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A single crystal of a new manganese (IIT) oxide containing Ba ion was grown under the hydrothermal
condition of 240°C and 3.3 MPa. The chemical composition of the crystal was determined to be
BaMn,04(OH),. It is orthorhombic: a = 11.585(4) A, b = 4.120009) A, ¢ = 4.390(1) A, Z = 2, probable
space group Cm2m. The structure was determined using the X-ray data of 915 independent reflections
and refined to R = 0.044. It is composed of a framework of MnOg octahedra which form zigzag chains
in the b-axis direction with Ba ions in large cavities between the chains. The structure is characterized
by the fcc stacking composed of BaOs layers in which Mn ions occupy the interlayer octahedral sites.
The chemical composition and the lattice sites indicate that Mn ions are trivalent and hydrogen atoms
are present for charge compensation. It is the first example of a Ba~Mn oxide containing solely Mn3*

ions. © 1988 Academic Press, Inc.

Introduction

The Ba—Mn-0O system exhibits a variety
of crystalline phases corresponding to dif-
fering molar ratios of Ba to Mn and the oxi-
dation states of Mn ions. Extensive work
has been carried out to elucidate the struc-
tures and the phase relations of the Ba-
Mn-0 system where the oxidation states of
Mn ions are mostly +2 or +4; that is, where
the products of the Ba—Mn oxides generally
contain Mn?* or Mn**. BaMnO, (I),
BaMn,0; (2), and Ba,MnQO; (3) are the
oxides of Mn?*, and BaMnO; (4) and
Ba,MnQ, (1) are those of Mn** for different
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molar ratios of Ba to Mn. Among those ox-
ides, BaMnO; has been investigated to a
great extent because of the existence of
many polymorphs depending on the prepa-
ration methods and subsequent heat treat-
ment. The structure of BaMnO; is basically
characterized by the stacking modes of
closed-packed layers of BaO;. Mn** ions
are located on the interlayer octahedral
sites to form MnQg octahedra. In this re-
gard the construction of BaMnQO; structure
is considered to be similar to that of the
perovskite structure (4, 5). The poly-
morphs of BaMnQ; are made of different
stacking modes of the closed-packed lay-
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ers. Negas and Roth (6) reported 15-, 8-,
6-, 10-, and 4-layer (L) polymorphs which
were formed as a result of the successive
thermal decomposition of 2L. BaMnO,
above 1150°C leading to oxygen-deficient
BaMnO;_,. They claimed that the amount
of Mn?* ions plays an important role in de-
ciding the type of stacking modes. As for
the Ba-Mn oxides containing Mn?* ions,
the above-mentioned BaMnO;_, may be a
single example. It has mixed valences of
Mn ions and may be written as
Ba(Mn3; Mn??,,)0;_, where the value of x
reaches 0.3 (6, 7). There are no oxides in
the Ba-Mn-O system containing solely
Mn3* ions.

Solid-state reaction has been mainly em-
ployed in the synthesis of Ba-Mn oxides
and resulted in the oxides of Mn?* or Mn**
as described above. We may expect to ob-
tain new compounds from aqueous solu-
tions under hydrothermal conditions. There
are only a few papers dealing with the hy-
drothermal synthesis of Ba-~Mn oxides (8-
10). For instance, Christensen and Ollivier
(9) obtained 9L phase of BaMnO; using the
hydrothermal technique. However, Ba—Mn
oxides with manganese oxidation states of
less than four have not been reported to be
prepared by the hydrothermal method.

In the present work, the hydrothermal
method was employed to prepare new com-
pounds of the Ba-Mn-0 system, especially
those containing Mn3* ions. A single crystal
was obtained with the composition of Ba
Mn,0O3(OH), indicating a new hydrated
Ba-Mn oxide. This paper deals with the
structure determination of the new crys-
tal and shows that Mn ions in the new
crystal are trivalent.

Experimental

Synthesis of Single Crystal

A single crystal of a Ba—Mn mixed oxide
was synthesized by using a conventional
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Morley-type autoclave. Typical experimen-
tal conditions are as follows. After a mix-
ture of y-MnO(OH) (1 g) and Ba(OH), -
8H,0 (16 g) was inserted in a Teflon capsule
(100 cm? in capacity) with 50 ml of distilled
water, the suspension was treated at 240°C
under 3.3 MPa for 72 hr followed by
quenching to room temperature. A black
precipitate with crystals of flat-rod shapes
was obtained as shown in Fig. 1. The size of
the crystals is up to 1 mm long, 0.3 mm
wide, and 0.01 mm thick. The density of the
compound is 5.2 g/cm?, measured by the
pycnometer method. The chemical compo-
sition of the crystal was determined by the
following methods. A molar ratio of Ba to
Mn was analyzed by an electron probe mi-
croanalyzer (EPMA) and the amount of Ba
was obtained by an inductively coupled ai-
gon plasma atomic emission spectrometer
(ICPA). The hydrogen content was ob-
tained using a Perkin—Elmer Model 240 ele-
mental analyzer. The chemical composition
was thus determined as BaMn,03;(OH),.

