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Orange transparent single crystals of BiSbO, slightly doped by vanadium (<1%,)
have been synthesized. The structure of this phase, previously described by Au-
rivillius from rough data using crystal chemistry concepts, has been refined.
BiSbO, crystallizes in the monoclinic system, space group I2/c, a=15.4518(8),
b=4.8784(4), c=11.825(1) A, B =101.11(1)°; the final reliability index is
R =0.059. The structure contains [ SbO, ], layers, formed by SbO, octahedra shar-
ing corners, which are parallel to the (001) plane and held together by bismuth
atoms. Its general framework is isostructural with B-Sb,0,4. The precision of the
data has allowed one to depict in detail the bismuth coordination polyhedron, a
trigonal bipyramid BiO4E with the lone pair E sitting at one corner of the equa-
torial triangle. [BiO,], infinite ribbons develop along the [ 100] direction and stack
in the {010] direction. Structural relationships with structures containing [ Bi,0,],,
layers, in which Bi has a square-pyramidal coordination [BiO4E], are also de-

scribed.

There has been a renewed interest in bismuth oxide chem-
istry since the discovery of the remarkable supercon-
ductive properties of the phases Bi,Sr,Ca,_,Cu,O,
(n=1,2,3)" or Ba, K BiO,.? Other phases related to
those depicted by Aurivillius, Bi,O,(Me,,_R,,05,.. 1)
built up by quadratic Bi,O, layers alternating with per-
ovskite layers,>* exhibit original properties: ferroelectric
Bi,WO,,’ ferroelastic Sb,WO,,® the anionic conductor
Bi,V,0,,° and Bi,V,0,,."°

Bismuth(III) in these structures possesses a lone pair
(6s?) which drastically influences both the stereo-
chemistry and their physical properties. These aspects
have been particularly emphasized in our research con-
cerning the chemistry and structural chemistry of the lone
pair ns> M* metal oxides (where ns? is designated by E),
and their combination with transition-metal oxides.!'~!?
The heaviest M* metals TI', Pb" and Bi'™ behave dif-
ferently, and it would be reasonable to think that the lone-
pair influence is modified by relativistic effects.

Aurivillius’s phases are characterized by [Bi,0,
layers structurally identical with the ones found in the red
PbO structure. We notice remarkable organization which
shows the layer sequence [E-Bi-O,-Bi-E],,. A few stud-
ies, however, have been reported on the crystal structure
of BiMO, (M =Nb, Ta, Sb, V) compounds, except
BiVO,."*~'® This lack of information is probably due to
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experimental difficulties in the preparation of single crys-
tals of good quality. BiNbO,, BiTaO, and BiSbO, have
been synthesized by Aurivillius and the BiSbO, crystal
structure determined.!” The reliability index R of the
structural study was rather high, 0.33 with the heavy
atoms and 0.31 when the oxygen atoms were considered.
It was difficult with the crystals obtained and the tech-
niques available at that time to lower the R-value.

In our investigations devoted to the compounds having
cations with a stereochemical active lone pair of elec-
trons, and more particularly to those containing bismuth,
precise information on bond lengths and their stereo-
chemistry is of prior interest in order to contribute to the
understanding of its structural chemistry. In this paper
we took the opportunity of the successful preparation of
good crystals of BiSbO, to refine its structure and to de-
velop some structural relationships with related phases.

Experimental

Synthesis. During the attempt to grow crystals in the
Bi,0;-Sb,0;-V,05 system, at 800°C for 10 h, trans-
parent single crystals of regular form and orange colour
were isolated (Fig. 1). The study of their X-ray diffraction
diagrams shows a good agreement with the crystal sys-
tem, the cell parameters and the space group of BiSbO,."”
An X-ray powder pattern of BiSbO,, prepared by heating
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Fig. 1. Scanning electron micrograph of BiSbO, crystals.

appropriate quantities of Bi,O; and Sb,0, at 1000°C for
50 h in air in silica tubes, was perfectly indexed using
these data. The orange colour of BiSbO, single crystals
can be explained by very small V>* impurities which
could occur during crystal growth. The ternary mixture
Bi,0;-Sb,0;-V,04 probably served as a flux for the
crystal growth. This small amount of V°* does not
change the BiSbO, cell parameters significantly (Table 1),
and can be assimilated as a very light doping. A similar
effect, but giving a green colour, was obtained with tung-
sten trioxide. In both cases the estimated concentration
in Vor W is less than 1%.

