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The first systematic survey of the BaO-Re-RezO, phase diagram is reported, with emphasis on the 
reduced ternary oxides. At 8OO”C, the previously reported compounds BapRe20P, Ba2Re05, and Ba, 
ReOd were observed, all of which contain Re(V1) in Re06 octahedra. The stability of these phases is 
apparently due to Re-0 P-bonding in and between the octahedra. The previously unknown structure 
of Ba2ReOJ was determined by powder neutron diffraction and found to be isotypic with that of 
K2V02F3 (space group Prima), with a = 7.3233(2), b = 5.7745(l), and c = 11.4124(2) A. ReOh octahe- 
dra share adjacent comers to produce cis chains which are held together by 10 coordinated Ba 
atoms. 0 1987 Academic Press, Inc. 

Introduction 

The phase diagram for the Ba-Re-0 sys- 
tem has not been reported in the literature, 
and although some data on compound for- 
mation within the system are available, few 
details are given. Here we report a system- 
atic study carried out at 800°C under an in- 
ert atmosphere. Particular interest was paid 
to those ternary oxides containing rhenium 
in an oxidation state of less than seven. 

Recently there has been growing interest 
in solid-state compounds containing dis- 
crete or condensed clusters of transition 
metal atoms. Molybdenum, which exhibits 
many of the chemical characteristics of rhe- 
nium, forms tetranuclear metal atom clus- 
ters in Ba1.i4Mos0i6 (I) and K~MosOr6 (2), 
while infinite chains of edge-sharing Mos 
octahedra are found in B~o.~~Mo~O~ (I) and 
NaMo40a (3). Low-valency rhenium is 
known to form metal-metal bonds in one of 

two basic units, ReZOlo and RezOs, which 
occur in the Ln-Re-0 (Ln = lanthanide) 
systems (4); the former also occur in BiRe2 
O6 (5). However, other reduced rhenium 
compounds such as BasRe209 (6), Cd2ReZ07 
(7), PbReOj (8), and PbRe206 (9) do not 
contain metal-metal bonds. 

Ba3Re209 is the only ternary oxide in the 
Ba-Re-0 system to have undergone full 
structural characterization. It has a 
perovskite-related structure based on a 
nine-layer sequence of close-packed Ba03 
layers (chhchhchh). Other rhenium (VI) 
compounds that have been reported in this 
system (10) are BazReOs, which Scholder 
claims to be isomorphic with Ba2X05 (X = 
Te, MO, W, or OS), Ba3Re06, which is an 
ordered perovskite, and the rhombohedral 
phase Ba3ReOs . 0.3BaO. BaRe04 is men- 
tioned in the literature (II) but with little 
supporting evidence. 

&holder (22) has also investigated the 
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BaO-Rez07 phase diagram. Three different 
rhenium (VII) compounds were observed: 
Ba(ReO& , Ba3(Re0&, and Bas(ReO& . 
The orthoperrhenate, BaS(ReO& , is 
thought to have a perovskite-related 24- 
layer structure (23) and the mesoperrhe- 
nate, Ba3(ReO&, appears to be isostruc- 
tural with the rhenium apatites, Bale 
(ReO&X* (X = F, Cl, Br, I, or $C03) (24). 

Experimental 

The BaO-Re-Re207 phase diagram was 
investigated at the compositions shown by 
open circles in Fig. 1. Conventional meth- 
ods of solid-state synthesis were employed. 
The starting materials used were Re metal, 
ReOz , Ba(ReO& , Bas(ReO& , and BaC03. 
The reactants were weighed out to the near- 
est milligram and ground together in an ag- 
ate mortar, the total weight of each reaction 
mixture being 0.5 g. Where BaCOj was 
present, the reaction mixture was placed in 
a recrystallized alumina boat and heated to 
800°C for 24 hr in an electric tube furnace 
under a stream of Ar gas. In all other cases, 
the reaction mixtures were heated for a day 
at 800°C in evacuated, sealed, fused-silica 
tubes in an electric muffle furnace. 