Single-Crystal X-ray Study

Weissenberg camera work revealed that
the crystal was orthorhombic and the re-
flections with & + k = odd were absent,
which gave four space groups of Cmm2,
Cm2m (this is not a standard symbol, but
converted from the standard symbol of
Amm?2 for coincidence with the other three
notations), €222, and Cmmm (11).

A rod-shaped specimen of 0.50 X 0.01
mm in size was mounted on a Rigaku-5UD
four-circle diffractometer. All the intensity
data in reciprocal space with 20 < 120°
were collected, at room temperature, using
monochromatized MoKea radiation. The
20-w scan technique was used for data col-
lection under the conditions of scanning
speed, 2°/min, and scanning width, Aw =
(1.0 + 0.5 tan 6)°. The corrections were
made for Lorentz and polarization factors
for all the collected data of 5932 reflections.
An absorption correction was not made,
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F1G. 1. The scanning electron microscopic image of single crystals of BaMn,O;(OH),. The flat rod-
like crystal is about 0.5 mm long.
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TABLE I
CRYSTAL DATA AND EXPERIMENTAL CONDITIONS FOR BaMn,0;(0H),

Crystal data

Experimental conditions

Cell dimensions

a(A) 11.585(4)

b (A) 4.1200(9)

c (&) 4.390(1)

V (&%) 209.55(9)
Space group Cm2m

(Cmm2, C222, Cmmm)

Chemical formula BaMn,0,(0OH),
Dy (g/cm?) 5.18
Dy, (g/cm?) 5.2
Z 2
» MoKa) (cm™1) 155.7

Crystal size (mm?®) 0.5 x 0.1 x0.01
Radiation MoKa X-ray
Monochromator Graphite
Scanning speed 2°/min

Scanning width (Aw) (1.0 + 0.5 tan 8)°
Max. value of 26 120°

Collected reflections 5932

Used reflections 915 (5781)
Diffractometer Rigaku-5UD

R value 0.044

Weighted R value 0.040

but the Furnas method was applied to the
intensity data for the approximate correc-
tion of absorption effect (12). The discrep-
ancy factor R, between equivalent reflec-
tions was 0.049. The equivalent reflections
were averaged and the independent 915
data were obtained from 5781 reflections
for F, > 30, which were used for the struc-
ture analysis. The cell parameters were de-
termined from 11 reflections of high 26
value (51° < 20 < 87°). The crystal data and
experimental conditions are summarized in
Table I.

Initial Model and Structure Refinement

An initial model of the structure was de-
duced from a Patterson map synthesized
by the intensity data using the program
FOURIER (13). The model was deter-
mined by considering that one Mn and six
oxygen atoms form a MnQOg octahedron and
Ba ion occupies a large cavity in the struc-
ture. The chemical composition of the com-
pound was BaMn,O3;(OH),, and thus the
formular unit of BaMn,Os was taken in the
single-crystal X-ray study. There were two
formula units in the unit cell. There was one
crystallographic position for both Mn and
Ba ions and three independent ones for
oxygen ions. Assuming a centrosymmetric

space group Cmmm, the structure was re-
fined according to the RFINE4 computer
program (I4) modified by Horiuchi (15).
The function minimized in the refinements
was Z1/0%(s|F,|—|F.|)?, where o is the stan-
dard error in the counting statistics and s is
the scale factor. Neutral atom scattering
factors and dispersion corrections for Ba,
Mn, and O atoms were taken from *‘Inter-
national Tables for X-ray Crystaliography”’
(16). Ba ion was fixed at the origin of the
unit cell. After the pilot search, values of
the isotropic temperature factors of Ba and
Mn were started from 0.5 A? in contrast
with a large value of 1.2 A?for three oxygen
atoms. The atomic position of Mn was re-
fined after the determination of scale factor.
Then, the positions of three oxygen atoms
were refined. The isotropic temperature
factors were refined in the order of Ba, Ba
and Mn, and then all the atoms. At this
stage the discrepancy factors of R and R,,
were reduced to 0.067 and 0.050, respec-
tively. Site occupancies of cations were re-
fined and showed no departure from full oc-
cupancy.