In Fig. 2 the experimental and calculated powder pat-
terns are compared. A careful analysis of the experimen-
tal powder pattern allows the detection of the presence of
an impurity (peaks indicated by dots); this impurity was
identified as being bismuth silicate Bi,(SiO,),;'® this is a
result of an attack of the silica tube by Bi,0O;.

Structure analysis. The data collection was performed us-
ing an Enraf-Nonius CAD4 diffractometer. The experi-
mental X-ray data are summarized in Table 2. The in-
tensity of hkl reflections were corrected for Lorentz-
polarization factors. Bi and Sb atoms were introduced in
calculations with proposed Aurivillius fractional coordin-
ates; O(1) and O(2) atoms were localized by a subsequent
Fourier difference synthesis. The coordinates and isotro-
pic thermal parameters of the four atoms of the asym-
metric unit were refined, the atomic scattering factors be-
ing corrected for anomalous dispersion.!” At this stage
the reliability index, R, was 0.16.

Table 1. Cell parameters for the BiSbO, phase.

Table 2. Physical and crystallographic data for BiSbO,.

Formula BiSbO,
Molecular weight/g 394.7
Morphology Prismatic block

Dimensions/mm
Crystal system

0.10X0.125X0.075
Monoclinic

Space group 12/c

alA 5.4518(8)

b/A 4.8784(4)

c/A 11.825(1)

B/° 101.11(1)

v/A® 308.61(6)

V4 4

pcalc/g Cm-a 847

F(000) 664

p (MoKat/cm ™' . 626

Wavelength (MoKa)/A  0.71069

Monochromator Oriented graphite

Take off/° 3.5

Detector width/mm? 4%4

Scan type ®/26

Scan width/° 1.0+0.35 tan®

Prescan speed/° min~' 10

Maximum time/s 60

Reflections for cell 25; 12<520<62°
refinement

Recorded reflections 1590; 26<70°

hkl range ~-8<h<8,0<k<7,0=</<19

Intensity control 400/040/0012 every 3600 s
reflections

Orientation control 6—40/106 every 250 reflections
reflections

The absorption effects were obviously considerable. In
the first attempt, empirical absorption corrections?® were
applied. The results are given in Table 3. Negative ther-
mal parameters affecting several atoms were related to an
incompletely adapted correction. The numerical absorp-
tion correction’! has been shown to be more adequate
than empirical ones, allowing one to refine the Bi and Sb
atoms with their anisotropic thermal parameters. Least-
squares refinements were performed in the case of the
centrosymmetric space group I2/c (very strong correla-
tions appear in Ic). The secondary extinction correction
and various tests of ponderation scheme have not given
significant improvement. The final values are presented in
Table 4, the positional and thermal parameters in Table 5
and the main interatomic distances and angles in Table 6.
The calculations and drawings were performed with the
SHEL86* and ORTEP?® programs using the Alliant vec-
torial superminicomputer VFX/80. Based on structural
results, a good fit between calculated (LAZY-PUL-
VERIX program)®* and experimental powder patterns
was obtained (Fig. 2).

Material a/A b/A c/A B/°

V,0; doping crystal 5.4518(8) 4.8784(4) 11.825(1) 101.11(1)
WO, doping crystal 5.4527(7) 4.8784(8) 11.836(3) 101.12(1)
Pure powder 5.462(2) 4.881(1) 11.828(3) 101.11(6)
Aurivillius crystal 5.464 4.887 11.81 101.0
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Fig. 2. Experimental (a) and calculated (b) powder patterns of BiSbO,. The dots indicate the presence of Bi,(SiO,);.

Discussion

The crystal structure of BiSbO, is projected onto the
(010) plane in Fig. 3. Examination of Table 6 shows that
the values of the Bi—-O and Sb-O distances do not differ
significantly from those established previously by Auriv-
illius, in spite of the high R-index founded. Such a result
shows once again that even if the crystal is of poor quality
and absorption correction almost impossible to proceed
properly, structural analysis enlightened by a strong crys-
tal-chemistry basis can provide a very reasonable struc-
ture.

