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Abstract

The phases Bij4MO,4 (M =Cr, Mo, W) have been studied using differential scanning calorimetry, variable temperature X-ray
powder diffraction and neutron powder diffraction. All three compounds were found to undergo a phase change, on cooling, from
the previously reported tetragonal symmetry (/4/m) to monoclinic symmetry (C2/m). Transition temperatures were determined to
be ~306 K (M=W) and ~295K (M =Mo), whereas a gradual transition between 275 and 200 K was observed for M =Cr. The
high and low temperature structures are very similar, as indicated by the relationship between the monoclinic and tetragonal unit cell
parameters: a,, = \/Za,, by = ¢, ¢ = a;, p~135°. High-resolution neutron powder diffraction data, collected at 400 and 4 K, were
used to establish the nature of the transition, which was found to involve a reduction in the statistical possibilities for orientation of
the MO, tetrahedra. However, in both tetragonal and monoclinic variants, a degree of orientational disorder of the tetrahedra

occurs to give partially occupied sites in the average unit cell.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

There has been much interest in §-Bi,O3 owing to its
excellent oxide ion conduction properties, the conduc-
tivity being ~1Sem™"' at 1023 K [1]. However, 6-Bi,O;
is stable only between 937K and the melting point of
Bi,O5 at 1097 K. Two metastable Bi,O3 phases can form
on cooling: the tetragonal f-phase at 923K and the
body-centered cubic y-phase at 912 K. At lower tem-
peratures, the room temperature stable monoclinic
o-phase forms [2].

Substitution of Bi using small amounts of tetrahedral
ions is known to stabilize the y-Bi»Oj5 structure. Sillén [3]
identified Bi;,Si0,y, and Harwig [4] indicated that
Bi,GeO, is isomorphous with y-Bi,Oj3; there are more
than 40 of such sillenite phases known [5]. 4-Bi,O3 has
been reported to have an oxygen deficient fluorite
structure [4,6] in which structural disorder in the O
sublattice is responsible for the high oxide ion
conductivity of this phase. Although the basic structure
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can be stabilized at room temperature by doping with
isovalent (e.g., Y>"), or aliovalent (e.g., Ta>") cations,
the Arrhenius energy for oxygen migration is increased,
which results in much lower conductivities [1]: e.g., 30%
Y,05/Bi,O3; has an Arrhenius energy of ~0.7¢V
compared with a value of ~0.4eV for pure 6-Bi,Os.

Using a solid state reaction between «-Bi,Os; and
(NH4)»S0Oy,, in the mole ratio of 14:1 (Bi:SOy), Frances-
coni et al. [7] formed the new phase Bi;4SO»4. The body-
centered tetragonal (I4/m) structure is a superstructure
of the cubic fluorite subcell of §-Bi,Os, with SO~ anions
occupying the origin and body center of the enlarged
unit cell [7]. A schematic representation of the Bi/S
sublattice is shown in Fig. 1 and highlights the
relationship of the body-centered tetragonal supercell
(a=87A, ¢=17.3A) to the cubic -Bi,O; subcell
(a~5.7A).

Neutron powder diffraction (NPD) studies have been
performed on Bi;4sWO,4 and Bij4uMo00O»4 [8], and also on
Bi;4CrO»4 [9]. All were reported to have body-centered
tetragonal, I4/m, structures which are closely related
to that previously reported for Bij4SO,4 [7]: MOz~
oxoanions (M =W, Mo, or Cr), occupy the origin and
body center of the unit cell.
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Fig. 1. The body-centered tetragonal supercell of Bij4SO,4 and its
relationship to the face-centered cubic 6-Bi,O3 subcell (broken lines).

The proposed tetragonal models indicate significant
disorder of the O atoms coordinating M. For Bi;4SO,y4,
Francesconi et al. [7] proposed that the tetrahedral
coordination around S was best approximated by a
model containing two of the coordinating O atoms in
the same xy plane as S with an O-S—O angle of 90°; two
apical O atoms were positioned above and below the S
xy plane. Ling et al. [8] proposed a slightly different
model for both Bi;sWO,4, and Bi;4sMo00O,,: octahedral
coordination of the W or Mo by the O atoms, but with
each WOg octahedron having one axial and one
equatorial O site vacant. Warda et al. [9] proposed a
similar CrOy, orientation in Bi;4CrO,4, with one O atom
aligned on the z (C4) axis and the other three O atoms
being displaced below the Cr xy plane.

