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At room temperature, the new compound K,SeQO, - Te(OH),
was synthesized from water solutions of H,TeO,/K,SeO,. The
potassium selenate tellurate (KTSe), M,, = 480.81 g, possesses
a monoclinic structure with Cc space group. The crystal and
refinement cell parameters are: @ = 11.552(2) A, b = 6.432(1) A,
c=13919(2) A, p=105.92(1), V=9945(3) A%, Z=4, D =
3.011 g/cm®, and F(000) = 840. The residuals are R1 = 0.023 and
WR2=10.069 for 1139 observed reflections (1108 with 7>2¢ (1))
refined with 152 parameters. The main interest of this structure
is the presence of two different and independent anionic groups
(TeO¢™ and SeO32") in the same crystal. Raman and IR spectra
of K,SeO,-Te(OH),, recorded at room temperature in the
frequency range 200—4000 cm™!, show that both SeO’  and
TeOS™ groups coexist in the crystal independently.  © 1999 Academic
Press

Key Words: KTSe material; structure; Raman; infrared.

I. INTRODUCTION

Telluric acid can form stable adducts with a large variety
of organic and inorganic compounds of considerable im-
portance as Te(OH), acts as both acceptor and donor of
hydrogen bonds. In most of these, like the sulfate tellurate
salts (2, 20,23), we study here the effects of anionic substitu-
tion (SOZ~ by SeO2Z”) in K,40, -Te(OH)s (4 =S, Se)
crystals. A dielectric study performed on some compounds
of this family as K,SO, - Te(OH), (1) shows that they pres-
ent a ferroelectric—paraelectric phase transition accom-
panied by a superionic protonic conduction at high
temperature. The structure of KTSe is different from both
K,SO, - Te(OH)g (KTS) and
K,HPO,-KH,PO, Te(OH)¢. The structure of potassium
sulfate tellurate is triclinic P1, whereas the structure of the
potassium phosphate tellurate is monoclinic Pn (2, 3).

In the present work, we describe the crystal structure of
K,SeO, - Te(OH)s and we present vibrational spectra of
this new material. To justify the ferroelectric—paraelectric
type of the phase transition in this material, we need just the
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dielectric measurements because a detailed work on phys-
ical properties is under study and will be published at a later
date.

II. EXPERIMENTAL DETAILS:

A crystal of K,SeO,-Te(OH)y is synthesized by slow
evaporation at room temperature of an aqueous solution of
telluric acid (H¢TeOg) and potassium selenate (K,SeO,) in
the stoichiometric ratio. Schematically the reaction is

HGTCOG + KZS€O4 i KZSCO4 : TC(OH)6

Several recrystallizations were necessary to obtain single
crystals suitable for the study of physical properties and
X-ray analysis. Infrared absorption spectra of suspensions
of crystalline powders in KBr were recorded using a IR-470
Shimadzu spectrophotometer in the 400-4000 cm ~ ! region.
Raman spectra of polycrystalline samples sealed in a glass
tube were performed employing a Perkin Elmer 2000.

Unit cell parameters were refined using sets of 25 reflec-
tions in the range 10.77 < 0 < 16.53°. The crystal had the
parallelipipedic form with a size of about (0.3x0.3 x
0.4)mm?3. A small specimen was selected with an En-
raf-Nonius CAD-4 diffractometer using MoKo radiation
w-20 scan mode. The scan width was 0.65 + 0.60 tgf)° and
counter slit width 1.3 4+ 1.6 tgd mm; 2460 reflections with
miller indices —14 <h<14,0<k<8; —17 <1< 0 were
collected. The empirical absorption corrections were ap-
plied using ¥ scan data force reflections (4). Two standard
reflections (226 and 22 —6) with no systematic varia-
tion were observed. Equivalent reflections averaged as
I/a(I) > 4 to give 1146 unique reflections (R;,, = 0.0056).
The systematic absences h+k=2n-+1 for hkl and
I =2n + 1 for hOl were consistent with the space groups Cc
and C2/c with intensity statistics suggesting the first (N°9).

