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Abstract

Crystals of BasFes_,Pt,ClO;3 and BasCos_,Pt,ClO,; were prepared for x=1.31, 1.51, 1.57, 1.59 and y = 0, 0.97 and 1.08 in a
BaCl, flux and investigated by X-ray diffraction methods. These compounds adopt a 10H perovskite structure built from the
stacking of BaO3 and BaOCl layers in the sequence (BaO3)4(BaOCI) with space group P63 /mmec. The cation sites within the trimeric
unit of face-sharing octahedra are occupied by Co or Fe and Pt ions, while the tetrahedral sites formed between BaO3; and BaOCl
layers are only occupied by Fe or Co. Moreover, oxygen stoichiometry indicates an average oxidation state for Co and Fe higher

than +1I1, indicating the stabilization of Co*" and Fe**.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Many compounds with hexagonal perovskite-type
structure have been reported during the last years. These
structures are characterized by the stacking of A40;
(4=Ba, Sr, Ca) layers or by the alternation of 403 and
“deficient” layers such as 4X or AX, (X=0, Cl, Br); the
largest family is obtained for 4=Ba (for a review, see
Ref. [1]). The main interest of this family of compounds
is that they present a wide variety of interesting physical
properties due to their particular crystallographic
arrangement (electrical, magnetic, dielectric, optical
and catalytic properties). Among them, the BasMsClO;3
compounds (where M represents one, two or three
metal atoms) were studied by several authors. The
particularity of these compounds is the presence of a
BaOCI layer sandwiched between metal-containing
slabs, the M atoms being located in octahedral and
tetrahedral sites. Until now, three compounds have been
reported: BasCosClO3; [2], BasFe,PtClO,5 [3] and
BasIn,IrAl,ClO;; [4] with respectively one, two and
three kinds of metal. The particularity of the second
compound (BasFe PtClO;,5) being an apparent defi-

*Corresponding author. Fax: +33-3-20-43-68-14.
E-mail addresses: pascal.roussel@ensc-lille.fr (P. Roussel),
francis.abraham@ensc-lille.fr (F. Abraham).

0022-4596/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/j.jssc.2003.10.007

ciency in oxygen that gives only Fe(IIl). In BasCos.
ClOq3, a small mistake led the authors to propose an
erroneous charge disordered site preference model for
the Co(Ill) and Co(IV) in tetrahedral and octahedral
sites [2]. In fact, these compounds can be formulated
Bas(M1),(M2), M3CIO;5_,, where M1 and M3 are
in octahedral sites and M2 in a tetrahedral one.
Attempts to synthesize other phases belonging to this
family allowed us to bring out the existence of
BasFes_(Pt,ClO3 (1.307<x<1.589) solid solutions.
For BasCos_,Pt,ClO3, in addition to the compound
Ba;CosClO 3 (y =0), a small domain around y =1 is
observed (0.972<y<1.084).

In this paper, syntheses and structural studies of both
solid solutions are reported and comparison with the
other compounds previously reported are made. Charge
distribution (CD) calculations are also reported to state
the repartition of metals in octahedral and tetrahedral
sites and to prove the stabilization of Co(IV) and Fe(IV).

2. Experimental

2.1. Preparation and crystal growth

Several single-crystal samples of the BasFes_ Pt,
ClO;;  (1.307<x<1.589) and BasCos_,Pt,ClO ;3
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(0<y<1.084) solid solutions were prepared by a flux
method. A 2 g mixture of BaCOj3 (Fisher, 99%), Fe,O;
(Johnson Matthey, high purity) or Co304 (Fluka,
Assay>71% (KT) Co) and BaCl,, 2H,O (Prolabo
Rectapur) with the 2:1:4 or 2:2/3:4 ratio (preparation
Nos. 2 and 6 in Table 1) was well ground in an agate
mortar and heated in air at 1100°C for 48h in a pure
platinum crucible (99.9%). The products were then
slowly cooled to 850°C at 0.5°C/min and finally
quenched to room temperature. The excess of BaCl,
was dissolved with hot water and black plates were
extracted from the preparation.

