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Polymorphous modifications of - and «-Na,In(PO,), were
synthesized and found to be related to the p-K,SO, structure
type. They crystallize in a monoclinic system (space groups P2,/c
and P2,/m, respectively), with unit cell parameters a=
7.127(1) A, b=18.220(1) A, ¢ =8.616(1) A, p=143.36(1)° for
B-Na;In(PO,),; and a=8.63351)A, b=545501)A, c=
7.0482(1) A, p=90.295(1)° for a-Na,In(PO,),. Their crystal
structures were determined by Rietveld analysis [R,,=7.72,
R,=3.02 (B-); R,, = 6.59, R; = 3.06 (2-)]. Indium cations occupy
the X position while sodium cations occupy the X and Y positions
of the B-K,SO,-type structure. The PO}~ tetrahedron rotation
leads to a decrease in the coordination number of the Y posi-
tiOﬂ. © 2000 Academic Press

Key Words: phosphates; indium; sodium; X-ray diffraction;
infrared spectroscopy; Rietveld.

1. INTRODUCTION

During the last decade a considerable amount of data on
the synthesis, structure, and properties of Na3zR(AO,),
(A=P,V, As; R =Y, Bj, Fe, rare carth elements) (1-8) have
been accumulated. Most of these compounds crystallize in
a -K,SOy-like structure (1-5), with eight varieties of crystal
lattice for Na3;R(A40,), being distinguished (9). These distor-
tions are realized depending on the size and nature of the
chemical elements constituting the crystal lattice. The dis-
tortion increases in double phosphates Nas;R(PO,), de-
pending on the decrease in R** cation radius. High-
temperature modifications of Naz;R(PO,), compounds
(R = Tm-Lu) crystallize in the Nasicon structure type (8).

Despite the great interest in Na;4O4-RAQO, systems, the
complex compounds of indium and alkaline elements are
poorly studied. The crystal structure of Na;In(PO,), was
studied while using the single crystal which was obtained by
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the hydrothermal method [space group P2./n; a=
5.141(1) A, b = 18.197(2) A, ¢ = 7.136(1) A, B = 92.355(2)°]
(10). However, this structure is not associated with the
definite structural type in which compounds of the
Na3;R(AO,), type are crystallized.

The conditions of formation of Na;In(PO,), polymor-
phous modification were investigated and their crystal
structures were studied in this work.

2. EXPERIMENTAL
Synthesis

The low-temperature § modification of sodium and in-
dium double phosphate was obtained by hydrothermal syn-
thesis from starting reagents In,O;, Na,HPO,:2H,O,
NaH,PO,-2H,0 (Na:P and Na:In starting molar ratios
1.667-1.778 and 7.5, respectively), and H,O. This com-
pound was synthesized at T =473 K and P = 20 bar for
12-24 h. These conditions of hydrothermal synthesis differ
much from the conditions reported by Lii (10) (T = 600°C
and P = 2400 MPa for 40 h, Na:P molar ratio = 1.667).

Formation of sodium and indium phosphate as the white
sediment was observed after 12 h. The product was filtered
off, washed with water, rinsed with ethanol, dried at
T =333 K, and examined by powder X-ray diffraction.

a-Na;3In(PO,), was prepared by sintering a stoichiomet-
ric ratio of In,0O5, (NH,),HPO,, and Na,CO; at 1123 K
for 120 h in air. The end of the reaction was tested by X-ray
method [diffractometer Dron-3M (CoKo radiation,
2. =1.79021 A, Fe filter)).

X-Ray Powder Diffraction

Powder diffraction data for indexing of the X-ray
patterns and structure refinement of NazIn(PO,),
polymorphous modifications were obtained at room tem-
perature in Bragg-Brentano geometry using a Siemens
D500 powder diffractometer equipped with a primary SiO,
monochromator (CuKo,; radiation, A = 1.5406 A) and a
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position-sensitive detector (Braun). The data were collected
over the range 8-110° (20) with a step of 0.02°; effective
counting time was ca. 30 min per step.

The comparison of reflex positions in the X-ray pattern of
the sample obtained by the hydrothermal method and the
theoretical X-ray pattern calculated on the basis of atomic
coordinates in the Naz;In(PO,), structure (10) indicates
their identity. Indexing of the f-Na;In(PO,), X-ray pattern
was carried out in a monoclinic system [space group P2,/c,
a="71291)A, b=18232Q2A, c=8617(1)A, p=
143.35(1)°; or space group P2,/n;a = 5.148 A, b = 18.232 A,
c=7129A, p=9240]. The choice of the space group
(P24/c) was determined by its standard format in contrast to
the space group P2,/n referred in (10).

