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Pure crystalline samples of HTa03 and DTa03 have been prepared. The crystal structure has been 
solved using powder X-ray. and neutron diffraction (at 2 K and room temperature) and has been shown 
to consist of Ta(0,0H)6 octahedra sharing vertices with the oxygen atoms displaced toward the vacant 
perovskite A sites. The compound is isomorphous with HNb03, D,W03, and D,Re03 and contains 
hydrogen atoms as hydroxide groups. 8 198s Academic press, IK. 

Introduction 

The materials HNb03 and HTa03 are 
white crystalline solids obtained from 
LiNb(Ta)03 by ion exchange of lithium by 
protons (I). The ion exchange results in a 
structural change of the metal-oxygen 
framework from rhombohedral to cubic 
symmetry similar to those found in Li,ReOJ 
(2), ZrFeF6 (3), and possibly Li,WOj (4). 
The structure of HNb03 has been investi- 
gated by Fourquet and co-workers and was 
found to consist of Nb(0,0H)6 octahedra 
sharing vertices with the hydrogen atoms 
statistically distributed over two sites (5). 
The structure is similar to that determined 
for the hydrogen insertion compounds H, 
W03 (6) and H,Re03 (7). Hydrogen inser- 
tion into the oxides WO3 and Re03 results 
in a tilting of the MO6 octahedra of the par- 
ent framework and the formation of a skut- 
terudite structure similar to that of In(OH)3 
where all the oxygen atoms are present as 
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OH groups. In HNb03, H,WO3, and H,Re 
O3 the degree of tilt is considerably less 
than in In(OH)3 (8) since only a fraction of 
the possible hydrogen sites are occupied. 

In the present work we have investigated 
the structure of HTa03 by means of powder 
X-ray diffraction. A sample of DTa03 was 
examined by powder neutron diffraction at 
room temperature and 2 K to determine 
proton positions and establish whether or- 
dered occupancy of such sites occurred at 
low temperatures as had been previously 
postulated for HNb03. 

Experimental Methods 

Samples of HTa03 were prepared by ion 
exchange of LiTa03 with H$SOh. LiTa03 
was prepared by heating a stoichiometric 
mixture of L&CO3 and Ta205 at 900°C for 24 
hr. A pure single phase of LiTa03 was 
shown to be present by powder X-ray dif- 
fraction. Exchange of Li+ with H+ was ef- 
fected by stirring 5 g of LiTa03 with 9 M H2 
SO4 at 110°C for 7 days. The product was 
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washed thoroughly with distilled water un- 
til no trace of acid remained and then dried 
at 120°C for 24 hr. Powder X-ray diffraction 
confirmed that exchange was complete. 

DTa03 

A sample of DTa03 was prepared in an 
identical method to that employed for 
HTa03 but using deuterated materials in a 
hydrogen-free glove box. A 9 M solution of 
DzS04 was prepared by mixing cont. DzS04 
(Koch Light 99.7% D) with D20 (MSD 
99.7% D). The degree of deuteration was 
determined from the infrared spectrum of 
the product dispersed in a CsI disk. Mea- 
surement of the intensity of the -OH defor- 
mation band at - 1200 cm-* and comparison 
with the -0D deformation at 890 cm-r indi- 
cated that the effective deuteration was 
>96%. A sample was loaded in a thin- 
walled vanadium can with an indium wire 
gasket for the collection of neutron diffrac- 
tion data. 

X-Ray Diffraction 

Powder X-ray diffraction data were col- 
lected using a Philips vertical diffractome- 
ter with an ARM focussing monochromator 

TABLE I 

HTaOS POWDER X-RAY CELL 
REFINEMENT 

hkl 

200 
220 
310 
222 
321 
400 
420 
422 
440 
442 
620 
622 

d talc d ObS 
(4 (4 

3.8112 3.7993 
2.6950 2.6936 
2.4105 2.4096 
2.2004 2.1982 
2.0372 2.0372 
1.9056 1.9047 
1.7044 1.7034 
1.5559 1.5553 
1.3475 1.3467 
1.2704 1.2701 
1.2052 1.2054 
1.1491 1.1498 

TABLE II 

HTaOj POWDER X-RAY INTENSITY 
REFINEMENT 

hkl I obs Lk 

200 877 906 
220 523 499 
130 12.0 11.6 
222 150 149 
321 5.9 6.8 
400 149 140 
420 322 313 
422 196 201 
440 579 578 

6001442 106 106 
622 595 602 
444 159 149 
640 339 365 
642 683 688 

employing CuG radiation. The pattern 
was indexed on a cubic unit cell with a = 
7.6225(9) A, twice the value reported by 
Rice and Jackel. Weak lines with d spacings 
of 2.410 and 2.036 A were observed in this 
work and were indexed as the 310 and 321 
reflexions, respectively (see Table I). 

The intensities of 15 peaks were mea- 
sured and a full-matrix least-squares refine- 
ment carried out. A program which mini- 
mizes the quantity 

was used. The refinement included a scale 
factor, two temperature factors, and two 
oxygen positional parameters and the best 
fit resulted in a RI index of 3.23%. Table II 
shows the observed and calculated intensi- 
ties and Table III the values of the adjust- 
able parameters at the end of the refine- 
ment. 