Energy dispersive spectroscopy realized on several
crystals revealed the presence of Pt in both phases,
coming from the platinum crucible, in addition with Ba,
Fe or Co, Cl and O elements. Measurements were
performed using a JEOL JSM-5300 scanning micro-
scope equipped with an IMIX system of Princeton
Gamma Technology, at 15kV. In order to try to control
the platinum content, other synthesis were realized
including powder Pt metal in the initial mixtures, in Pt
crucible on the one hand and, in alumina crucible, on
the other hand. Essentially, experiments in platinum
crucible lead to expected compounds (Preparations 3
and 7 in Table 1); in alumina crucible, only one limit
composition belonging to this family, without platinum,
was obtained: BasCosClO;; (Preparation 1, already
previously reported [2]). Other syntheses did not lead to
crystallized compounds, or other kinds of phases were
obtained. They will be the subject of future studies. For
the iron compounds, other reactions were attempted
with iron oxalate FeC,04, 2H>O (Alpha Aesar, Johnson
Matthey, 99.999%) as precursor instead of Fe,O3, with
same conditions of preparation. Compounds with weak
variations in the Fe/Pt ratio were obtained (Prepara-
tions 4 and 5 in Table 1). All the experiments allowed to
prove the existence of solid solutions with Fe and Co:
BasFes_,Pt,ClO;3; and BasCos_,Pt,ClO3, respectively,
but with no control of x and y values during the
synthesis due to the reaction of the platinum crucible.
Finally, four Fe and three Co compositions could be
obtained depending on several criteria: the Fe precursor

used, the presence or not of platinum powder in the
initial mixture, and the nature of the crucible used for
reaction (platinum or alumina). Results are gathered in
Table 1. One can see that the adding of powder platinum
in the initial mixture leads to a higher Pt/Fe or Pt/Co
ratio for the same Fe or Co reactant. On the other hand,
for the iron compounds, the use of iron oxalate leads to
phases with higher iron content than with iron oxide.
This can be attributed to a better reactivity of the
oxalate in comparison with the oxide. Indeed, it is well
known that the thermal decomposition of the oxalate
precursor leads to an oxide with small grain size and
high reactivity. The compound obtained in alumina
crucible (Preparation 1 in Table 1) is quite surprising
considering the initial mixture, the platinum powder
initially introduced astonishingly does not appear in the
final crystals.

2.2. Crystal structure determination

Numerous black plate-like crystals of
Bas(Co/Fe; Pt);ClO3, with dimensions given in
Table 2, were used for X-ray crystallographic analysis.
The X-ray intensity data were measured at room
temperature on a Bruker SMART 1000 CCD-based
X-ray diffractometer system equipped with a fine-focus
Mo-target X-ray tube (4 =0.71073 A) operated at
2000 W power. The detector was placed at a distance
of 5.41 cm from the crystal. A total of 1800 frames were
collected with a scan width of 0.3° in w and an exposure
time of 20s/frame covering the full sphere. The total
data collection time was 13.5h. The frames were
integrated with the Bruker SAINT 6.22 software
package [5] using a narrow-frame integration algorithm.
The integration of the data using a hexagonal unit cell
yielded a total of reflections from 4803 to 7189
(depending on the crystal type, see Table 2), to a
maximum 26 angle comprised between 58.1° and 63.02°
(average redundancy 12.71). The final cell constants are
based upon the refinement of the XYZ-centroids of all
the reflections above 20¢(7). Analysis of the data
showed no decay during data collection. Data were

