Journal of Solid State Chemistry 168, 224-228 (2002)
doi:10.1006/jssc.2002.9714

Synthesis and Structure of BiMnVO5s and BiMnAsOs;
X. Xun, A. Yokochi, and A. W. Sleight'

Department of Chemistry, Oregon State University, 153 Gilbert Hall, Corvallis, Oregon 97331-4003

Received April 5, 2002; in revised form June 24, 2002; accepted July 16, 2002

The isostructural compounds BiMnVO5 and BiMnAsOs have
been prepared for the first time. Their structures were
determined from single-crystal X-ray diffraction data in space
group P1 with Z =2. For the vanadate a=6.912(4)A,
b=6.991(2) A, c=5.354(1) A, «=108.55(2)°, f=95.98(4)° and
r=109.73(4)°. For the arsenate a=6.868(1) A, h=6.905(2) A,
¢=5.360(1) A, «=109.47(2)°, f=95.91(2)°, and y=109.32(2)".
The structures are based on MnOg octahedra sharing one edge
to form Mn,O,( groups, Bi,Og groups, and MO, tetrahedra
with M = As or V. The same moieties are found in the BiMnPOs5
structure, which has monoclinic symmetry. However, the
triclinic structures for BiMnVOs and BiMnAsOs cannot be
regarded as distorted versions of the monoclinic BiMnPOs
structure because the connectivity of the moieties is distinctly
different. © 2002 Eisevier Science (USA)

Key Words: bismuth manganese vanadate; bismuth manga-
nese arsenate; crystal structures.

INTRODUCTION

Oxides containing Bi(III) have been of interest as oxygen
ion conductors, bright yellow pigments, selective oxidation,
catalysts, ferroelectrics, ferroelastics, and superconductors.
We have been expanding the number of oxides containing
Bi(IIT) by exploring those that contain a divalent and
pentavalent cation in addition to Bi(I1I). This has led to the
discovery of BiSr,V;0;;, BiMg,VOg4, BiMg,PO4, BiMg,
ASOG, BiCa4V3023, BiBan3OI 1» BiB32V2POI 1» BiCﬁzVOG,
BiCUzASO(,, BiCUzVO6, BiCazAsOé, BlCdVO5, BlCszO6,
Bi,CaV,0, BizCagV 104, BiCagV;0,3, BiMg; 5V 55033,
and Bi;_»,4,,VO4_, where 4=Ca, Cd, or Sr (1-16). All of
these compounds were prepared in air. Interesting proper-
ties such as a nonlinear optical response (13, 14, 16),
ferroelectricity (6) and high oxygen ion conductivity (17)
were found in some of these new compounds. Recently, we
have reported the synthesis of BiMn,POgs, BiMn,VOg,
BiMn,AsOg¢, and BiMnPOs (18, 19). Here we report on
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BiMnVOs and BiMnAsOs. All these Mn(II) oxides are
prepared under vacuum or inert gas.

EXPERIMENTAL

Reactants were Bi,O3 (99.9%, CERAC), MnO (99.9%,
CERAC), As,Os (99.9%, Alfa), and V,05 (99.9%,
Johnson Matthey). Appropriate quantities of reactants
were intimately mixed by grinding together in an agate
mortar. For preparation of polycrystalline BiMnVOs,
reactants with a 1:1:1 ratio were sealed in an evacuated
silica ampoule and heated at 700°C for 30h, and then
quenched to room temperature. A pellet of BiMnVOs was
placed in an alumina boat, sealed in an evacuated silica
ampoule, heated at 775°C for 12 h, and cooled to 500°C at
0.03°C per minute. Block-like, orange crystals of BIMnVOs
were obtained. This color is very similar to that of BiVO,
and is due to a charge transfer transition, O 2p/Bi 65 to V
3d. For the preparation of polycrystalline BiMnAsOs, the
reactants with a 1:1:1 ratio were sealed in an evacuated
silica ampoule and heated at 800°C for 30 h and quenched.
A small amount of BiMnAsOs sample was sealed in an
evacuated silica ampoule, heated at 8§75°C for 12h, and
cooled to 550°C at a rate of 0.03°C per minute. Block-like,
colorless crystals of BiMnAsOs were obtained.

