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Single crystals of a new bismuth oxyphosphate were isolated
and X-ray investigated, leading to the formula Bi6.67(PO4)4O4.
Its crystal structure was refined using 2624 independent reflec-
tions in the P11 space group, a 5 9.195(15) As , b 5 7.552(5) As , c 5
6.933(4) As , a 5 112.2(1)°, b 5 93.9(1)°, c 5 106.9(1)°, Z 5 1,
with the final R 5 0.049, Rw 5 0.060. It consists of infinite chains
running parallel to the a axis formed by the linkage of BiO5,
BiO6, and BiO8 polyhedra. These chains are connected by BiO8

polyhedra, in which the central atom partially occupies the 1(a)
inversion center. That produces (Bi6.67O20)

202

=
slabs parallel to the

(ac) plane. Finally, the cohesion between the layers is provided by
the interconnection of PO32

4 species. This phase was previously
evidenced during the Bi2O3–BiPO4 phase diagram study and
behaves on cooling as an incongruently melting compound stable
above 910°C. It was therefore assigned to the 2Bi2O3–7BiPO4

composition very close to our corresponding 2Bi2O3–6BiPO4

(Bi6.67P4O20) revised stoichiometry. Pure polycrystalline samples
were room temperature stabilized by substitution of several
cations for a substantial part of bismuth. This yielded the new
series Bi6MP4O20 (M 5 Sr21, Cd21, Ca21, Pb21) and Bi6.5A0.5

P4O20 (A 5 Li1, Na1, K1) presented in the aforementioned
phase diagram study. The substitution involves only the bismuth
atom labeled Bi(4) because of its peculiar role within the frame-
work. ( 1998 Academic Press

INTRODUCTION

The Bi
2
O

3
—BiPO

4
system was recently reinvestigated (1),

completing the previous study of Volkov et al. (2). At room
temperature, four compounds were identified with the
Bi

2
O

3
: BiPO

4
ratios 11 : 9, 12 : 13, 1 : 2, and 3 : 8. In addi-
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tion, three high-temperature compounds were identified.
1Bi

2
O

3
—1BiPO

4
(Bi

3
PO

7
) decomposes below 890°C into

11Bi
2
O

3
—9BiPO

4
and 5Bi

2
O

3
—7BiPO

4
phases, the latter

being stable only in a narrow thermal range and producing
12Bi

2
O

3
—13BiPO

4
and 1Bi

2
O

3
—2BiPO

4
on cooling. Fi-

nally, 2Bi
2
O

3
—7BiPO

4
is observed only above 910°C.

Neither of these was structurally characterized. Only the
sillenite-type solid solution in the Bi

2
O

3
-rich part of the

diagram was extensively studied (3, 4), particularly for its
electrical properties. Moreover, substitution of V for P im-
proves oxygen conductivity in the Bi

7
PO

13
compound

which adopts a superstructure of the d-Bi
2
O

3
fcc form (5).

On the other hand, the discovery of high ionic conductivity
in BIMEVOX derivates of Bi

4
V
2
O

11
(6—10) has generated

the reinvestigation of several Bi
2
O

3
—V

2
O

5
—M

x
O

y
and

Bi
2
O

3
—P

2
O

5
—M

x
O

y
systems (11, 12). It is well known that

impurities or mineralizer can stabilize high-temperature
phases under ambient conditions. For example, during the
study of the Bi

2
O

3
—P

2
O

5
—NiO ternary diagram, Bi

3
PO

7
was found to be stabilized at room temperature by nickel
impurities (11). In the same way, during investigation of the
Bi

2
O

3
—P

2
O

5
—CoO system, single crystals of the previously

formulated 2Bi
2
O

3
—7BiPO

4
high-temperature phase were

obtained. This paper reports the crystal structure determina-
tion of this compound and the preparation of isotypic com-
pounds obtained by substitution of some peculiar bismuth by
monovalent or divalent cations, including Pb2`, and leading
to the new PbBi

6
(PO

4
)
4

oxyphosphate compound.