At room temperature, a degree of orientational
disorder therefore occurs for the tetrahedral MO,
oxoanions in each of the phases Bij4MO,4 (M=Cr,
Mo, W). The possibility of ordering these groups has
been investigated by performing a variable temperature
NPD structural investigation of all three phases. In this
paper we report that new monoclinic (C2/m) structures
can be produced for all three materials. For M=Mo
and W, the transition temperature was found to be close
to ambient temperature, but for M =Cr, a significantly
lower temperature was required to induce the transition.

2. Experimental

Bi]4W024, Bi14M0024 and Bi|4CI'024 were synthe-
sized from intimate mixtures of high purity Bi,O5; with
either WO;3;, MoOs;, or Cr,Os, in stoichiometric
amounts; the mixtures were then heated to 1023 K for

12h. Several subsequent cycles of regrinding and
reheating were used to ensure complete reaction to give
single phase products. Chemical analysis (ICP emission
spectroscopy) confirmed that no detectable bismuth loss
occurred during synthesis.

The effect of cooling rate on the basic structure of
these phases was investigated. Samples were either
quenched from 1023K to room temperature, by
removal from the furnace and immediately tipping the
powder into a cold alumina boat, or cooled slowly using
programmed cooling at —20Kh~'. X-ray powder
diffraction, XPD, (Siemens DS5000, primary beam
monochromator, transmission mode, with position
sensitive detector), was used for phase characterization
and basic structure examination. DSC data were
obtained from heating and cooling cycles, (Perkin
Elmer, Pyris 1 calorimeter), and variable temperature
XPD data were collected using a Bruker AXS D5005
diffractometer.

Time-of-flight NPD data, using a cryofurnace, were
collected at 4 and 400K, with the high-resolution
powder diffractometer HRPD at the Rutherford
Appleton Laboratory. Structure refinement was
achieved using the General Structure Analysis System
(GSAS) [10] refinement program.

3. Results and discussion

XPD data showed that the quenched samples of
Bi;4,WO»,, and Bi;sMoO,4 consisted predominately of
the tetragonal phase, previously reported [§8]. However,
for slow cooled samples, extensive line splitting was
apparent in the XPD patterns and indicated a new phase
with lower symmetry; the splittings were consistent with
monoclinic, C2/m, symmetry. Bi;4CrO,4, on the other
hand, formed only the tetragonal phase with no
evidence of a transition above 290 K.

DSC data revealed that on heating, slow cooled
samples of both Bi;4,WO,, and Bi;;Mo0O,, underwent
endothermic transitions with peak onset temperatures of
306 and 295K, respectively (Figs. 2 and 3). As seen in
these figures, more ill-defined exothermic peaks, with
similar onset temperatures, were observed on cooling.
No evidence for a similar transition was found for
Bi;4CrO,, within the accessible temperature range,
133-343 K.

To confirm that the phase change revealed by DSC
corresponded to the tetragonal-monoclinic structural
transition, variable temperature XPD data were col-
lected. XPD patterns were recorded at several tempera-
tures in the vicinity of the transition temperature
indicated by DSC. Many of the higher angle peaks of
the tetragonal phase were split at temperatures below
the transition temperature, Fig. 4, indicating that the
thermodynamic transition corresponds to the structural
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Fig. 2. Heating and cooling DSC curves for BijuWO,,.
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Fig. 3. Heating and cooling DSC curves for Bij;;Mo0Oy.

phase change from tetragonal symmetry (high tempera-
ture), to monoclinic (low temperature).

Although the DSC investigation of Bij4CrO,4, pro-
vided no evidence for a structural transition, variable
temperature XPD investigations produced split high
angle peaks, which were slowly formed over a range of
temperature between 275 and 200K. At 275K, the
pattern was consistent with the tetragonal phase. Some
evidence of slight peak splitting occurred at 250 K, and
at 200K the peak splitting was complete as the
monoclinic phase formed, (Fig. 5). Bi;4CrO,4 therefore
also undergoes a low temperature transition to a
monoclinic form, but the transition is so broad that it
was undetectable by DSC.

Fig. 6 shows the relationship between the body-
centered tetragonal supercell (Fig. 6(a)) and the mono-
clinic structure (Fig. 6(b)): a,, = a2, cm = a, by, = c,.
The MO  groups describe body-centered and
C-centered lattices in the tetragonal and monoclinic
phases. The f angle is just a fraction of a degree less
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Fig. 4. X-ray powder diffraction patterns from Bi;4Mo0O,, at (a)
305K and (b) 270K showing split peaks consistent with monoclinic
symmetry.
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Fig. 5. X-ray powder diffraction data from Bi;4CrO,4 at 200-275K.

than the ideal 135° angle of the tetragonal structure.
Because of this slight, but significant, change in
symmetry, NPD data were collected using the very
high-resolution diffractometer, HRPD.
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Fig. 6. The relationship between the tetragonal and monoclinic unit
cells: (a) 2 adjacent body-centered tetragonal cells; (b) the C-centered
monoclinic cell. The subscripts ‘#” and ‘m’ refer to tetragonal and
monoclinic axes, respectively.