All chemicals used were of reagent grade 
or better. Commercially available Re metal 
powder and BaC03 were used directly, and 
Re02 was prepared by thermolysis of NH4 
Re04 under vacuum (1.5). The perrhenate 
was prepared by the reaction 

Ba(OH)z(aq) + 2NH4Re04(aq) --, 
Ba(ReO&(s) + 2NHJ(g) + 2H20(1) 

and the orthoperrhenate (12) by the solid- 
state reaction 

Ba(ReO&(s) + 4BaCOx(s) 1200°C 
B%(ReOdz(s) + 4coz(g). 

X-ray powder patterns of the final prod- 
ucts at various points in the phase diagram 
were recorded on a Philips PW 1710 diffrac- 
tometer, and the barium to rhenium ratios 

of individual crystallites in a product mix- 
ture were obtained using a JEOL lOOCX- 
TEMSCAN analytical electron microscope 
with a KEVEX Li-drifted silicon energy- 
dispersive X-ray detector. The “ratio 
method” for thin crystals described in de- 
tail by Cheetham and Skarnulis (16) was 
employed. The Ba-Lcu and Re-LP1+2 X-ray 
emission lines of Ba(ReO& were used to 
calculate the calibration constant, k, in the 
equation x,dxRe = k(ZdZd, where Xaa, 
Xae, ZBa, and Zae represent, respectively, the 
concentrations and X-ray emission intensi- 
ties of the two species. Analysis of 30 crys- 
tallites of Ba(ReO& gave a value of 
0.728(9) for k. Here and throughout this pa- 
per the number in parentheses is the esti- 
mated standard deviation (e.s.d.) in the last 
figure. 

A neutron scattering experiment was per- 
formed on 6 g of BazReOj powder prepared 
by the reaction 

4Ba5(Reo6)2(S) + Re(s) + ReOz(s) --, 
lOBa2ReOj(s). 

The reaction was carried out in a sealed 
silica tube by heating to 800°C for 1 day, 
and the diffraction profile over the range 6 
5 28 I 144” was recorded over a period of 6 
hr at room temperature, using the instru- 
ment Dla at ILL Grenoble operating at a 
wavelength of 1.909 A with a 20 step size of 
0.05”. Electrical resistivity measurements 
were made on pellets of BazReOj (13 mm 
diameter x 1.5 mm thickness). A two- 
probe method was used and the results ob- 
tained were only qualitative in nature. 

Infrared spectra of the separate reduced 
barium rhenium oxides suspended in CsI 
disks were measured on a Pye Unicam 
SP2000 infrared spectrometer in the region 
200-4000 cm-i. 

Results and Discussion 

This study represents the first definitive 
survey of the BaO-Re-Re207 system and 
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Ba3Re06 + BO5lRe0612 + B’J2ReO5 

ReO 
5 

Ba2Re05 + Ba3Re209 + Re 

Bo3Re209 + kl3IReO5)2 

/ 
Re ReO2 Re03 0.5 Re20, 

FIG. 1. The proposed BaO-Re-RerO, phase diagram at 800°C. Compositions investigated in this 
study are shown by open circles and solid circles represent the phases found in the system. The 
observed tie lines are shown by continuous lines. whereas broken lines indicate tie lines proposed after 
careful examination of the results. 

yields results that concur with some pre- 
vious reports but disagree with others. The 
only reduced phases in the system are Ba3 
Re209, BazReOS, and Ba3ReOs, all of 
which contain Re(V1); further reduction 
leads to the formation of Re metal. No 
evidence for the existence of Ba3ReOs . 
0.3BaO (10) or BaRe04 (11) was found. 

The results of the synthetic work at 
800°C are summarized in Fig. 1, and spe- 
cific reactions and their products are given 
in Table I. Prolonged heating gave the same 
products, although reaction with the silica 
tube to give barium silicate occurred when 
the temperature was raised to 1000°C. Fur- 
ther verification that equilibrium had been 
reached was given by the fact that identical 
results were obtained when different reac- 
tants were used to attain the same starting 
composition. 

The preparation and crystal structure of 
Ba3Re209 have already been reported in the 
literature (6), so no further comment is nec- 
essary. Under atmospheric conditions, this 

phase was completely oxidized to Ba3 
(ReO& within a period of 4 months. 