The structure was solved by the patterson method using
SHELXS 86(5). Refinement was done by full-matrix least
squares methods (SHELXL 93) (6).

The crystal data and details of data collection and refine-
ment for our compound are summarized in Table 1. The
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TABLE 1
Main Crystallographic Features, X-Ray Diffraction Data
Collection Parameters, and Final Results for KTSe

Formula
Formula weight

K,SeO, - Te(OH),
480.81

Crystal system Monoclinic
a(A) 11.552 (2)

b (A) 6.432 (1)

¢ (A) 13.919 (2)
p(©) 105.92 (1)
V(A3%) 994.5(3)

z 4

Space group Cc

T(K) 298 (2)
Diffractometer Enraf-Nonius CAD4
Omax- (deg.) 26.96

7 (MoKa) (A) 0.71073

Peal (ng_3) 3.011
u(em™1) 75.2

Total reflections 1139
Reflection with I > 2a(I) 1108
Reference reflections (2) 226 and 226
Parameters 152

min., max., Ap(e A~3) —1.20, +0.79
R(F)* 23

Rw (F)" 6.9

“R values are defined as wR, = () [w(FZ — F2)*]/[w(F2)*])"/* and
Ry =Y |IFol = [F|l/Y|Fol.

final positional and equivalent isotropic thermal parameters
are given in Table 2.

Hydrogen atoms were not determined or calculated but
were refined anisotropically (SHELXL 93(6)).

III. RESULTS AND DISCUSSIONS
Il.1. X-Ray Diffraction Study

Figure 1 shows a projection on the ac plane of (KTSe).
A projection on the ab plane is depicted in Fig. 2. The KTSe
is not isomorphous with the corresponding sulfate because
the first is monoclinic Cc and the second K,SO, - Te(OH)g
(KTS) is triclinic PT (2).

The main feature of this structure is the coexistence of two
different anions (TeO¢~ and SeOj ) in the same crystal.
This structure type can be the origin of the ferroelectric
polar phase in this material, (7) which is why we need to
perform dielectric measurements to justify this statement. It
can be regarded as being built of planes of pure SeO,
tetrahedra alterning with planes of pure TeOg octahedra,
both families being parallel to the bc plane. The Te atom in
TeOg octahedral occupies a general position whereas in the
KTS material the Te atom occupies two special positions
(2). In consequence, we observe in the KTS structure two
types of TeOg octahedra. The main interatomic distances
and bond angles for the TeOg octahedron and the SeO,

tetrahedron are given in Table 3. The TeOg octahedra are
more regular in KTS (the distances of Te-O vary from 1.914
to 1.928 A and angles O-Te-O vary from 89.3 to 90.6° (2))
than in KTSe material (distances of Te-O are between 1.867
and 1.946 A and angles O-Te-O vary from 88 to 92.8°). The
Se-0O distances in KTSe are similar to those of K,SeO, (8)
and the Te-O distances are similar to those of HgTeOg (9).
The potassium atoms are distributed on two sites. The K-O
distances are given in Table 3. The interesting point is that
in the corresponding sulfate (KTS), the environment of the
K atom is octahedral (2) whereas in KTSe, the cation K* is
coordinated by nine oxygen atoms. Every cation K™ is
coordinated by two oxygen atoms belonging to a SeO,
tetrahedron, four to a Te(OH)s octahedron, one to another
octahedron, one to a third TeOg4 group, one to another
SeO, group, and one other oxygen atom to a third SeO,
tetrahedron.

The distances K-O vary from 2.755 to 3.391 A for the first
potassium atom, whereas the distances K-O are between
2.787 and 3.318 A for the second potassium atom but in the
KTS structure the K-O distances vary from 2.713 to
2.987 A (2).

