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The structure of D,,&eO, has been determined by a room temperature powder neutron diffraction 
study. The unit cell is body centered cubic (space group Zm3) and contains eight formula weights (a = 
7.497 2 0.001 A). A least squares method based on peak intensities was used to refine the structure. 
The rhenium atoms lie on the special perovskite sites and are surrounded by distorted octahedra of 
oxygen atoms which are displaced towards the vacant perovskite A sites. The deuterium atoms are 
statistically distributed over 72 possible sites in the unit cell, as OD bonds. 

Introduction 

Hydrogen insertion compounds of transi- 
tion metal oxides of general formula H,MO, 
with 0 I x 5 2 are well known (I). Exam- 
ples are the hydrogen tungsten and molyb- 
denum bronzes, H,WOj, 0 5 x 5 0.6 (2) 
and H,MoOj, 0 I x I 2.0 (3). Hydrogen 
insertion into these oxides leaves the parent 
oxide lattice substantially unchanged. 

The preparation of a hydrogen rhenium 
bronze, Ho. isRe03, was originally reported 
by Kimizuka et al. (4). An orthorhombic 
phase of higher hydrogen content was later 
described by these workers (5). Following 
these reports we have prepared a series of 
hydrogen rhenium bronzes H,Re03 with 0 
I x 5 1.36. Powder X-ray photographs of 
H1.&e03 showed strong lines characteris- 
tic of a simple cubic lattice but also re- 
vealed some very weak lines which could 
be indexed on a cubic unit cell having ap- 
proximately double the lattice constant of 
Re03 (Table I). 

A similar superlattice has also been 

* To whom correspondence should be addressed. 

found for cubic Ho.~~WO~ and results from a 
distortion of the WO3 framework (6). In the 
present work a powder neutron diffraction 
study has been undertaken to determine the 
crystal structure of D1.3&eOJ. 

Sample Preparation and Analysis 

ReOJ 

Crystalline ReOJ was prepared from high 
purity NHae04. The perrhenate was re- 
duced under flowing hydrogen at 450°C and 
the rhenium metal so produced was oxi- 
dized to Re207 in a static oxygen environ- 
ment (7). The ReZ07 was purified by subli- 
mation and then reduced to Re03 according 
to the prescription of Nechamkin (8) using 
dioxane. 

D,ReO3 

Insertion of deuterium into Re03, to give 
D,Re03, was carried out using gaseous deu- 
terium in the presence of a Pt catalyst (9). 
Re03 was treated with an aqueous solution 
of H#tC& and the solvent removed under 
vacuum to yield a ReOJ/H2PtC& ratio of 
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TABLE I 

POWDER X-RAY DATA FOR D,.&eO~ 

Intensity da d ohs h k 1 

S 3.747 3.749 2 0 0 

s 2.651 2.648 2 2 0 

vvw 2.371 2.367 3 1 0 

S 2.162 2.162 2 2 2 

vvw 2.003 2.002 3 2 1 

S 1.874 1.873 4 0 0 

MS 1.676 1.676 4 2 0 

MS 1.530 1.529 4 2 2 

MS 1.325 1.326 4 4 0 

MS 1.249 1.250 4 4 2 

M 1.185 1.185 6 2 0 

Note: Refined parameters 7.497 = a = b = C. 

25 : 1. The sample, at 298 K, was then ex- 
posed to deuterium gas and the insertion 
reaction which occurred over a period of 24 
hr was followed by volumetric gas absorp- 
tion. The chloroplatinic acid is reduced in 
situ to yield finely dispersed platinum that 
catalyzes the reaction. A Guinier X-ray 
photograph of the product showed a pure 
cubic phase of lattice content (subcell) a = 
3.749 + 0.001 A. 

The rhenium oxidation state in the pro- 
duct was measured potentiometrically us- 
ing 0.05 M ceric sulphate solution. The gas- 
eous uptake of deuterium by Re03 and the 
metal oxidation state in the product were 
consistent with the formula Di.&eOj. 

Neutron Diffraction 

Neutron diffraction measurements were 
performed at room temperature on a pow- 
der diffractometer, 10 HPD, at the reactor 
DIDO, AERE Hat-well. The sample was 
loaded into a 12-mm diameter vanadium 
can sealed with a rubber O-ring to avoid 
decomposition of the air sensitive com- 
pound. The angular range of 28 from 10 to 
90” was scanned and a neutron wavelength 
of 0.9% A used. 