Ba;?ReOS containing traces of Re metal 
could be synthesized as a dark gray pow- 
der. The composition was confirmed by an- 
alytical electron microscopy: analysis of 23 
crystallites gave a Ba/Re ratio of 2.01(5). 
As previously reported (17), the oxygen 
content has been studied using an analytical 
electron microscope equipped with an ul- 
trathin window X-ray detector. In agree- 
ment with Scholder and Pfeiffer (IO), the X- 
ray powder pattern of this compound 
shows it to be isotypic with Ba2X05, where 
X = Te, MO, W, or OS. The structure of 
these phases is unknown, but careful exam- 
ination of the cell parameters and X-ray in- 
tensities indicates that they are isostruc- 
tural with K2V02F3 (Z8), which is known to 
contain nonlinear chains of V02F2F2,2 octa- 
hedra linked by cis-bridging fluorine atoms. 
The infrared spectrum of Ba2ReOs (Fig. 2) 
shows strong absorption bands at 360 and 
630 cm-l, as expected for the bending and 
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TABLE I 

RESULTS OF THE INVESTIGATION OF THE BaO-Re-RezO, PHASE DIAGRAM AT 800°C 

Conditions 

Reaction mixture 
Temperature 

(“Cl Time Products 

5BaC09 + ReOr + Re 

9BaCOr + Ba(ReO& 
+ Re02 

8BaCOX + Ba(ReO& + 
ReOr 

8BaC09 + Ba(ReO& + 
Re02 

5BaS(ReO& + Re 

1000 

1000 

500 

800 

2BaS(Re0& + Re 800 
BaS(ReO& + Re 800 
4BaS(Re0& + ReOz + Re 800 
4BazRe05 + ReOr + 3Re 800 

BaS(ReO& + Ba(ReO& t 800 
1ORe 

BaS(ReO& + 2Ba(ReO& 800 
+ 3Re 

Ba(ReO& + ReOr + Re 800 
0.8BaC0, + 5Re02 + Re 800 
Ba(ReO& + ReOz 800 
BaO + ReOZb 500 
BaO + 2ReOzb 600 

BaO + 3ReOzb 600 

800 1 day 

Overnight 

Overnight 

Overnight 

3 days 

3 days 
3 days 
1 day 
1 day 

1 day 

1 day 

1 day 
4 days 
4 days 
1 day 
1 day 

1 day 

BaCO, + Ba3Re06 + trace 
Re + trace BaS(ReO&’ 

BarRe06 + trace BaCOr + 
trace Ba3(ReO# 

BarRe06 + trace 
Ba3(ReW2” 

BaCOr + Ba3(ReOS)2 

Ba2ReOS + BaS(Re06)2 + 
trace BaSRe06 

Ba2ReOS 
Ba2ReOS 
Ba2ReOJ 
Ba,Re209 + Re + trace 

Ba2ReOS + trace 
Ba3(ReOM 

Ba3(ReO& + Ba3Re209 + 
Re 
Ba3(Re05)2 + Ba(Re0.J2 + 

trace Re 
Ba(ReO& + Re02 + Re 
Ba(Re04)2 + Re02 + Re 
Ba(ReOd)2 + Re02 
Ba3Re209 + Re 
Ba3(Re05)2 + Ba(ReO& + 

Re 
Ba(Re04)2 + Re + Ba 

silicate 

* Bas(ReO& is an oxidation product of both Ba3Re06 and Ba3Re209 under atmospheric 
conditions. 

b Experiments using BaO were discontinued due to difficulties in handling and reactivity 
with the walls of the silica reaction vessel. 

stretching of ReOd octahedra (19). Thus the 
X-ray powder data for BazReOs (Table II) 
were indexed in the space group Pnma (as 
for K2V02F3) and the cell parameters re- 
fined by the least-squares method give val- 
ues of a = 7.320(2), b = 5.775(l), and c = 
11.412(3) A. 