Table 1

Obtained compounds vs. initial mixtures

Reactants Ratio Crucible Single crystal obtained No. prep.
BaCO;-Co5;04-BaCl,, 2H,O-Pt 4-4/3-8-1 Al,O4 BasCosClO; 1
BaC03fC03O47BaC12, 2H20 4*4/3*8 Pt B35C04‘028Pto_972C1013 2
BaCO;-Co;04-BaCl,, 2H,O-Pt 4-4/3-8-1 Pt BasCo03.916Pt1.0846C10 3 3
BaC03*FCC204, 2H20*B8.C12, 2H2O 5-4-8 Pt Ba5F63.693Pt1,307ClOI3 4
BaCO;-FeC,0,, 2H,0-BaCl,, 2H,O-Pt 5-4-8-1 Pt BasFe; 435Pt) 512ClO 3 5
BaCO3*F€203*BaC12, 2H20 4-2-8 Pt Ba5F63_435Pt1‘565ClOI3 6
BaCO_z*Fesz;*BaClz, 2H20*Pt 4-2-8-1 Pt Ba5Fe3_41 1Pt1_589C1013 7
BaCO;-Fe,O5-BaCl,, 2H,0-Pt 4-2-8-1 ALO;3 No single crystals

BaCOs-FeC,0,, 2H,0O-BaCl,, 2H,O-Pt 5-4-8-1 Al,O3 No single crystals

BaCO;-FeC,0,4, 2H,0-BaCl,, 2H,0 5-4-8 ALO; No single crystals




Table 2

Crystal data for the single crystals compositions obtained from the structures refinement

Formula BasCosClO;3  BasCoy 028Pt.97:ClO 3 BasCo3.916Pt 084ClO0 3 BasFes 693Pt 307C10 3 BasFes 433Pt 512C10 3 BasFes 435Pt 565Cl0 3 BasFes 411Pt; 530ClO 3

Prep no. 1 2 3 4 5 6 7

Crystallographic data

Crystals dimensions 90 x 140 x 25 140 x 200 x 25 120 x 160 x 25 140 x 250 x 25 130 x 150 x 25 50 x 100 x 25 130 x 180 x 25

Formula weight (g/mol) 1224.8 1489.47 1519.97 1573.33 1630.42 1645.17 1651.86

Unit cell dimensions (A) a=5.6690(6) a=5.7055(6) a=5.7100(6) a=5.7986(6) a=5.7933(6) a=5.7795(6) a=5.7965(6)
¢=24.3043) ¢=24.736(3) ¢=24.809(3) ¢=25.0968(3) ¢=25.164(3) ¢=25.080(3) ¢=25.141(3)

Cell volume (A% 676.4 697.3 700.5 730.8 731.4 725.5 731.5

Density, calculated (g/cm?®) 6.011 7.091 7.204 7.148 7.401 7.529 7.497

Intensity collection

0 range (deg.) 3.35-29.05 3.29-31.45 1.64-31.51 3.25-31.10 1.62-31.31 1.62-31.14 3.24-31.33

Data collected —-7<h<T —8<h<T —8<h<8 —8<h<8 -7<h<8 —8<h<8 —8<h<8
—7<k<7 —8<k<8 —-7<k<8 —8<k<8 —8<k<8 —8<k<8 —8<k<8
-31<1<32 -34<1<35 -36</<35 -35<1<35 -36</<34 —34<I<36 —-36</<36

No. of reflections measured 4803 5897 6717 6546 7189 6631 6110

No. of independent reflections 398 499 495 508 521 507 520

Redundancy 12.07 11.82 13.57 12.89 13.80 13.08 11.75

No. of unique reflections (/ >30(1)) 290 393 398 426 436 382 383

w (Mo, Ka) 20.52 37.07 38.87 40.68 44.16 45.43 45.47

Tmax/ Tmin 0.4913 0.5494 0.4934 0.1955 0.4558 0.5935 0.3127

R(F?),,, (before absorption correction) 13.0 359 229 282 20.7 12.1 30.7

R(F?)in: (after absorption correction)  4.88 3.72 5.18 4.62 4.73 5.16 4.59

Refinement

No. of parameters 27 29 29 29 29 29 29

R(F) obs/all 2.38/4.92 2.41/3.86 2.25/3.52 2.62/3.70 2.62/3.53 4.17/7.04 2.55/4.89

WR(F) obs/all 1.94/2.02 2.39/2.42 2.28/2.34 2.86/2.90 2.68/2.71 3.42/3.48 2.18/2.25

GOF all/obs 1.88/2.14 2.59/2.90 2.00/2.19 2.72/2.96 2.59/2.81 3.36/3.85 2.06/2.36