The analysis of the reflex positions in the X-ray pattern of
the sample obtained by the solid-state reaction has shown
that «-NasIn(PO,), is isotypic with K3;Nd(PO,), (11). In-
dexing of the X-ray pattern of a-Na;In(PO,), was carried out
in a monoclinic system [space group P2,/m, a = 8.640(1) A,
b =5461(1) A, c = 7.056(1) A, B = 90.32(1)°].

Thermal Analyses

Thermogravimetric analyses (DTA, TG, DTG) of sodium
and indium double phosphate polymorphous modifications
were performed using the derivatograph OD-103. Samples
were heated from 300 to 1273 K at 10 K/min in air and then
cooled.

From the thermal analyses it was found that the f - «
transition occurs irreversibly at 973 K. This transition was
observed only for samples synthesized by the hydrothermal
method. Such an effect was not observed for samples syn-
thesized by the solid-state reaction. The «-NazIn(PO,),
phase is stable up to 1183 K. Above this temperature o-
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TABLE 1
IR Spectra of f- and a-Na;In(PQO,), in the PO3~ Vibrations
Region

Assignment p-NazIn(POy),

VoE 445 w; 463 w*

558 m; 571 m; 582 m;
589 m; 607 w; 622 m

Via 993 sh, w

945 m; 961 m; 972 s;
977 sh; 1011 vs; 1028 s;
1042 sh; 1115 m; 1127 m;
1145 m; 1166 sh

PO3 -site symmetry C, C,

PO; ™ factor group  C,, Cyi

o-NazIn(POy,),
448 m; 454 sh
VaF2 553 w; 578 s; 623 s
989 sh

953s; 1063 s; 1130 s

V3F2

“w, weak; m, medium; s, strong; vs, very strong; sh, shoulder.

Na;In(PO,), decomposes into sodium orthophosphate and
a new phase with containing an considerable amount of
indium crystallizing into the Nasicon-like structure (8, 12).

IR Spectroscopy

IR spectra were recorded on the Nicolet Magna-750
Fourier spectrometer in the range 400-4000 cm ™ 1.

The IR spectra of NazIn(PO,), polymorphous modifica-
tions are given in Fig. 1. Analysis of spectra for - and
#-Na;In(PO,), was carried out in the area of PO3~ group
oscillations. Splitting of degenerated oscillation bands
(Table 1) and the presence of two unequivalent PO3~
groups in an elementary cell were revealed. The symmetry
of PO3 ™~ groups increases during the transition from the
low-temperature f-modification to the high-temperature
o modification of NasIn(PO,),.

Transmittance (arb. units) (%)

-20

FIG. 1.

1400 1200 1000
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IR spectra of f-Naz;In(PO,), (a) and a-NazIn(PO,), (b).
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TABLE 2
Crystallographic Data, Recording Conditions, and Refinement
Results for - and a-NazIn(PO,),

p-modification o-modification

T (K) 297 297
Space group P2,/c* P2,/m
zZ 4 2
26 range (°) 8-110 10-110
Step scan increment 0.02 0.02
Tnax 43212 47,204
Unit cell parameters
a (A) 7.127(1) 8.6335(1)
b (A) 18.220(1) 5.4550(1)
c(A) 8.616(1) 7.0482(1)
B () 143.36(1) 90.295(1)
V(A3 667.7(1) 331.9(1)
Number of reflections 847 468
Variables
Structural 53 35
Others 19 19
Reliability factors®
Rwp, Rp 7.72, 5.65 6.59, 5.05
Ry, Rg 3.02, 1.60 3.06, 1.75

“For space group P2,/m: a=>5146A, b=18220A, c¢=7127A,
S =92.378.
*Ryp = {(Xuw[1i(0bs) — yi(cale)12/(Tow, [yi(obs)12)} 2,
Rp = (3 |yi{0bs.) — yi(cale.)))/(Yyiobs.)),
Ry = (I (obs.) — I(calo)))/(}I (obs.)),
R = (Y| (obs.)]'* — [I(cale) ]2/ [I(0bs.)]"?).

Structure Determination

The -NazIn(PO,), structure was refined for the follow-
ing reasons: (1) the conditions of our hydrothermal synthesis
differed considerably from the conditions used earlier (10);

101

(2) the single crystal can inadequately represent a powder-
like substance. Atomic coordinates of Na;In(PO,), (10) and
K3Nd(PO,), (11) structures were used as initial positional
parameters for the refinement of crystal structure, which
was carried out by the Rietveld method (13) and with
the Rietan-94 program (14, 15). Scattering factors for
Na®, In**, P, and O~ were used. The background was
refined with a fifth-order polynomial. The peak profile was
refined using a modified Pseudo-Voigt function. The occu-
pancy factor for indium and all sodium positions was
allowed to refine but did not deviate significantly from full
occupation.

