ISSN 1027-5495. Functional Materials, 25, No.3 (2018), p. 608-612.

doi:https://doi.org/10.15407/fm25.03.608

Growing and X-ray diffraction pattern of
single-crystal double phosphate Li,Mn(PO3),
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Optimum conditions for the growing of single crystals of Li,Mn(PO3), compound have
been selected. Complete X-ray diffraction analysis has been performed to study synthesized
phosphate Li,Mn(PQO,),. According to its structure, the double phosphate belongs to the
orthorhombic crystal system, space group Pnma; lattice parameters are the following: a =
9.268(1), b = 9.421(1), ¢ = 10.088(1) A, V = 880.9 A3, Z =4, p,,,. = 2.901 g/cm3. Struc-
tural features of the synthesized phosphate have been determined. The compound has been
studied using DTA and IR spectroscopy techniques along with the complete elemental
analysis.

Keywords: double phosphates, IR spectroscopy, XRD/RSA, single crystal growing,
flux crystallization.

Ilogo6paHLl ONTUMAJLHBLIE YCJIOBUA BLIPANIMBAHUA MOHOKPHUCTAJNIOB COESUHEHN
LiopMn(POg),. IIposeneHo IONHOE PEHTreHOCTPYKTYPHOE HCCIIEGIOBAHME CHHTE3HPOBAHHOI'O
docdara Li,Mn(PO;),. Crpyrrypa nBoiiHOTro docdara NPHUHALIEKUT K OPTOPOMOUYECKOM
CHUHI'OHUM, IP. I'p. Pnma, napaMerpbl KPHUCTANINYECKON pemeTku pasHbI: a = 9,268(1),
b = 9,421(1), ¢ =10,088(1) A, V=880.9 A3, Z=4, p, . = 2,901 r/ecm®. Vcramosieusi
0COOEHHOCTH CTPOEHNS CHUHTe3nupoBaHHOro (ochara. CoernmHeHMe HCCAETOBAHO METOJAAMMU:
OATA, UK-cieKTPOCKOTINY, MTPOBEAEHO €€ TOJHBIHN 9JIeMeHTHBIH aHaIns.

Bupomyeanus ta PCA momoxpucranis moggiiinoro cgocdary Li,Mn(PO;),. II.I.Hazop-
Huil, M.C.Crob6odsnur, P.BJlaspurx, T.I.YVwaniscoka.

Iixi6pano onTHMalNbHi YMOBHM BHPOIIYBAHHA MOHOKpHcTamis cmoaykm Li,Mn(PO,),.
IIposeseHo IOBHE PEHTTeHOCTPYKTYPHE NOCIiIKeHHA cuHTe3o0BaHOro (ocdary Li,Mn(PO,),.
CrpykTypa moasiiiHoro ¢ochaTty HATEKUTH A0 opTopombiunoi cwurowii, mp. rp. Pnma,
mapaMeTpu KPUCTANiuHOI pemiiTKu jgopiBHIOOTH: a = 9,268(1), b= 9,421(1), c =
10,088(1) A, V = 880,9 A3, Z =4, Peupax. = 2,901 I'/CM3. BeramoBameni ocobnuBocTi 6ymoBU
cuHTe3zoBaHoro (ochary. Croamykry mocaimsxeno metogamu: [ITA, IU-cnekTpockomnii, mposee-
HO TIOBHUI eNneMeHTHUI aHaJis.

