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Both the oxidized and reduced phases contain pentagonal
The crystal structure of a new potassium tantalum(V) cyclo- tunnels formed by three corner-shared TaO6 or TaO5 and

tetrasilicate, KTaSi2O7 (K2Ta2Si4O14), has been determined by two Si2O7 polyhedra, which are commonly observed in
single crystal X-ray diffraction. KTaSi2O7 crystallizes in the tetragonal tungsten bronze structures, for example in
tetragonal system, space group P4/mbm with a 5 8.735(2) and KxWO3 (x 5 0.48–0.57) (1, 2, 3). In Ba3Ta6Si4O23, tantalum
c 5 7.999(2) Å, V 5 610.3(2) Å3, Z 5 4, dx 5 4.225 g/cm3, is in the reduced oxidation state of 41, possibly with d 1

l (MoKa) 5 0.71073 Å, m 5 190.7 cm21, F9 (000) 5 704, electronic configuration, but it is not a good conductor.
T 5 293 K, R 5 0.0421, Rw 5 0.0789 for 451 unique reflections

The tantalum rich disilicate compounds, K8Ta14Si4O47 and(Rint 5 0.0227) with F 2
0 . 0. The framework structure of

K622xBaxTa6Si4O26 (0 # x # 3), were reported by ChoisnetKTaSi2O7 is built up from chains of corner-sharing TaO6 octahe-
et al. in 1977 (9). K8Ta14Si4O47 is the first member (n 5 1)dra running parallel to the fourfold axes and linked together
of the intergrowth series (AxTa6Si4O26)n ? (AyTa8O21). Theby four-membered Si4O12 single units. AC impedance measure-
structure is related to that of K6Ta6Si4O26 as evidencedments on KTaSi2O7 indicate low ionic conductivities, 5.6 3 1029

and 3.0 3 1027 V ? cm21 at 333 and 5468C, respectively. An by the transformation 7K6Ta6Si4O26 R 3K8Ta14Si4O47 1
activation energy of 0.83 6 0.02 eV is observed.  1996 Academic K18Si16O41 at 13508C.
Press, Inc. A reduced ternary tantalum oxide, Ba3Ta5O15, was re-

ported by Feger and Ziebarth in 1994 (5). It has the tetrago-
nal tungsten bronze structure and shows semiconducting

INTRODUCTION behavior with a resistivity several orders of magnitude
higher than the isostructural Nb analog Ba3Nb5O15 (5).

The chemistry and physics of reduced molybdenum,
Recently, Crosnier et al. have prepared K2(NbO)2Si4O12tungsten, and niobium oxides has been rich due to (i) the

with a three-dimensional skeleton structure as a candidate
relative ease of preparation, (ii) low-dimensional structural

for fast alkali-ion conduction, such as Nasicon (10).
properties with various tunnels, such as triangular, perov-

K2(NbO)2Si4O12 crystallizes in the tetragonal system, space
skitic, pentagonal, hexagonal, and octagonal, to accommo-

group P4bm with a 5 8.7404(8) Å, c 5 8.136(1) Å, and
date a variety of ternary insertion elements, and (iii) anom-

Z 5 2. The structure is built up from chains of corner-
alous electronic properties such as superconductivity,

shared NbO6 octahedra running parallel to the fourfold
charge-density-wave and metal–insulator transition (1, 2,

axes and linked together by four-membered Si4O12 units.
3). There has been an interest in new reduced tantalum

This structure is very similar to that of K4(ScOH)2Si4O12oxides analogous to the Nb, Mo, and W phases (4, 5).
(11).

However, only a few reduced tantalum oxides are known,
In this paper, the refined single crystal structure of

for example, Ba3Ta5O15 (5) and Ba3Ta6Si4O23 (6).
KTaSi2O7 (K2Ta2Si4O14), the crystals of which were grown

The first tantalum rich disilicate compounds Ba3Ta6 during attempts to prepare precursors for tantalum phos-
Si4O23 and Ba3Ta6Si4O26 were isolated by Shannon and

phate bronze synthesis, is presented. The structure of
Katz in 1970, when they attempted to prepare the reduced

