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The rhenium-oxygen system has been studied under 65 kbar pressure. In addition to the known ReO*, ReOX, 
and Re,O, phases, a new, nonstoichiometric phase has been found. This phase can be represented as Rel+xOa 
where values of x from 0.14 to 0.21 have been observed. The structure of this new phase has been determined for 
x = 0.16. The space group is P6,22, and the hexagonal cell dimensions are n = 4.8350 * 0.0006 A and c = 4.5350 it 
0.001 A. The structure is based on hexagonally close-packed oxygens with rheniums in certain of the octahedral 
sites. Crystals of this new rhenium oxide show metallic conductivity. The relation of the Re,+,Oo structure to 
other structures with hexagonal close-packed anions is discussed. 

Introduction 

In mixed oxides rhenium has been found in all 
oxidation states from 3+ to 7+, e.g., NaRe7+04, 
Ba2MgRe6+06 (I), Cd2Re:+07 (2), Na2Re4+0, (3), 
and LiRe3+02 (3). Compounds where rhenium 
formally has a fractional oxidation state are also 
known, e.g., La4Re;f.3+0,g (4,5), Na,,gRe5.‘+03 (6), 
and K0,,Re5.‘+03 (6). However, in the binary Re-0 
system only the 7+, 6+, and 4-t oxidation states have 
been found, i.e., Rez07, Re03, and two forms of 
ReOz (7). We examined the Re-0 system at high 
pressure, and a new nonstoichiometric oxide of 
rhenium was found (8). 

Synthesis 

Rhenium trioxide was prepared from Rez07 by 
the p-dioxane method (9). The ReO, produced was 
washed with water and then dried to remove any 
traces of Re207. The ReOz was prepared by the 
reaction of Re and ReO, in silica ampoules. All 
high-pressure experiments were conducted in a 
tetrahedral anvil which has been previously de- 
scribed (10). The containers were either gold or 
platinum, and the products were quenched to room 
temperature under pressure. 

Mixtures of Re207-Re03, ReO,-Re02, and 
ReOz-Re were heated at 700-1400°C under 65 kbar 

pressure. The only new phase found was formed 
from the Re03-ReOz mixture. It is copper-gold 
colored and distinctly different in appearance from 
red ReO, and black Re02. 

Characterization 

X-Ray powder patterns were obtained at 25°C 
using a Hagg-Guinier camera with CL&Z, radiation 
and an internal standard of high-purity KC1 
(a = 6.29310 A at 25°C). The lattice constants were 
refined by the least-squares method. The powder 
pattern of the new phase was simple and readily 
indexed as hexagonal. The cell dimensions varied 
froma = 4.8362 f 0.0002Aandc = 4.5197 f 0.0003 
A (c/a = 0.9346 and V= 91.55 kO.01 A3), to 
a = 4.8194 f 0.0003 A and c = 4.5825 f 0.0004 A 
(c/a = 0.9508 and V= 92.18 + 0.01 A3). The larger 
volume was found when ReOz was present as a 
second phase; the smaller when ReO, was present. 
Note that as the c-axis and volume increase, the 
a-axis decreases. 

Chemical analyses were carried out both by tga 
hydrogen reduction and by an inert gas fusion 
method (11). With the formula represented as 
Re, +xO3, x is found to be 0.14 * 0.01 for the smaller 
volume limit and 0.21 f 0.01 for the larger volume 
limit. Both analytical procedures agreed well within 
the error limits given. 
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We considered the possibility that the hexagonal 
phase might be impurity stabilized by the in- 
advertent introduction of a third component, but 
emission spectroscopic analyses showed no metal 
other than rhenium. It still seemed possible that 
hydrogen might be present, i.e., as H,ReO, or 
ReOXOH),. Wilhelmi (12) found that when MOO, 
and WO, (2 < x < 3) are prepared at high pressure 
in a similar apparatus, hydrogen is incorporated as a 
third component giving hydroxyoxides. A potential 
hydrogen source is pyrophyllite, which is used as a 
pressure transmitting medium. Even if the container 
is sealed, hydrogen from the water could diffuse 
through the container walls. Since gold is relatively 
impervious to hydrogen in contrast to platinum, we 
used gold containers that were welded closed. Such 
precautions to exclude water and hydrogen did not 
prevent the formation of the hexagonal phase. As an 
additional check, an ir spectrum of the hexagonal 
phase showed no evidence of water or hydroxyl 
groups. It, therefore, seems highly probable that the 
hexagonal phase is a true binary compound of 
rhenium and oxygen. 