In an attempt to locate the H atoms of the OH groups
belonging to the Te octahedra, we have used the results of
Brown and Shannon (10) and Novak (11) concerning the

TABLE 2
Fractional Atomic Coordinates and Temperature Factors
(U,, for H Atoms) for K,SeO, - Te(OH), (Standard Deviations
Are in Parentheses)

X Y Z U., (A%
Te — 0.3416(6) — 0.2496(1) 0.2378(4) 0.0132(2)
Se —0.0921(1) —0.2125(9) —0.0115(1) 0.0140(2)
K, — 0.4425(2) —0.2013(6) —0.1189(2) 0.0277(5)
K, —0.2401(2) 0.3010(6) 0.0988(2) 0.0330(6)
0, —0.1911(6) — 0.3828(13) 0.2911(6) 0.0223(15)
0, —0.3552(6) — 0.2061(14) 0.3692(5) 0.0264(12)
0, — 0.4179(6) —0.5077(11) 0.2282(5) 0.0260(13)
o, —0.2591(5) 0.0166(12) 0.2478(4) 0.0229(13)
0s — 0.3216(6) —0.2777(11) 0.1041(6) 0.0185(12)
O, — 0.4922(6) — 0.1028(5) 0.1852(5) 0.026(2)
0, 0.0232(5) —0.3633(11) 0.0356(6) 0.031(2)
Oy — 0.0587(5) — 0.0672(9) — 0.0987(5) 0.0204(12)
0, — 0.1264(6) — 0.0686(12) 0.0728(6) 0.036(2)
0,0  —02112(6) —0.3554(10)  — 0.0614(5) 0.030(2)
H, —0.1836(70)  — 0.2854(106) 0.3170(54)  0.009(18)
H, —03950(57)  — 0.3238(105) 0.3809(38)  0.008(14)
H, —0.4690(54)  — 0.5220(104) 0.1896(44)  0.011(12)
H, —0.1690(51) 0.0214(104) 0.3084(40)  0.010(14)
H, —0.2403(94)  — 0.2620(108) 0.1137(56)  0.033(27)
H, —04863(53)  — 0.0108(121) 0.1442(44)  0.016(14)

1
a=3 3 Ujatataa;.

i

a Ue
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a
FIG. 1.

bond strength. In the structure of KTSe, the selenate
tetrahedrons are connected with tellurate octahedrons by
hydrogen bonds O-H --- O assured by protons belonging to
a hydroxide groups. In consequence, five hydrogen atoms
participate in the formation of hydrogen bonding. In the
selenate group, one oxygen atom is tied to one hydrogen
atom but to two other oxygen atoms; every one is tied to
two hydrogen atoms. The distances O --- H vary from 1.75
t0 2.10A and the O---H - O angles have values between
138.84 and 179.18°. All these values of O---H and
O---H---O distances can favor the appearance of the
superionic—protonic phase transition at high temperature.

DAMMAK ET AL.

Projection of K,SeO, - Te(OH), crystal structure on the ac plane.

This deduction was confirmed by conductivity and dielec-
tric measurements. In consequence the materials present
a superprotonic phase transition at 480 K characterized by
the brinking of hydrogen bonds which link SeO3 to
TeO¢ ™~ and the protons become free between the potential
hole SeO3~ and/or TeOS™ (21). On the other hand, the
thermal evolution of ¢, shows an important peak at 433 K
corresponding to a minimum of the dissipation factor (tan o)
and this behavior characterizes very well a ferroelec-
tric-paraelectric phase transition in this material (21) and
the fact that we have a noncentrosymmetric structure (Cc) is
a second justification of a polar room phase.
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FIG. 2. Projection of K,SeO,Te(OH)s crystal structure on the ab
plane.