Refinement of the tetragonal structures was based on
the 400K data sets, and the initial model was derived
from Bi;4SO,4 [7], space group I4/m, although the O
atoms in the tetrahedral MO, groups were excluded. As
previously suggested for the M =Cr phase [9], it was
found that all M atoms were displaced from the origin
along the [001] axis. In accordance with the mirror plane
perpendicular to z, the M site was therefore split into
two half occupied sites, which resulted in considerable
lowering of the isotropic temperature factor for M, and
an improved fit. The O atoms bonded to M were then
sought using Difference Fourier techniques. From
locations indicated by the Fourier maps, and refinement
of site occupancies, it became clear that each MO, group
had one O atom (OS5) directed along +[001] or —[001],
with the three remaining O atoms (O4, O6 and O7)
being approximately coplanar (similar z/¢ parameters)
and located on the opposite side of M. Because of the
4/m origin symmetry, for tetrahedral MOy, the O4, O6,
and O7 site occupancies are only 0.125, and the Fourier
maps (see Fig. 7) appear quite complex. In all cases,
inclusion of the O atoms of the MO, groups into the
refinements produced significant lowering of the R
factor values. The refined atomic parameters for the
tetragonal phases are given in Tables 1-3. In all cases it
can be seen that the thermal parameters for the MO4 O
atoms are quite high, which probably relate to oscilla-
tions of the groups around the central M atom.

Selected O—M-O bond angles for the MO3 ™ anions
are given in Tables 4-6, and are in good agreement with
the expected 109.5° for regular tetrahedral coordination.
The structural data reported here are considered to be
the most reliable for the high temperature tetragonal
structures of Bi14Cr024, Bi14M0024 and Bi14W024. Itis
clear that a statistical distribution of the orientation of
the MO, groups is required for compatibility with the
high symmetry /4/m space group. It was anticipated
that the structural transition observed on cooling would
correspond to a reduction in the number of possible
orientational configurations. However, climination of

Fig. 7. Difference Fourier map of the region around the WO3~ anion
in Bij4uWO,, at 400 K. The presence of several equivalent positions
results from the 4-fold axis.

one of the two equivalent orientations of M—OS5 along
+[001] or —[001] would require 180° rotation, which
may not be possible at the low temperatures involved.

The approximate atomic positions in the monoclinic,
C2/m, cell were calculated from the tetragonal structure
to provide the initial model for structure refinement,
after eliminating the O atoms of the MO, groups. As
with the tetragonal refinements, the M atoms were
found to be displaced off the ideal site at the origin,
along the [010] axis, and a split site with fractional site
occupancy of 0.5 was again used.