The properties of the new hexagonal rhenium 
oxide are much like those of ReOz and Re03. 
Nonoxidizing acids do not attack these compounds, 
and all are metallicly conducting. Resistivities of the 
hexagonal phase were measured on crystals of 
unknown orientation by the four-probe method 
from 4.2 to 298°K. They varied somewhat from 
sample to sample but were about 1 x 10e4 Q cm at 
4.2”K and gradually increased to about 6 x low4 Q 
cm at room temperature. Somewhat lower resis- 
tivities have been reported for Re03 (8, 23) and 
/3-ReOz (14). 

Structure Determination 

The crystals used for the single crystal X-ray work 
were grown under pressure with NaRe04 as a flux. 
The matrix was dissolved with hydrochloric acid 
and the residue identified as the new oxide and 
ReO,. A flame photometry analysis of the product 
showed only a trace of Na (less than 0.05 wt %). The 
lattice constants were a = 4.8350 & 0.0006 A, c = 
4.5350 & 0.0010 A, c/a = 0.9379, and V= 91.81 f 
0.25 A3. Assuming linear dependence of c/a on 
composition, the formula of the crystals used for 
the structure determination corresponds to about 
Rel.&. 

The single crystals were examined with MoKa 
radiation on a Buerger precession camera. The 
relatively small size of the unit cell and the fact that 
the composition of the phase varied somewhat as 

synthesis conditions changed suggested the possible 
formation of superstructures as known, for example, 
for the series of phases Mo03, and WO,, (25). 
However, superstructure reflections could not be 
detected on even strongly overexposed precession 
photographs. The possible occurrence of super- 
structures in slow-cooled, or low-temperature 
annealed, high-pressure samples was not investi- 
gated. 

The diffraction patterns have Laue symmetry 
6/mmm and reflections 001 with 1 = 2n + 1 absent 
even on overexposed photographs; thus, the space 
group is uniquely P6,22-02. In addition, reflections 
h01 with I= 2n + 1 and h = 3n are missing. These 
nonspace-group extinctions result from the combi- 
nation of high symmetry point positions occupied 
in the final structure. 

The crystal used to collect intensity data was an 
almost perfect hexagonal prism with an average 
diameter of about 32 p and a height of 50 p. It was 
mounted with the c direction close to the 4 axis of a 
Picker automatic diffractometer (Zr-filtered MO 
radiation, scintillation counter with pulse height 
discriminator). The 8-26’ scan technique was used 
with a scan speed of 1/2”/min, a scan angle of 2” plus 
the angular separation of the Ka doublet, and a 
background count of 20 sec. 

Two-sixths of all possible reflections within 
28 = 90” were recorded (all reflections with indices 
all positive or all negative). Reflections hkl and khl 
(even those with weak intensity) were equal within 
the limits of error, confirming Laue symmetry 
6jmmm. These data were averaged in the final steps 
of the structure refinement. An absorption correction 
was made assuming cylindrical crystal shape (16). 

A structure proposal for an idealized composition 
Re03 was readily worked out on the basis of a 
qualitative interpretation of the intensity data and 
geometric considerations. It consists of a hexagonal 
close-packed arrangement of oxygen atoms with Re 
in one-third of the available octahedral voids (Table 
I, proposal 1). 

A least-squares refinement of this trial structure 
was carried out using a full-matrix, least-squares 
program by Finger (17). Atomic scattering factors 
for the neutral atoms were taken from Cromer and 
Mann (28). The correction for anomalous dispersion 
of Re was computed with the values of Cromer (19). 
The function minimized was Zwi(Fo - KFJt2 where 
Wi is the weight based on counting statistics and K a 
scale factor. An extinction correction was applied in 
the form of F&, = F&(1 + CI,,,,), where C is the 
extinction correction parameter. Reflections with 
extinction corrections more than 25 % were assigned 



326 JEITSCHKO AND SLEIGHT 

TABLE I 

RESULTS OF LEAST SQUARES REFINEMENTS OF THE HIGH PRESSIJRE PHASE Re,+, 0 . Parameters listed without standard 3 
deviations were held constant during refinement. Proposal No. 5 gives the final parameters. For details see text. 