EXPERIMENTAL AND RESULTS

Preparation

Bi
2
O

3
(Aldrich, 99.9%), CoO (Aldrich, 99%), and (NH

4
)
2

HPO
4

(Fluka, puriss) were mixed in a 1 : 2 : 1 molar ratio.



TABLE 1
Crystal Data: Intensity Measurement and Structure

Refinement Parameters for Bi6.67(PO4)O4 Single Crystal

Crystal Data
Crystal symmetry Triclinic
Space group P11
Cell dimension (As ) a"9.195(15), b"7.552(5),

c"6.933(4), a"112.2(1)°,
b"93.9(1)°, c"106.9(1)°

Volume 417.9 As 3
Z 1

Data collection
Equipment Philips PW 1100
j (MoKa (graphite monochromotor)) 0.7107 As
Scan mode u—2h
Scan width (°) 1.5
h range (°) 2—35
Standard reflections measured

every 2 h (no decay) 201, 1M 1M 2, 221 2
Recording reciprocal space !144h414,!124k412,

04l410
Number of measured reflections 3710
Number of reflections I'3p(I) 2804
Number of independent reflections 2624
k(cm~1) (for j Ka"0.7107 As ) 663
Limiting faces and distances (cm) 102

from an arbitrary origin 11 021 , 0.0041
211 1
21 111 , 0.0085
130
11 31 0, 0.0075
021, 0.00115

Transmission factor range 0.04—0.41

Refinement
Number of refined parameters 94
R"+[DF

0
D!DF

#
D]/+ DF

0
D 0.049

R
8
"[+w(DF

0
D!DF

#
D)2/+wF2

0
]1@2 0.060

with w"1/p(F
0
)

BISMUTH OXYPHOSPHATES 275
The mixture was fused in a gold crucible at 950°C and
slowly cooled at 3°C/h to room temperature. Three kinds of
crystals were visually isolated from the inhomogeneous
melt. Black octahedral crystals blocks were identified as
Co

3
O

4
. Colorless plate-like crystals corresponding to the

new Bi
6.67

P
4
O

20
compound are detailed in this work. Fi-

nally, purple needle-shaped crystals with the orthorombic
unit cell [a"14.746(5) As , b"11.230(4) As , c"5.446(2) As ]
are currently under investigation and will be described in
a paper to come. Pure powder phases of Bi

6
M(PO

4
)
4
O

4
(M"Pb2 ,̀ Sr2`, Ca2`, Cd2`) and Bi

6.5
A

0.5
P
4
O

20
(A"Li`,

Na`, K`) were prepared by thermal treatment of stoichio-
metric mixtures of Bi

2
O

3
, (NH

4
)
2
HPO

4
, and the corres-

ponding oxide (Pb or Cd, Johnson Matthey, 99.9%) or
carbonate (alkaline earths and alkali-Prolabo, rectapur).
The preparations were performed in two steps. Reagents
were first progressively heated from 300 to 500°C within
10 h to evacuate volatile species. The samples were then kept
at 800°C for 48 h and quenched to room temperature. Sam-
ples were controlled by the powder X-ray diffraction
method, and unit cell parameters were least-squares-refined
using the data obtained with a Siemens D-5000 diffrac-
tometer equipped with a graphite crystal diffracted-beam
monochromator and CuKa radiation. Energy-dispersive
spectroscopy (EDS) microprobe elemental analysis was per-
formed on single crystals with a Philips 525M scanning
electron microscope connected to an Edax PV9900 ana-
lyzer.

Single-Crystal X-Ray Analysis

A colorless plate-like single cystal was mounted on a glass
fiber and exposed to X rays. Its unit cell is triclinic with
parameters a"9.195(15) As , b"7.552(5) As , c"6.933(4) As ,
a"112.2(1)°, b"93.9(1)°, and c"106.9(1)°. Data collec-
tion was performed on half of the reciprocal space using
a Philips PW 1100 automated four-circle diffractometer
using the conditions given in Table 1. For crystal refine-
ment, the intensity of each reflection was corrected for
background and for Lorentz and polarization effects. The
absorption corrections were applied using the analytical
method of De Meulenaer and Tompa (13) with, in the last
stages of the structure determination, the true value of the
linear absorption coefficients calculated from the final
Bi

6.67
P
4
O

20
formula.