The four O atoms coordinated to M were then located
using Difference Fourier methods. Strong intensity was
found for two O atoms on the xz plane of M (Fig. 8).
These two O atoms were assigned O8, and O9. The
position of atom O10 was then located just below the xz
plane containing M, and after inclusion of these atoms,
atom O7 was found above the xz plane of M close to the
[010] axis; the MO, groups are therefore arranged
similarly to that found for the tetragonal structure. The
MO3~ oxoanion is located on the 2-fold axis and the
mirror plane of the C2/m space group and this
necessarily creates orientational disorder, as indicated
in Fig. 8. The refined atomic parameters are given in
Tables 7-9. The temperature factors were considered to
be reasonable, and significantly lower than those
observed for the tetragonal, 400 K data. Selected bond
distances and angles are given in Tables 10-12, and
support the tetrahedral coordination around M. The
final refined observed, calculated, and difference powder
neutron diffraction profiles, for the tetragonal, and
monoclinic phase of Bij4CrO,4, are given in Figs. 9 and
10, and are also representative of data obtained for the
Mo and W analogues.
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Table 1
Refined atomic parameters (NPD) for BijsWO,4 in space group /4/m at 400 K
Atom Position X y z U;/ U, x 100 A’ Occupancy
w de 0.0000 0.0000 0.0150(8) 1.5(4) 2
Bil 8h 0.2136(3) 0.4420(3) 0.0000 1.73(7) 8
Bi2 16 0.3002(3) 0.1066(3) 0.1704(1) 1.60(4) 16
Bi3 4e 0.5000 0.5000 0.1565(3) 2.5(1) 4
ol 8g 0.5000 0.0000 0.1237(4) 3.1(1) 8
02 16i 0.0733(3) 0.2555(4) 0.2573(2) 2.21(7) 16
03 16 0.3228(3) 0.6234(4) 0.0776(2) 2.22(7) 16
04 16 0.023(3) 0.197(2) 0.0183(9) 5.1(6) 2
05 de 0.0000 0.0000 0.1155(9) 4.003) 2
06 16i 0.132(2) 0.132(2) 0.022(1) 3.8(8) 2
o7 16i 0.980(1) 0.197(2) 0.018(1) 5.1(6) 2
14/m; a = b =8.7296(1), ¢ = 17.3613(2); Ryp = 0.033, Rexp = 0.017.
Table 2
Refined atomic parameters (NPD) for Bi;4sMoO,4 in space group 74/m at 400 K
Atom Position X y z U;/ U, % 100 Az Occupancy
Mo de 0.0000 0.0000 0.0145(5) 2.7(2) 2
Bil 8h 0.2130(2) 0.4409(2) 0.0000 2.07(5) 8
Bi2 16 0.3001(2) 0.1062(2) 0.17017(9) 1.91(3) 16
Bi3 4e 0.5000 0.5000 0.1571(2) 2.62(8) 4
Ol 8g 0.5000 0.0000 0.1229(3) 3.45(7) 8
02 16i 0.0738(2) 0.2547(3) 0.2567(1) 2.53(5) 16
03 16 0.3223(2) 0.6239(3) 0.0776(1) 2.40(5) 16
04 16i 0.029(1) 0.193(1) 0.0282(9) 5.7(4) 2
05 de 0.0000 0.0000 0.1161(5) 3.5(2) 2
06 16 0.131(2) 0.124(2) 0.022(1) 4.3(6) 2
o7 16i 0.980(1) 0.206(1) 0.0090(9) 5.2(4) 2
I4/m; a = b =8.7232(1), ¢ = 17.3446(1); Ryp = 0.029, Rexp = 0.020.
Table 3
Refined atomic parameters (NPD) for Bi;4CrO,4 in space group /4/m at 400 K
Atom Position X y z U;/U, % 100 Az Occupancy
Cr de 0.0000 0.0000 0.0159(9) 2.1(4) 2
Bil 8h 0.2125(3) 0.4374(2) 0.0000 1.31(6) 8
Bi2 16i 0.2989(2) 0.1065(2) 0.16924(9) 1.23(3) 16
Bi3 4e 0.5000 0.5000 0.1578(2) 1.93(9) 4
o1 8g 0.5000 0.0000 0.1230(3) 2.50(7) 8
02 16 0.0752(3) 0.2527(3) 0.2571(1) 1.96(5) 16
03 16 0.3187(3) 0.6229(3) 0.0778(2) 1.83(5) 16
04 16 0.012(3) 0.200(2) 0.016(1) 2.209) 2
05 4e 0.0000 0.0000 0.1108(7) 4.8(3) 2
06 16 0.109(4) 0.132(4) 0.020(1) 5.1(8) 2
07 16 0.955(6) 0.179(5) 0.018(2) 6.2(1) 2
I4/m; a = b = 8.6402(1), ¢ = 17.1599(2); Ryp = 0.034, Rexp = 0.025.

Refinements using the lower symmetry space group shown in Fig. 11; just one of the possible orientations
Cm resulted in similar Difference Fourier maps to that of the MO, groups is depicted.
shown in Fig. 8, indicating the presence of the 2-fold Comparison of the orientation of the MO, units
axis, and supporting the C2/m space group. The general reveals that little change occurs at the tetragonal-

structure of the monoclinic phase, viewed along [101], is monoclinic phase change. The atom OS5 lies on the c-axis
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Table 4
Selected bond distances (A) and angles (deg) for Bi;4sWO,4 in space
group 74/m at 400 K

Table 6
Selected bond distances (A) and angles (deg) for Bij4CrO,4 in space
group 74/m at 400 K