© 2018 — STC "Institute for Single Crystals”

1. Introduction

Phosphates of alkali and polyvalent met-
als exhibit a range of useful electrophysical
properties, especially those phosphates that
have corner-sharing octahedra of multiva-
lent element in their structural framework.
There is a series of phosphate compounds
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with the structure of well-known nonlinear
optical crystal KTP [1, 2] and double poly-
phosphates of the NaMn(PO3); [38],
Cs,Mn(PO3), [4] and Rbo,Mn(PO3), type [5].
Investigations of properties of the com-
pounds, synthesis of materials on their base
attract the great scientific interest [6—-9].
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One of the most commonly used tech-
niques of obtaining the double phosphates
of alkali and 3d-metals is synthesis of the
compounds from the fluxes of phosphate
and fluoride phosphate systems of alkali
metals by spontaneocus crystallization with
slow cooling [10, 11]. Systems of M,O-
P205—MeXOy-type (where M-Li, Na, K) are
known to be not only universal solvents of
3d-metal oxides but also the reaction media
for synthesis of the various double phos-
phates. This technique has certain advan-
tages over the other methods and makes it
possible to obtain (using programmable cool-
ing) the substances in the form of high-
quality and high-purity crystals with high
yield of interaction products [12, 13], which
in turn has impact on physical and chemical
properties of the synthesized substances.

The objective of this research is to deter-
mine the optimum conditions for synthesis
of double poly-phosphate Li,Mn(PQO3), and to
study its physical and chemical properties.

2. Experimental

Interaction and solubility of mangan
oxide (III) in the system Li,O-P,0g—Mn,04
were studied over the range of temperatures
of 750-950°C. Mole ratios of Li,O:P,05
were changed in the interval of 0.5 to 1.8.
Concentration of Mn,O3 in the initial fluxes
of the system under study was changed over
the range of 4.5-22.0 wt.% wt.

The initial mixtures of Li,O—P,0g—Mn,04
system were prepared by mixing the calcu-
lated quantities of anhydrous reagents
LiPO3, Li,P,0; and NH4H,PO, (or
(NH,4),HPO,) with subsequent dehydration
and melting at 750-800°C. Mn,O5; was
added to the fluxes with various Li,O:P,05
ratios followed by their flux at elevated
temperatures in platinum crucibles for 2—4 h
with intermittent mixing until homogeneity
was obtained. The homogenous fluxes were
kept at appropriate temperatures for 7—
8 huntil establishment of equilibrium be-
tween the liquid and crystal phases.

The phase equilibriums were studied using
visual-polythermal method. The equilibrium
liquid phases were separated from the crystal
ones by decantation with washing out from
the residue flux using diluted solutions of
mineral acids. The solid phases were identi-
fied using quantitative chemical and physico-
chemical methods of analysis. The content of
mangan oxide (III) was determined in the de-
canted equilibrium liquid phases.

The contents of Mn,O3 in the equilibrium
liquid phases of Li;O-P,05—Mn,05 system
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Fig. 1. Solubility isotherms of Mn,0O; in
Li,0-P,05—Mn,05 system.

with various mole ratios of Li,O:P,05 at
800° and 900°C are given in Fig. 1. The
solubility curves of mangan oxide (III) dem-
onstrate several distinct extrema indicative
of complex chemical interaction within the
system. The maximum solubility of Mn,0O5
in L|20—P205—Mn203 system is 20.80 Wt.%
for the flux with the Li,O:P,05 mole ratio
of 0.91.

The fluxes with the mass of 8 g and
Li,O:P,0g molar ratio of 0.5 were saturated
with mangan oxide (III) (1.4-2.0 g) at
900°C and homogenized for 3—4 h. With
gradual lowering of temperature from
900°C to 700°C, single crystals of
Li,Mn(PO3), were obtained from the fluxes
within 24 h, washed free from the flux resi-
dues using the diluted hydrochloric acid so-
lution and washed out with water and dried
at the room temperature. White crystals
0.5-2 mm in size were obtained.

The crystalline structure of novel double
tetrametaphosphate Li,Mn(PO3), was deter-
mined using X-ray diffraction method. X-ray
diffraction analysis of the white crystals
with rhomboidal habit having size of
0.2x0.019x0.2 mm3 was performed using Sie-
mens P3/PC diffractometer under molybde-
num radiation with graphite monochromator.

