ones
with I>28 (I) have been used in the calcula-
tions. Adjustment for Lorentz factor has
been applied to the data set, along with
empirical absorption correction.

Calculation of the structure of
KMngP;0O,, has been performed with anisot-
ropic approximation of thermal parameters
for all the atoms. The terminal value of
divergence factor is R, = 0.0494. There are
three crystallographically different manga-
nese atoms in the structure of KMngP;0,,
forming distorted octahedra [MnOg]. The
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relative value of manganese polyhedra de-
formation has been calculated using the fol-
lowing formula:

V= 1 RO_RC )
6 R,

where Ry — length of Mn—O bond in octahe-
dron; R, — average length of Mn-O bond in
polyhedron MnOg. The relative values of de-
formation for polyhedra Mn(1), Mn(2) and
Mn(3) are 2.57-107%; 1.03-107%; 4.33.10°4%,
respectively, and demonstrate the differ-
ences between manganese octahedra.
Discrete anions P3O105‘ of KMngP;0,,
structure contain two structurally different
atoms of phosphorus — P(3) atom lies
within the symmetry plane and P(4) atom —
beyond it. Tetrahedron P(3)O, is less dis-
torted and characterizes by a slight deviation
in the length of P(3)-O(8) and P(3)-O(10)
bonds. Tetrahedron P(4)O, demonstrates
relatively larger distortion since it is char-
acterized by significant variance in the
lengths of P(4)-0O(10) and P(4)-O(11) bonds,
that are about 10 % of the mean P-O bond
length. Tetrahedra [PO,] combine via bond-
ing atoms O(10) and O’(10) to form the sym-
metric anion P3O105‘ characterized by the
angle P(3)-O(10)-P(4) of 137.70°. Two phos-
phate tetrahedra P(1)0O, and P(2)O, combine
via oxygen atom O(4) to form the [P,0/]
group characterized by slightly longer, nearly
similar lengths of P-O bonds to the bonding
atom, and insignificant differences in the
lengths of bonds to the opposite oxygen atoms
P(1-0O(1) and P2)~7) — 1.490 and 1.525(6) A,
respectively. The anionic group [P,O;] consists
of nearly regular tetrahedra [PO,] and is charac-
terized by the P(1)-O(4)}-P(2) angle of 150.52°,
The nearest-neighbor environment of Na
and K atoms in the MMns(P3010)(P207)2
structure consists of six end atoms of oxy-
gen of two groups [P30:5] with symmetric
placement relative to the symmetry plane.
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Table. IR-spectroscopy of phosphates (em™)

Igning Formula
frequencies | \annP.0,, | KMngP,O.,
T (PO,) 420 sh. 420 w.
fluct. lattice 435 sh. 430 sh.

490 w. 490 sh.
3, 520 sh. 520 sh.
P-O 5405 w. 535 w.
s 555 sh. 555 sh.
+ v MO 570 w. 570 w.
605 w. 605 w.
v, P-O-P 700 str. 700 str.
715 w. 715 w.
v, PO, 950 str. 950 str.
V,s PO, 985 str. 985 str.
995 w. 995 w.
v, PO, 1060 w. 1060 w.
1100 w. 1100 w.
1110 sh. 1110 sh.

However, there are another four oxygen atoms
located at longer distances (about 3.2 A),
which can also be counted as coordination
polyhedron of alkali-metal atoms. Thus, the
coordination number of alkali metal in the
MMns(P3010)(P207)2 structure is 10.

Isostructurality of complex double phos-
phates NaMne(P3010)(P207)Z and
KMng(P3040)(P2,07), is also supported by the
findings of IR-spectroscopy (Table). Infrared
spectra of have been studied using spectro-
photometers UR-20 and UR-10 (Carl Zeiss) in
the KBr tablets.

In order to confirm the presence of Mn2*
in the double phosphates with various phos-
phate anions we have studied the EPR spec-
tra using polycrystalline samples. Fig. 2
shows the EPR spectra of polycrystals of
NaMng(P3040)(P207), double phosphate ob-
tained at 23°C using "PS 100-X" spectrome-
ter. The spectral lines have specific widen-
ing due to a weak exchange between param-
agnetic centers [MnOg] in octahedral chain.
The calculated values of tensor g for the
synthesized phosphates agree with the re-
sults of magnetochemical studies and fall
within 1.98-1.99. The obtained spectra of
electronic paramagnetic resonance for the
synthesized double phosphates of manganese
(I1) are typical and specific [5, 14].

