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Crystal Structures of Some Niobium and Tantalum Oxides. VIII.
The 5Rb,0:14.6Ta,05s Phase—A Tunnel Structure
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Rb,oTa,9 20075 crystallizes in the hexagonal system with unit-cell dimensions (from single-crystal data)
a=7.503(4) A, ¢ =36.348(4) A, and space group P6s/mmc, z =1. The structure was solved using
three-dimensional Patterson and Fourier techniques. Of the 666 unique reflections measured by counter
techniques, 515 with I =30 (I) were used in the least-squares refinement of the model to a conventional R
of 0.057 (R, = 0.039). The structure of Rb;oTa,g 20075 consists of layers of corner-sharing groups of six
edge-shared octahedra separated by layers of single octahedra and double hexagonal tungsten bronze-like
layers, these layers being perpendicular to the hexagonal c-axis. Nine-coordinate tricapped trigonal
prismatic sites between the hexagonal tungsten bronze-like layers are partially occupied by Ta(V) ions.

Introduction

During a general study of compounds
formed between alkali metal oxides and
niobium and tantalum pentoxides, in a
search for materials with ionic conductivity, a
number of crystalline phases was reported
(I1). Using specimens prepared during the
above study single-crystal structure deter-
minations have been carried out on the
following compounds: Rbj;,0Nbs;.56000
(the 4Rb,0:11Nb,O5 phase) (2),
KeTa105030 (3), KTasO;3 (4), and
KssTays704; (5).

Three compounds, designated the 9-, 11-,
and 16-layer hexagonal bronzes, were shown
to exist in the K,0:Ta,Os system (I); the
4:11 (Rb,O:Nb,Os) phase corresponds with
the 11-layer material, and all three have
been the objects of a parallel, independent
high-resolution electron microscopy study
(6).

Crystals of composition corresponding to
the nine-layer compound, but in the
Rb;0:Ta,0s system were prepared by
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Minor et al. (7) using MoO; as a flux and
were kindly supplied by Dr. R. S. Roth,
National Bureau of Standards, Washington
D. C. We report here the results of a single-
crystal structure determination on this
material. A brief description of this structure
was published earlier (2). A model for the
structure, based on X-ray powder work, was
deduced during a parallel independent
study of these systems (B. Raveau, private
communication (8)).

Experimental Details

A colorless prismatic crystal with
developed faces 100,01 0,11 0,0 0 1
and of dimensions 0.01x0.03x0.02x
0.03 mm was chosen for this study. The
data following were determined using a
Philips PW 1100 four-circle automatic
diffractometer. Least-squares refinement of
26 values obtained for 20 centered high-
angle reflections gave the hexagonal cell
parameter a =7.503(4) A, ¢ =36.348(4) A.
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Crystal Data
Rb10T329.20078, M= 738644, hexagonal,

a=75034)A, ¢=36348(4)A, U=
1772.07; D.=6.92 (Z=1)g-cm™>;
F(000)=3125.6, wx=497.90cm™" for

MoKa radiation (A =0.7107 A). Systematic
absences observed were hh2hl, |=2n+1,
and Laue symmetry of 6/mmm was obser-
ved. This information is consistent with the
space groups P6s;/mmc, P62c, P6imc.
Successful refinement was accomplished in
the space group P63/ mmc.

Intensity Measurements

Intensities were collected with graphite
monochromated MoK« radiation. A 6-26
scan, 3°< §<25° was used with a variable
scan width given by 46 = (0.9 + 0.3 tan #) at
a scan rate of 0.02°sec”". A total of 6307
reflections were collected. These were
averaged to yield 666 unique reflections,
515 of which, having I =30 (I), were consi-
dered to be observed. Three standard
reflections monitored every 2 hr showed no
significant variation over the data collection
period.

Intensity data were processed with a
modified program of Hornstra and Stubbe
(9). Background corrected intensities were
assigned standard deviations according
to o(I)=[CT +(t./t,)(B1+B;) +(oI)’]'"?,
where CT is the total integrated peak count
obtained in scan time ¢, B; and B, are
background counts each obtained in time 37,
and I = CT —(t./t,) (B1+ B3); p was selected
as 0.04 and introduced a 4% uncertainty to
account for machine errors. The values of
and o(I) were corrected for Lorentz and
polarization effects; the data were also cor-
rected for absorption. The atomic scattering
factors for neutral atoms, and the corrections
for anomalous dispersion, were taken from
Ref. (10). All calculations were performed
on the Monash University Burroughs 6700
computer; the major program used was that
due to Sheldrick (11).