As a result of the experiment, 835 re-
flections (within 0<h<11; 0<k<11; -12<Ii<0)
were obtained, of which 696 independent re-
flections with F > 48 (I) were used for cal-
culations. The integrated intensity was
measured using 20:0 method over the range
of angles 5.92°<0<50.92° at scan rate of 2—
18 degrees per minute. Crystalline lattice
parameters were refined according to 64 re-
flections within the range of angles
18.0°<6<36.0°.
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Table 1. Results of chemical analysis of synthesized compounds (wt.%)

Formula Li,O MnO P,0;4
of compound
cale. obtained calc. obtained calc. obtained
Li,Mn(POs), 7.80 7.77 18.44 18.48 73.76 73.75

3. Results and discussion

When comparing the content of Mn,O5 in
equilibrium liquid phases of the studied sys-
tem at 800°C and 900°C, a decrease in the
solubility of mangan oxide (IIT) with larger
molar ratios of Li,O:P,Og (1.1-1.8) can be
observed.

According to the chemical analysis of
solid phases formed during the crystal-
lization of homogeneous fluxes with various
Li,O:P,O5 ratios, the following compounds
are isolated: double phosphate Li,Mn(PO3),
within the Li,O:P,Og5 mole ratios ranging
from 0.5 to 0.76; diphosphates B-Mn,P,0-
and Mny,P,O; crystallizing within the
Li;O:P,0Og mole ratios ranging from 0.76 to
1.3 and from 1.8 to 1.8, respectively. The
crystals of double phosphate Li,Mn(PO3), in
the studied fluxes of Li,O-P,05-Mn,03 sys-
tem have been obtained for the first time
ever.

Optimum conditions for the growing of
single crystals of Li,Mn(PO3), compound
have been selected. The composition of syn-
thesized compound Li,Mn(PO3), is supported
by complete chemical analysis (Table 1).

Figure 2 demonstrates infrared spectrum
of the double tetrametaphosphate
L|2Mn(PO3)4. Infrared Spectra of L|2Mn(PO3)4
were studied using spectrophotometers UR-
20 and UR-10 (Carl Zeiss) in the KBr tab-
lets. The characteristic stretching bands 1
(PO3) — 470, 500 cm1; §,, §,, (P-0) + v
(MO) — 570, 580, 590 cm™1; v, (P-O-P) —
720, 800 cm™! and v,, (P-O-P) — 920 cm™!
correspond to and are typical for the poly-
phosphates of NaMn(POj3); [8], Cs,Mn(PO3),
[4] and RboMn(PO3), type [5]. The intrinsic
oscillations of v, P-O—P observed in the re-
gion of 700-800 cm™! are indicative of the
presence of polyphosphate chains of tetrahe-
dra [PO4] in the structure of the double
phosphate Li,Mn(PO3),.

Thermal tests were performed with deri-
vatograph Q-1500 (Hungary). The sample
was heated at the temperature range of 20—
900°C under dynamic temperature elevation
mode using cylindrical platinum crucibles
(the sample weight: 0.300 g; heating rate:
5 deg/min~l. The derivatographic analyses
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Table 2. Coordinates of atoms o(><104) and
equivalent thermal corrections (A2x103) for
the Li,Mn(PO,), structure

Atom x/a y/b z2/c U,,
Mn(1) | 9876(1) 7500 3031(1) 9(11)
P(1) 6946(1) 7500 6070(1) 8(1)
P(2) 7078(1) | 9625(1) | 3896(1) 8(1)
P(3) 7270(1) | 12500 | 5157(1) 7(1)
o) 8501(3) 7500 6252(3) | 15(1)

100 A

I, a.u.

50 1

14 12 10 8 7 6 5 4
\/-102,cm'1

Fig. 2. Infrared spectrum of double phos-
phate Li,Mn(POg),.

shows that the double phosphate
Li,Mn(PQO3), is subject to congruent melting
at the temperature of 760°C.