Proposal no. 1 2 3 4 5 

Oxygen in 6g x00 occup. 1 1.12 zt 0.16 1 1 1 

i(P) 0.364 0.79 i i 0.32 0.007 0.365 1.06 + f 0.48 0.007 0.361 0.89 + f 0.35 0.007 0.359 1.16 zt f 0.10 0.002 0.359 0.92 zt L!T 0.002 0.08 

Rhenium in 2d 333 occup. 1 1 1 0.90 * 0.02 1 
B(-@) 0.72 zt 0.05 0.72 zt 0.05 0.72 i 0.05 0.70 0.70 f 0.02 

Rhenium in 2c +$$ occup. 0 0 -0.04 z!z 0.01 0 0 
HA’) 0.72 

Rhenium in 26 OOa occup. 0 0 0 0.11 zt 0.01 0.13 * 0.01 
B(A’) 0.70 0.70 * 0.10 

extinction correction parameter (x 104) 0.29 0.29 0.29 0.29 0.29 zk 0.06 
scale factor 1.10 * 0.03 1.09 f 0.03 1.10 5 0.03 1.21 rL: 0.03 1.11 It 0.02 

R* (181 observed reflections). 0.13 0.13 0.12 0.03 0.024 
R (total of 240 reflections). 0.14 0.14 0.14 0.04 0.043 

zero weight in the least-squares cycles and are 
marked with an asterisk in the list of observed and 
calculated structure factors (Table II). 

To account for the deviations from ideal Re03 
composition, two basically different proposals were 
considered : 

(1) Re03-,: a defect in oxygen sites. Refinement 
of this proposal resulted in a relatively high R-value 
(Table I, proposal 2). This proposal is also intuitively 
unreasonable since oxygen atoms should be close- 
packed for a high-pressure phase. 

(2) Re , +XO3 : The occupancy of additional inter- 
stitial sites by Re atoms. In the idealized proposal 
Re03 only the octahedral sites 2d +# were used. 
Additional octahedral sites are at 2c +$$ and 2b OO$ 
More than twenty combinations of occupancies of 
these sites and of other variables (thermal para- 
meters, extinction correction, and scale factor) have 
been studied in least-squares refinements. After a 
satisfactory structure was obtained, several least- 
squares refinements were carried out to illustrate 
the major possible proposals. These results are 
summarized in Table I. It can be seen that proposals 
4 and 5, which permit occupancy of the 2b site with 
Re, resulted in a substantial decrease of the R value. 
Proposal 4 can be ruled out since it is in poor agree- 
ment with the composition found by chemical 
analysis. Proposal 5 which corresponds to a 
composition Rel.i303 is considered to give the 

correct structure. Its composition is close to the 
expected composition Re, . i603 mentioned above. 

Discussion 

The volume per formula unit Re, . i6O3 is 45.9 A3 
as compared to 52.6 A3 for the ambient-pressure 
phase ReO,. In Table III interatomic distances for 
the two structures are compared. It can be seen that 
the closest rhenium-oxygen and oxygen-oxygen 
distances are the same or longer in the high-pressure 
phase, as would be expected since Re, . i6O3 formally 
contains about half Re5+, which is larger than Re6+. 
The higher density of the high-pressure phase is 
therefore due to the higher efficiency in space 
filling. In the high-pressure phase oxygen atoms are 
close-packed with twelve nearest oxygen neighbors. 
The ambient pressure phase, on the other hand, can 
be derived from a cubic close-packed oxygen 
arrangement with one-third of the oxygen positions 
unfilled, giving only eight close oxygen neighbors. 