W-04 1.73(1) 0O1-Bi2-02 92.8(2) Cr-0O4 1.73(2) 0O1-Bi2-02 95.4(2)
W-05 1.75(2) 95.4(2) Cr-05 1.63(2) 93.0(1)
W-06 1.76(3) Cr-06 1.60(2)
W-07 1.73(1) 0O1-Bi2-03 82.5(1) Cr-07 1.60(3) 0O1-Bi2-03 82.1(1)
04-W-05 108.5(6) 02-B2-02 95.4(1) 02-B2-02 95.5(2)
02-Bi2-03 79.3(2) 02-Bi2-03 79.1(2)
174.1(2) 04-Cr-05 108.6(8) 173.8(1)
04-W-06 115.3(8) 04-Cr-06 114(1)
04-W-07 102.5(1) Bil-03 2.288(4)[ x 2] 04-Cr-07 107(2) Bil-03 2.280(4)[ x 2]
05-W-06 111.8(9) 2.219(4)[ x 2] 05-Cr-06 113(1) 2.204(4)[ x 2]
05-W-07 108.5(1) 05-Cr-07 110(2)
06-W-07 115.9(2) 03-Bil-03 72.2(2) 06-Cr-07 113(2) 03-Bil-03 71.7(2)
72.52)[ x 2] 73.3(2)[ x 2]
74.3(2) 74.6(2)
Bi2-0O1 2.138(3) 114.0Q2)[ x 2] Bi2-0Ol1 2.120(4) 115.02)[ x 2]
Bi2-03 2.570(4) Bi2-03 2.506(4)
Bi2-02 2.060(4) Bi3-03 2.330(5)[ x 4] Bi2-02 2.064(4) Bi3-03 2.338(5)[ x 4]
Bi2-02 2.212(4) Bi2-02 2.213(4)
03-Bi3-03 69.8(1)[ x 4] 03-Bi3-03 69.8(1)[ x 4]
108.0(3)[ x 2] 108.1(2)[ x 2]
Table 5

Selected bond distances (A) and angles (deg) for Bi;4sMo0O,, in space
group 74/m at 400 K

Mo-04 1.72(1) 01-Bi2-02 93.2(1)
Mo-05 1.76(1) 95.7(1)
Mo-06 1.70(2)
Mo-07 1.81(1) O1-Bi2-03 82.39(9)
02-B2-02 95.5(9)
02-Bi2-03 79.4(1)
04-Mo-05 113.5(5) 174.4(1)
04-Mo-06 112(6)
04-Mo-07 105.3(2) Bil-03 2.295(3)[ x 2]
05-Mo-06 111.9(6) 2.215(3)[ % 2]
05-Mo-07 102.7(9)
06-Mo-07 118.4(4) 03-Bil-03 71.8(1)
72.7(1)[ 2]
74.8(1)
Bi2-O1 2.138(3) 114.5(1)[ x 2]
Bi2-03 2.563(3)
Bi2-02 2.209(3) Bi3-03 2.340(3)[ x 4]
Bi2-02 2.071(3)

03-Bi3-03 69.67(9)[ x 4]

107.8(2)[ x 2]

(I4/m) and transforms to O7 which is very close to the
derived b-axis (C2/m); on the opposite side of M lies a
triangle of O atoms: O4, 06, O7 (I4/m) and 08, O9,
010 (C2/m). The principal change involves the reduc-
tion in the number of equivalent positions for the
triangular arrangement, from four in the tetragonal
structure to two in the low temperature modification. In
other words, on cooling, the four equivalent locations
for O4 (for example) reduce to two as the small structural
distortion reduces the C4 symmetry axis to C2.

Fig. 8. Difference Fourier map of the region around the MoO3~ anion
in Bi;uMoO,4 at 4K. Orientational disorder results from the 2-fold
axis.

Bond valence sum calculations [11] revealed that the
bond lengths are consistent with M(VI). The M—O bond
lengths (Tables 4-6) for WO3 ", MoOj3~, and CrO3 in
the tetragonal form produced values of 6.42, 6.20, and
6.13, respectively. For the monoclinic phase, the
corresponding data in Tables 10-12 produced values
of 6.27, 6.14, and 5.65.