Powder Neutron Refinement 

Neutron diffraction spectra were re- 
corded at 300 and 2 K on DlA at the ILL, 
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TABLE III 

POSITIONAL PARAMETERS DERIVED FROM POWDER 
X-RAY INTENSITIES 

Atom X Y Z B 

Ta 0.25 0.25 0.25 1.95(9) 
0 0.0 0.222(8) 0.315(6) 3.9(1.0) 

Grenoble. The incident wavelength 1.5082 
A was used (calibrated with a nickel stan- 
dard) and the angular range 8 = 6- 160” 
scanned in steps of 0.05”. 

Room-Temperature Data 

The trace showed 30 hkl reflexions of rea- 
sonable intensity however some of the 
peaks (211,532,611, 127,255,633, and 257 
reflexions) were considerably broader than 
the remainder of the peaks. This is probably 
a result of the method of preparation which 
involves a twist along the (111) direction of 
the product (the hexagonal c axis of LiTa 
OX) and large displacements of the oxygen 
atoms. Owing to the breadth of the peaks 
some difhculty was encountered in calcu- 
lating their exact intensity and they were 
therefore omitted from the refinement. 

The refinement was carried out using 21 
peaks corresponding to 49 reflexions. The 
initial model was based on that given by 
Fourquet for HNb03 space group Zm3 (No. 
204 International Tables). Oxygen atoms 
were placed on the 24(g) sites and deute- 
rium atoms statistically situated on two 
24(g) sites corresponding to the edges of the 
small square of oxygen atoms formed by 
twisting of the Tao6 octahedra to form the 
skutterudite structure. Refinement of the 
oxygen positional parameters resulted in 
the atoms being placed along the (110) di- 
rection on sites similar to those found in D, 
wo3. The less symmetrical distortion 
found in HNb03 at room temperature was 
not apparent here. The oxygen atoms were 
thus placed on (0, y, z) with y + z con- 
strained to equal 0.5. The 48 deuterium 

sites in the unit cell are strictly described by 
24m D in (0, yl, zi) and by 24n D in (0, y2, ~2) 
where m and n are the occupation factors 
for the two sets of positions. The deuterium 
atoms were confined to the equivalent sites 
with 0.5D in (0, y, z) and 0.5D in (0,0.5 - z, 
0.5 - y). Refinement of the scale factor, 
three positional parameters, and three iso- 
tropic temperature factors converged to 
give an RI of 8.5%. Relaxation of the con- 
straints on the deuterium positions resulted 
in a shift in position of one of the deuterium 
atoms to a site slightly outside the smallest 
square of oxygen atoms but with a degree 
of deviation away from the O-O line similar 
to that of the other deuterium site (Fig. 1). 
Refinement of the scale factor, four posi- 
tional parameters, and temperature factors 
converged to give an RI of 4.9%. Further 
relaxation of the constraints did not pro- 
duce any significant changes to the values 
quoted, though a slight preference of deute- 
rium for the (0, 0.06, 0.345) site was noted. 
The agreement between observed and cal- 
culated intensities is given in Table IV and 
the positional and thermal parameters in 
Table V. 

2 K Data 

The low-temperature profile was similar 
to that observed at room temperature; no 
new peaks were observed in contrast to the 
data for HNbOj recorded by Fourquet. The 
basic model used for refinement was that 
employed in the room-temperature study. 

FIG. 1. The average deuterium distribution around 
(0, 0, 4) at room temperature in HTaOl. 
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TABLE IV 

POWDER NEUTRON ROOM-TEMPERATURE 
REFINEMENT 

hkl I cdc I otls 

200 50.9 48.4 
310 70.5 71.1 
400 56.8 57.7 
420 67.6 74.4 
422 23.5 20.8 

431/510 6.29 5.83 
521 5.35 5.34 
440 18.5 17.4 

4331530 40.2 41.7 
6001442 23.7 23.9 

622 9.96 8.75 
444 4.64 4.76 

543/710/550 22.4 20.1 
642 8.91 9.45 

8221660 53.0 55.8 
83117431570 20.7 20.6 

662 9.76 9.85 
833/910 1.40 1.45 

8-42 8.19 7.88 
466 9.38 8.91 

85117541930 11.8 11.7 

A small contraction of the lattice parameter 
was observed, a = 7.5957 A. 

Refinement of the oxygen positions with- 
out constraint resulted in a movement of 
the atom away from the (110) direction and 
a distortion similar to that found for 
HNb03. This results in the small square of 
oxygen atoms being distorted to produce a 
rectangle with sides measuring 2.91 and 
3.13 A. Deuterium atoms were placed on 
the room-temperature sites and the occupa- 
tion factors allowed to vary. This resulted 

TABLE V 

ATOMIC PARAMETERS FOR HTaOS~~Roo~ 
TEMPERATURE 

Atom x Y Z B occ. 