X-ray diffraction powder patterns of the products were
obtained on a Siemens D5000 diffractometer using CuKo
radiation. Single-crystal X-ray diffraction data were
obtained at room temperature on a Rigaku AFC6R
diffractometer with monochromatic MoKa radiation
(2 =0.71069 A). No decay in intensity was noted during
data collections. The observed intensities were corrected
for Lorentz, polarization and absorption. Data reduction
was carried out using a local program, capable of creating
a data file containing the crystal-dependent direction
cosines of the diffracted and reverse incident beam, for
purposes of correction of absorption anisotropy effects.
Correction for the effects of absorption anisotropy was
carried out using the program SORTAV, as programmed
in the software collection WinGX v1.64.02 (20). Structure
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solution was carried out using Patterson map interpreta-
tion as programmed in SHELXS-90 (21), and refined using
full-matrix least-squares refinement on F> using the
program SHELXL-97 (22).

RESULTS

Crystal data and refinement summaries are given for
BiMnVOs and BiMnAsOs; in Table 1. Final atomic
coordinates, isotropic displacement parameters, and bond
valences (23) are in Table 2 for both compounds.
Anistropic displacement parameters are in Table 3. Bond
distances and angles are in Table 4. The Mn,O,, and
Bi,0g units are shown in Figs. 1 and 2. Each of the units
in Figs. 1 and 2 is connected to a tetrahedron in Fig. 3.

TABLE 1

Crystal Data and Structure Refinement for BiMnVQO5

and BiMnAsQOs

Empirical formula BiMnVOs BiMnAsVOs
Formula weight 394.86 418.84
Temperature 290(2)K 290(2)K
Wavelength 0.71073 A 0.71073 A
Space group P1 P1

a 6.912(4) A 6.868(1) A

b 6.991(2) A 6.905(2) A

¢ 5.354(1) A 5.360(1) A
a 108.55(2)° 109.47(2)°

B 95.98(4)° 95.91(2)°

y 109.73(4)° 109.32(2)°
Volume 2243(2) A 219.57(8) A3
z 2 2

Density (calculated)  5.846 Mg/m® 6.335Mg/m?
Absorption coefficient  43.854mm ™! 50.283mm !
F(000) 342 362

Crystal size 0.10 x 0.10 x 0.10mm>  0.10 x 0.10 x 0.10 mm*
Theta range for data ~ 3.22-27.56° 3.24-27.53°

collection
Index ranges

Reflections collected
Independent reflections
Completeness to
theta=27.53°
Absorption correction
Max. and min.
transmission
Refinement method
Data/restraints/
parameters
Goodness-of-fit on F?
Final R indices
[7> 2sigma(])]
RI/WR2
R indices (all data)
R1/WR2
Largest diff. peak
and hole

~1<h<8,-9<k<S8,
—6<1<6

1272

1020 [R(int)=0.0364]

99.6%

—8<h<8,-8<k<S,
—1<I<6

1310

994 [R(int) = 0.0352]

99.7%

Semi-empirical

0.5311 and 0.0795

0.6628 and 0.1929

Full-matrix least squares on F>

1020/12/74

1.069

0.0374/0.0943

0.0430/0.0968

2.466 and —2.655¢.A"> 2.471 and —3.516e.A7>

994/0/73

1.141

0.0358/0.0895

0.0366/0.0899
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TABLE 2
Atom Positions and Isotropic Displacement Factors
for BiMnVOs and BiMnAsOs”*