The slight distortion of the tetragonal phase to give
the monoclinic structure, transforms the three Bi sites
into five: Bil (/4/m) becomes Bil and Bi2 (C2/m); Bi2
(I4/m) becomes Bi3 and Bi4 (C2/m); Bi3 (I4/m)
becomes Bi5 (C2/m). In the tetragonal phase, Bil and
Bi3 form BiO4e square pyramids (where e represents a
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Table 7
Refined atomic parameters (NPD) for BijsWO,4 in space group C2/m at 4K
Atom Position X y z U;/ U, x 100 A’ Occupancy
W 4g 0.0000 0.0183(7) 0.0000 0.7(2) 2
Bil 4i 0.4432(5) 0.000 0.6572(7) 0.6(1) 4
Bi2 4i 0.7874(6) 0.000 0.2262(9) 0.5(1) 4
Bi3 8j 0.1060(5) 0.1691(2) 0.4058(6) 0.41(8) 8
Bi4 8j 0.7000(5) 0.1698(2) 0.8046(7) 0.73(8) 8
Bi5 4h 0.5000 0.1588(3) 0.0000 1.4(1) 4
(0] 4h 0.0000 0.1237(5) 0.5000 1.0(2) 4
02 4g 0.5000 0.1235(4) 0.5000 0.4(1) 4
03 8j 0.2541(6) 0.2600(3) 0.3282(8) 0.7(1) 8
04 8j 0.9266(5) 0.2588(3) 0.1781(7) 0.9(1) 8
05 8j 0.6243(6) 0.0772(3) 0.9483(8) 1.1(1) 8
06 8j 0.6775(7) 0.0757(3) 0.304(1) 2.0(2) 8
o7 8j 0.981(4) 0.1203(9) 0.995(5) 0.8(5) 2
08 4i 0.210(2) 0.0000 0.220(2) 0.9(2) 2
09 4i 0.934(2) 0.0000 0.754(2) 0.06(2) 2
010 8j 0.916(3) 0.023(1) 0.073(4) 2.3(5) 2
C2/m; a =12.2100(1), b = 17.3652(2), ¢ = 8.6460(1), f = 134.4805(2); Ryp = 0.052, Rexp = 0.012.
Table 8
Refined atomic parameters (NPD) for Bi;;Mo00O,, in space group C2/m at 4K
Atom Position x y z U;/ U, * 100 A’ Occupancy
Mo 4g 0.0000 0.0178(5) 0.0000 0.2(3) 2
Bil 4i 0.4428(5) 0.0000 0.6563(7) 1.2(1) 4
Bi2 4i 0.7885(6) 0.0000 0.2275(9) 1.1(1) 4
Bi3 8j 0.1064(5) 0.1686(2) 0.4061(6) 0.73(3) 8
Bi4 8j 0.6996(5) 0.1700(2) 0.8050(7) 0.96(8) 8
Bi5 4h 0.5000 0.1597(3) 0.0000 1.5(1) 4
Ol 4h 0.0000 0.1233(5) 0.5000 1.7(1) 4
02 4g 0.5000 0.1223(4) 0.5000 0.7(1) 4
03 8j 0.2542(5) 0.2582(3) 0.3283(8) 0.9(1) 8
04 8j 0.9257(5) 0.2597(3) 0.1763(7) 0.7(1) 8
05 8j 0.6230(6) 0.0768(3) 0.9458(8) 1.2(1) 8
06 8j 0.6782(7) 0.0767(4) 0.304(1) 2.1(2) 8
o7 8/ 0.993(9) 0.1225(9) 0.004(1) 2.0(5) 2
08 4i 0.206(2) 0.0000 0.216(3) 2.7(4) 2
09 4i 0.929(2) 0.0000 0.748(3) 1.0(3) 2
010 8j 0.918(3) 0.025(1) 0.073(4) 2.1(5) 2
C2/m; a=12.2110(2), b = 17.3356(2), ¢ = 8.6454(1), f = 134.5138(3); Ryp = 0.049, Reyp, = 0.011.
Table 9
Refined atomic parameters (NPD) for Bij4CrO,4 in space group C2/m at 4K
Atom Position x y z U;/ U, x 100 A’ Occupancy
Cr 4g 0.0000 0.0205(8) 0.0000 0.6(2) 2
Bil 4i 0.4380(4) 0.0000 0.6502(6) 0.21(9) 4
Bi2 4i 0.7893(5) 0.0000 0.2236(7) 0.7(1) 4
Bi3 8j 0.1066(4) 0.1680(2) 0.4047(5) 0.55(7) 8
Bi4 8j 0.7015(4) 0.1692(2) 0.8070(6) 0.39(7) 8
Bi5 4h 0.5000 0.1592(3) 0.0000 1.1(1) 4
0Ol 4h 0.0000 0.1217(5) 0.5000 1.2(1) 4
02 4g 0.5000 0.1231(4) 0.5000 0.8(1) 4
03 8j 0.2539(5) 0.2593(3) 0.3293(6) 0.6(1) 8
04 8j 0.9231(4) 0.2572(3) 0.1744(7) 1.0(1) 8
05 8j 0.6233(5) 0.0771(3) 0.9422(7) 0.9(1) 8
06 8j 0.6808(6) 0.0775(3) 0.3036(8) 1.5(1) 8
o7 8j 0.011(3) 0.1177(7) 0.029(4) 0.6(4) 2
o8 4i 0.198(1) 0.0000 0.203(2) 0.8(2) 2
09 4i 0.938(1) 0.0000 0.767(2) 0.8(2) 2
010 8j 0.905(2) 0.0198(7) 0.049(2) 0.4(4) 2