After the last refinement there was good agreement be-
tween the observed and calculated patterns and reasonable
values of isotropic temperature parameters for all atoms.
Final plots of the observed electron density maps did not
show residual peaks. The electron density of different elec-
tron density maps [Apey,. (xyz)] was within £ 0.7¢ A3 The
electron density maps were calculated using the GSAS pro-
gram (16). The details of data collection and refinement are
given in Table 2. Figures 2 and 3 display the Rietveld plots
showing the good agreement between observed and, cal-
culated patterns. The final atomic parameters are listed in
Table 3. Table 4 presents important interatomic distances.

3. RESULTS AND DISCUSSION

Comparison of the Na;In(PO,), polymorphous modifi-
cation structures with those of Na3zEr(VO,), (3) and
K;Nd(PO,),, investigated earlier (11) (Fig. 4) reveals that
and o modifications of double sodium and indium phos-
phate crystallize in a p-K,SOy-like structure. The p-
Na;In(PO,), structure differs from that of Nas;Er(VO,), in
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FIG.2. Portion of the Rietveld refinement profiles for f-NazIn(PO,),: (1) calculated, (2) observed, and (3) difference X-ray powder diffraction patterns;
(4) Bragg reflections. The calculated pattern is shifted to 2500 counts from the observed pattern.
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FIG. 3. Portion of the Rietveld refinement profiles for «-NasIn(PO,),; (1) calculated, (2) observed, and (3) difference X-ray powder diffraction patterns;
(4) Bragg reflections. The calculated pattern is shifted to 2500 counts from the observed pattern.

the double b parameter. The basic frame of K;Nd(PO,), in
o-Na3In(PO,), remains the same despite the PO; ™ tet-
rahedron rotation.

The Y™** %10, polyhedron in the f-K,SO,-like structure
is formed by 10 atoms of oxygen: four of them are closer to
the Y position than the other six (edges of three tetrahedra).
The nearest six oxygen atoms (one out of each tetrahedron)
and three remote apical oxygen atoms participate in the
formation of X'®*310, polyhedra. In double phosphates of
Na3;R(PO,), (R is a rare earth element) (1-4) sodium and
rare earth element cations systematically occupy the X posi-
tion. The Y position is occupied by sodium cations. Distor-
tion of the ideal crystal lattice of the f-K,SO, type is caused
by PO3Z~ tetrahedron rotation and depends on a set of
elements. This phenomenon leads to the change in coord-
ination polyhedra (Na, 6-7; R, 6-8) (17).

In - and o-NazIn(PO,), structures the X position is
occupied by sodium and indium cations, similar to well-
known double phosphates of Na;R(PO,), (R = Bi, rare
earth elements) with f-K,SO,-type structure. Only six oxy-
gen atoms, owing to rotation of PO] ™~ tetrahedra and re-
moval of apical oxygen atoms, form the coordination
polyhedron of the X position. The InOg¢ octahedron is
slightly deformed with In-O distances equal to 2.10-2.22 A
(for p modification) and 2.13-2.18 A (for o modification).
The Na(1)Og¢ octahedron is deformed much more strongly
[distance Na(1)-O is equal to 2.04-2.79 A (for f modifica-
tion) and 2.25-2.54 A (for « modification)]. The Y position
in - and a-NazIn(PO,), structures is occupied by sodium
cations. The PO}~ tetrahedropn rotation leads to a de-
crease in the coordination number of sodium cations in
Y positions to 8-9 (Table 4, Fig. 5).

The unit cell parameters of f-Na;In(PO,), refined by
powder diffraction data differ little from those reported by
Lii (10). However, a significant difference in the interatomic
distances is observed both in Na and In polyhedra and in
PO~ tetrahedra (Table 4).

During the structural transition from f- to a-Naz(PO,),,
the symmetry of NaO, polyhedra increases (Fig. 5). How-
ever, the same distances in the NaO, polyhedra are shorter
than the predicted values [rv;(Na*) + r(O?7) = 2.40 A and
ryvim(Na™) 4+ #(O?7) = 2.56 A] (Table 4), which is probably,
the reason for the irreversible transition § — o.

