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The crystal structures of two new oxides, BiRe04 and BiReaOe, have been determined by single-crystal 
X-ray methods using an Enraf-Nonius CAD-4F diffractometer. BiRe04 crystallizes as red metallic 
needles in the space group Cmcm, cell dimensions a =3.839(l) A, b = 14.914(2) A, c = 5.534(l) A, 
Z = 4. The structure consists of sheets of corner-shared octahedra (composition ReOJ linked by Bi atoms 
(R = 2.55%). BiRezOb crystallizes as black metallic plates in the space group C2/m, cell dimensions 
a =5.516(l) A, b =4.906(l) A, c =8.384(l) A, p = 106.71(l)“, Z = 2. The structure consists of layers 
containing RezOlo units linked together by corner sharing of the octahedra, alternating with layers of Bi 
atoms (R = 2.61%). The structure is disordered due to the random stacking of the Re layers. The Re-Re 
distance of 2.5 8, in the RezOlo unit is comparable to that found in similar compounds. Both compounds 
exhibit stereochemically active lone pairs. 

Introduction 

Crystals of the two title compounds were 
prepared and their crystal structures deter- 
mined during an investigation of the system 
Bi-Re-0. The system was chosen in view of 
the large number of compounds which have 
been found in the La-Re-0 system (I), and 
also because of possible catalytic activity 
similar to that found in bismuth molybdenum 
oxides (2). 

Experimental 

Preparation 

The crystals were formed by vapor trans- 
port along a temperature gradient. Mixtures 
of the constituent oxides (Re03 and Bi203) 
were ground together in an agate mortar and 
30 mg of the mixture were placed in a silica 
tube 7 cm long, 1 cm diameter, which was 

* To whom correspondence should be addressed. 

sealed off under vacuum. The tubes were 
placed centrally and lengthwise in a muffle 
furnace 60 cm in length at temperatures 
between 600 and 800°C. Crystals of up to 
0.5 mm in size form within a few hours. 

The major products of reaction when the 
ratio Biz03: Re03 is between 1 and 2 are 
B&ReOs and BiRe206. The vapor species 
appear to be Bi atoms and Rez07. Re03 
disproportionates above 400°C into ReOz 
and RezO,, so presumably Biz03 oxidizes 
ReOz to Rez07. Guinier photographs taken 
at intermediate stages of the reaction confirm 
the presence of ReOz, Bi, BiaRe08, and 
BiRezOh. Reaction takes place at the cool 
end of the tube to form colorless crystals of 
Bi3ReOs intermingled with black plates of 
BiRezOh. The compound Bi3Re08 appears 
to be one of the most stable compounds in 
the system and its fluorite-related crystal 
structure is presently under investigation. 

In one preparation at the lower tempera- 
ture of 55O”C, a small number of red metallic 
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needles resembling Re03 in appearance 
were formed. These proved after analysis to 
have the composition BiReO,+. 

The relative proportions of the starting 
materials do not appear to be critical, nor 
does the initial oxidation state of rhenium: 
Thus, reaction between Biz03 and Re metal 
yields the same two major products 
(Bi3Re08 and BiRezOh) but with a higher 
proportion of Bi metal left after reaction. 
However, while it is possible to prepare 
BiRezOe in bulk by reaction of appropriate 
amounts of bismuth and rhenium metal 
oxides (for example, Bi + 2Re03), BiRe04 
has so far only appeared as a by-product. 

Chemical Analysis 
Analysis for the metal atom ratio was car- 

ried out on a JEOL lOOCX-TEMSCAN 
analytical electron microscope with a 
KEVEX Li drifted silicon energy dispersive 
X-ray detector. 

For thin crystals the effects of absorption 
and fluorescence encountered with bulk 
specimens are negligible and the relative 
concentrations are related to the X-ray 
emission intensities by the simple equation 
xl/xZ= k(lr/l& .where x1, x2, II, and 12 
represent, respectively, the concentrations 
and X-ray emission intensities of the two 
species (3). 

Phases were identified by selected area 
diffraction: This technique was also used to 
indicate that crystals were suitably thin for 
analysis. An estimate of the absorption and 
other interference taking place was afforded 
by the ratios of the intensities of the Re 
Ma/La and Bi M./Lcu lines. These ratios 
decrease rapidly as the thickness increases 
since the low-energy X rays are more heavily 
affected by absorption. Thus for rhenium the 
absorption coefficients are PniMu = 2853.5, 
pnih = 208.8, ~~~~~ = 0.0, and ,.&&La = 
145.8 cm-‘, and for bismuth they are 
/.&B&f0 ~0.0, /&Bib = 113.4, ~~~~~ = 1728.1, 
and wR&, = 203.7 cm-’ (4). 