Ta 0.25 0.25 0.25 1.5(l) 1.0 
0 0.0 0.1993(5) 0.3007(5) 2.1(l) 3.0 
D, 0.0 0.236(3) O&O(6) 4.2(1.0) 0.5 
D2 0.0 0.060(6) 0.345(3) 4.2(1.0) 0.5 

TABLE VI 

HTaOl POWDER NEUTRON REFINEMENT AT 2 K 

hkl I cdc I ohs 

200 55.9 53.6 
310 90.2 89.2 
400 65.2 65.9 
420 86.6 87.4 
422 26.3 26.0 
440 20.8 22.5 

4331530 57.1 56.5 
6001442 33.1 30.2 

622 11.8 11.0 
444 4.89 5.08 

5431710/550 29.4 26.7 
8221660 72.7 72.8 

743/750/831 36.3 37.8 
662 15.5 14.2 

833/910 5.82 6.00 
842 15.5 10.9 
664 14.8 13.8 

8Sll754/930 19.9 18.6 

in all the deuterium atoms shifting onto one 
site (0, 0.06, 0.34). The other site was thus 
removed from the refinement and the occu- 
pancy of (0,0.06,0.34) site fixed at 1.0. The 
final refinement included a scale factor, two 
oxygen and two deuterium positional pa- 
rameters, and three isotropic temperature 
factors and converged to give an RI of 
3.9%. The final calculated and observed in- 
tensities are given in Table VI and the atom 
parameters in Table VII. 

Discussion 

The tilting of the Tao6 octahedra at RT 
and 2 K is similar, however at low tempera- 

TABLE VII 

ATOMIC PARAMETERS FOR HTaO, AT 2 K 

Atom x Y Z B occ. 

Ta 0.25 0.25 0.25 1.04(10) 1.0 
0 0.0 0.1910(9) 0.2949(11) 1.53 3.0 
D 0.0 0.051(3) 0.318(3) 3.0(6) 1.0 
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tures the distortion lowers the symmetry of 
the oxygen positions and results in one 
shorter O-O distance. Figures 1 and 2 show 
a portion of the yz plane for the room-tem- 
perature and 2 K structures, respectively. 
A distortion resulting in nonequivalent O- 
0 distances in the small square has been 
observed in HNbOx, In(OH)3, and H,Re03. 
The result of this distortion is to remove the 
equivalence of the two deuterium sites. The 
shortest O-O distance of 2.91 A is suffi- 
ciently low for a weak hydrogen bond to 
occur between the two atoms and a deute- 
rium site between this pair of atoms be- 
comes the position of lowest energy. Hence 
the sole occupancy of this site at low tem- 
perature is readily interpretable on ener- 
getic grounds. Table VIII shows some im- 
portant bond lengths and angles derived 
from both the room- and low-temperature 
data. For a defect compound such as 
DTa03 these refer to the contents of the 
average unit cell of the crystal. 

The tilt of the Tao6 octahedra of 16” is 
similar to that observed in HNb03 (15.98”) 
though considerably larger than the tilt in 

TABLE VIII 

IMPORTANTBONDLENGTHSANDANGLES 

Bond distances (A) Bond angles 
(degrees) 

Room-temperature data 

O-0 
0-b 
Ta-Ta 
01-G 
Ta-O 
OD,---02 
OD,--0, 

0,-D 
Ta-Ta 
Ta-0 
01-Q 
0143 

o,w--03 

1.10 Tal-Tad4 
1.11 Ta,-O,-Ta, 
3.811 %-0& 
3.083 G-Q-D, 
1.9825 
1.996 
2.005 

2 K Data 
1.08 Ta-Ta-O, 
3.797 Ta-OrTa 
1.981 %-Q-D 
3.116 
2.901 
1.846 

16.0 
148.0 

17.6 
14.6 

16.6 
146.8 

9.4 

FIG. 2. The average deuterium distribution around 
(0, 0, 1) at 2 K in HTa03. 

DXW03 (II). This is probably due to the 
greater hydrogen content of these materials 
resulting in greater O-H --- 0 interactions 
which tilt the octahedra. The degree of 
tilting in In(OH)j of 22.8” is in accordance 
with this idea. 

At room temperature the deuterium at- 
oms are statistically attached to all the oxyO- 
gen atoms as deuteroxyl bonds -1.10 A 
long and displaced -15” off the line to the 
neighboring oxygen atom. This deviation is 
slightly larger than found in DXW03, how- 
ever fairly large deviations are observed for 
systems containing weak hydrogen bonds 
(9). The size of this deviation is in good 
agreement with values predicted by the 
work of Brown, of -16”, for the O-O dis- 
tance under consideration. The displace- 
ment off the O-O line of deuterium at low 
temperature is only 9” and this lower value 
is to be expected as the result of a shorten- 
ing of the O-O distance. The fairly long O- 
D bond length is similar to values found in 
other defect structures of this type and is 
probably due to relaxation of oxygen atoms 
from their average position whenever a 
deuterium atom is attached. 
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