The structure determination was satisfactorily achieved
in the P11 space group with final reliability factors R"0.049
and R

8
"0.060. First, four independent bismuth atoms

were located using both the Patterson function calculation
and SHELXS 86 software, (14). At this stage, the bismuth
atom labeled Bi(4) fully occupies the 1(a) special position.
Then, 2 phosphorus and 10 oxygen atoms were sub-
sequently located by calculation of the Fourier difference
synthesis. The use of all atomic positional and isotropic
displacement parameters in the refinement process yielded
R"0.105 and R

8
"0.113. Nevertheless, the Bi(4) isotropic

displacement parameter is abnormally high, 5.04 As 2, as
compared with the other Bi atoms. Therefore its occupancy
was refined and perfectly converged to the 0.67(6) value,
leading to the Bi

6.67
P
4
O

20
formula and involving a unique

III valency state for all the bismuth atoms. In the last cycles
of the refinement, the atomic positional parameters, aniso-
tropic displacements for Bi and P atoms (Table 2), and
improvement of absorption corrections yielded the final
R"0.049 and R

8
"0.060. The atomic scattering factors for

neutral atoms were taken from ‘‘International Tables for
X-Ray Crystallography’’ (15) and the values for the anomal-
ous dispersion correction from Cromer and Liberman (16).
The full-matrix least-squares refinement was performed
with a local modification of the SFLS-5 program (17).



TABLE 2
Positional and Isotropic (or Equivalent) or Anisotropic Thermal

Parameters for Bi6.67(PO4)4O4

B or
Atom Site Occupancy x y z B

%2
(As 2)

Bi(1) 2i 1 0.32601(6) 0.30422(8) 0.80927(7) 0.74(1)
Bi(2) 2i 1 0.08525(7) 0.78550(9) 0.43436(9) 1.26(1)
Bi(3) 2i 1 0.50979(6) 0.12976(8) 0.33518(7) 0.70(1)
Bi(4) 1a 0.67(6) 0 0 0 3.44(6)
P(1) 2i 1 0.7614(4) 0.2674(5) 0.0513(5) 0.54(8)
P(2) 2i 1 0.7466(4) 0.6059(5) 0.6580(5) 0.63(8)
O(1) 2i 1 0.855(2) 0.175(2) !0.111(2) 1.2(1)
O(2) 2i 1 0.730(2) 0.752(2) 0.877(2) 1.2(1)
O(3) 2i 1 0.762(2) 0.182(2) 0.223(2) 0.9(1)
O(4) 2i 1 0.899(1) 0.908(2) 0.318(2) 0.8(1)
O(5) 2i 1 0.691(2) 0.389(2) 0.640(2) 1.1(1)
O(6) 2i 1 0.920(2) 0.682(2) 0.654(2) 1.4(1)
O(7) 2i 1 0.635(1) 0.970(2) 0.447(2) 0.6(1)
O(8) 2i 1 0.649(2) 0.621(2) 0.478(2) 1.0(1)
O(9) 2i 1 0.589(2) 0.206(2) !0.051(2) 1.1(1)
O(10) 2i 1 0.837(7) 0.503(2) 0.149(2) 1.0(1)

Atom º
11

º
22

º
33

º
12

º
13

º
23

Bi(1) 0.0091(2) 0.0089(2) 0.0086(2) 0.0021(2) !0.0001(1) 0.0032(2)
Bi(2) 0.0193(3) 0.0114(2) 0.0191(2) 0.0072(2) 0.0082(2) 0.0061(2)
Bi(3) 0.0094(2) 0.0094(2) 0.0095(2) 0.0042(2) 0.0022(2) 0.0051(2)
Bi(4) 0.0346(10) 0.0139(7) 0.0628(13) 0.0078(6) !0.0254(8) 0.0022(7)
P(1) 0.0073(14) 0.0064(14) 0.0071(12) 0.0025(11) 0.0029(10) 0.0028(11)
P(2) 0.0110(14) 0.0063(14) 0.0075(12) 0.0041(12) 0.0022(11) 0.0029(11)