The observed reflections were indexed 

on a cubic unit cell with lattice constant 2a 
and the systematic absence h + k + 1 = 2n 
+ 1 found. The intensity of the superlattice 
reflections could be accounted for by oxy- 
gen displacements represented by the spe- 
cial position 24(g) of the space group Zm3. 
At low angles the peak spacing allowed the 
intensity of each peak to be determined ac- 
curately and hence a profile refinement was 
superfluous (10) and the integrated inten- 
sity analysis was used. 

The refinement of atomic positions was 
carried out using a computer program writ- 
ten by Wiseman (11). This program mini- 
mizes the function 

Twenty high intensity peaks were chosen 
for the refinement, each weighted accord- 
ing to the standard deviation of the inten- 
sity as estimated from counting statistics. 
The neutron scattering lengths used were 
bD = 0 667 X 10-i* cm, bRe = 0.92 X 10-i* 
cm, and bo = 0.580 x lo-‘* cm (22). 

Structure Refinement 

The early stages of the refinement were 
carried out with the deuterium atoms omit- 
ted from the structure. The rhenium and 
oxygen atoms were initially placed on the 
Re03 special sites; an RI index [lOOc(&S - 
IC&]/Z~S of 60% resulted. Refinement of 
the oxygen positions lead to a shift along 
011 as given by the positions 24(g) (0, y, z) 
of Zm3 and RI fell to a value of 12.1%. A 
Fourier difference synthesis located the 
deuterium atoms which were then assigned 
an isotropic temperature factor of 5.0 A* 
(Fig. 1). The total occupation for deuterium 
was constrained to yield 10.88 atoms per 
unit cell corresponding to the formula 
D1,3,$e03, and the temperature factors for 
different deuterium atoms were constrained 
to be equal. Refinement of atomic coordi- 
nates and temperature factors for oxygen 
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FIG. 1. The eight Re06 octahedra surrounding (O,O,f) 
in D,.&eOJ. 

and deuterium, and the rhenium tempera- 
ture factor lead to convergence and a final 
RI factor of 2.04%. 

The agreement between observed and 
calculated peak intensities is given in Table 
II, and the final positional and thermal pa- 
rameters together with their estimated stan- 
dard deviations are given in Table III. A 
final difference Fourier map was synthe- 
sized and showed no extra peaks consistent 
with possible site occupancy. 

2 0 0 

3 1 0 
2 2 2 

3 2 1 
4 0 0 

4 2 0 
4 2 2 
5 1 0 

1 3 4 
4 4 0 

5 3 0 
4 4 2 

5 3 2 
6 2 0 

4 4 4 
6 4 0 

6 4 2 
8 2 0 

6 4 4 
8 2 2 

6 6 0 
8 4 2 

10 2 0 

8 6 2 

D,.&e03. The values refer to the contents 
of the average unit cell of the crystal. 

Discussion 

TABLE III 

Table IV shows a number of important 
bond lengths and angles deduced for cubic 

The rhenium atoms form a primitive cu- 
bic lattice and each metal atom has a dis- 
torted octahedral arrangement of oxygen 
atoms around it. The distortion of the oxy- 
gen sublattice results in the formation of 

TABLE II 

OBSERVED AND CALCULATED INTENSITIES FOR 

H&k03 

h k i I cak I obr dlobs) 

42.2 42.3 0.26 

8.99 9.05 0.45 
1.29 1.31 0.82 

6.68 6.60 0.56 

32.6 32.6 0.46 

38.1 38.1 0.42 

10.9 10.8 0.55 

3.87 3.50 0.80 

17.8 17.8 0.35 

3.82 4.17 0.57 

17.2 17.0 0.34 

3.48 3.22 0.73 

3.64 4.14 0.65 

5.38 5.61 0.62 
6.63 6.54 0.60 

10.7 10.8 0.57 

16.9 16.3 0.60 

6.14 6.78 0.75 

15.3 16.3 0.60 

13.7 13.1 0.65 

ATOMIC PARAMETERS FOR D1.&e03 

Atom Position x Y Z mQ) Atoms/Unit cell 

Re 8(c) 0.25 0.25 0.25 0.13(2) 8.0 
0 24(g) 0.0 0.242(1)8 0.294(l) 1.83(16) 24.0 

Q 24(g) 0.0 0.114(14) 0.281(12) 5.6(1.0) 4.82(0.5) 