The factor k in the above equation was 
obtained from analysis of crystals of 
Bi3ReOs (this compound had been 
independently analyzed by bulk X-ray 
fluorescence) and is fortuitously about 1. The 
thickness of the crystals used for analysis was 
less than 0.5 km and the operating voltage of 
the microscope was 40 kV. 

The spectra are ‘shown in Fig. 1 and the 
results of the analyses indicated that the two 
phases of interest had Bi : Re ratios of 1: 1 
and 1: 2, respectively. Analysis for the total 
oxidation state was not possible owing to the 
small amount of sample; however, from 
considerations of the crystallographic sym- 
metry and cell volume, the formulas assigned 

Bi$l*Og 

I I 

Bi ReO, 

FIG. 1. X-Ray emission spectra of Bi3ReOs, 
BiRe04, and BiRetOb. Counting time 60 sec. Average 
counting rate (after processing) 2000 counts set-‘. 
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seemed reasonable and were indeed 
confirmed by the structure solution. 

Data Collection 

X-Ray single-crystal data collection was 
carried out on a PDP-8 controlled Enraf- 
Nonius CAD4F diffractometer using MO& 
radiation. Accurate orientation matrices and 
cell dimensions were obtained by automatic 
centering of 25 strong reflections with 18 < 
8 ~25”. Intensities were collected using a 
8-28 scan width of 1+ 0.35 tan 8 degrees. 
Intensity control was carried out on three 
intense reflections every 1.5 hr and the 
orientation was checked after every 200 
reflections. For the analytical absorption 
correction, the crystals were set up on an 
optical goniometer to identify and measure 
the principal faces. 

Structure Refinement’ 

BiRe04 

Preliminary Weissenberg photographs 
indicated orthorhombic symmetry with 
systematic absences hkl, h + k = 2n, h01, I= 
2n, reducing the possible space groups to 
Cmcm, Cmc21, and C2cm (=Ama2). Final 
cell dimensions obtained were a = 3.839(l), 
b = 14.914(2), and c = 5.534(l) A. Intensi- 
ties of 1897 reflections were collected in the 
NEEDLE’ mode on a crystal with approxi- 
mate dimensions 0.23 x 0.05 x 0.05 mm over 
the range 0 < 8 < 45”. Azimuthal (w) scans 
were then collected for 16 independent 
reflections distributed over the whole 

i All calculations for both structures were performed 
using the Oxford CRYSTALS package on an ICL 
1906A computer. Values for scattering factors and 
anomalous dispersion coefficients were taken from Vol. 
IV of the International Tables for X-Ray Crystallo- 
graphy. Structure factor tables have been deposited with 
the National Auxiliary Publications Service. 

2 In the NEEDLE and FLAT modes, the controlling 
program calculates the position of minimum absorption 
for each reflection from the input vector (representing 
the needle axis or the vector perpendicular to the plate) 
and rotates the crystal about the scattering vector to 
reach the nearest position to the optimum. 

reflection sphere. Lorentz and polarization 
corrections were applied, followed by an 
analytical absorption correction (P = 
931 cm-‘) described by Templeton (5). The 
application of the absorption correction 
reduced the maximum peak to trough ratio in 
the !P scans from 5.54 to 1.22. Equivalent 
reflections were then merged to give 685 
reflections with I/g(I) > 3 (merging R factor 
4%). 

The metal atom positions were deduced 
from the Patterson function and two cycles of 
refinement reduced the R factor (weighted R 
factor) to 9.45(11.50)%. A difference 
Fourier revealed the position of the oxygen 
atoms and enabled the metal atom sites to be 
assigned. A further two cycles of refinement 
of all parameters, allowing the metal atoms 
to vibrate anisotropically, reduced the R 
factor to 7.27(9.17)%. A correction for 
secondary extinction (6) was then made, 
requiring a further four cycles of refinement 
to give a final R factor of 2.55(3.31)%. A 
subsequent difference Fourier revealed no 
peaks larger than 2e Ap3. The structural data 
are shown in Table 1. 

BiRezOh 

Care was necessary in the preparation of 
the crystals due to the ease of twinning across 
the ab plane (b*c* net). The crystals grow 
either as plates perpendicular to the c axis or 
as thick needles along the (110) directions. 