TABLE 3
Selected Bond Distances (As ) and Angles (degrees) for

Bi6.67(PO4)4O4

Bi(1) polyhedron Bi(3) polyhedron
sij sij

Bi(1)—O(2)ii
112

2.429(13) 0.40 Bi(3)—O(3) 2.466(11) 0.37
Bi(1)—O(4)ii

111
2.098(8) 0.99 Bi(3)—O(5) 2.357(9) 0.49

Bi(1)—O(7)ii
111

2.308(10) 0.56 Bi(3)—O(7)
011 0

2.184(13) 0.78
Bi(1)—O(8)ii

111
2.277(12) 0.61 Bi(3)—O(7)ii

111
2.275(11) 0.61

Bi(1)—O(9)
001

2.939(14) 0.10 Bi(3)—O(8)ii
111

2.716(12) 0.19
Bi(1)—O(10)ii

111
2.337(13) 0.52 Bi(3)—O(9)ii

100
2.404(10) 0.43

SBi(1)—OT 2.398 +sij" 3.18 SBi(3)—OT 2.400 +sij" 2.87

Bi(2) polyhedron Bi(4) polyhedron
sij sij

Bi(2)—O(1)ii
110

2.451(12) 0.38 Bi(4)—O(1)
100

2.404(15) 0.43
Bi(2)—O(3)ii

111
2.567(11) 0.28 Bi(4)—O(2)ii

100
2.404(15) 0.43

Bi(2)—O(4)11 00
2.392(13) 0.45 Bi(4)—O(2)11 11 11 2.492(10) 0.34

Bi(2)—O(4)ii
121

2.256(10) 0.65 Bi(4)—O(2)ii
111

2.492(10) 0.34
Bi(2)—O(5)ii

111
2.728(14) 0.18 Bi(4)—O(4)11 11 0

2.696(12) 0.20
Bi(2)—O(6)11 00 2.398(13) 0.44 Bi(4)—O(4)ii

110
2.696(12) 0.20

Bi(2)—O(7)ii
121

2.550(9) 0.29 Bi(4)—O(6)11 11 11 2.537(10) 0.30
Bi(2)—O(10)

100
2.650(8) 0.22 Bi(4)—O(6)ii

111
2.537(10) 0.30

SBi(2)—OT 2.499 +sij"2.89 SBi(4)—OT 2.532 +sij"2.54

P(1) tetrahedron Angles
sij

P(1)—O(1) 1.539(12) 1.23 O(1)—P(1)—O(3) 109(2)°
P(1)—O(3) 1.552(14) 1.19 O(1)—P(1)—O(9) 113(2)°
P(1)—O(9) 1.549(12) 1.20 O(1)—P(1)—O(10) 109(1)°
P(1)—O(10) 1.555(11) 1.18 O(3)—P(1)—O(9) 106(1)°

O(3)—P(1)—O(10) 112(2)°
O(9)—P(1)—O(10) 109(1)°

SP(1)—OT 1.548 +sij"4.80 SO—P(1)—OT 109.7°

P(2) tetrahedron Angles
sij

P(2)—O(2) 1.555(11) 1.18 O(2)—P(2)—O(5) 110(2)°
P(2)—O(5) 1.521(14) 1.30 O(2)—P(2)—O(6) 105(1)°
P(2)—O(6) 1.537(13) 1.24 O(2)—P(2)—O(8) 109(1)°
P(2)—O(8) 1.543(13) 1.22 O(5)—P(2)—O(6) 112(2)°

O(5)—P(2)—O(8) 110(2)°
O(6)—P(2)—O(8) 110(2)°

SP(2)—OT 1.539 +sij"4.94 SO—P(2)—OT 109.3°

a ii is given for the !x, !y, !z position.
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DISCUSSION