Space Group Determination

The outline of the crystal structure was
obtained by the above treatment, but the
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FIG. 2. A perspective view of the crystal structure of
BaMn,0;(OH),. A unit cell is shown in the figure.

space group remained undetermined. It
should be determined from one centrosym-
metric group (Cmmm) and three asymmet-
ric ones (C222, Cm2m, and Cmm?2). The
refinements were continued for the four
space groups by changing isotropic temper-
ature factors to anisotropic ones. The dis-
crepancy factors of R and R,, were found to
be reduced for each space group; 0.050 and
0.041 (19 variables) for Cmmm, 0.047 and
0.041 (25 variables) for Cmm?2, and 0.044
and 0.040 (25 variables) for Cm2m, respec-
tively. The refinement for C222 diverged in
refining the nondiagonal terms of the tem-
perature factors, so the discrepancy factors
remained at 0.050 and 0.042 for R and R,,,
respectively. Thus, Cm2m gives the small-
est values of R and R,, as compared with
those for other groups. Also, we found in a
preliminary experiment that although very
small, the crystal possibly showed the sign
of piezoelectric effect, which yieided an
asymmetric group. Accounting for all these
factors, the space group Cm2m is the most
probable, but the other three members still
remain candidates.

Results and Discussion

Crystal Structure of BaMn,0,(0OH),

The crystal structure determined is illus-
trated in Fig. 2. Final atomic coordinates
and temperature factors obtained under the
Cm2m space group are listed in Table II.
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TABLE II

FINAL ATOMIC COORDINATES AND TEMPERATURE
FAcTORS FOR BaMn,0;(OH),

Atom  Position x y z B,q/ﬁ\2
Ba 2a 0.0 0.0 0.0 0.54
Mn 4e 0.33887(8) —0.0080(5) 0.5 0.44
o) 2b 0.5 0.00(1) 0.5 0.93
0(2) 4e 0.1738(5) —0.021(3) 0.5 0.95
0Q@3) 4d 0.3354(6) —0.001(6) 0.0 1.97

Atom Bu Bxn B Bz B Bn
Ba 0.00095(2) 0.0066(2) 0.0085(2) 0.0 0.0 0.0
Mn  0.00068(4) 0.0064(3) 0.0067(3) 0.0000(3) 0.0 0.0
O(l) 0.0008(3) 0.022(3) 0.012(2) 0.0 0.0 0.0
0(Q2) 0.0010(2) 0.022(3) 0.011(2) 0.0006(9) 0.0 0.0
0@3) 0.0015(3) 0.014(3) 0.0534) 0.003(2) 0.0 0.0

Note. B.,: Equivalent isotropic temperature factors com-
puted according to the relation B, = 12.2;8:(a; - a)).

The interatomic distances and angles of the
MnOg octahedron and the BaOj; polyhe-
dron are listed in Table II1, which were cal-
culated by the program UMBADTEA (17).

The crystal structure shown in Fig. 2
presents a new type of Ba~-Mn mixed ox-
ide. The main framework is composed of
MnOg octahedra which are joined together
by sharing edges to form a zigzag chain in
the b direction. These chains are linked to-

TABLE III

INTERATOMIC DISTANCES (ix) AND ANGLES (°) OF
MnQO; OCTAHEDRON AND BaQ,, POLYHEDRON

Atom Distance Atom Distance Angle
MnOg Octahedron
Mn-0O(1) 1.867(1) O(1)-0(2) 2.95(3) 95(1)
Mn-0O(2) 1.913(6) O(1)-0(2) 2.82(3) 93(1)
Mn-0(2) 2.12(1) O(1)-0(3) 2.907(4) X2 91.0(2) x2
Mn-0(2) 2.01(1) 0(2)-0(2) 2.712(7) X2 84.4(3) x2
Mn-0O(3) 2.1956(6) x2 O(2)-0O(3) 2.886(6) X2 89.0(2) x2
0(2)-0(3) 3.07(2) %2 90.6(7) x2
0(2)-0(3) 2.96(2) X2 89.2(7) x2
Mean 2.050(6) Mean 2.90(2) 89.7(6)
BaO,; Polyhedron
Ba-O(1) 3.01(3) x2 O(1)-0(2) 2.82(3) x4 56.1(4) x4
Ba-O(l) 3.01(3) x2 O(1)-0(2) 2.95(3) x4 58.9(4) x4
Ba-0O(2) 2.890(4) x4 O(1)-0(3) 2.907(4) x8 59.8(4) x8
Ba-0(3) 2.81(2) x2 0(2)-0(3) 2.96(2) x4 61.3(3) x4
Ba-0(3) 2.80(2) X2 O(2)-0(3) 3.07(2) x4 64.0(3) x4
Mean 2.90(2) Mean 2.94(2) 60.0(5)
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F1G. 3. A sheet of MnOg octahedra in the a—b plane.
The dashed line indicates unit cell.

gether by sharing corners to form a sheet in
the a-b plane as shown in Fig. 3. The
sheets are stacked in the ¢ direction by
sharing corners of the octahedra to form a
three-dimensional framework. A large cav-
ity appears between the sheets, which ac-
commodates a Ba ion coordinated by 12 ox-
ygen atoms. The crystal has a flat-rod shape
as shown in Fig. 1. The rod direction ¢oin-
cides with the b direction, implying that the
elongation of the crystal occurs in the direc-
tion of the structural zigzag chain. The flat
plate in crystal shape coincides with the
structural sheet in the a—b plane and they
often show a cleavage to split each other
into thinner plates.