Preliminary Weissenberg photographs 
indicated monoclinic symmetry with syste- 
matic absences hkl, h + k = 2n, giving the 
possible space groups C2/m, C2, and Cm. 
Final cell dimensions obtained were a = 
5.516(l) A, b =4.906(l) A, c =8.384(l) A, 
/3 = 106.7 l( 1)“. Intensities of 958 reflections 
were collected in the FLAT’ mode on a 
crystal with approximate dimensions 0.1 X 
0.1 x 0.02 mm over the range O< 8 <35”. 
v’ scans were collected for three reflec- 
tions with x ~90”. Lorentz and polariza- 
tion corrections were applied, followed by 
an analytical absorption correction (5) 
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TABLE I 

STRUCTURALPARAMETERSFOR BiReOz 

Atom Position xla ylb Z/C u11 u22 u33 

Re c(4) 0.0 
Bi c(4) 0.0 
O(l) a(4) 0.0 
O(2) c(4) 0.0 
O(3) f(8) 0.0 

Distances (A) 
Re-O(1) [x2] 1.87(l) 
Re-O(2) [x2] 1.92(l) 
Re-O(3) [x2] 2.02(l) 

Angles (“) 

O(l)-Re-O(1) 95.8(l) 
O(l)-Re-O(2) 92.2(l) 
O(l)-Re-O(3) 92.2(l) 
O(l)-Re-O(3) 172.1(l) 
O(2)-Re-O(2) 173.6(4) 
O(2)-Re-O(3) 87.5(2) 
O(3)-Re-O(3) 79.9(3) 

0.0839(l) 0.25 0.0038(2) 0.0043(2) 
0.3120(l) 0.25 0.0083(Z) 0.0068(2) 
0.0 0.0 U[iso] = 0.008(l) 
0.591(l) 0.25 U[iso] = 0.008(l) 
0.188(l) 0.485(l) U[iso] = 0.007(l) 

Selected distances and angles 

Bi-O(3) [x2] 2.26(l) 
Bi-O(3) [x4] 2.42(l) 
Closest O-O distance 2.60(l) 

O(3)-Bi-O(3) 69.7(l) 
O(3)-Bi-O(3) 70.0(2) 
O(3)-Bi-O(3) 74.9(2) 
O(3)-Bi-O(3) 105.1(2) 
O(3)-Bi-O(3) 110.5(l) 
O(3)-Bi-O(3) 179.8(2) 

0.0028(2) 
0.0071(2) 

L1 ESDs in parentheses; space group Cmcm (No. 63). 

(p =968 cm-‘). The application of the 
absorption correction reduced the maximum 
peak to trough ratio in the q scans from 10.0 
to 1.3. Equivalent reflections were then 
merged to give 492 reflections with I/o(I) > 
3 (merging R factor 3.6%). 

The metal atom positions were deduced 
from the Patterson function and two cycles of 
refinement reduced the R factor to 
9.40(10.98)%. A difference Fourier 
revealed the positions of the oxygen atoms, 
and a further three cycles of refinement of all 
parameters gave an R factor of 4.92(6.29)%. 
A correction for secondary extinction (6) 
was then made, giving a final R factor of 
2.61(3.53)%. A subsequent difference 
Fourier revealed no peaks larger than 
2e A-‘. The structural data are shown in 
Table II. 

Discussion 

BiReO, 

Very few oxides containing rhenium in a 
formal oxidation state of V have been pre- 

pared except for a number of perovskites 
A2M(III)Re06 (7), some compounds 
M2Re207 possessing the pyrochlore struc- 
ture (8), and the compounds LndRezOll (9). 
Re205 itself is very unstable with respect to 
disproportionation and has only recently 
been characterized (10). 

The structure of BiRe04 is closely related 
to that of cu-BiNb04 (11) and BaMnF4 (12), 
consisting of sheets of corner-sharing Re06 
octahedra perpendicular to the b axis linked 
by Bi atoms (alternate sheets being displaced 
by one-half octahedron). The relationship 
between the structures is similar to that 
between Re03 and W03 (and other tilted 
perovskite structures). Thus although the 
rhenium atoms are slightly displaced from 
the centers of the octahedra, the octahedra 
are not tilted as in ferroelastic BiNb04 or 
rotated as in BaMnF4. 