x y z U(eq)® BV sum
Bi 0.2431(1) 0.4681(1) 0.9074(1) 7(1) 3.164
0.2441(1) 0.4738(1) 0.9160(1) 8(1) 3.149
Mn 0.3671(3) 0.2217(3) 0.3244(4) 8(1) 2.053
0.3652(2) 0.2098(2) 0.3232(3) 8(1) 1.987
A% 0.1787(3) 0.8818(3) 0.6577(4) 6(1) 5.059
As 0.1765(1) 0.8784(1) 0.6522(2) 7(1) 4.987
o(1) 0.342(2) 0.775(2) 0.783(2) 11(2) 2.087
0.336(1) 0.776(1) 0.782(1) 12(1) 2.102
0(2) 0.914(2) 0.706(2) 0.567(2) 12(2) 1.948
0.9182(9) 0.708(1) 0.570(1) 10(1) 1.928
0(3) 0.500(1) 0.551(1) 0.264(2) 6(2) 2.274
0.5034(9) 0.549(1) 0.264(1) 6(1) 2.288
0o4) 0.243(2) 0.918(2) 0.380(2) 13(2) 1.837
0.238(1) 0.901(1) 0.366(1) 14(1) 1.694
O(5) 0.212(2) 0.128(1) 0.906(2) 902) 2.130
0.216(1) 0.125(1) 0.902(1) 12(1) 2.110

“Bold values are for BIMnAsOs. .
b Equivalent isotropic displacement parameters (A” x 10%), where U(eq)
is defined as one-third of the trace of the orthogonalized U? tensor.

The extended connectivity is shown in Fig. 4. The
X-ray diffraction powder patterns calculated based on
these structures closely matched our observed powder
patterns.

DISCUSSION

We conclude that BiMnVOs and BiMnAsOs are
isostructural with BiNiAsOs, BiPbVOs, and Bi(Na,Bi)VOs;

TABLE3
Anisotropic Displacement Parameters (A" x103) for BiMnVOs
and BiMnAsOs”*

U]l U22 U33 U23 Ul3 UIZ

Bi 7(1) (1) 7(1) 2(1) 1(1) 3(1)
8(1) 8(1) 9(1) 4(1) 21) 3(1)

v 7(1) 21) 7(1) 2(1) ~1(1) 21)
As 8(1) 5(1) 7(1) 2(1) —0(1) 2(1)
Mn 10(1) 6(1) 7(1) 2(1) 21) 21)
9(1) 7(1) 6(1) 3(1) 11) 2(1)

o(1) 7(5) 8(4) 19(5) 4(4) 4(4) 5(4)
8(3) 123) 17(3) 103) 202) 4Q)

0() 10(5) 13(4) 11(4) 3(3) 3(3) 4(4)
5(3) 12(3) 12(3) 12) 42) 42)

0(3) 6(2) 6(2) 6(2) 3(2) 202) 12)
43) 9(3) 303) 12) 12) 3Q2)

o) 17(5) 8(4) 12(4) 5(3) 3(4) 5(4)
16(3) 173) 133) 93) 9(3) 73)

0(5) 10(2) 8(2) 11(2) 502) 202) 42)
193) 5(3) 113) 42) 13) 3Q2)

“Values for BiMnAsQOjs are in bold. The anisotropic displacement factor
exponent takes the form: 21 WU + -+ 20k a*b* UM
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. TABLE 4
Bond Lengths (A) and Angles (deg) for BiMnVOs5
and BiMnAsOs*