Structure Description

Selected bond distances, angles, and bond valence sums
calculated using Brown and Altermatt’s data (18) are given
in Table 3. Taking into account the Bi—O bonds shorter
than 3 As , Bi(1) and Bi(3) oxygen polyhedra consist of six
atoms forming strongly distorted octahedra (Fig. 1), where-
as the coordination number for Bi(2) and Bi(4) is 8. The
low-symmetry environment is usual for Bi3` cations and is
in fact to be completed by the 6s2 stereoactive lone-pair E.
This effect is especially pointed out around Bi(1) which is
coordinated by four shortly bonded oxygen atoms [O(4),
O(7), O(8) and O(10)] at the same side, 2.098(Bi—O(

2.337, whereas O(9) and O(2) are longly bonded at the other
side which would host E. Such coordination is common for
the Bi3` cation, as for instance in sillen-type oxyhalides (19)
and in the Aurivillius series (20). It was also observed in
most of the independent Bi atoms of the recently character-
ized Bi

9
V
2
ClO

18
(21). One indeed observes for Bi(3) a BiO

3
pyramid characterized by three short Bi—O distances
ranging from 2.27 to 2.35 As . The same distance consider-
ations applied to Bi(3) would set the lone pair oriented
toward the center of the O(8)—O(9)—O(3) triangle, leading to
a BiO

3
E tetrahedral coordination. This phenomenon was
noted in the Bi
2`x

Sr
3~x

Fe
2
O

9`d compounds (22) related to
the well-known bismuth—copper superconducting oxides,
but was also evidenced in the above-reported Bi

9
V
2
ClO

18
(21). The Bi(2) environment is most obstructed but the large
available space released in the O(5)—Bi—O(10) plane is at-
tractive for the lone-pair location. Astonishingly, Bi(4) occu-
pies a symmetry center but its high displacement factor,
B"3.44 As , would allow a slight displacement from the
11 origin. In such a case, the average superposition of two
symmetrically related [atom#lone pair] positions would
exaggerate the thermal motion of this cation. The partial
occupancy of its crystallographic site also contributes to
increase the thermal parameter. In fact, the low value of the
bond valence sum calculation for Bi(4), 2.54, most likely
favors an effective split at both sides to its central position
that would significantly increase the +S

ij
value. However,



FIG. 1. The four bismuth polyhedra and assumed lone pair location for strongly distorted Bi(1), Bi(2), and Bi(3) environments.
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attempts to split Bi(4) in a general position did not improve
the refinement convergence. Figure 1 represents both oxy-
gen coordination polyhedra of the four independent bis-
muth atoms.

P(1) and P(2) atoms both occupy the central interstices of
regular tetrahedra with P—O distances included in the
ranges 1.539(12)—1.555(11) and 1.521(14)—1.555(11) As , re-
spectively.

Bi(1)—O(9) being 2.939(14) As , it was voluntarily removed
from the Bi(1) environment in the polyhedra linkage con-
sideration to allow the clearest description. Then, the
Bi

6.67
(PO

4
)
4
O

4
framework is formed by assembling BiO

5
,

BiO
6
, BiO

8
, and PO

4
polyhedra. A Bi(3)O

6
octahedron

shares the O(7)—O(8) edge with a Bi(1)O
5

polyhedron and
the O(3)—O(5)—O(7) face with a Bi(2)O

8
polyhedron to form

the trimeric building unit of the structure (Fig. 2). The
translation of the unit along a leads to infinite chains of
bismuth oxygen polyhedra with the sequence Bi(1)—Bi(3)—
Bi(2)—. Two chains related by a symmetry center are connec-
ted by O(4) and O(7) atoms to constitute infinite ribbons
parallel to the a axis. Two Bi(3)O

6
octahedra are associated

via a common O(7)—O(7) edge, whereas one Bi(1)O
5

poly-
hedron shares an O(4)—O(7) edge with a Bi(2)O

8
entity.