In both structures the rhenium atoms are sur- 
rounded by six oxygen atoms forming an octahedron. 
All available octahedral interstices are filled with 
rhenium atoms in the ambient-pressure phase Re03. 
Only one-third of the available octahedral sites are 
filled fully in the high-pressure phase; another third 
is partially filled. It can be assumed that the partial 
filling of this site (2b) accounts for the above 
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TABLE II 

OBSERVED AND CALCULATED STRUC~URF FACTORS OF THE HIGH PRESSURE PHASE 
Re1.1603. Reading from left to right, the column contain the values h, k, Z, Foba, F,,,, 

1 0 II 57 s.* 
2 0 0 37 37 
3 n 0 120 122+ 
4 n 0 30 -51 
s n 0 17 18 
6 n 
7 n 

0 5b SI) 
0 12 154 

tno 7 7* 
1 1 0 15' 1199 
210 38 37 
3 1 0 3' 3s 
' I 0 711 71 
5 1 0 19 19 
6 1 0 17 1’ 
7 I 0 36 34 
2 2 0 91 09 
3 2 0 22 22 
4 2 0 22 22 
5 2 0 49 4.9 
(70 9 11. 
3 3 0 71 ii 
4 3 0 19 19 
5 1 0 10 104 
6 3 0 34 34 
4 4 0 41 

li 
4n 

5 4 0 114 
1 0 1 129 llO* 
2 01 93 95* 
301 0 0s 
4 0 1 bl 64 
5 c 1 49 51 
bfll 0 O* 
7 0 1 31 31 
8 0 1 22 24 
1 1 1 26 24 
2 I 1 87 a4 

’ l 1 ‘11 ‘t b9 
5 1 1 44 4:* 
b I 1 33 3' 
711 0 14 
1 2 1 87 85 
2 2 1 11 11 

521 2 3* 
b 2 i 30 29 
1 3 1 71 70 
2 3 1 58 59 
331 6 0* 
4 3 1 40 40 
5 3 1 32 31 

6 3 1 141 : :: 
241 4b 47 
3 4 1 33 39 
441 0 2a 
5 4 1 26 24 

: : : 4b 2 45 34 

3 5 1 32 31 
4 5 I 27 25 
1 6 1 36 3b 

: : : ‘I 0 29 n4 
171 3 1* 
0 n 2 117 102* 
1 n 2 38 39 
2 c 2 41 41 
3 (! 2 80 81 
4 0 2 23 23 
5 D 2 25 24 
6 I 2 45 
7 0 2 

46 

11 11 
i 1 2 152 127- 

: i : :: :: 
4 2 1 II 72 
5 1 2 17 10 
b I 2 12 12 
7 2 1 35 3' 
1 2 2 34 31 
2 2 2 93 92 
3 2 2 27 27 
4 2 2 19 18 
5 2 2 48 48 
6 2 2 12 13 
1 3 2 25 25 
2 3 2 27 27 
3 3 2 54 55 
4 3 2 15 14 

: : s :: :,' 
2 4 2 17 16 
3 4 2 lb 14 
4 4 2 42 41 
542 10 

ie 
9s 

1 5 2 18 

f : : :: :: 
452 9 9w 
1 6 2 12 12b 

: : : :: :: 
1 c 3 81 82 
2 n 3 73 74 
313 5 0. 
4 rl 3 53 54 
5 0 3 42 44 
603 2 04 
7 0 3 27 27 
1 1 3 1' 1' 
2 1 3 70 68 
3 1 3 58 5.9 
413 5 54 

::: ',: :: 

713 0 1 2 3 68 b:* 
223 0 7 

: : : :: :: 
523 0 34 
b 2 3 26 26 
133 59 57 
2 3 3 50 5n 
313 6 -0. 
4 3 3 34 ‘4 

253 0 34 
3 5 3 27 27 
1 b 3 3C' 30 
2 b 3 27 26 
173 @ 1* 
0 I 4 109 104 
1 n 4 30 JO 

: ; : :: :z 
4 n 4 20 22 
5 9 4 13 13 
b 1 4 43 44 
704 8 114 
1 1 4 79 78 
2 I ' 26 25 
3 1 4 22 23 
4 1 4 52 52 
5 1 4 15 1' 
b I 4 13 13 
1 2 4 25 25 

424 19 16 
5 2 4 39 37 
1 3 4 23 23 
2 3 4 15 17 
3 3 4 53 53 
4 3 4 13 14 

574 10 1 4 4 50 5:' 

444 32 31 
1 5 4 14 I4 

1 0 5 56 56 
2 n 5 49 52 
sns 5 n . 
4 n 5 37 4" 
5 n 5 33 33 
b?S 0 09 
115 0 7e 
2 1 5 48 48 
'15 41 42 