Bi-O(3) 2.102(9) Mn-O(3) 2.318(9)
Bi-0(3) 2.093(6) Mn-O(3) 2.359(6)
Bi-O(3) 2.242(8) 0(3)-Bi-0(3) 76.1(3)
Bi-0(3) 2.230(6) 0(3)-Bi-0(3) 76.2(3)
Bi-0O(5) 2.309(6) 0(3)-Bi-O(5) 82.4(3)
Bi-0(5) 2.323(9) 0(3)-Bi-0(5) 81.7(2)
Bi-O(1) 2.353(10) 0(3)-Bi-O(5) 76.9(3)
Bi-O(1) 2.342(6) 0(3)-Bi-0(5) 75.7(2)
Bi-O(2) 2.382(9) 0(3)-Bi-O(1) 77.6(3)
Bi-0(2) 2.430(7) 0(3)-Bi-0(1) 76.9(2)
Bi-Bi(1) 3.422(2) 0(3)-Bi-O(1) 105.6(3)
Bi-Bi 3.402(1) 0(3)-Bi-0(1) 108.3(2)
Mn-Mn 3.442(4) 0O(5)-Bi-O(1) 158.5(3)
Mn-Mn 3.516(3) 0(5)-Bi-0(1) 156.3(2)
V-0(4) 1.668(9) 0(3)-Bi-0(2) 76.8(3)
As-O(4) 1.675(7) 0(3)-Bi-0(2) 75.7(2)
v-0(1) 1.7349) 0(3)-Bi-0(2) 150.4(3)
As-O(1) 1.691(6) 0(3)-Bi-0(2) 148.9(2)
V-0(2) 1.734(10) 0(5)-Bi-0(2) 87.93)
As-O(2) 1.683(6) 0(5)-Bi-0(2) 87.2(2)
V-0(5) 1.733(9) O(1)-Bi-0(2) 79.9(3)
As-O(5) 1.693(6) 0(1)-Bi-0(2) 71.92)
Mn-O(4) 2.132(10) 0(4)-vV-0(1) 108.9(5)
Mn-O(4) 2.118(7) 0(4)-As-0(1) 109.2(3)
Mn-O(3) 2.143(8) 0(4)-V-0(2) 107.3(5)
Mn-0(3) 2.150(6) 0(4)-As-0(2) 107.4(3)
Mn-O(1) 2.143(9) 0(1)-V-0(2) 112.2(5)
Mn-O(1) 2.166(7) 0(1)-As-0(2) 111.73)
Mn-O(5) 2.166(9) 0(4)-V-0(5) 111.0(5)
Mn-0(5) 2.178(7) 0(4)-As-O(5) 113.6(3)
Mn-O(2) 2.256(10) 0O(1)-V-0(5) 108.6(4)
Mn-0(2) 2.275(6) 0(1)-As-O(5) 105.9(3)
0(2)-V-0(5) 108.9(5) 0(3)-Mn-0(2) 78.8(3)
0(2)-As-0(5) 109.13) 0(3)-Mn-0(2) 78.02)
O(4)-Mn-0(3) 101.0(3) O(1)-Mn-0(2) 167.1(4)
O(4)-Mn-0(3) 103.8(3) 0(1)-Mn-0(2) 163.8(2)
O(4)-Mn-O(1) 102.6(4) 0(5-Mn-0(2) 86.5(3)
O(4)-Mn-0O(1) 104.7(3) 0(5)-Mn-0(2) 86.1(3)
O(1)-Mn-0(3) 97.7(4) 0(4)-Mn-0(3) 179.7(4)
0(1)-Mn-0(3) 97.02) 0(4)-Mn-0(3) 178.6(2)
O(4)-Mn-0(5) 101.6(3) 0(3)-Mn-0(3) 79.13)
O(4)-Mn-0(5) 102.7(3) 0(3)-Mn-0(3) 77.6(2)
0(3)-Mn-0(5) 152.9(3) O(1)-Mn-0(3) 77.6(3)
0(3)-Mn-0(5) 149.4(2) 0(1)-Mn-0(3) 75.2(2)
O(1)-Mn-0(5) 91.7(4) 0(5-Mn-0(3) 78.2(3)
0(1)-Mn-0(5) 91.0(3) 0(5)-Mn-0(3) 76.02)
0(4)-Mn-0(2) 90.2(4) 0(2)-Mn-0(3) 89.6(3)
O(4)-Mn-0(2) 91.5(3) 0(2)-Mn-0(3) 88.6(2)

“Values for BiMnAsOs are in bold.

(24-26). The structure of BiPbVOs was previously reported
in space group PIl, and in that report the authors
considered both P1 and PI as the possible space group
(25). Their decision to choose space group P1 was largely
based on a statistical analysis of structure factors (see, for
example, Ref. 27). However, it should be noted that these
structure factor statistics are calculated based on the
assumption that there is a uniform distribution of atomic
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FIG. 1.
(lower).