111.2. Vibrational Study

Adducts with Te(OH), of different types of organic and
inorganic compounds are of considerable importance
(12-14). In most of these, the different groups are found to
vibrate independently. The IR and Raman spectra of
K,SeO, - Te(OH)s contain two different types of anions
reported here, in order to study the vibrational nature of the
Te(OH)g group when it is in coexistence with another anion
in the same crystal. At room temperature KTSe exhibits
a monoclinic symmetry with space group (Cc, Z =4).
Raman spectra of the polycrystalline sample of KTSe have
been recorded in the frequency range 200-1300 cm ~ ! (Table
4). We shall not give a detailed assignment but we intend as
far as possible to identify the external and internal modes.
Figures 3 and 4 and Table 4 show IR and Raman spectra of
KTSe and give frequencies. The observed frequencies are
attributed on the basis of the characteristic frequencies of
the Te(OH), and SeO, groups.

1I1.2.1. Vibrations of Te(OH)s groups. The Te(OH)g
group consists of TeOg and hydrogenic vibrations. The
octahedral TeOg group has the following vibrational

TABLE 3
Atomic Distances (A) and Angles (°)

Distance (/i) Distance (/&)

a. Potassium coordination

K, K,
0192 755(7) Og..rn2.787(9)
Ot 2.762(7) O 2.818(7)
0,°......2.829(10) 0,P.........2.838(7)
.2.852( Og"........2.853(8)

( Os........2.876(8)
0,".........3.166(8)

016" 3.221(7)

04......3.285(9)

0°........3.318(7)

b. Selenate groups
0y-Se-0, = 112.4(5)
0y-Se-O;( = 106.4(4)
0,-Se-0;( = 109.5(2)
0y-Se-Og = 111.0(2)
0,-Se-Og = 107.5(4)
0,0-Se-Og = 110.0(4)

Se-0, = 1.627(7)
Se-0, = 1.633(6)
Se-0,0 = 1.641(7)
Se-Og = 1.659(7)

c. Tellurate groups
0,-Te-0, = 92.2(3)
0;-Te-O; =89.5(3)
0,-Te-O,; =89.9(3)
0;-Te-O¢ = 92.8(4)
0,-Te-Og = 89.4(3)
0,-Te-O4 = 177.7(4)
0,-Te-0, = 178.8(4)
0,-Te-0O, = 88.3(3)
0,-Te-O, =89.5(3)
O4-Te-0O, = 88.2(3)
0,-Te-O5 = 91.5(3)
0,-Te-O5 = 176.3(4)
0,-Te-O5 = 89.7(3)
04-Te-O5 =90.8(3)
0,-Te-O5 = 88.0(3)

Te-0, = 1.867(7)
Te-0, = 1.898(7)
Te-0, = 1.897(7)
Te-O¢ = 1.938(7)
Te-0, = 1.946(7)
Te-O5 = 1.946(7)

d. Hydrogen bonds

0...04¢ = 2.789(9) 0,...H,¢ = 2.10(6)
Og...0," = 2.705(6) Og...H,* = 1.57(5)
0g...0,7 = 2.902(7) Og...H, = 2.10(6)
0,...05 = 2.761(9) 0,...Hs = 2.00(9)
0,...04" = 2.634(9) 0,..He = 1.81(7)
Oo... Hy#-05¢ = 179.28(9) 0,-H, = 0.71(7)
Og...H,"-0," = 167.4(5) 0,-H, = 0.92(6)
Og...H,"-0, = 143.6(5) 0,-H, = 0.79(6)
0,...Hs-05 = 138.8(6) 0,-H, = 1.14(5)
0,..Hg-04' = 166.6(7) 0s-H; = 0.91(10)
O¢-H, = 0.84(7)

Note. Symmetry code:
N,—y-lz—}%
1 . h

. b 1 1 . C 1 1 .
—xy+1Lzx—2,y+2,2 X—2,y—2,%
e 1
X =17,
1 1 1. 1
—y=2Z2—3 X% —)Z—2 ' X+2,y—

. 1 1 . 1
;o Ix+hy+5n x4+

, Z.
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TABLE 4
Infrared and Raman Frequencies of K,SeOQ, Te(OH),