Six nearest oxygen atoms surround the antimony at-
oms at distances ranging from 1.98 to 1.99 A, forming a
quasi-regular octahedron (Fig. 4). The antimony oxida-
tion state is clearly +5. Such an observation can be re-
lated to the B-Sb,0, features®>® where Sb—O distances

Table 3. Comparison of the empirical and numerical absorp-
tion corrections.

Correction mode Empirical Numerical

20 range/° 3-70 3-70

Number of data 498 498

U, /A? Bi 0.0065(3) 0.0091(6)
Sb 0.0003(3) 0.0044(7)
o(1) <0 0.002(2)
0(2) 0.005(3) 0.008(3)

R 0.063 0.061

R 0.074 0.072

Fig. 3. Projection of the structure of BiSbO, onto the (010)
plane.
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Table 4. Final values after numerical absorption correction.

Absorption coefficient min.—max. 0.016-0.075
Number of unique data with /> 3c(/) 453
Number of refined parameters 20
Correlation between parameters o
Height max. in difference Fourier synthesis 6 e A3
at 0.6 A of Bi atoms
Reliability factors R 0.059
R 0.070

w

range from 1.97 to 2.0 A. In a recent investigation of an
original compound Sb,Te,0,,” exhibiting [ Sb,0,],, rib-
bons built up by regular SbO, octahedra, Sb—O distances
show a wider range of values, from 1.91 to 2.03 A.
Bismuth atoms are surrounded by eight oxygen atoms,
which are situated at the corners of a square antiprism
(Fig. 5a). In the BiOg polyhedron, the average Bi—-O bond
distance is 2.56 A, with four Bi~O(1) short bonds, 2.13-
2.27 A, and four Bi-O(2) from 2.82 to 2.99 A. Bismuth
atoms may be considered as one-sided, coordinated to
four O(1) oxygens situated at the apices of a distorted
trigonal bipyramid (TBP), the lone pair occupying one
corner of the equatorial triangle. Following the stereo-

Fig. 4. Antimony—oxygen framework, [SbO,], layers, in
BiSbO, structure.

chemical analysis previously proposed,'? the center of
the sphere of influence of the lone pair in this BiO,E
bipyramid is at a distance Bi—-E =0.96 A; the calculated

Table 5. Positional and thermal parameters for BiSbO,.

Atom X y z B,, or *B,,/A®
Bi 0 0.5125 1/4 0.71(4)
Sb o 0] 0 0.25(6)
*0O(1) 0.121(3) —0.159(3) 0.155(2) 0.2(2)
*0(2) 0.240(3) 0.292(3) 0.062(2) 0.6(2)
Atom Uy, Us, Uss Uys Uss U, U,q /A?
Bi 0.0090(5) 0.0080(6) 0.0096(5) 0 0 0.003(3) 0.0089(5)
Sb 0.0033(7) 0.0030(8) 0.0029(7) 0.0005(7) 0.0006(5) 0.0007(7) 0.0031(5)
Table 6. Selected distances (in A) and angles (in °) for BiSbO,.
Bi—O(1) 2.133(7) x2 (a,c)
2.269(8) X2 (b,d)
Bi—0(2) 2.818(9) X2 (f.h)
2.989(9) X2 (eg)
0(1)-Bi—0O(1) 71.3(7) X2 (a—d, b—c)
81.2(4) X2 (a—b, c—d)
82.6(9) a (a—c)
143.3(8) B (b—a)
0(2)-Bi—0(2) 56.6(4) X2 (e—f, g—h)
99.9(86) X2 (e=h, f—g)
116.4(7) (f~h)
137.8(6) (e—g)
Sb—-0(1) 1.983(8) X2 (i, j)
Sb—-0(2) 1.977(7) X2 (e, k)
1.994(8) X2 (f, 1)
0(1)-Sb—-0(2) 82.0(7)/98.0(7) X2 (e—j, k—=i)/ X 2(e—i, j—k)
87.9(5)/92.1(5) X 2 (e—f, k—1)/ X 2{e—I,F—k)
89.6(8)/90.4(8) X 2 (i—l, j—f)/ X 2(i—, I}
0-0 2.567(1)/2.60(1)/2.757(2)

2.80(1)/2.82(2)/2.86(2)
2.99(1)/3.01(1)