FALLON AND GATEHOUSE

Structure Solution and Refinement

The structure was solved for the main
structural tantalum atom positions based
upon the knowledge of the structure of the
4Rb,0:11Nb,0Os phase (2), noting that the
0, 0, 12 reflection was strong, thus indicating
12 layers of metal atoms, and a consideration
of space group symmetry. Based on these
considerations, the following tantalum atom
positions were deduced: Ta(1), 0, 0, 0.12;
Ta(2), &, 3, 0.04; Ta@3), -4 -1, 0.20.
These tantalum positions were assigned full
occupancy and a thermal parameter (U)
of 0.01A% and structure factors were
calculated resulting in a conventional R
of 03919 [R=ZI|FOI_IFC||/Z |Fo|] A
difference Fourier synthesis, calculated at
this stage, revealed the oxygen atom posi-
tions and four other atomic positions. Three
of these positions were assigned to rubidium,
Rb(1) and Rb(3) being given full occupancy,
the position designated Rb(2) (Table 1)
being given an occupancy one-third of the
12k site it occupies because of its close prox-
imity to a 4f site. The fourth position (Ta(4),
Table 1) was assigned to tantalum, because
the bond lengths are too short for Rb (Table
'I) with an occupancy of 0.6 to maintain
¢erall charge balance. Full-matrix least-
squares refinement of positional and iso-
tropic thermal parameters gave an R of
0.097.

Refinement with anisotropic thermal
parameters for all metal atoms and isotropic
thermal parameters for the oxygen atoms
gave an R of 0.057. At this stage the occu-
pation factors for Ta(4), Rb(1), Rb(2), and
Rb(3) were allowed to refine together with
all other variables. The resulting occupation
factor figures fron} this refinement were
Ta(4), 0.61(2), Rb(1l), 0.99(4), Rb(2),
0.32(1), and Rb(3), 1.04(4); this resulted in
an R of 0.056. To maintain charge balance
the occupation factors of these four sites
were fixed at those values given in Table I
and the resulting R factors after three cycles
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STRUCTURE OF 5Rb,0:14.6Ta,0
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TABLE 1i

SELECTED INTERATOMIC DISTANCES (A) WITH ESTIMATED STANDARD DEVIATIONS IN PAREN-
THESES

Metal-oxygen
Ta(1)-0(2)x3 1.89(3)

Metal-Metal
(i) Corner-shared octahedra

Rubidium contacts to 4.0 A
Rb(2)-0(6)x2 3.05(3)

-O(1)x3 2.10(3) Ta(3)-Ta(3)x2 3.627(4) -0(1) 3.11(3)
~Ta(3)x2 3.877(4) -0(2)x2 3.44(1)
Ta(2)-0(1) 1.80(3) -Ta(3) 3.890(3) -0(7) 3.48(3)
-0(3)x2 1.92(1) . -0(6) 3.52(3)
—-0(4) 2.05(2) (ii) Edge-shared octahedra —0(1)x2 3.57(3)
-0(4)x2  2.08(1) Ta2)-Ta@)x2 3.304(2) -0@2)x2 3.87(1)
-O(7)x2 3.91(3)
Ta(3)-0(6)x2  1.94(1) (iii) Across the six-octahedra unit -0(3)x2 3.97(3)
-0(5) 1.96(1)
-0@)  1.99(3) Ta(2)-Ta2) ~ 4.994(2) Rb(3)-O(T)x2 3.17(3)
-O(7)yx2 2.03(1) . . . -O(T)x4 3.17(3)
(iv) Ta in the nine-coordinate site- -06)x4 3.55(3)
Ta(4)-0(7)x6 2.17(3) Ta(4)-Ta(3)x6 2.965(2) —0(6)x2 3.55(3)
-0(5)x3 2.50(4) Rubidium contacts to 4.0 A -O5)x2 3.77(1)
-0(5)x2 3.77(1)
Metal-Metal Rb(l):gg; X2 ;ggg; -0(5)x2 3.77(1)
(i) Corner-shared octahedra ~0@4) 3:31(3)
-0(4)x2 3.31(3)
Ta(1)-Ta(3)x3 3.632(3) -0(2) 3.55(3)
Ta(2)-Ta(2)x2 3.744(3) —_O(1)x2 3.79(1)
-Ta(2)x2 3.759(3) -O(1)x2 3.79(1)
-O(1)x2 3.79(1)

of least-squares refinement were R =0.057
and R, =[T w"*(F,|-|F)/L o' ?|F.)]=
0.039, @ =1/0>. The 240 reflection was
considered to be extinction effected and
omitted from the last refinement cycles. Final
atomic parameters and their estimated
standard deviations are given in Table I
and selected interatomic distances in Table
II. A table of observed and calculated
structure factors has been deposited with
the ASIS National Auxiliary Publications
Service.