D3 24(g) 0.0 0.207(13) 0.435(13) 5.6(1.0) 2.56(0.7) 

D2 24 d 0.0 0.179(12) 0.169(14) 5.6(1.0) 3.50(0.5) 

a Estimated standard deviations in parentheses. 
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TABLE IV 

Bond distances 

(A) 

Re,-Re2 3.749 
Re,-O9 1.904 

or02 3.09 

02-Q 3.63 

4-09 3.87 

09-010 4.41 

041 O.% 

Orb 1.05 

02-D, 1.09 

Bond angles (“) 

OrRe-0, 98.3 

OrRe-O6 81.7 
Re,-OrRe2 169.1 

DI-Oz-03 5.8 

&-Or0, 13.9 

b-Oz-03 63.3 

nonequivalent A sites from the original 
perovskite structure. Of the eight original 
equivalent sites, six sites occur for which 
the local environment is provided by four 
oxygen sites which have been displaced to- 
wards the interstitial site. 

The deuterium atoms are randomly at- 
tached to all the oxygen atoms as 
deuteroxyl bonds which are about 1 A long. 
The O-D . . . 0 distance is too large in all 
cases for hydrogen bonding to occur. The 
deuterium atoms are distributed over a pos- 
sible 72 positions in the unit cells; however, 
some arrangements of deuterium atoms 
among these sites cannot occur since this 
would give rise to impossibly short inter- 
atomic distances. 

The structure was supported by NMR 
evidence. The second moment for a sample 
of H1,s&eOj was measured at 150 K to be 
3.7 * 0.5 G*. Such a small value excludes 
the possibility of OH2 groupings in the 
structure, and agrees with a value com- 
puted for a random distribution of hydrogen 
over the possible sites determined by neu- 
tron diffraction (after the exclusion of si- 
multaneous occupancy for chemically un- 
reasonable distances.) 

Insertion of deuterium into Re03 causes 
the Re-0 bond length to increase, from 
1.87 A in Re03 to 1.90 A in Dt.&e03, but 
the tilting of the octahedra that occurs 
causes the cell volume to remain almost 
constant. 

The structure of cubic D1.3&e03 was 
found to be very similar to that of Do.sjW03 
(6). However, the larger deuterium content 
of the rhenium compound results in a larger 
number of sites being occupied by deute- 
rium and a greater distortion of the MO6 
groups away from perfect octahedra is also 
observed. 

The crystal structure shows that the hy- 
drogen rhenium bronze should be classified 
as a nonstoichiometric oxide hydroxide 
Re03-,(OH),. In the limiting case x = 3 a 
hydroxide M(OH)3 would result and this 
structure is also found for the trivalent hy- 
droxides Sc(OH)3, In(OH)3, and Lu(OH)j. 
The distortions in these hydroxides from 
the perfect oxygen sublattice of Re03 are 
much larger and hydrogen bonding occurs. 
The difference may be due in part to there 
being insufficient hydrogen atoms in 
HXRe03 to bind all the oxygen atoms to- 
gether, whereas in In(OH)3 there is one hy- 
drogen atom between every pair of oxygen 
atoms. 

The random distribution of deuterium 
among the sites is in good agreement with 
the potential distribution in the lattice. Cal- 
culations of Horiuchi et al. (5) show a po- 
tential valley -1 .OO H, from oxygen con- 
taining shallow potential minima. The 
hydrogen atoms are therefore likely to be 
randomly distributed over sites - 1.00 A 
from oxygen with higher probability of oc- 
cupation of sites of the least potential. The 
shallowness of the potential minima is re- 
flected in the fairly high temperature factors 
determined for deuterium. 

The values of maximum hydrogen con- 
tent for the bronzes H,MO3, prepared by 
hydrogen spillover (M = W, Re, and MO, x 
= 0.36, 1.36, and 1.68, respectively), paral- 
lel the values of -AGO (298 K) for the reac- 
tion 

MO2W + B 02(g) = MO3Cs) 

-AGO (298K) = 230 kJ mol-r (W), 
153 kJ mol-i (Re), and 135 kJ mol-r (MO). 
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This suggests that the limiting x value ob- 
tained (at pH2 = 1 atm, 298 K) is of thermo- 
dynamic rather than crystallographic origin 
and is associated with the ease of reduction 
of the VI oxidation state of the metal con- 
cerned. 
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