In the structure f-Naj(PO,), all NaO, polyhedra are
connected to each other: Na(1)O¢ and Na(3)Og via the
edge O(12)-0(22), Na(2)Og and Na(3)Og via the edge
0O(12)-0O(24), Na(1)O¢ and Na(2)Og via the facet
O(11)-0(12)-0O(22) (Fig. 5). The minimum distances Na-O
in the structure f/-Na;(PO,), are observed for oxygen atoms
0O(12) and O(24), common for two or three NaO,, polyhedra
(Table 4). To relieve tension along the edge O(12)-0O(24), the
structure tries to turn polyhedra Na(2)Og and Na(3)Os.
This leads to the irreversible transition § — a. In the struc-
ture o-Naz(POy),, polyhedra Na(2)Og and Na(3)Og have
no contiguous point. They are connected by common edges
0O(12)-0(22) and O(13)-0O(23) only with Na(1)O¢ (Fig. 5).

On the basis of interatomic distance analysis in structures
of polymorphous modifications of double sodium and in-
dium phosphates it is possible to make a conclusion about
the existence of two types of PO3 ™ tetrahedra in the struc-
ture (Table 4). This fact is supported by the IR spectroscopy
data (Table 1). All bands of degenerate oscillations of the
PO;3 "~ group are split into several components. IR spectra
correspond to the site symmetry of PO3 ~ groups and to the



POLYMORPHOUS MODIFICATIONS OF - AND o-Na,In(PO,),

TABLE 3
Atomic Coordinates and Thermal Parameters for Na;In(PO,),

Atom p modification o modification
In X 0.796(1) 0.25
0.872(1) 0.25
z 0.784(1) 0.00
Bi.. 0.83(6) 0.39(2)
Na(1) X 0.295(2) 0.251(3)
y 0.8751(5) 0.25
z 0.781(2) 0.502(2)
B, L1(1) 1.40(8)
Na(2) x 0.618(2) 0.559(2)
y 0.8037(5) 0.25
z 0.309(2) 0.286(2)
B, L.1(1) 1.29(6)
Na(3) x 0.958(2) 0.939(2)
y 0.9473(5) 0.25
z 0.249(2) 0.714(2)
Bi. 1.1(1) 1.29(6)
P(1) X 0.077(2) 0.596(1)
y 0.7121(4) 0.25
z 0.800(1) 0.778(2)
B, 0.3(1) 0.8(2)
P(2) X 0.508(2) 0.903(1)
y 0.0353(4) 0.25
z 0.726(1) 0.221(2)
Bico. 0.3(1) 0.8(2)
o(11) x 0.057(3) 0.498(2)
y 0.8002(9) 0.25
z 0.813(3) 0.963(2)
Bi.. 0.9(1) 0.48(5)
0O(12) X 0.038(3) 0.509(2)
y 0.6696(7) 0.25
z 0.934(3) 0.583(2)
B, 0.9(1) 0.48(5)
O(13) X 0.829(4) 0.301(1)
y 0.6916(8) 50.06(2)
z 0.510(3) 0.222(2)
Bi. 0.9(1) 0.48(5)
0(14) x 0.402(3) —
y 0.6955(7)
z 0.953(3)
Bic. 0.9(1)
0(21) X 0.252(4) 0.007(2)
y 0.0664(8) 0.25
z 0.463(3) 0.051(2)
Bi.. 0.9(1) 0.48(5)
0(22) X 0.519(3) 0.209(1)
y 0.9517(9) 0.531(2)
z 0.738(3) 0.785(2)
B, 0.9(1) 0.48(5)
0(23) x 0.821(3) 0.006(2)
y 0.0704(7) 0.25
z 0.867(3) 0.391(2)
Bic. 0.9(1) 0.48(5)
0(24) X 0.452(3) —
y 0.0598(7)
z 0.854(3)

Biso. 09(1)
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expected modes for the C,, factor group. Even though o-
and f-NazIn(PO,), have the same site symmetry of PO;~
groups, different numbers of bands are observed in the IR
spectra. The increase in the number of bands in the IR
spectra of -NazIn(PO,), may be related to the following
reasons: there is a greater difference in the P-O bond