IR I Raman I Assignment
— 245 sh ve(TeOg)
— 328 mb v2(SeOy) + v4(TeOg)
— 347 sh
— 357 sh I v5(TeOy)
— 369 wb
397 s ]
412 m — v4(SeOy)
— 414 m f
432 m
456 Vs 456 m
— 618 m v5(TeOy)
— 627 m }
— 648 Vs v1(TeOg)
665 Vs — v3(TeOs)
698 wb —
— 836 Vs v1(SeOy)
870 Vs 870 S
— 894 w } v3(SeOy)
1139 s —
1251 s —
1332 b —
1654 b —
2156 sh —
2384 w — O-H Stretching
2448 m —
3152 vb — v(OH) of Te(OH),

Note. Relative intensities: vs, very strong; s, strong; m, medium; w, weak;
mb, medium broad; wb, weak broad; vb, very broad, sh, short.

modes: v{, v,, and vs (Raman active) and v; and v, (IR
active). The vibration vg is inactive in both IR and Raman
spectra. The stretching and bending vibrations for com-
pounds containing the TeOg4 group normally occur in the
range 350-750cm~! (15). The intense band around
648 cm~! in Raman spectra is assigned to the symmetric
stretching (v;) mode of TeOg4. The v; mode is observed at
698 cm ™! (14, 19,20). The shoulder peaks at 627 and
618 cm ™! are tentatively assigned to the v, vibration of
TeOg (16). The weak band at 328 cm ! is attributed to v,
(TeOg) and the peaks at 369, 357, and 347 cm ™! are as-
signed to vs (TeOg) (14). The IR band at 1139 cm™! is
attributed to the vibration in the plane bending (16). The
short line at 259 cm ™! is attributed to the v4 (TeOg) (16).

111.2.2. Vibration of SeO, group. The Raman and IR
bands in the 870 to 894 cm ™! range are assigned to an IR
active vibration v3(SeOy,) (17), whereas the Raman line at
836 cm ! is attributed to v, of SeO, tetrahedral groups (18).
The lines in the 397 to 414 cm ™! range in both Raman and
IR spectra involve the v,(SeO,) and v,(SeO,). The very
weak and broad line at 2384 cm ~! in IR can be assigned to
the O-H stretching vibration but the line at 3152 cm ™! is
attributed to v(OH) of Te(OH); (16).
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CONCLUSION

The interest of this structure is the presence of two differ-
ent SeO3~ and TeO¢ ™~ anions in the same crystal which can
be the cause of the appearance of the ferroelectric phase in
this type of material. The Te(OH)s octahedra belong to
a number of sheets perpendicular to the a axis alternating
with planes of SeO, tetrahedra also perpendicular to the
a axis. Both SeO, tetrahedra and Te(OH)s octahedra are
connected by a hydrogen bond. A preliminary electric study
shows that the presence of hydrogen bonds are in the origin
of superprotonic phase transition that appears in a strong
jump in the conductivity plot at 480 K (21).

The vibrational study of the KTSe was necessary to
observe the coupling of different vibrating groups. The fact
that splitting due to the interaction between the two anions
was not observed, suggests that both anions vibrate inde-
pendently in the crystal.

The substitution of the sulfate group in KTS by the
selenate group in KTSe changes the space group from PT to
Cc in spite of the two anions in each compound vibrating
independently. This structural change can be due to the
cell volume evolution (V' =472(2)A3 in KTS and
V =994.5(3) A3 in KTSe). In order to deduce the effect of
the presence of three anions in the same crystal, we con-
sidered studies of the K,(SO4);-.(SeO,), - Te(OH)q solid
solution (22). From these studies we hope to obtain from
classic ferroelectric K,SO,-Te(OH)s and K,SeO,-
Te(OH)s a relaxor ferroelectric in the solid solution
K5(SO4)1 —«(SeOy,), - Te(OH)s. The second reason for this
study is to determine a relationship between the x composi-
tion of SO, /SeO, and the variation of the curie temperature
T,. The third reason is to obtain some compositions with
high levels of conductivity.
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