Continuing the analogy, one would expect 
BiRe04 (containing Re(V) with a d* 
configuration) to be metallic. In appearance 
it is similar to Re03 (d’), and although no 
single crystals were large enough for stan- 
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TABLE II 

STRUCTURAL PARAMETERS FOR BiRe206’ 

349 

Atom Position x/a ylb Z/C Ull u22 u33 u13 

Re 
Bib 
o(l)* 
ow 
O(3Y 

i(4) 0.0439(l) 
g(4) 0.0 
i(8) 0.402(2) 
i(8) 0.298(2) 
i(8) 0.282(2) 

Distances (A) 

Re-Re 2.508(l) 
Re-O(1) 1.97(l) 
Re-O(2) 1.92(l) 

1.97(l) 
2.02(l) 

Re-O(3) 1.98(l) 
1.98(l) 

Angles (“)’ 
O(l)-Re-O(2) 94.3(6) 
O(l)-Re-O(2) 87.2(6) 
O(l)-Re-O(2) 169.2(6) 
O(l)-Re-O(3) 89.6(6) 
O(l)-Re-O(3) 83.3(6) 
O(2)-Re-O(2) 91.0(3) 

(a) 
O(lA)-Bi-O(1B) 77.8(4) 
O(lB)-Bi-O(lD) 101.1(4) 
O(lD)-Bi-O(lC) 82.4(5) 
O(lC)-Bi-O(lA) 98.6(4) 
O(lB)-Bi-O(lC) 175.3(6) 
O(lA)-Bi-O(lD) 176.7(4) 
0(3A)-Bi-O(lA) 95.6(.5) 
0(3A)-Bi-O(lB) 61.8(4) 
0(3A)-Bi-O(lC) 121.9(6) 
0(3A)-Bi-O(lD) 86.6(6) 
0(3A)-Bi-O(3B) 176.4(5) 

0.0 0.3613(l) 0.0023(3) 0.0078(3) 0.0027(3) 0.0008(l) 
0.520(3) 0.0 0.0067(3) 0.0097(34) 0.0066(3) 0.0014(2) 

0.344(3) 0.138(2) U[iso] = 0.007(2) 
0.277(3) 0.433(2) U[iso] = 0.008(2) 
0.782(3) 0.277(2) U[iso] = O.OOS(2) 

Selected distances and angles 

Bi-O(1) 2.35(l) 
2.29(l) 
2.12(2) 
2.28(2) 

Bi-O(3) 2.82(2) 
2.72(2) 

Closest O-O distance 2.60(2) 

O(2)-Re-O(2) 102.1(5) 
O(2)-Re-O(3) 90.0(5) 
O(2)-Re-O(3) 81.1(6) 
O(2)-Re-O(3) 176.8(6) 
O(3)-Re-O(3) 89.2(3) 
Re-O(2)-Re 90.9(4) 

(b) 
O(lA)-Bi-O(lB) 77.814) 
O(lA)-Bi-O(lD) 68.5(6) 
O(lD)-Bi-O(lC) 77.8(4) 
O(lC)-Bi-O(lB) 68.5(6) 
O(lB)-Bi-O(lD) 136.7(9) 
O(lA)-Bi-O(lC) 76.6(8) 
O(SA)-Bi-O(lA) 9.5.6(5) 
0(3A)-Bi-O(lB) 61.8(4) 
0(3A)-Bi-O(lC) 130.1(S) 
0(3A)-Bi-O(lD) 145.2(S) 
0(3A)-Bi-O(3B) 123.6(8) 

(1 ESDs in parentheses; space group C2/m (No. 12). 
b Total occupancy of these sites is half the full multiplicity. 
’ For labeling of atoms see Fig. 4. 

dard conductivity measurements, a simple 
two-probe experiment indicated that the 
resistance perpendicular to the Re04 sheets 
was much higher than that parallel to the 
sheets. 

Another compound which adopts a related 
structure is Sb204. This compound was used 
to illustrate the stereochemical activity of the 
lone pair of the M(II1) atom by Galy et al. 

(13). They pointed out that the anomalously 
large volume per anion in the unit cell could 
be explained by assigning the lone pair to an 
anion site. The combination of anions and 
lone pairs then forms a close-packed 
arrangement with a volume of around 16 A” 
per anion. In BiRe04, the tunnels formed by 
the vacant anion sites are clearly visible (Fig. 
2) and the irregular coordination of the Bi 
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FIG. 2. Projections of BiRe04 down the c and a axes. 
Full lines represent Re-0 close contacts, broken lines 
Bi-0 close contacts. The unit cell is outlined. 

atom (six oxygen atoms at the corners of a 
cube with one edge missing) again suggests a 
stereochemically active lone pair. 

BiRe206 

Oxides containing Re in two formal oxi- 
dation states but on the same crystallo- 
graphic site are found in the La-Re-0 
system, e.g., La4Re60i9 (14). The same 
situation is found in BiRezOb. 