! See NAPS document No. 03544 for 3 pages of
supplementary material. Order from NAPS c/o
Microfiche Publications, P.O. Box 3513, Grand Central
Station, New York, N.Y. 10017. Remit in advance, in
U.S. funds only $5.00 for photocopies or $3.00 for
microfiche. Outside the U.S. and Canada add postage of
$3.00 for photocopy and $1.00 for microfiche.

Discussion

The structure of the related “11-layer”
phase, which would more appropriately be
called an ““18-layer” phase because of the 18
distinct metal layers, was described (2) in
terms of layers of corner-shared groups of six
edge- and corner-shared octahedra joined by
layers of single octahedra to hexagonal
tungsten bronze (HTB)-like layers; these
layers are perpendicular to the hexagonal
c-axis. The columns formed by these layers,
in the “11-layer” phase, are six octahedra
deep (along [0 0 1)) and are terminated by a
tunnel at each end (Fig. 1).

In the ‘“9-layer” structure more appro-
priately described as a ‘“12-layer” phase,
described here, the columns of six octahedra
described above are repeated infinitely, by
mirror planes above and below the HTB-like
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F1G. 1. The structure of Rby; 29Nbss 5609 illustra-
ting the means by which the columns of octahedra are
joined to one another.

layers, thus forming double HTB layers (Fig.
2). The columns in both structures are joined
by corner sharing of octahedra (as shown in
Fig. 1 for the 11-layer compound) to produce
three-dimensional structures containing
intersecting tunnels, parallel to the xy plane,
in which the alkali metal ions are located. For
a fuller appreciation of the structure the
reader is referred to the diagrams given in
Ref. (8).

The structure appears to be stabilized, and
to attain electrical neutrality, by the presence
of tantalum (Ta(4)) in the nine-coordinate
tricapped trigonal prismatic (ttp) sites
formed between the double HTB layers.
Occupation of sites of this type was observed
for compounds of niobium and tantalum
adopting the HTB and the tetragonal tung-
sten bronze (TTB) structures earlier (3, 12),
and is strongly supported by the high-
resolution electron microscopy study
recently reported (6).

This description differs from that of Michel
etal. (8), in that from Fourier and difference
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F1G. 2. The structure of Rb;¢Ta,g 50045 viewed (a)
perpendicular to the yz plane and (b) viewed down the x
axis.

Fourier maps no evidence was obtained for
Ta(4) in the 25 site to be shifted from that
site, nor was there evidence for any electron
density in the 4f site of Michel et al.

Interatomic distances are within the range
usually observed for niobium and tantalum
compounds. The shortest Ta-Ta distance
occurs between the nine-coordinate Ta(4)
and Ta(3), 2.965(2) A. In the TTB analog in
the K20—Ta205 system, K(, Talo,go;;o (3),
the distances from Ta(3) in the ttp site to
neighboring octahedral tantalum atoms are
Ta(1)-Ta(3), 2.911(3) A, and Ta(2)-Ta(3),
2.995(3) A, values that span the distance
observed here.

Within the highly condensed unit of six
octahedra the edge-shared distance Ta(2)-
Ta(2) is 3.304(2) A, comparing very favor-
ably with the Nb(3)-Nb(3) distance of
3.308(1) A in the “11-layer” material.
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F1G. 3. The coordination polyhedra of Rb(1), Rb(2), and Rb(3) in Rb;oTa g 2007s.

The rubidium ions occupy three sites
within the tunnels formed in the rigid
tantalum octahedra framework; Rb(1) and
Rb(3) fully occupy 4f and 2c¢ sites, respec-
tively, and Rb(2) partially occupies a 12k
site. The Rb-O distances range from 3.05(3)
to 3.97(3) A, taking the coordination dis-
tance out to 4.00 A. Rb(1) and Rb(2) are
considered to be 15-coordinate, whereas
Rb(3) has 18 distances to oxygen less
than 4.00 A. The coordination of each rubi-
dium atom is shown in Fig. 3. Also the
thermal parameters for Rb are compara-
tively high which is consistent with the
measured ionic exchange properties of this
material (7).

In view of the long c-axis dimen-
sion (65.12 A) of the so-called *“‘16-layer”
(24 metal atom layers) material and the
fact that its structure has been deduced
from the electron microscopy study (6)
the single-crystal X-ray  diffraction
work on this compound (2) has been
discontinued.
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