Symmetry code: (a) x, 1+y, z; (band f) —1/2+x, 1/2—y, z, (c) —x, 1+y, 1/2—=z,(dand h) 1/2~=x, 1/2—y, 1/2~2Z, (e and
x v, z (g —=x vy, 1/2=z (iand k) =x, —y, =z, () 1/2=x, 1/2-y, =z
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Fig. 5. (a) Infinite [BiO,], ribbons in BiSbO, structure; (b) bismuth in a square antiprism polyhedron, giving a TBP—BiO4E in

BiSbO, structure and SP—BiO4E in Bi,V,0,, structure.

coordinates of E are 0, 0.32, 1/4; the o- and B-angles are
82.6 and 143.3°, respectively, very close to those ob-
served in B-Sb,0,, 87.9 and 148.1°.%° It is then easy to
visualize the Bi environment in the TBP in the BiSbO,
structure in comparison with the regular square pyramid
(SP) found, for example, in the Bi,V,0,, structure'®
(Fig. 5b). The distribution of Bi—O interatomic distances

can be compared favourably, for example, with those
found for Bi"" in the compound Cu,;Bi,V,0,,, whose
structure was recently published.?®

Coming to the general architecture of BiSbO,, which is
isostructural with B-Sb,0,, it is possible to depict that it
is formed by [ SbO,], layers built up by octahedra sharing
corners held together via bismuth atoms lying in a (001)

Fig. 6. Comparison between [SbO,], (a) and [WQ,], (b) layers in BiSbO, and Bi,WOg structures.
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@ Bi3&E
E : lone pair

structure type

RCO3

@ Ttk :’é o %

E : lone pair

Fig. 7. Two structures BiSbO, and B-TeVO, derived from PdF, and ReO, structures after the shearing effect of the lone-pair

elements Bi" and Te'.

plane. If the bismuth lone pair E and oxygen atoms are
considered together it may be noted that quasi-hexagonal
close packing is formed. The [SbO,], at the opposite of
the [WO,], found in Bi,WOy, for example, is quite dif-
ferent (Fig. 6). It derives from a section of the PdF; struc-
ture type (hcp), while the [WO, ], layer is similar to SnF,
layer structure, itself a section of the ReOj structure type
(the PdF; structure type can be considered as the high-
pressure form of the ReO; structure type).

Formally we wish to consider these lone-pair elements
as efficient cutting tools, ‘chemical scissors’, of various
structures.!' In the idealized drawings of Fig. 7 it is
shown, as an example, how Bi"" or Te'Y ‘cuts’ the (hcp)
PdF; or ReO, structures in order to obtain BiSbO, or
B-TeVO, networks.?**°

Looking at the bismuth—oxygen framework and taking
into account the strong Bi—O bonds [Bi and O(1) atoms]
we note the remarkable infinite ribbons [BiO,], formed,

a b

which develop along the [100] direction. These ribbons
are stacked along the [010] direction weakly bridged by
rather long Bi-O bonds (2.82 <Bi-0<2.99 A) [Bi and
O(2) atoms] (Fig. 8a). If the oxygens below the plane
containing Bi atoms are selected, they depict a network
(Fig. 8b) which can be rearranged easily in a perfect qua-
dratic oxygen network (Fig. 8c). Only 509, of the squares
are capped by Bi atoms forming a [BiO,], plane. If we
imagine an increase of the bismuth and oxygen content in
such a BiMO, structure, the extra Bi atoms can cut the
structure again along planes parallel to (001). They can be
fixed on the free side of the previous [BiO,], layers build-
ing the Aurivillius [Bi,0,], layers (Fig. 8d). The oxygen
atoms are accommodated by the M element, forming
[MO,], layers. Such layers, instead of staying in the (hcp)
form of the [SbO,], type, can then develop to make the
less compact layers of the [WO, ], type as in (Bi,O,)WO,,
i.e. Bi,WOq.

Fig. 8. (a) Bismuth oxygen network in BiSbO,; (b) and (c) part forming [BiO,], layer and its reorganization; (d) [Bi,0,], layer.
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Bengt Aurivillius, in his numerous papers on the struc-
ture of compounds or phases containing heavy elements
like bismuth, has shown that mastered crystal-chemistry
concepts firmly applied in these investigations allow one
to derive an exact structure and to depict the stereo-
chemistry of these elements. The refinement of the
BiSbO, crystal structure performed with advanced tech-
niques on good single crystals provides precise informa-
tion on the chemical bonding around bismuth atoms as
well as on the whole structure, and confirms in every de-
tail the assertions of Aurivillius.
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