KTaSi2O7 is discussed in relation to the isostructural phase
tantalum oxide Ba0.5TaO32x (6, 7). The structure of Ba3 K2(NbO)2Si4O12 (10).
Ta6Si4O23 contains double layers of corner-shared TaO5

square pyramids and Si2O7 disilicate units. The double
EXPERIMENTAL

layers of TaO5 are interleaved by barium ions. On the
other hand, Ba3Ta6Si4O26 has double layers of corner-

Synthesis. Single crystals of KTaSi2O7 were grown
shared TaO6 octahedra and Si2O7 disilicate units (6, 8).

from a mixture of 2K2CO3 (Johnson Matthey, ACS grade),
3Ta2O5 (Aldrich, 99%), and 2 (NH4)2HPO4 (ROC/RIC,
991%). The reaction was performed in three steps. Ini-1 To whom correspondence should be addressed.

123
0022-4596/96 $18.00

Copyright  1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.
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TABLE 1tially, the stoichiometric mixture was thoroughly mixed
Crystallographic Data for KTaSi2O7and then heated at 4008C for 4 h followed by calcination

at 10508C for 63 h in air. The calcined precursor was pressed
Formula weight 388.23

into pellets and placed in doubly sealed quartz tubes. The Space group P4/mbm (No. 127)
samples were heated at 10308C for 3 weeks, slowly cooled Cell parameters

a (Å) 8.735(2)(DT 5 258C/h) to 7308C and cooled to room temperature
c (Å) 7.999(2)by turning off the power of the furnace. The crystals ob-

V (Å3) 610.3(2)tained are colorless rectangular needles. Their chemical
Z 4

analysis with an electron microprobe (Model JEOL-8600) T(K) for data collection 293(2)
indicated the presence of K, Ta, and Si. This analytical r calculated (g · cm23) 4.225

Radiation (Graphite monochromatized) MoKa, l 5 0.71073 Åresult indicated that the reaction product was a contami-
Crystal shape, color rectangular needle, colorlessnated phase due to reaction with the fused silica tube.
Crystal size (mm) 0.0875 3 0.0875 3 0.15Polycrystalline KTaSi2O7 was prepared by heating a pow-
Linear absorption coefficient (cm21) 190.7

dered mixture of K2CO3, Ta2O5, and SiO2 in a ratio of Scan type g-u
1 : 1 : 4 at 10008C/24 h, 11508C/3 days, and 13008C/3.5 days Scan speed (degree · min21) 5.51 2 1.658/min

Scan range (degrees) (1.40 1 0.30 tan u)8in air. The KTaSi2O7 phase, unlike the Nb analog, did not
2u range 48–608form when heating was at p11508C/3 days.
Data collected 0 # h # 14, 0 # k # 9,

Powder XRD measurement. Least-squares refine- 212 # l # 0
ments of the powder X-ray diffraction (XRD) data of poly- No. of reflections measured 632

No. of unique data 451crystalline KTaSi2O7 resulted in unit cell parameters a 5
No. of unique data with F 2

0 . 2s (F 2
0) 3658.753(1) and c 5 8.013(1) Å (space group 5 P4/mbm).

F000 704These unit cell parameters are slightly larger than those
R(F)a, R(F) for F . 4s(F) 0.0421, 0.0308

obtained on a CAD4 diffractometer, a 5 8.735(2) and c 5 Rw(F 2)b 0.0789
7.999(2) Å for a single crystal of KTaSi2O7 , and are similar Rint 0.0227

Goodness-of-fitc 1.098to those of K2(NbO)2Si4O12 . Powder XRD patterns of the
Extinction coefficient 0.0053(5)polycrystalline samples were also recorded both at low
No. of variables 38(77–298 K) and high (373–1273 K) temperatures on a

SCINTAG PAD V diffractometer with low and high tem- a R(F) 5 o (uF0u 2 uFcu)/o uF0u.
perature devices. b Rw(F 2) 5 [o g(uF0u 2 uFcu)2/o guF0u2]1/2; g 5 1/(s 2uF0u).

c G.O.F. 5 hs(F 2
0 2 F 2

c)2)/(Nobs 2 Nparm)j1/2.DTA measurement. Possible phase transformations
were investigated in polycrystalline samples in the temper-
ature range 25–15008C with a TA 2910 DTA (differential
thermal analysis) cell in nitrogen flow.

on three computer chosen azimuthal scans, were appliedAC impedance measurement. Ionic conductivities were
to the intensity data. The software packages SHELXS-86measured in the temperature range 333–5468C in air by
and SHELXL-93 were used for the crystal structure solu-an ac impedance technique with a Solartron Model 1250
tion and refinement, respectively.frequency analyzer and 1186 electrochemical interface that

were equipped with a Hewlett Packard 9816 desktop com-
puter for data collection and analysis. Electrode connec-
tions to the samples were made by coating the faces of the RESULTS AND DISCUSSION
pellets with porous platinum.