TABLE 4
Important Interatomic Distances (A) for Na;In(PO,),

Distance f modification  (10) Distance o modification
In-O(11) 2.12(1) 2174 In-O(11) 2.16(2)
-O(13) 2.11(2) 2.152 -0(13)x 2 2.14(1)
-0O(14) 2.16(1) 2.146 -0(21) 2.13(2)
-0(21) 2.18(1) 2.139 -0(22)x 2 2.18(1)
-0(22) 2.22(1) 2.168
-0(23) 2.10(1) 2.149
{In-O) 2.15 2.155 (In-0O) 2.16
Na(1)-O(11) 2.36(2) 2.344  Na(1)-0(12) 2.30(3)
-0(12) 2.04(1) 2.225 -0(13)x 2 2.45(2)
-O(13) 2.79(2) 2.774 -0(22)x 2 2.54(2)
-0(21) 2.76(2) 2.749 -0(23) 2.25(3)
-0(22) 2.36(2) 2423
-0(24) 2.33(1) 2.242
{Na(1)-0) 2.44 2459  (Na(1)-O) 242
Na(2)-O(11) 2.61(1) 2.718 Na(2)-O(11) 2.34(2)
-0(11y 2.62(2) 2.485 -0(12) 2.14(2)
-0(12) 2.28(2) 2.339 -O(12) x 2 2.939(7)
-O(13) 2.29(1) 2.323 -0(13)x 2 2.67(2)
-0O(14) 2.64(2) 2.821 -0(22)x 2 2.39(2)
-0(14y 2.84(2) 2.567
-0(21) 2.72(1) 2.773
-0(24) 2.70(1) 2.638
{Na(2)-0) 2.59 2.583  (Na(2)-O) 2.56
-0(23) 3.12(2) 3.086
Na(3)-0(12) 2.44(1) 2477  Na(3)-0(13)x2 2.51(2)
-O(13) 2.91(2) 2.963 -0(21) 2.44(2)
-0(21) 2.51(1) 2.394 -0(22)x 2 2.83(2)
-0(22) 2.59(2) 2.585 -0(23) 2.35(2)
-0(22y 2.66(2) 2.695 -0(23) x2 2.865(6)
-0(23) 2.47(1) 2.458
-0(24) 2.28(1) 2.336
-0(24y 3.02(2) 2.881
{Na(3)-0) 2.61 2.599 (Na(3)-O) 2.65
P(1)-O(11) 1.62(2) 1.562  P(1)-O(11) 1.56(2)
-0(12) 1.55(1) 1.504 -0(12) 1.57(2)
-O(13) 1.59(1) 1.556 -0O(13)x2 1.60(1)
-0O(14) 1.51(1) 1.547
{P(1)-O) 1.57 1.542  <(P(1)-0O) 1.58
P(2)-0(21) 1.47(2) 1.564  P(2)-0O(21) 1.50(2)
-0(22) 1.53(2) 1.553 -0(22)x 2 1.54(1)
-0(23) 1.59(1) 1.536 -0(23) 1.48(2)
-0(24) 1.50(1) 1.504
{P(2)-O) 1.52 1.539  <(P(2)-0O) 1.52
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FIG. 4. Projection of Na3Er(VOy), (a), KzNd(PO,),, (b) f-Na;In(PO,), (c), and a-Na;In(PO,), (d) structures. ®, - R**; O, - M*.
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FIG. 5. Polyhedra of sodium cations in structures -Na3In(POy,), (a)
and a-NazIn(POy), (b).

lengths in the POj ~ tetrahedra and a decrease in distances
between PO; ~ in this structure. The latter factor leads to an
increase in the resonance interaction between PO3 ™~ anions.

p- and a-NazIn(PO,), have been defined as having the
p-K,S0, structure type. They differ from each other by the
degree of structure distortion, which is also characteristic of
low-temperature Na3;R(PO,), modifications (R = La-Lu)
(1-4). High-temperature modifications of NazR(POy),
(R = Tm-Lu) crystallize in the Nasicon structure type.

ZHIZHIN ET AL.

Suffice it to say that the Nasicon-like phase is a product of
a-NazIn(PO,), disintegration, which was discovered after
heating «-Nas;In(PO,), at temperatures higher than 1183 K.

The author (17) proposed regarding the vicinity of cation
radiiin YO, and XOg polyhedra as criteria for stability of
the -K,SO,-like structure. However, the difference in ca-
tion radii (Ar) of sodium (ryyy(Na™)=1.16 A (18)] and
indium [rv;(In®>*) = 0.79 A (18)] in the Y position is greater
(0.37 A) than the corresponding values for Na;R(PO,),
(R=Nd**", Yb3*) 0.165 and 0302A, respectively
[rvi(Nd3 ) = 0.995 A; ryi(Yb®*) = 0.858 A]. It can be as-
sumed that electronic structure influences the stability of
B-K,SO,-type or Nasicon-like structures of Na3;R(PO,),
compounds to the same extent as the size of the R* " cation.
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