From the viewpoint of the stacking mode
of Ba and O, the unit cell is constructed of
three fcc lattices made of Ba and O, con-
nected along the a axis as shown in Fig. 2.
So the Ba-0 lattice can be regarded as the
cubic closed-packed stacking of the layers
with the composition of BaOs. Figure 4 vi-
sualizes the layer of BaOs which corre-
sponds to (311) plane of the original cell.
The relationship between the original cell
and the stacking mode of BaOs layers is
depicted in Fig. 5a. It is seen that the unit
cell contains nine layers as numbered from
1to 9 in Fig. 5a. Figure 5b presents a view
of the stacking, where the above-mentioned
chain of edge-sharing octahedra is seen to
run diagonally and to connect to the neigh-
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boring chains by sharing corners. It is noted
that the interlayer octahedral sites are fully
occupied by Mn ions. The outline of the
BaMn,03;(OH), structure described above
exhibits a strong analogy with that of 2L
BaMnO; in that the lattice composed of Ba
and O is regarded as a closed-packed stack-
ing and Mn ions occupy the interlayer octa-
hedral sites to form MnOg octahedra.

Oxidation State of Mn and Position of
Hydrogen Atoms

The chemical composition of BaMn,
0;(0OH), gives the average oxidation state
of Mn as three. But it still remains unknown
whether the ions in the crystal are a mixture
of Mn?* and Mn** or only Mn**. The va-
lence state of Mn is determined as follows.
The Mn-O distances of MnOg octahedron
are listed in Table III. The mean Mn-O dis-
tance is 2.050 A, which is fairly larger than
the summation (1.940 A) of ionic radii of
Mn#* and O?~ and smaller than the summa-
tion (2.230 A) of those of Mn?* and O?*, but
very close to the summation (2.045 A) of
those of Mn** and O?~. The unequal values
of the Mn-0O distances and O-Mn-O an-
gles in Table III indicate that the MnOg oc-
tahedra is highly distorted, which may be
due to the Jahn-Teller effect of the Mn>*
ions. The small value (0.44 A?) of the iso-
tropic temperature factor of Mn suggests
that the Mn ions are in a single oxidation

O00000O0
O @-O-O-@ O
O00QO0O0QoO
00O ®-0-O-®
OO0 00000
® 00 @00

‘Ba OO

F1G. 4. A closed-packed layer of BaQs. The dashed
line indicates BaOs unit.
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Fi1G. 5. (a) The relationship between the unit cell and the stacking of BaOs layers. BaOs layers are
numbered from 1 to 9 and Mn atoms are omitted for clarity. (b) A view of the stacking of BaOjs layers.
Oxygen atoms are represented by O octahedra. One of the chains of MnOg octahedra is shown by

thick lines.

state. Therefore, it is concluded from the
crystal data that the Mn is not a mixture of
Mn?* and Mn** but is Mn3+.

The formula adopted for the unit cell is
BaMn,0s and thus we have to replace two
oxygen atoms with two OH molecules in
order to have the chemical composition
BaMn,0,(OH),;. Unfortunately the posi-
tions of the hydrogen atom could not be
observed in the electron density map and
they were determined by the following pro-
cedure. The Pauling’s valence balance rule
for ionic crystal (18) was employed to esti-
mate the contributions of plus charges to
the oxygen atoms from the neighboring cat-
ions. They were 10/6¢ for O(1) and O(2) and
8/6e for O(3), indicating that O(3) apprecia-
bly lacks plus charge contribution. Also the
isotrogic temperature factor B for OQ3)
(1.97 A?) shows a clear contrast to those for
O(1) and O(2) (0.93 and 0.95 A?, respec-
tively). It is, therefore, suggested that the

hydrogen atom is attached to O(3) oxygen
for charge compensation.

In conclusion, BaMn,03;(OH), is a new
Ba-Mn mixed oxide containing solely Mn3*
ion. The structure is constructed of the fcc
stacking of closed-packed BaOs layers with
Mn ions on the interlayer octahedral sites.
Thus, the compound can be grouped into
the Ba—Mn mixed oxides from the view-
point of this structural feature, even though
it contains two OH molecules in the chemi-
cal formula. Hydrogen atoms are incorpo-
rated in the crystal just for charge compen-
sation.
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