Single crystal X-ray data collection. Diffraction data Structure determination. An examination of the inten-
sity data showed systematic absences characteristic ofwere collected at room temperature on an Enraf-Nonius

CAD4 diffractometer. Crystallographic data for KTaSi2O7 space groups P4/mbm (No. 127), P4bm (No. 100), and
P4·b2 (No. 117): k 5 2n 1 1 for 0kl reflections. The structureare summarized in Table 1. The single crystal X-ray study

indicates that the new compound has tetragonal symmetry. determination was conducted in the centrosymmetric space
group P4/mbm. Direct methods were used to obtain theThe unit cell parameters and the orientation matrix were

determined by a least-squares fit of 25 reflections; graphite- initial positions of the heavy atoms Ta and K. The re-
maining atoms were found from successive Fourier maps.monochromatized MoKa radiation was used for data col-

lection in the range 5 # 2u # 608. A g-u scan mode was Refinement was carried out by the full-matrix least-squares
method. At the completion of the refinement, the Taused. There was no detectable decay of intensity of the

standard reflections during the data collection. Lorentz atom—located on the fourfold axis, on a mirror plane—
exhibited anomalously large anisotropic temperature fac-polarization and empirical absorption corrections, based
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TABLE 2
Positional and Isotropic Parameters for KTaSi2O7

Wyckoff
Atom notation x y z Ueq (Å2)

Ta(1A) 4e 0 0 0.2262(4) 0.0060(4)
Ta(1B) 4e 0 0 0.2712(4) 0.0060(4)
Si 8k 0.3766(2) 0.1234(2) 0.6984(3) 0.0067(4)
K 4g 0.6774(3) 0.1774(3) 0 0.0207(6)
O(1) 2a 0 0 0 0.008(2)
O(2) 2b 0 0 0.5 0.014(3)
O(3) 4f 0.5 0 0.2263(8) 0.007(2)
O(4) 16l 0.2112(5) 0.0765(5) 0.2340(4) 0.013(1)
O(5) 4h 0.3818(8) 0.1183(8) 0.5 0.016(2)

Atom U11 U22 U33 U12 U13 U23

Ta(1A) 0.0054(2) 0.0054(2) 0.007(1) 0 0 0
Ta(1B) 0.0054(2) 0.0054(2) 0.007(1) 0 0 0
Si 0.0056(6) 0.0056(6) 0.0090(8) 20.0006(6) 0.0006(6) 20.0002(8)
K 0.0221(9) 0.0221(9) 0.018(1) 0 0 20.005(1)
O1 0.008(3) 0.008(3) 0.007(5) 0 0 0
O2 0.016(4) 0.016(4) 0.008(5) 0 0 0
O3 0.008(2) 0.008(2) 0.005(4) 0 0 0.003(3)
O4 0.005(2) 0.013(2) 0.019(2) 20.001(2) 20.001(2) 20.004(2)
O5 0.022(3) 0.022(3) 0.005(3) 0 0 0.008(4)

tors along the fourfold axis. Subsequent refinement was e/Å3. The highest value is observed near Ta. Structure
factor tables and further information may be obtainedtherefore carried out with Ta located on a split position.