Ba3Re06 was the only other low-valency 
ternary oxide observed in this study. Elec- 
tron microscope data from 18 crystallites in 

the dark gray product gave the Ba/Re ratio 
as 3.00(9), but attempts to confirm the oxy- 
gen content in this barium-rich phase failed 
due to fluorescence of the oxygen-K X-ray 
emission line by the Ba-A4 line (27). The X- 
ray powder pattern (Table III) cannot be 
satisfactorily indexed on the basis of the 
tetragonal cell proposed by Sleight et al. 
(20) as the lines observed at d,-,bs = 3.327 
and 2.209 A remain unaccounted for, and 
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TABLE II 
THE X-RAY POWDER PATTERN OF BazReOs 

101 
002 
102 
111 
112 
201 
103 
013 
210 
202 I 
211 
020 
212 
203 
114 
204 
221 
123 
105 
015 
222 
303 
223 
205 
006 
215 
224 
410 
033 
230 
231 
412 
403 
232 
216 
225 
026 
134 
126 

6.116 
5.662 
4.476 
4.200 
3.541 
3.475 
3.365 
3.168 
3.078 

2.977 
2.880 
2.711 
2.631 
2.409 
2.245 
2.219 
2.189 
2.174 
2.118 
2.102 
2.050 
1.944 
1.934 
1.898 
1.833 
1.771 
1.741 
1.715 
1.701 
1.683 
1.667 
1.646 
1.630 
1.617 
1.607 
1.586 
1.557 
1.550 

6.124 
5.674 
4.480 
4.196 
3.537 
3.473 
3.364 
3.167 

I 
3.082 
3.072 
2.975 
2.879 
2.711 
2.631 
2.409 
2.245 
2.219 
2.190 
2.174 
2.118 
2.103 
2.050 
1.944 
1.933 
1.899 
1.833 
1.772 
1.742 
1.715 
1.701 
1.682 
1.666 
1.647 
1.630 
1.618 
1.606 
1.586 
1.557 
1,550 

11 
11 
4 
9 
4 

20 
3 

100 
41 

36 
47 
28 
16 
8 
6 

14 
5 
5 
8 

24 
4 

18 
9 
6 

10 
2 

13 
12 
4 
6 
4 

10 
6 
8 
7 
7 
2 
3 

11 
11 
4 
9 
3 

18 
2 

100 

I 
29 
32 
36 
49 
33 
17 
8 
7 

16 
5 
7 
6 

27 
4 

19 
8 
7 
9 
2 

13 
15 
5 
6 
2 

10 
7 
8 
7 
8 
2 
2 

least-squares refinement of the cell parame- 
ters yields e.s.d.‘s that are unacceptably 
large when compared with those obtained 
for BaxReOs ; the final values of the cell pa- 
rameters are a = 8.65(l) and c = 8.34(2) A. 
However, by comparison with the powder 

lo!r--- 800 600 LOO O/cm-l 
FIG. 2. The infrared spectrum of BarReOS. The 

v(Re0,) peak shows the presence of Ba(ReO& arising 
from partial hydrolysis of the product in the CsI disk. 

pattern of Ba3W06 (21), it seems likely that 
the structure is a distorted form of the cryo- 
lite structure, and the two strong bands at 
390 and 600 cm-l in the infrared spectrum 

TABLE III 

THE X-RAY POWDER PATTERN OF 
Ba,Re06 

hkP 
d obs d talc 
(‘4 (A) (l@)%),bs 

111 4.940 
200 4.328 
121 3.511 

Unindexed 3.327 
220 3.050 
202 3.005 
131 2.599 
113 2.529 
302 2.379 

Unindexed 2.209 
400 2.159 
004 2.082 
242 1.758 
224 1.722 
151 1.660 

4.935 
4.327 
3.511 

- 
3.059 
3.003 
2.599 
2.531 
2.372 

- 
2.162 
2.085 
1.754 
1.722 
1.660 

17 
6 
6 

15 
100 
93 
9 
6 
5 

14 
19 
9 

20 
10 
11 

n Lines indexed according to Sleight’s te- 
tragonal cell: a = 8.65, c = 8.33 A. 
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I 
1000 800 600 LOO 

G/cm-l 

FIG. 3. The infrared spectrum of Ba,Re06. 

(Fig. 3) indicate the octahedral coordina- 
tion of rhenium expected in this case. It is 
possible that more than one phase of Bg 
ReOa is present as suggested by Scholder 
and Pfeiffer (10). 