The crystal structure of BiRezOb consists 
of slabs of octahedrally coordinated Re 
separated by a layer of Bi atoms. Within the 
Re layers, pairs of edge-sharing octahedra 
form RezO10 units which are themselves 
linked to other such units by corner sharing 
(Fig. 3). This method of coordination is 
found in a number of mixed metal oxides, for 
example, La4Re6019 (14) and Bi3Ru30r1 
(15). The parent structure of these 
compounds is KSb03 (16), where the Sb20i0 
units form a three-dimensional framework 
with the other atoms filling the large inter- 
stices. 

The stacking of the Re layers in BiRezOe is 
disordered. The oxygen atoms are split into 
two sets by the symmetry operators x, y, z ; 
-x, -y, -2; 4+x, ;- y,z;andi-x,:+y,-z 
to obtain octahedral coordination about the 
rhenium atom. It is possible to obtain an 
ordered arrangement of oxygen atoms in the 
noncentrosymmetric space groups Cm and 
C2, but these give rise to unlikely coor- 
dination geometries around rhenium. Cm 
gives a trigonal prismatic coordination while 
C2 leaves half the Re atoms uncoordinated. 

The difference between the two sets of 
oxygen atoms can be approximated by a shift 
of 1 8, along the c axis and, in view of the 
open coordination about the Bi atom (Figs. 3 
and 4), it is not difficult to see how this 

FIG. 3. Projections of BiRez06 down the c and a axes. Full lines represent Re-0 close contacts, 
broken lines Bi-0 close contacts. The unit cell is outlined. 
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la) lbl 

FIG. 4. Coordination of Bi in BiRe206 projected 
down the a axis (a) if adjacent Re layers contain same set 
of oxygen atoms, and (b) if adjacent Re layers contain 
different set of oxygen atoms. 

disorder might occur. Support for the dis- 
ordered model is given by the high anisotro- 
pit temperature factor ( UZ2 = 0.018) 
obtained for Bi during early refinements. 
This was replaced in subsequent refinements 
by a static displacement of Bi from the spe- 
cial position 0, $, 0. Although Guinier pho- 
tographs showed no evidence for any dou- 
bling of the cell, some Weissenberg pho- 
tographs taken on crystals from a later pre- 
paration showed a weak intensity for the 
primitive reflections. 

The short Re-Re distance of 2.5 A 
perpendicular to the sheets indicates a 
metal-metal bond of the same order as that 
found in Re02 and La4Re6019 (17), sugges- 
ting delocalization of the remaining zd elec- 
trons per Re atom. A simple two-probe 
experiment showed that the crystals were of 
low resistance. 

As in BiRe04, the cell volume (volume per 
anion BiRez06 = 18 A3, volume per anion 
BiRez06E = 15.4 A3)3 and the relatively 
open coordination about the Bi atom 
indicate that the lone pair is exerting some 
stereochemical effect. The tunnels parallel to 
the a axis are visible in Fig. 3, and the 
vacancies in the anion lattice can be seen in 
Fig. 5. Figure 5 shows two boundaries of the 
unit cell. At the bottom of the figure, 
adjacent Re layers contain the same set of 
oxygen atoms, while at the top boundary 

3 Using the nomenclature of Ref. (13). 

n A n A 

FIG. 5. Projection of BiRe206 down the b axis. The 
unit cell is outlined. At the top boundary, adjacent Re 
layers contain different sets of oxygen atoms, while at 
the bottom boundary, adjacent layers contain the same 
set. 

they contain different sets. The vacancies are 
particularly evident at the top boundary. 
Thus the shaded oxygen atoms form a 
continuous layer in the hexagonal close- 
packed lattice, while the unshaded oxygen 
atoms have a line of vacancies above the 
bismuth atoms. 

There does not appear to be any other 
compound which adopts the BiRez06 struc- 
ture. The closest analogous structure is 
PbSbz06 (I@, which also consists of alter- 
nating layers of octahedrally coordinated Sb 
and Pb atoms in a hexagonal close-packed 
oxygen lattice. However, the layers lie in a 
different direction with respect to the oxygen 
lattice, and contain chains of edge-sharing 
Sb06 octahedra rather than discrete Sb2010 
units. Moreover, in BiRe206, the coordina- 
tion of the Bi atoms is far from octahedral 
(see Fig. 4), with four oxygen atoms at about 
2.3 A and two additional atoms at 2.75 A. 
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