Thus, two symmetrically related ribbons are connected by
the Bi(4) polyhedra located around the center of inversion.
It shares its two opposite O(1)—O(2)—O(4) faces with one
Bi(1)Bi(2)O

11
dimer of each ribbon and two O(2)—O(4)

edges with neighboring Bi(2)O
8

polyhedra (Fig. 3), leading
to complex infinite slabs of formula (Bi

6.67
O

20
)20~
=

, consid-
ering the Bi(4) partial occupancy, parallel to the (ac) plane.
It sounds attractive to describe the bismuth polyhedra con-
nection considering only the bridging O(4) and O(7) atoms.
Thus, Fig. 4 clearly evidences the ensuing (Bi

6.67
O

4
)12`
=

slabs. These slabs can be described as tetrameric units for-
med by four Bi

4
O tetrahedra connected by opposite Bi—Bi

edges. These tetrameric units are then linked by Bi(2)—Bi(2)
edges to form ribbons parallel to a. These ribbons share
Bi(4) corners. Finally, the cohesion between these layers is
executed through PO3~

4
tetrahedra. P(1)O

4
and P(2)O

4
have a balanced role, sharing three for the former (one for
the latter) and one (three) oxygen corner with the averaged
y"0 and y"1 sheets, respectively, as shown in Fig. 2.

Thermal Stability of Phases

The calculated X-ray pattern for Bi
6.67

P
4
O

20
corres-

ponds to the 2Bi
2
O

3
—7BiPO

4
compound stable beyond

910°C evidenced during the Bi
2
O

3
—BiPO

4
phase diagram

investigation (1). It is noteworthy that a previous work on
this system did not show evidence of a peculiar behavior at



FIG. 2. The —Bi(2)Bi(1)—Bi(3)2—Bi(1)Bi(2)— chain elementary motif connected by PO
4

tetrahedra.

TABLE 4
Unit Cell Parameters Versus the Ionic Radius (As )
(VIII Coordination) of the Substituting Element

Ionic

Compound Radius a (As ) b (As ) c (As ) a (°) b (°) c (°)

Bi
6.5

Li
0.5

P
4
O

20
0.92 9.214(2) 7.576(2) 6.976(2) 112.03(1) 93.56(1) 107.20(1)

F
20
"71(0.0061, 46)

Bi
6.5

Na
0.5

P
4
O

20
1.18 9.203(2) 7.540(2) 6.921(1) 112.23(1) 93.64(1) 107.07(1)

F
20
"108(0.0039, 46)

Bi
6.5

K
0.5

P
4
O

20
1.51 9.198(2) 7.564(2) 6.963(2) 111.97(1) 93.40(1) 107.24(1)

F
20
"94(0.0046, 46)

Bi
6
SrP

4
O

20
1.26 9.210(2) 7.523(2) 6.906(2) 112.42(1) 93.68(1) 107.00(1)

F
20
"52(0.0084, 46)

Bi
6
CdP

4
O

20
1.10 9.188(4) 7.513(2) 6.894(2) 112.03(1) 94.24(1) 106.81(2)

F
20
"53(0.0082, 46)

Bi
6
CaP

4
O

20
1.12 9.195(2) 7.540(2) 6.913(2) 112.19(1) 93.85(1) 107.10(2)

F
20
"52(0.0085, 46)

Bi
6
PbP

4
O

20
1.29 9.226(2) 7.584(2) 6.995(2) 112.04(1) 93.46(1) 107.25(2)

F
20
"57(0.0076, 46)
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this composition (2). The compound melts incongruently
and give rise to mixture of BiPO

4
and 3Bi

2
O

3
—8BiPO

4
on

cooling. The most likely Bi
6.67

P
4
O

20
stoichiometry is, ac-

tually, very close to the latter domain and can be noted as
2Bi

2
O

3
—6BiPO

4
. It would have been room temperature

stabilized by cobalt traces from the starting charge. How-
ever, the transparent appearance of the single crystals ob-
tained does not favor the presence of a transition metal. In
addition, cobalt was not detected by EDS microprobe el-
emental and semiquantitative analysis performed on single
crystals. The measurement indicated a Bi/P ratio of 1.72,
close to the formal value of 1.66 for the Bi

6.67
P
4
O

20
for-

mula. We must therefore conclude that single crystals do not
grow without cobalt, which would behave as a mineralizer.
Moreover, attempts to quench Bi

6.67
P
4
O

20
from 950°C to

room temperature using liquid nitrogen were not successful.