Ba3Re209, BazReO,, and Ba3ReOs all 
contain the octahedral Re06 moiety, and 
the stability of Re(V1) in these compounds, 
in contrast with the oxidation states of IV 
to V found in the reduced rare earth and 
posttransition metal rhenium oxides, is at- 
tributed to the presence of Re-0 r-bonding 
in and between these units. Pi-bonding due 
to the mixing of transition metal IQ and ox- 
ygen pr orbitals has been established in 
Re03 and transition metal oxides with the 
perovskite structure (22). Kamata and Na- 
kamura (23) have shown that for perovskite 
compounds AB03, the covalency of the B- 
O-B bonding is closely related to the Cou- 
lomb potentials due to the A and B cations. 
The charge/radius ratio of the A cation is a 
measure of the disturbance of the covalent 
B-O bonding by A. A related argument ap- 
plied to the rare earth and bismuth rhenium 
oxides, where the acidity of the A cation is 
greater than that on Ba2+, may explain why 
the reduced compounds in these systems 

are stabilized by Re-Re bonding rather 
than by Re-0 r-overlap (4, 5). 

In the three reduced barium rhenium ox- 
ides, a low O/Re ratio gives rise to a struc- 
ture of high connectivity: in Ba3Re209 each 
Re06 octahedron shares three oxygen at- 
oms with three other octahedra, whereas 
chains of cis-linked octahedra are present 
in Ba2ReOs and Ba3Re06 contains isolated 
ReOs units. Unlike the perovskite-related 
structures of Ba3Re209 and BaJReOb, Ba2 
ReOs does not have a close-packed struc- 
ture (24). 

The powder neutron diffraction data ob- 
tained from Ba2ReOS in the range 28” < 28 
< 123.5” were analyzed using a version of 
the Rietveld profile analysis program (25). 
The data were contaminated by trace 
amounts of Re metal in the sample, and the 
affected region of the profile was excluded 
from the structure refinements, as were the 
low-angle, asymmetric peaks. The struc- 
ture was refined from a starting model with 
the atomic coordinates of K2V02Fj (18); the 
scattering lengths used were those supplied 
by Bacon (26). Least-squares refinement of 
13 positional parameters, 3 isotropic tem- 
perature factors, and the usual profile pa- 
rameters gave a weighted profile R-value of 
9.82%. Details are given in Table IV and 
the observed, calculated, and difference 
profiles are plotted in Fig. 4. The cell pa- 
rameters (space group Prima) refined to 
give the following values: a = 7.3233(2), b 
= 5.7745(l), c = 11.4124(2) A. The final 
atomic coordinates and temperature factors 
are listed in Table IV, and the bond lengths 
and bond angles are given in Table V. 

The structure of Ba2ReOJ is shown in 
Figs. 5 and 6. ReOd octahedra share two 
adjacent vertices to form infinite cis- 
bridged chains running parallel to the b-axis 
between 10 coordinate Ba atoms. This is 
isostructural with Rb2CrFs (27), Rb2FeFS 
(28), CszDyCl~ (24), and of course K2V02 
F3; K2VOF4 (29) and (NH4)2VOF4 (30) 
crystallize in the noncentrosymmetric form 
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TABLE IV TABLE V 

DETAILSOFTHEREFINEMENTANDFINALATOMIC BONDLENGTHS(&ANDBONDANGLES(“)FOR 
POSITIONSAND ISOTROPICTEMPERATURE FACTORS Ba2ReOJ 

FOR Ba,ReOr 
2x Re-O(1) 1.872(3) 

Space group: Pnma 2x Re-O(2) 2.069(2) 
a = 7.3233(2), b = 5.7745(l), c = 11.4124(2) 8, Re-O(3) 1.810(4) 
Gaussian half-width parameters: V = 2023(94), Re-O(4) 1.904(4) 

V = -4045(174), W = 3594(76) 
No. of reflections: 227 2x Ba(l)-O(l) 2.837(4) 2x Ba(2)-O(1) 2.717(4) 

No. of data points: 1822 2x Ba(l)-O(1) 2.890(4) 2x Ba(2)-O(1) 2.886(4) 

No. of parameters: 24 2x Ba(l)-O(2) 2.839(4) 2x Ba(2)-O(2) 2.%6(4) 

Rpl = 9.18%; R = 9.82% Ba(l)-O(3) 2.654(6) 2x Ba(2)-O(3) 2.915(6) 

R,,, = 9.66%; GF= 1.03 Ba(l)-O(3) 2.698(6) Ba(2)-O(4) 2.825(5) 
2x Ba(l)-O(4) 2.898(5) Ba(2)-O(4) 2.902(5) 