415 0 se 
5 1 5 29 29 
6 1 5 24 23 
1 2 3 49 49 
225 4 5* 
3 2 5 37 38 
4 2 5 33 32 

525 3 1 3 5 42 r:* 

: : : '7 0 37 @b 
4 3 5 28 27 
145 7 
2 4 5 31 3:' 

255 5 2* 
1 b 5 25 24 
0 0 6 52 53 
1 n 6 1.9 18 
2 0 b 18 19 
3 1 b 43 44 
4 Ir 6 I2 13 
506 13 14 
1 I b 58 59 
2 1 b 17 17 

5 1 6 10 llm 
126 lb i7 
2 7 6 48 49 
3 2 6 15 15 
4 2 b 10 IO* 
1 3 6 15 14 
2 3 6 1' 15 
3 3 b 33 32 
1 4 6 4O 41 

117 6 4. 

417 2 2e 
127 32 31 
227 I) 3* 
3 2 7 25 25 
1 3 7 28 26 

0 n a 41 41 
1 0 8 12 12 
2nll 8 lo* 
3 1 8 35 '5 
1 1 a 34 33 

mentioned homogeneity range of the high-pressure 
phase. The larger size of these voids relative to the 
fully occupied ones indicates repulsion between the 
negatively charged oxygen ions. A similar obser- 
vation has been made (20) in the structure of 
NbsW904,. Further filling of the 2b site with Re 
reduces the oxygen-oxygen repulsion and, thus, 
shortens the u-axis. (In a hypothetical structure 
where half of the 2b positions were filled with 
rhenium, all oxygen-oxygen distances should be 
equal. The largest oxygen-oxygen distance, 3.00 A, 
would then become equal to the shortest, 2.65 A. 

These two distances are a function of the positional 
parameter x and the length of the u-axis only.) 

A comparison with the two ambient-pressure 
phases ReOz (7, 21) is also of interest. Their struc- 
tures are of the MOO,- and the a-PbO,-type, 
respectively. In both of these the oxygen atoms are 
also approximately hexagonally close-packed with 
rhenium occupying certain of the octahedral sites. A 
comparison of the rhenium-oxygen distances is not 
possible, however, since the oxygen position in the 
two ReOz modifications are not known accurately 
enough. 
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*-Re2 z= l/s 81 3/4 

FIG. 1. The structure of the high pressure phase Re ,+,O, projected along the c-axis. The Re positions marked with an 
asterisk are only partially filled. - - 

In Fig. 2 we compare Re, +XO3 to other structures 
possessing a hexagonal close-packed “host” struc- 
ture where smaller atoms occupy octahedral 
interstices. All may be considered derived from the 
NiAs structure where all octahedral voids of the 
hexagonal close-packed As arrangement are filled 
with Ni atoms. Through ordering and vacancy 
formation, a great number of related structures can 
be derived. Since a uniform simple representation 
was aimed for, Fig. 2 contains only structures which 
fulfill the following requirements : 

TABLE III 

INTERATOMIC DISTANCES IN THE HEXAGONAL HIGH PRESSURE 

PHME Re 1.16O3. The distances are compared to the distances 
in the cubic normal pressure phase ReOl. All distances 
within 3.0 A are listed. Standard deviations are all less than 

0.008 A 

Re O3 1.16 ReO, 

2Rein2d: 60 1.923 8, Re: 60 1.874 
3 Re (26) 2.791 

0.32 Re in 26 : 6 0 2.073 
2 Re (26) 2.267 
3 Re (26) 2.791 

Oin6g:2Re(ti) 1.923 0: 2 Re 1.874 
2 Re (2) 2.073 8 0 2.650 
20 2.646 
40 2.691 
40 2.856 
20 3.000 

(a) Only structures where the arrangement of the 
interstitial atoms is also of trigonal or hexagonal 
symmetry were considered. This excludes TiOz- 
rutile (22), CaCl* (22), Co2N (22), LiSb03 (23,24), 
ZnSbzO, (24, NiWO., (24, a-PbOl (21), 
Nbz(Fe, Mo)O,-columbite (21), MOO, (21), NbOz 
(26), Fe&markasite (22), and probably some more. 