According to its structure, Li,Mn(POj),
belongs to the orthorhombic crystal system,
space group Pnma, lattice parameters are
the following: a = 9.268(1), b = 9.421(1),
¢ =10.088(1) A, V=880.9 A3, Z = 4, p_;. =
2.901 g/cm3.

The Lorenz factor correction and empiri-
cal absorption correction were applied to the
dataset. The structure of Li,Mn(POj3), was
calculated with anisotropic approximation
of thermal parameters for all of the atoms.
The final value of the divergence factor is
R, = 0.0676 [14]. The positional parameters
of atoms with the standard deviations are
given in Table 2.

Figure 3 demonstrates the projection of
Lio,Mn(PO3), structure on xy plane. The dou-
ble tetrametaphosphate structure is com-
posed of nearly regular octahedra [MnOg]
and tetrahedra [PO,]. Three structurally
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0

Fig. 8. Projection of Li,Mn(PQ3), structure on
xy plane.

different phosphorus-oxygen tetrahedra are
linked into polyphosphate chains (POj3) that
run along ob direction and divide the series
of octahedra [MnOg]. Thus, the series of oc-
tahedra and chains (POj3) run alternately
along ob direction in the structure of
LisMn(PO3),.

Fig. 4. Coordination environment of lithium
atoms in Li,Mn(PQOj,), structure.

Each polyhedron [MnOg] has two similar
links Mn—-O(4) and Mn-O(5) 2.261 A and
2.198 A long, respectively (see Table 3). All
atoms of oxygen of the [MnOg] octahedra
contact four tetrahedra P(2)O, through O(5)
and O(4) atoms and polyhedra P(1)O, and
P(3)0,4 through O(7) and O(8) atoms, respec-
tively. This combination of structure frag-
ments results in the "pulling out” of octahe-

Table 3. Lengths of bonds (A) in Li;MNn,(PO,), structure

Distance A
Mn(1)-O(7)#2 2.064(3)
Mn(1)-O(5)#6 2.198(2)
Mn(1)-O(4)#7 2.261(2)
Mn(1)—Li(1)#5 3.349(6)

P(1)-O(1) 1.453(3)

P(1)-O3)#7 1.606(2)
P(2)-0(4) 1.474(2)
P(2)-0(6) 1.590(2)

P(2)-Li(1)#5 3.097(6)
P(3)-0(8) 1.472(3)

P(3)-O(6)#7 1.594(2)

O(1)-Li(1)#7 1.983(6)

O(2)-Li(1)#4 2.002(6)

O(5)-Mn(1)#6 2.198(2)
O(7)-Mn(1)#2 2.064(3)

O(8)-Li()#5 2.583(8)

Li(1)-O(2)#6 2.002(6)

Li(1)-O(5)#2 2.239(8)

Li(1)-Li(1)#7 2.760(1)

Li(1)-Mn(1)#5 3.349(6)

Distance A
Mn(1)-O(8)#5 2.136(3)
Mn(1)-O(5)#4 2.198(2)

Mn(1)-0O(4) 2.261(2)
Mn(1)—Li(1)#3 3.349(6)

P(1)-0(2) 1.468(3)

P(1)-0(3) 1.606(2)

P(2)-0(5) 1.476(2)

P(2)-0(3) 1.591(2)

P(3)-0O(7) 1.456(3)

P(3)-0(6) 1.594(2)

O(1)-Li(1) 1.983(6)

O(2)-Li(1)#6 2.002(6)
O@4)-Li(1)#5 2.059(6)
O(5)—Li(1)#2 2.239(8)
O(8)-Mn(1)#5 2.136(3)
O(8)-Li(1)#3 2.583(8)
Li(1)—O(4)#5 2.059(6)
Li(1)-O(8)#5 2.583(8)
Li(1)-P(2)#5 3.097(6)

#1 x, y, z; #2 —x+1/2, —y, 2+1/2; #3 —x, y+1/2, —z; #4 x+1/2, —y+1/2, —2+1; #5 —x, —y, —z; #6
x=1/2, y, —2=1/2; #7 x, —y—-1/2, z; #8 —x-1/2, y—-1/2, 2-1/2
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dra from tetrahedra [PO,] by polyphosphate
chains and formation of rigid framework of
the Li,Mn(POs3), structure.