C2/m; a=12.1697(1), b = 17.1842(2), ¢ = 8.6176(1), p = 134.6719(1); Ryp = 0.044, Rexp = 0.022.
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Table 10
Selected bond distances (/°\) and angles (deg) for Bij4sWOy4 in space group C2/m at 4K
W-07 1.78(2) O7-W-08 105(1) Bi3-O1 2.107(5) 0O1-Bi3-03 92.6(2)
W-08 1.86(1) 07-W-09 103(1) Bi3-03 2.054(7) O1-Bi3-04 96.4(2)
W-09 1.69(1) 07-W-010 109(1) Bi3-04 2.250(6) 01-Bi3-06 82.9(2)
W-010 1.70(2) 08-W-09 111.0(7) Bi3-06 2.573(8) 03-Bi3-04 95.8(3)
08-W-010 108(1) 03-Bi3-06 78.8(2)
09-W-010 120(1) 04-Bi3-06 174.5(3)
Bi4-02 2.129(5) 02-Bi4-03 96.4(2)
Bi4-0O3 2.234(7) 02-BI4-04 92.8(2)
Bil-O5 2.285(6)[ x 2] 05-Bil-05 71.8(3) Bi4-04 2.066(7) 02-Bi4-05 82.7(2)
Bil-06 2.169(7)[ x 2] 05-Bil-06 115.0(3) Bi4-0O5 2.567(7) 03-Bi4-04 94.9(3)
06-Bil-06 74.6(4) 03-Bi4-05 173.3(3)
Bi2-05 2.198(7)[ x 2] 05-Bi2-05 75.2(3) 04-Bi4-05 78.5(2)
Bi2-06 2.291(7)[ % 2] 05-Bi2-06 113.7(3) Bi5-05 2.337(7)] x 2] 05-Bi5-05 105.3(4)
06-Bi2-06 70.0(3) Bi5-06 2.389(7)[ x 2] 05-Bi5-06 68.5(2)
06-Bi5-06 105.6(4)
Table 11
Selected bond distances (A) and angles (deg) for Bij4MoO,4 in space group C2/m at 4K
Mo-0O7 1.82(2) O7-Mo-08 101(3) Bi3-O1 2.107(5) O1-Bi3-03 93.0(2)
Mo-08 1.82(2) 07-Mo-09 102(2) Bi3-03 2.071(7) O1-Bi3-04 96.5(2)
Mo-09 1.71(2) O7-Mo-0O10 113(2) Bi3-0O4 2.271(6) O1-Bi3-06 83.0(2)
Mo-010 1.67(2) 08-Mo-09 112.6(8) Bi3-06 2.548(8) 03-Bi3-04 94.8(3)
0O8-Mo-010 106(1) 03-Bi3-06 79.2(2)
09-Mo-010 120(1) 04-Bi3-06 174.1(3)
Bi4-02 2.136(5) 02-Bi4-03 96.4(2)
Bi4-03 2.216(7) 02-Bi4-04 93.4(2)
Bil-05 2.272(6)[ x 2] 05-Bil-05 71.7(3) Bi4-04 2.051(7) 02-Bi4-05 82.12)
Bil-06 2.190(7)[ x 2] 0O5-Bil-06 115.0(3) Bi4-05 2.561(7) 03-Bi4-04 96.0(3)
06-Bil-06 75.0(4) 03-Bi4-05 174.1(3)
Bi2-05 2.209(7)[ x 2] 05-Bi2-05 74.1(3) 04-Bi4-05 78.3(2)
Bi2-06 2.293(7)[ x 2] 05-Bi2-06 113.6(3) Bi5-0O5 2.352(7) % 2] 05-Bi5-05 104.5(4)
06-Bi2-06 71.1(3) Bi5-06 2.385(7)[ % 2] 05-Bi5-06 68.2(2)
06-Bi5-06 105.9(4)
Table 12
Selected bond distances (A) and angles (deg) for Bij4CrOy4 in space group C2/m at 4K
Cr-07 1.68(2) 07-Cr-08 105(1) Bi3-O1 2.119(4) O1-Bi3-03 92.7(2)
Cr-08 1.75(1) 07-Cr—09 109(1) Bi3-03 2.056(5) O1-Bi3-04 95.7(2)
Cr-09 1.61(1) 07-Cr-010 112(1) Bi3-04 2.246(6) O1-Bi3-06 81.9(2)
Cr-010 1.64(1) 08-Cr-09 108.1(6) Bi3-06 2.507(6) 03-Bi3-04 95.7(2)
08-Cr-010 112.7(7) 03-Bi3-06 78.4(2)
09-Cr-010 115.6(7) 04-Bi3-06 173.42)
Bi4-02 2.125(4) 02-Bi4-03 95.6(2)
Bi4-03 2.229(6) 02-Bi4-04 93.3(2)
Bil-05 2.279(5)[ % 2] 05-Bil-05 71.1(3) Bi4-04 2.066(6) 02-Bi4-05 82.002)
Bil-06 2.198(6)[ % 2] 05-Bil-06 114.7(3) Bi4-O5 2.515(6) 03-Bi4-04 94.5(2)
06-Bil-06 74.6(3) 03-Bi4-05 173.1(2)
Bi2-O5 2.198(6)[ % 2] 05-Bi2-05 74.2(3) 04-Bi4-05 79.2(2)
Bi2-06 2.296(5)[ % 2] 05-Bi2-06 113.9Q2) Bi5-05 2.354(6)] x 2] 05-Bi5-05 106.4(3)
06-Bi2-06 70.9(3) Bi5-06 2.359(6)[ x 2] 05-Bi5-06 69.0(2)
06-Bi5-06 106.9(3)
lone pair of electrons), and Bi2 forms BiO4e trigonal monoclinic structure, no major changes in the Bi
bipyramids with an equatorial lone pair, as previously coordination are observed. For the trigonal bipyramids