The crystal structure of K2(NbO)2Si4O12 , a compound upon request.2

with similar lattice constants and composition, has been Description of the structure. The crystal structure,
reported; due to problems with the anisotropic tempera- depicted as a polyhedral representation in Fig. 1, may
ture factors of some of the oxygen atoms in be described as consisting of chains of corner- (O1, O2)
K2(NbO)2Si4O14 the structure was refined in the acentric sharing TaO6 octahedra running parallel to the fourfold
space group P4bm (10). Attempts to refine K2(TaO)2Si4O12 axis. The chains are connected by four-membered Si4O12
(i.e., KTaSi2O7) in space groups P4·b2 and, with lower Laue units so that each octahedron shares four corners with
symmetry, P4/m, P4, and P4· were not successful, even if four SiO4 tetrahedra belonging to four different Si4O12
the crystal was regarded as a twin and a twinning matrix units (Fig. 2). All Si4O12 units are located at the same
was applied. The resulting R values were always worse height (z) resulting in Si–O double layers (Fig. 1). The
than in the centrosymmetric refinement, and in every case, Si atoms in the Si4O12 units are connected via O3 and
some of the oxygen atoms could not be refined anisotropi- O5, whereas each O4, located at the eight outward-
cally. When the Ta atom was retained in a split position, pointing vertices of the Si4O12 unit, joins with the TaO6
similar results were obtained in both centrosymmetric (P4/ octahedron so that each Si4O12 unit links four different
mbm) and noncentrosymmetric (P4bm) space groups; all chains to yield the three-dimensional network crystal
refinements in the acentric space group resulted in R values structure. This arrangement results in channels that ex-
equal to those in the centrosymmetric refinement. In addi- tend through the structure in the [001] direction, where
tion, the anisotropic temperature factors did not improve.
Therefore, since the refinement in the acentric space group

2 See NAPS document No. 05292 for 07 pages of supplementary
did not improve the structure model, refinement in P4/ materials. Order from ASIS/NAPS, Microfiche Publications, P.O. Box
mbm was chosen. 3513, Grand Central Station, New York, NY 10163. Remit in advance

$4.00 for microfiche copy or for photocopy, $7.75 up to 20 pages plusThe positional parameters of the nine unique atoms and
$.30 for each additional page. All orders must be prepaid. Institutionstheir anisotropic temperature factors were refined to Rw 5
and Organizations may order by purchase order. However, there is a0.0789, R(4s) 5 0.0308, and R (all reflections) 5 0.0421
billing and handling charge for this service of $15. Foreign orders add

(see Table 2); all temperature factors are observed within $4.50 for postage and handling, for the first 20 pages, and $1.00 for
expected values. The final difference Fourier map is fea- additional 10 pages of material, $1.50 for postage of any microfiche

orders.tureless with maxima and minima in the range 12.03/21.29
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There appear to be long and short Ta–O distances
(Ta(1A)–O: 1.810(3)/2.190(3) Å; Ta(1B)–O: 1.830(3)/
2.169(3) Å) along the c axis. Because the occupancy
factor of each Ta position is 0.5, there is exactly one
Ta atom located in each TaO6 octahedron. Since X-ray
diffraction methods average over the whole crystal, the
crystal has to be regarded as containing domains of
octahedral chains with alternating long and short Ta–O
distances facing up and down (i.e., each Ta along the
chain is moved either up or down from its ideal position),
as well as short–short and long–long Ta–O distances in
a statistically disordered fashion (i.e., alternating Ta’s
are moved up and down respectively from their ideal
position (0, 0, 1/4)). Space group P4bm would allow
only alternating short and long Ta–O distances along
the c direction, but the structure refinement is not able
to predict unambiguously which case exists. In contrast
to the disorder of Ta atoms observed in KTaSi2O7 , in
K2(NbO)2Si4O12 , which crystallizes in space group P4bm,
only a sequence of alternating short and long Nb–O
distances along the fourfold axis is observed:

—O(3)—Nb(1)—O(2)—Nb(19)—O(3)—.
2.32(2) 1.76(2) 2.28(2) 1.78(2) Å

However, the NbO6 octahedra are more distorted in
K2(NbO)2Si4O12 than the TaO6 octahedra in KTaSi2O7 .
The different behavior of Ta versus Nb is probably due to

FIG. 1. Crystal structure of KTaSi2O7 . The Si4O12 units are located
at the same height along the c axis. K1 ions are positioned between the
Si4O12 units in the pentagonal tunnels.

the potassium atoms are located exclusively. The K1 ions
are positioned between Si4O12 units in the pentagonal
tunnels, leaving the possible cation positions within the
Si4O12 units unoccupied and therefore indicating only
half occupancy. It is noteworthy that in K4(ScOH)2Si4O12

(simplified as K2ScSi2O6OH), which is isostructural with
KTaSi2O7 , the pentagonal tunnels are fully occupied by
K1 ions. Similarly, while the cation positions in
K6Ta6Si4O26 are fully occupied, in the isostructural Ba3-
Ta6Si4O26 compound, they are half filled.