Atom xla yfb z/c B (&)a O(l)-Re-O(l) 94.3 
O(l)-Re-O(2) 88.6 (cis), 176.5 (trans) 

Ba(1) 0.0252(S) 0.25 0.2136(3) 0.89(5) O(l)-Re-O(3) 96.5 
Ba(2) 0.3319(6) 0.25 0.9213(3) 0.89(5) O(l)-Re-O(4) 93.0 
Re 0.3261(3) 0.25 0.5664(2) 0.47(4) O(2)-Re-O(2) 88.5 
O(1) 0.3272(3) -0.0123(4) 0.1189(2) 0.94(3) O(2)-Re-O(3) 85.1 
O(2) 0 0 0 0.94(3) O(2)-Re-O(4) 84.9 
O(3) 0.2218(4) 0.25 0.4136(3) 0.94(3) O(3)-Re-O(4) 166.0 
O(4) 0.4771(5) 0.25 0.6920(3) 0.94(3) Re-O(2)-Re 180.0 

a The temperature factors of barium and oxygen at- NOW. Estimated standard deviation in bond angles 
oms, respectively, were constrained to be equal. is 1”. 

200 

160 

I 
28 

I 
38 

I 
La 

I 
58 

I I 1 I 1 I 
68 78 aa 98 to8 iia 

28/O 

FIG. 4. The observed (dots), calculated (continuous line), and difference profiles for BazReOs. 
Reflection positions are shown as bars. A = 1.909 A. 
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of this structure. Although this is one of the 
four main structure types presently known 
for A2MF5 fluorides, this is the first time 
the structure has been confirmed for a ter- 
nary oxide. Both cis and trans configura- 
tions of the MF5 chain are known in A2MFS 
fluorides. The KzFeFS-type structure (31) 
has cis chains similar to those in BazReOs , 
but the repeat unit of the chain contains 
eight, instead of two, octahedra; in compar- 
ison, trans chains are present in TlzAIF5 
(32) and (NH&MnFs (33). 

In Ba2Re05, the Re-O(2)-Re angle is 
180”, as is the case for all centrosymmetric 
structures of the K2V02F3 type. By con- 
trast, the bridging Fe-F-Fe angles in the 
cis chains of K2FeF5 range from 162.0 to 
173.4”, with an average value of 170.4”. The 
angle of 180” in Ba2ReOs is taken to indicate 
r-bonding between adjacent Re atoms via 

FIG. 5. The structure of Ba2Re05, showing the cis 
chains of comer-sharing Re06 octahedra running par- 
allel to b. 

FIG. 6. Schematic structure of Ba2ReOs looking 
along the direction of the cis-bridged chains. Barium 
positions are shown as open circles. 

the bridging oxygen, as in the linear [ClSRe- 
0-ReC15]4- anion (34). Like Ba3Rez09 (6), 
Ba2Re05 has a high room-temperature re- 
sistivity (p - IO7 fi cm), which is no doubt a 
consequence of the orthogonality of the Re 
tk orbitals required to take part in r-bond- 
ing to cis oxygen atoms. 

As expected from the structures of Rb2 
CrFj and Cs2DyCl5, the Re-0 (bridging) 
bond length (2.069(2) A) is the longest Re- 
0 distance in the Re06 octahedron. The 
Re-O(3) and Re-O(4) bonds bend toward 
the longer Re-O(2) bridging bonds so that 
the angle O(3)-Re-O(4) is 166.0”; cf. 
174.43” in Rb2CrFS, 166.4” in CsDyCls, and 
156.3” in the more distorted oxyfluoride K2 
VOZF~. The Re-O(3) bond length (1.810(4) 
A> is significantly shorter than the other 
Re-0 (terminal) bonds, and this may be in- 
dicative of an antiferroelectric displace- 
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ment in the Re06 octahedron, as seen in 
NbOz (35). Overall the average Re-0 bond 
length in BazReOs is 1.933 A, which is com- 
parable to previously determined values in 
other Re(V1) compounds: 1.875 A in ReO: 
(36), 1.961 A in Ba3Re209 (6), and 1.923 A 
in CaJReOe (37). 
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