reported for the sulfate analogue Bi;4SO»4 (7). In the (shown as solid polyhedra in Fig. 11), Bi3—O1, Bi3-0O3,
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Fig. 9. Observed (+) calculated, and difference NPD profiles for the tetragonal phase of Bi;4CrO,,. Vertical lines mark the reflection positions.
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Fig. 10. Observed (+) calculated, and difference NPD profiles for the monoclinic phase of Bij4CrO,4. Vertical lines mark the reflection positions.

Bi4-02, and Bi4-04, are the equatorial bonds whereas
Bi3—04, Bi3-06, Bi4-0O3, and Bi4-O5, are the axial
bonds. Tables 10-12 indicate that these Bi—-O bond
lengths are similar to those reported for Bi4,SO,4. The
equatorial and axial bond lengths and O-Bi-O bond
angles are also similar to those in «-BiO3 (12) and
fp-Bi,O5 [13], which contain similar BiOy4e trigonal
bipyramids. In all cases the Bi-O equatorial bonds are
approximately 2.1 A and are shorter than the axial
bonds: 2.25-2.57 A for Bi3, and 2.22-2.57A for Bi4, for
the three monoclinic structures in this study; 2.2-23A
and 2.5-2.6 A for the two Bi’" ions in a-Bi,O3 [12]; 2.3
and 2.5A in B-Bi,O; [13]; 2.21 and 2.50 A for Bi2 in
Bi14S0,4 [7]. The equatorial and axial bond O-Bi3—O
angles (92.6-93°/173.4-174.5°), and O-Bi4-O angles
(92.8-93.4°/173.1-174.1°), for the three monoclinic

structures, are also similar to those in o-Bi,O3
(93°/159° and 78°/170°) [12], B-Bi,O5 (82°/172°) [13],
and O-Bi2-0 angles in the tetragonal phases: 78.1°/173°
for Bij4SOy4 [7], 92.8°/174.1° for Bij4WOy4, 93.2°/174.4°
for BijuMoO,4 and 93.0°/173.8° for Bij4CrO,4. The
lengthening of the axial bonds and the reduction of the
equatorial angle below its ideal value of 120° can be
attributable to electron repulsion effects associated with
the lone pair of electrons on the Bi* " ions.

The monoclinic distortion has only a small affect on
the square pyramidal O atom configurations around
Bil, Bi2 and Bi5. The Bi—O bond distances for the three
monoclinic structures (Tables 10—12) are similar to the
equivalent bond distances of the tetragonal variants
(Tables 4-6) and those for Bij4SO,4: Bil-O (2.24 and
2.31 A), Bi3-0 (2.33A) [7].
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[010]

[001] ® M(WMo,Cr) e Bi O

Fig. 11. Structure of the monoclinic phase of Bij4MO,4 projected
along [101]. The solid polyhedra represent BiOge trigonal bipyramids.
The Bi—O bonds of the BiOge square pyramids are marked, as are the
M-0 bonds of the oxoanions indicating one orientation of the MOy,

group.

4. Conclusions

The results of this investigation have shown that
within the temperature range investigated, two distinct
phases of Bi14W024, Bi14M0024, and Bi14CI'024 occur: a
high temperature, body-centered tetragonal phase and a
low temperature monoclinic phase. Whereas quenching
produced metastable, tetragonal samples of BijsWO,4
and Bi;4Mo0O»,, slow cooling provided the monoclinic
polymorph. The structure of the new monoclinic phase
has been refined for BijuWO»4, BijsMoO,4, and

Bi;4CrO,4 using TOF, NPD data. The phase change
involves no major reorientation of the tetrahedral MO,
groups, but rotational disorder around the c-axis of the
tetragonal phase is reduced, as the 4-fold axis becomes a
2-fold axis in the monoclinic phase.
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