(b) The hexagonal close-packed atoms must be of 
the same kind-excluding Cr,AlC (27)-and, there- 
fore, only the relative arrangement of empty and 
occupied octahedral voids need be considered. 

(c) The trigonal or hexagonal u-axis must not be 
larger than the u-axis in Re,+,O,-excluding UC& 
(28)-and, therefore, a cut through the (110) face 
suffices to distinguish the remaining structural types. 

Despite the simplicity of the Re1+x03 structure, 
such a structure has not been reported for any other 
compound with hexagonally close-packed anions. 
This is true whether an ideal structure corresponding 
to ReO, (Rein 2donly) or to Re203 (Re in Zdand 2b) 
is considered. It is, however, closely related to the 
antitypes NiJN and E-Fe2N and as can be seen in Fig. 
2 may be considered as intermediate between these 
two structures. Complete filling of the 2b position in 
the Rei +XO3 structure would lead to strings of face- 
shared octahedra along the c-axis. However, since 
this site is much less than half-filled, no face sharing 
need occur. Edge sharing of octahedra will, of 
course, take place between cations in the 2b and 2d 
positions. 

The PdF3 structure (the hexagonal close-packed 
branch of the VF&ype structure) would be more 
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Ba 
o(NiAs) y-72* . l Ni . . . l Li 

x03) A - 1 3\ . . 0 0 0 0 Cl 

B- . . . . 
. . . . 0 0 0 0 

A- . . . . 

NiAs LiCrSe 

. . I l lb l 016Re l . . . ON 

f . . .+ . ON . . . . 

l . l . . . . . . . 

x .I .I) . . . . . . 

I. l . f . . . . . 

Rel.1603 N13N c - Fe2N 

. . . . .o .o 

. . . . . AI .o .o l Nb 

. . . . . 0 .o . 0Li 
. . . . .o .o 

. . . . . .o .o . 

. . . . . 0 .o .o 

Q -AL203(Corundum),Cr203 LiNbO3 

. . . . . . .Cr . . . . . . .Cr . . . . 

. . . . 

. . . . Cd 

. . . . 

. . . . 

Gd12 

. . .Pb.Zr 
00 0 0 Sb.Li 

. . . 

00 00 

. . . 

PbSbpOs. Li$rF6 

00 00 

. . . . l Ti 
0 00 0 o Fe 

. . . . 

00 00 0 

. . . . . 

FeTi03(Ilmenite) 

. . l Pd 
. . 

................... Bi .. 

........ 

..................... 

...... 
..................... 

Rhombohedrol CrpS3 Trigonal Gr2S3 HI3 PdF3 (VF3) 

.... . Cr . . l W 

....... 

..... . . 

....... 

..... . . 

....... 

..... . . . 

CrgS6 a-wCi6 

FIG. 2. The structure of the high-pressure phase Re ,+,O, as compared to other NiAs-related structures. All structures are 
represented through cuts through the (110) face of a unit cell corresponding to the Re ,+,Oa cell. Only the atoms filling the 
octahedral voids of the hexagonal close-packed “host” structure are shown. The filled octahedra share faces (I), edges (2), or 
corners (3). References for the structures are given in parenthesis: NiAs (21), LiCr& (29), CdIz (21), N&N (30,31), +Fe2N (32), 
PbSblOe (33), Li,ZrFe (34), or-Al,O+orundum, Crz03 (21), LiNbOB (35, 36), FeTiO,-ilmenite (21), rhombohedral and 
trigonal Cr& (37), CrsS6 (37), Bi13 (21), PdF3 (38), a-WC& (39). 

stable from an ionic point of view than the ideal 
hexagonal Re03 structure. However, additional 
metal ions in octahedral holes of the PdF3 structure 
would immediately lead to face sharing of octahedra. 
Thus, the stability of the Re1+x03 structure over the 
PdF, structure with interstitial metal ions is 
probably because edge sharing is favored over face 
sharing for the rhenium-oxygen octahedra. 

The structure of PbSb206 (Fig. 2) is actually very 
closely related to that of Re, .,603. If the 2b site in 

Re, . i 603 were half-filled in an ordered manner along 
the c-axis, the PbSbzOs structure could result 
considering all metals alike. 
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