Thermal tests have been performed with
derivatograph Q-1500 (Hungary). The sam-
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Fig. 2. EPR spectrum of NaMng(P;0,0)(P,0,),.

ple was heated at a temperature range of
20-1000°C under dynamic temperature ele-
vation mode using cylindrical platinum cru-
cibles (sample weight: 0.300 g; heating
rate: 5 deg/min. According to deriva-
tographic analysis, NaMne(P3010)(P207)Z
and KMng(P3;040)(P207), compounds are
rather stable and do not melt at the tem-
peratures up to 1000°C. When heated under
dynamic  conditions with the rate
5 deg./min, the compounds don’t lose their
mass, which is also indicative of Manganese
(IT) content in the double phosphates.

The identified magnetochemical proper-
ties of the compounds result from the X-ray
characteristics of synthesized phosphates
due to their distinet structural features —
the presence of octahedral chains of manga-
nese. Magnetochemical properties of the re-
sulting compounds have been studied using
Faraday method over the range of 3—400 K
(Manics DSM-8 magnetometer, Switzer-
land); the diamagnetic correction calculated
with Pascal constant has been taken into
account in the evaluation of magnetic sus-
ceptibility of the compounds. Temperature
dependence of the magnetic susceptibility
product xT and temperature for
KMng(P3040)(P>07), and NaMng(P3040)(P>05)s
compounds is given in Fig. 8. The T value
for KMng(P3010)(P,07), obtained at room
temperature is 11.8 Bohr magneton (up)
that is lower than the theoretical value
(17.74 Bohr magneton). The yT value
changes slowly, if at all, within the tem-
perature range 300-100 K, and sharp de-
crease in the magnetic susceptibility within
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Fig. 3. Temperature dependences of the mag-
netic susceptibility product T and temperature
for compounds: 1 — KMng(P30,,)(P,0,),; 2
NaMng(P3040)(P,07),.

100-4 K is indicative of the antiferromag-
netic interaction between the magnetic cen-
ters of manganese.

The quantitative analysis of magnetic sus-
ceptibility data of synthesized phosphates has
been performed in view of assumed isotropic
interaction between magnetic centers using
spin-system Hamiltonian:

H = J(Spn1 - Syinz + Smnz* Smnz + Smnz* Suin1)-

The best agreement of the experimental
results with theoretical data within the tem-
perature range 4-40 K was obtained at J =
0.70(7) em™! and g = 1.99 values and con-
sistency index RZ = 0.995. The xT value of
the double phosphate KMng(P3010)(P207),
changes slowly, if at all, within the tem-
perature range 100—-300 K. The decrease in
xT value is more significant at the tempera-
tures below 100 K, which is indicative of
the weak antiferromagnetic interaction be-
tween the triangles of manganese (Fig. 4).

The synthesized compounds have been studied
for the dielectric constant (€) — temperature rela-

tion. The increase in (€) with elevated tempera-
tures is rather typical for the dielectrics, i.e. ion
conductors (polycor sample — curve (1), Fig. 5).

Complex double phosphates
NaMng(P3010)(P207)o and KMng(P3040)(P207),
demonstrate abnormal thermal dependence
of (¢) within the range of 60-100°C — de-
crease in dielectric constant (curves (2) and
(3), Fig. 5). This may be attributable to the
weak interaction between paramagnetic cen-
ters in the structure of MMng(P304)(P507),-
type phosphates. With the elevation of tem-
perature, the values of dielectric constant
increase, which indicates that obtained com-
pounds of |V||V|n6(P3O10)(P207)2-type can be
used as functional materials.
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Fig. 4. Magnetic susceptibility product yT' —
temperature relation for compound
KMng(P300)(P5,07),.
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Fig. 5. Dielectric constants (¢) — temperature
relation: 1 — polycor, 2 —

NaMng(P;0,0)(P,05),, 3 — KMng(P;0,,)(P,0;),.

4. Conclusions

Complex phosphates MMng(P3044)(P207),
containing two different ions have been
identified in the fluxes of MyO-P,0g—Mn,04
systems (where M — Na, K) over a tempera-
ture range of 800-980°C. During experi-
ments, optimum conditions for the growing
of single crystals of compounds from fluxes
have been selected; their physicochemical
properties have been studied. XRD, IR- and
EPR-spectroscopy analytical methods proved
the isostructurality and similarity of the
synthesized phosphates NaMng(P30,0)(P207)5
and KMne(P3010)(P207)2 Complex XRD has
been performed, which allowed for the iden-
tification of several structural features of
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the Synthesized MMne(P3010)(P207)Z phOS-
phates, namely the presence of "wavy"
chains with recurrence interval equal to 12
octahedra [MnOg]. Established spectrum of
physicochemical properties of synthesized
phosphates NaMng(P3040)(P207), and
KMng(P3040)(P207), demonstrates the possi-
bility of their use in the development of
functional materials, which can be utilized
in various fields of science and technology.
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