The Mn,O;q dimer in BiMnPOs (upper) and in BiMnVOs

positions in the unit cell. Cases where application of these
statistical criteria to distinguish between centrosymmetric
and noncentrosymmetric structures fail are known to be
those where this basic criterion is not observed; for
example, where there is a small number of independent
atoms in the unit cell, or the composition of the cell is
strongly heterogencous (28). Both of these cases are present
in this general structural type. Namely, there are eight
independent atoms, with two of them being extremely
heavy (Bi and Pb). The final criterion to distinguish
between the correctness of the centric or acentric structures
should be the extent to which the introduction of the new
set of variables improves the final refinement, as reflected in
the calculated residuals (a good discussion of these criteria
can be found in Ref. 29). In addition, careful examination
of the observed intensities for anomalous dispersion effects
(which, ultimately, reflect themselves on the calculated
residuals) and, if available, the study of other physical
effects that can only arise from noncentrosymmetric
materials such as pyro- or piezoelectricity, optical activity,
or second harmonic optical effect. For a list of several types
of effects dependent on a noncentrosymmetric structure
see Ref. (30). Statistical analysis of the structure factors we
collected for Bi(Na,Bi)VOs (26), BiMnVOs, and BiMn
AsOs also suggested that these structures should be
acentric. Nonetheless, we obtained good refinements in
P1, and there was no justification to drop the symmetry to
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FIG. 2. The Bi)O,( dimer in BiMnPOs (upper) and the Bi,Og dimer in
BiMnVOs (lower).

P1. The authors reporting on the structure of BiPbVOs
appreciated that their structure was very close to centric;
we believe that it is likely centric. In support of that, it has
been reported that this compound does not produce a
second harmonic signal (31).

The P1 structure of BiMnVOs and BiMnAsOs is very
similar to the structure of monoclinic BIMnPOs: the same
building blocks are involved and the local connectivity is
the same (Fig. 3). Further, in both structures there is an
inversion center midway between the Mn atoms in the Mn,
dimer (Fig. 1) and midway between the Bi atoms in the Bi,
dimer (Fig.2). On this basis one might expect that the
triclinic structure is a distortion of the monoclinic
structure. Examination of the extended connectivity,
however, shows that the structures are distinctly different,
and the monoclinic structure can be viewed as a zigzag
version of the triclinic structure (Fig. 4). Both the mono-
clinic and triclinic structures have all atoms in general
positions. Thus, there is the same number of positional
parameters in the two structures.

There is a significant difference in the Bi-O bonding
when comparing the triclinic and monoclinic structures.
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PO4

Bi

MnOg

VO,

Bi

MnOg

FIG.3. Local connectivity in BiMnPOs (upper) and in BiMnVOs
(lower).

X
)‘-Ii

FIG. 4. Extended connectivity in BIMnVOs (upper) and in BiMnPOs
(lower): spheres for Bi, MnOg as octahedra, and VO, or POy, as tetrahedra.
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Figures. 2 and 3 show in BiMnAsOs a Bi coordination to
oxygen of 5 with the longest Bi-O bond length being
243A. In BiMnPOs, there is a sixth Bi-O distance at
2.76 A; thus, the Bi coordination was considered to be 6 in
that compound. This sixth Bi—O distance in BIMnAsOs is
at 3.15A and is shown as a bond in Fig. 4. A consequence
of this very long Bi—O distance is that O(4) would be
underbonded if it did not form shorter bonds to Mn or V
and As. This shortening of Mn, V, and As bonds to O(4)
leads to a pronounced distortion of the VO4 tetrahedron in
BiMnVOs with three V-O bonds of 1.73A and one of
1.67 A.

Two other BiAVOs compounds (4=Cd or Ca) are
known with structure (9, 32) showing similarities and
differences with the BiMnMOj5 structures discussed above.
These structures have different space groups, but are both
orthorhombic with Z = 8. Both have VO, tetrahedra. For
BiCdVOs, there are CdOg octahedra sharing edges in pairs
as in the monoclinic and triclinic BiMnMOs structures. In
BiCaVOs, there are CaO; polyhedra sharing edges in pairs.
The Bi environment is, however, very different when
considering the BiCaVOs and BiMnMOs structures on
the one hand and the monoclinic and triclinic BIAMOs
structures on the other hand. The latter have “‘isolated”
Bi,O;g or Bi,Og dimers, whereas the former have extended
BiO, ribbons.

ACKNOWLEDGMENT

This work was supported by NSF Grant DMR-9802488.