Bond distances, bond angles, and their standard devia-
tions are listed in Table 3. The TaO6 octahedra are
nearly regular with O–O distances ranging from 3.926
to 4.000 Å. The Ta atoms within these octahedra are
displaced from the center by about 0.16–0.19 Å, resulting
in different Ta–O bond lengths (Fig. 3). For each Ta,
five short (Ta(1A): 1.810(3), 4 3 1.963(4) Å; Ta(1B): FIG. 2. Perspective [001] view of KTaSi2O7 . Two TaO6 octahedra
1.830(4), 4 3 1.984(4) Å) and one long Ta–O distance and three SiO4 tetrahedra form a pentagonal tunnel along the c axis,

where K1 ions are positioned.(Ta(1A): 2.190(3); Ta(1B): 2.169(3) Å) are observed.
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TABLE 3
Bond Distances and Angles (Degrees) for the TaO6

Octahedra and SiO4 Tetrahedra in KTaSi2O7

Ta(1A, 1B)O6 octahedra
Ta(1A)–O(1) 1.810(3) Ta(1B)–O(1) 2.169(3)
Ta(1A)–O(2) 2.190(3) Ta(1B)–O(2) 1.830(3)
Ta(1A)–O(4) 1.963(4) (4 3) Ta(1B)–O(4) 1.984(4) (4 3)
O(1)–Ta(1A)–O(4) 91.8(1) (4 3)
O(4)–Ta(1A)–O(4) 89.94(1) (4 3)
O(1)–Ta(1A)–O(2) 180.0
O(4)–Ta(1A)–O(2) 88.2(1) (4 3)
O(4)–Ta(1A)–O(4) 176.4(3) (2 3)
O(2)–Ta(1B)–O(4) 98.6(1) (4 3)
O(4)–Ta(1B)–O(4) 88.71(4) (4 3)
O(2)–Ta(1B)–O(1) 180.0
O(4)–Ta(1B)–O(1) 81.4(1) (4 3)
O(4)–Ta(1B)–O(4) 162.7(3) (2 3)
Ta(1A)–O(1)–Ta(1A) 180.0
Ta(1A)–O(1)–Ta(1B) 180.0
Ta(1B)–O(1)–Ta(1B) 180.0
Ta(1A)–O(2)–Ta(1A) 180.0
Ta(1B)–O(2)–Ta(1A) 180.0 FIG. 3. Crystal structure of KTaSi2O7 viewed along the [110] direc-
Ta(1B)–O(2)–Ta(1B) 180.0

tion. Ta atoms within TaO6 octahedra are displaced from the center by
p0.16–0.19 Å. The Si and the bridging O(3,5) atoms are located on aSiO4 tetrahedra
mirror plane with Si–O–Si angles of 136.8(4)8 and 175.5(7)8, respectively.Si–O(3) 1.639(3) Si–O(5) 1.588(2)

Si–O(4) 1.597(4) (2 3)
O(3)–Si–O(5) 109.3(4) Si–O(3)–Si 136.8(4)
O(4)–Si–O(3) 107.6(2) (2 3) Si–O(5)–Si 175.5(7)
O(4)–Si–O(4) 110.5(3)
O(4)–Si–O(5) 110.9(2) (2 3) patterns recorded at low (77–298 K) and high (373–1273

K) temperatures. Further, no evidence of structural changeKO12 polyhedra
K–O(1) 3.216(1) (2 3) was observed by high-temperature DTA from 25 to
K–O(3) 2.842(5) (2 3) 15008C. KTaSi2O7 melts incongruently at 13718C.
K–O(4) 2.865(5) (4 3)

Ionic conductivity. A sintered polycrystalline sampleK–O(4) 3.061(4) (4 3)
KTaSi2O7 showed very low ionic conductivities (s) of 5.6 3
1029 and 3.0 3 1027 V21 · cm21 at 333 and 5468C, respec-
tively. The activation energy (Ea) is 0.83 6 0.02 eV. The
low ionic conductivity observed is attributed to the one-
dimensional ionic motion along the c axis (Fig. 2); in athe slightly more ionic character of the Ta–O bond, which
polycrystalline sample an average of the ionic conductivitywould result in a tendency to get a more symmetrical octa-
is observed.hedral coordination. As noted above, no transition to ei-

ther a more ordered or more disordered form at low or
high temperatures is observed.
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