Mixed Cation Compounds

By distinguishing the partially occupied Bi(4) atom, the
formula of the studied compound can be written Bi

2@3
Bi

6
(PO

4
)
4
O

4
. This consideration leads to the attractive possi-
bility of substitution of one M2` cation for 2
3
Bi3` or 0.5A`

cation for 1
6
Bi3`, yielding respectively Bi

6
MP

4
O

20
(M"

Sr2`, Cd2`, Ca2`, Pb2`) and Bi
6.5

A
0.5

P
4
O

20
(A"



FIG. 3. Two chains connected via Bi(4)O
8
.

TABLE 5
Refined Powder Pattern for PbBi6(PO4)4O4

hkl d
0"4

(As ) d
#!-

(As ) I/I
0

010 6.60 6.59 25.1
001 6.36 6.36 9.1
0111 5.97 5.97 12.8
1011 5.67 5.67 5.4
111 1 5.24 5.24 5.1
101 4.71 4.71 7.6
200 4.32 4.32 9.4
111 11 4.031 4.030 31.3
211 1 3.741 3.740 16.5
0211 3.598 3.597 27.4
121 0 3.513 3.512 10.2
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Li`, Na`, K`). They all led to pure polycrystalline mater-
ials isostructural with Bi

6.67
P
4
O

20
, supporting the substitu-

ting room temperature stabilization concept described
above and the nonactive 6s2 lone pair for the Bi(4) ion. This
FIG. 4. (Bi
6.67

O
4
)12`
=

slabs in the (ac) plane.
involves for the second series mixed occupancy of the 1(a)
site by both Bi3` and the alkali element. X-ray powder
diffraction patterns did not reveal superstructure peaks for
the considered samples; nevertheless, single-crystal studies
are needed to conclude to the possible existence of a cationic
ordering between the two kinds of hosts. Table 4 shows the
least-squares-refined unit cell parameters versus the differ-
ent cation ionic radii accompanied with their figures of
merit, as defined by Smith and Synder, which indicate the
completeness and accuracy of measured interplanar spac-
ings (23). The cell is slightly changed with the doping agent
nature. Each case must be treated on its own merits and no
obvious rule can be pointed out. We therefore note that the
smallest a, b, and c parameters of the Bi

6
M(PO

4
)
4
O

4
series

are obtained for M"Cd2`, which possesses the smallest
020
201H 3.295

3.299
37.2

3.291
1121 3.263 3.263 100
221 1 3.219 3.219 71.5
210 3.152 3.152 67.0
311 0 3.056 3.055 16.1
3011 2.840 2.840 8.3
102 2.813 2.813 33.3
311 11 2.770 2.770 47.5
121 11 2.692 2.692 41.4
221 2 2.620 2.621 17.4
111 21 2.597 2.597 5.2
211 2.506 2.506 3.8
3111 2.473 2.472 8.4
0311 2.408 2.408 19.3
411 0 2.303 2.302 7.8
231 2 2.254 2.254 10.4
121 2.234 2.233 12.9
111 3 2.188 2.188 12.2
331 0 2.141 2.140 23.0
411 1 2.122 2.122 16.5
2031 2.068 2.069 10.4
131 3 1.998 1.998 16.5
4021 1.974 1.974 10.3
3221 1.951 1.951 16.8
211 31 1.852 1.852 19.2
411 2 1.811 1.812 13.2



FIG. 5. X-ray pattern for PbBi
6
(PO

4
)O

4
.
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ionic radius. Astonishingly the volume of the Li phase
(422.9 As 3) is higher than that of the Na phase (416.6 As 3).
This surprising phenomenon was already observed in solids,
for example, the alkali inserted tungsten bronze A

x
WO

3
(24). The crystal structure study of substituted compounds,
particularly PbBi

6
(PO

4
)
4
O

4
, which combines two lone pair

cations, is in progress. Its refined X-ray pattern is presented
in Table 5 and Fig. 5. Astonishingly, during investigation of
the Bi

2
O

3
—BiVO

4
system (25, 26), no homologous com-

pound of stoichiometry Bi
6.67

(VO
4
)
4
O

4
was detected. How-

ever, it appears of interest to synthesize M2`Bi
6
(VO

4
)
4
O

4
materials.
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