REFERENCES

1. J. Huang and A. W. Sleight, J. Solid State Chem. 97, 228-232 (1992).

2. J. Huang and A. W. Sleight, J. Solid State Chem. 100, 170-178 (1992).

3. J. Huang, Q. Gu, and A. W. Sleight, J. Solid State Chem.
105, 599-606 (1993).

4. J. Huang and A. W. Sleight, J. Solid State Chem. 104, 52-58 (1993).

5. J. Huang, Q. Gu, and A. W. Sleight, J. Solid State Chem. 110,
226-233 (1994).

6. 1. Radosavljevic, J. S. O. Evans, and A. W. Sleight, J. Solid State
Chem. 137, 143-147 (1998).

XUN, YOKOCHI, AND SLEIGHT

7. 1. Radosavljevic, J. S. O. Evans, and A. W. Sleight, J. Alloys Compd.
284, 99-103 (1999).

8. I. Radosavljevic, J. S. O. Evans, and A. W. Sleight, J. Solid State
Chem. 141, 149-154 (1998).

9. I. Radosavljevic, J. A. K. Howard, and A. W. Sleight, Int. J. Inorg.
Chem. 2, 543-550 (2000).

10. J. S. O. Evans and A. W. Sleight, Int. J. Inorg. Mater. 2, 375-377
(2000).

11. I. Radosavljevic, J. A. K. Howard, A. W. Sleight, and J. S. O. Evans,
J. Mater. Chem. 10, 2091-2095 (2000).

12. 1. Radosavljevic and A. W. Sleight, J. Solid State Chem. 149, 143-148
(2000).

13. H. K. Kim, M. S. Kim, S. M. Park, and A. W. Sleight, J. Crystal
Growth 219, 61-66 (2000).

14. J. S. O. Evans, J. Huang, and A. W. Sleight, J. Solid State Chem.
157, 255-260 (2001).

15. S. Uma and A. W. Sleight, J. Solid State Chem. 164, 138-143
(2002).

16. A. W. Sleight and J. Haung, US Patent No. 5,202,891, 1993.

17. S. Uma, R. Bliesner, and A. W. Sleight, Solid State Sci. 4, 329-333
(2002).

18. X. Xun, S. Uma, and A. W. Sleight, J. Alloys Compd. 338, 51-53
(2002).

19. X. Xun, S. Uma, A. Yokochi, and A. W. Sleight, J. Solid State
Chem. 167, 245-248 (2002).

20. L. J. Farrugia, J. Appl. Crystallogr. 30, 565 (1997).

21. G. M. Sheldrick, “SHELXS97, Program for Crystal Structure
Solution.” University of Gottingen, Germany, 1997.

22. G. M. Sheldrick, “SHELX97, Program for Crystal Structure
Refinement.” University of Gottingen, Germany, 1997.

23. I. D. Brown and D. Altermatt, Acta Crystallogr. B 41, 244-247
(1985).

24. A. C. Roberts, P. C. Burns, R. A. Gault, A. J. Criddle,
M. N. Feinglos, and J. A. R. Stirling, Eur. J. Mineral. 13, 167-175
(2001).

25. P. L. Wang and D. Y. Li, Acta Phys. 34, 235-240 (1985).

26. R. Bliesner, S. Uma, A. Yokochi, and A. W. Sleight, Chem. Mater.
13, 3825-3826 (2001).

27. U. Shmueli and G. H. Weiss, in “Introduction to Crystallographic
Statistics” (A. J. C Wilson, Ed.). Oxford University Press, New York,
1995.

28. U. Shmueli and A. J. C. Wilson, Acta Crystallogr. A 37, 342-353
(1981).

29. R. E. Marsh, Acta Crystallogr. B 37, 1985-88 (1981).

30. M. M. Woolfson, in “An Introduction to X-ray Crystallography,”
Chap. 7. Cambridge University Press, Cambridge, UK, 1970.

31. L. H. Brixner and C. M. Foris, Mater. Res. Bull. 9, 273-276
(1974).

32. J. Boje and Hk. Mueller—-Buschbaum, Z. Anorg. Allg. Chem. 619,
521 (1993).



	INTRODUCTION
	EXPERIMENTAL
	RESULTS
	TABLE 1
	TABLE 2

	DISCUSSION
	TABLE 3
	TABLE 4
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4

	ACKNOWLEDGMENT
	REFERENCES