Two figure-of-eight voids between tetra-
hedra [PO,4] have four symmetrical polyhe-
dra of lithium. Lithium atoms occupy the
same crystallographic position and have
face-sharing contact formed by O(8), O(2)
and O(1) atoms (see Fig.4) in the
Li,Mn(PO3), structure. Four Li—-O bonds in
the lithium polyhedra lie in the range of
1.983-2.239 A, and the fifth Li~O(8) bond
is a bit longer — its length is 2.583 A. This
suggests that the coordination number of
lithium atoms is 5. Two lithium polyhedra
are located between two polyphosphate
chains composed of the tetrahedra P(2)O,
and P(3)0,4. Thus, the five-vertex [LiOg] are
"clamped” between polyphosphate chains,
which enhances the stiffness of the
Li,Mn(PQO3), structure.

4. Conclusions

The crystallization range of the new dou-
ble phosphate Li,Mn(PO3), has been deter-
mined in the melts of Li,O—P,05—Mn,O4 sys-
tem at the temperature range of 700-900°C’.
Furthermore, the optimum conditions for
growing of single-crystals of the compound
with the high yield (over 50 % of weight)
have been selected, the series of their physi-
cal and chemical properties have been stud-
ied and the melting point of the compound
has been determined. The complete XRD of
the synthesized phosphate Li,Mn(POj3), has
been performed and the special features of
its structure have been defined: unusual co-
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ordination number of lithium atoms (5), re-
currence interval of tetrahedra [PO,] in the
polyphosphate chains of the structure is 12.
These results stimulate further research of
the compound and creation of the new mate-
rials on its basis.

References

1. N.V.Stus, P.G.Nagornyj, N.S.Slobodyanik,
Ukr. Khim. Zh., 66, 72 (2000).
2. P.Urenski, G.Rosenman, <J.Mater.Res., 16,
1493 (2001).
3. N.N.Chudinova, V.Murashova, B.S.Zaharova,
J.Inorg.Chem., 43, 885 (1998).
4. B.Klinkert, M.Jansen, Z.Anorg.Allg.Chem.,
570, 102 (1989).
5. V.Murashova, N.N.Chudinova, Inorg.Mater.,
10, 1019 (1998).
6. I.V.Zatovsky, N.S.Slobodyanik, T.I.Uschapivska
et al., Functional Materials, 24, 298 (2017).
7. 1.V.Zatovsky, N.S.Slobodyanik, V.I.Ivanenko
et al., Cryst. Res.&Tech., 51, 178 (2015).
8. K.L.Kasthuri, P.B.Raghavendra, C.K.Subra-
manian, J. Solid State Chem., 3, 41 (1994).
9. T.A.William, L.F.Harrison, M.Phillips, Chem.
Mater., No.11, 3555 (1999).
10. R.V.Lavrik, P.G.Nagornyj, N.S.Slobodyanik,
Ukr.Khim. Zh.,72, 22 (2006).
11. P.G.Nagornyj, R.V.Lavrik,
Ukr. Khim. Zh., 68, 25 (2002).
12. P.G.Nagornyj, R.V.Lavrik, A.O.Lubchenko,
in: Abstr. IX Ukr. Conf. Mod. Prob. Chem.,
Kyiv, Ukraine (2008), p.36.
13. R.V.Lavrik, Visnik UNU, Chemistry, 20, 124
(2008).
14. G.M.Sheldrick, SHELX-97. A Progr. for
Cryst. Structure. Ref, University of Goettin-
gen, Germany (1997).

0.V.Petrenko,

Functional materials, 25, 3, 2018