Isotropic secondary extinction® 0.0263(16) 0.021(2) 0.037(3) 0.043(3) 0.072(4) 0.011(2) 0.0082(12)

Max, minAp (¢~/A%) 5.08/—5.15 3.47/-3.13 2.43/-2.63 3.07/-3.20 2.41/-3.93 6.89/-8.14 5.03/—4.17

Distances residual peaks—atoms (A) Max-Ba2: 0.70 Max—Cl: 0.97 Max-Ba2: 1.46 Max-Ba2: 1.23 Max-03: 0.73 Max-Ba2: 0.21 Max-Ba2: 0.37
Min-03: 1.37 Min-02: 1.40 Min—-Co2: 0.49 Min-Ba3: 1.31 Min-Fel: 1.13 Min-Ba3: 1.38 Min—Cl: 0.47

“Becker and Coppens type I, Gaussian distribution [8].

[E0I=E201 (#00T) LLI Lusiway) 21p1g pijos fo [punof [ v 12 12.10unf N

540
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corrected for absorption effects using a semi-empirical
method (SADABS 2.03—Bruker/Siemens Area Detec-
tor Absorption and other corrections [6]) with ratio
minimum, maximum transmission coefficients given
Table 2.

The structure was refined using the JANA2000
Software Package [7], using the hexagonal space group
P63 /mmc, with Z = 2 for the formula unit Bas(Co/Fe,
Pt)sClO;5. The final anisotropic full-matrix least-squares
refinement on F converged at R values given in Table 2.

3. Results and discussion
3.1. Description of the structure

The atomic coordinates and isotropic atomic displa-
cement parameters obtained for the seven structures are
listed in Table 3. In Fig. 1, a view of the structure, in
projection along [010], is given. This structure can be
described in two different ways. In the first one, it can be
viewed as a network of polyhedra. Indeed, two kinds of
polyhedra can be observed: M104 and M30Og4 octahedra
and M20, tetrahedra. Octahedra are linked together
through faces to form (M1),M30;, units, and tetra-
hedra are linked together by a corner to form (M2),0,
units. The structure is then built by the alternation of
these two kinds of units along the [001] direction: a
(M1),M30;, face-shared octahedra trimeric unit is
sandwiched by a (M2),0; corner-shared tetrahedra unit
and so on. Ba®" cations are then located into the
cavities formed by the oxygen and chlorine anions. They
are distributed onto three crystallographic sites. The first
one (Ba3) occupies a large cage formed by 12 oxygen
atoms (Fig. 2a) with Ba—O distances ranging 2.91—
3.30 A. The second type of barium (Ba2) is coordinated
by nine oxygen atoms and one chlorine atom. Ba-O
distances are comprised between 2.65 and 2.95 A and the
Ba—Cl one is 3.05A. The environment of Ba2 is related
to the environment of Ba3 just in replacing three oxygen
atoms by one chlorine atom (Fig. 2a). In the same
manner, the surrounding of the last type of barium
(Bal) can be deduced from that of Ba3 just by replacing
three oxygen atoms of the ‘“‘equatorial” plane by three
chlorine atoms (Fig. 2b). Ba—O distances range 2.97—
3.35A while the three Ba—Cl distances are equal to
3.35A. Note that the conformation of the surrounding
of both Ba3 and Ba2 is very similar. Indeed, the six
“equatorial” oxygen atoms and the three “apical” ones
are in the same orientation for Ba2 and Ba3 (Fig. 2c¢).
This is not the case for Bal, the quasi-hexagon formed
by three O and three Cl atoms (in bold, Fig. 2d) is
rotated of 30° in relation to the Ba3 surrounding. To
sum up, the Bal environment can be deduced from the
Ba3 environment, just in replacing three oxygen out of
six by three chloride, and also in rotating the resulting

plane of 30°, while the Ba2 surrounding is deduced by
replacing three “apical” oxygen atoms by one chlorine.
Finally, the chlorine atom is surrounded by five barium
atoms forming a trigonal bipyramid with distances
ranging 2.95-3.27 A (Fig. 3).

The second method of describing this structure type is
based on the stacking of compact hexagonal [BalX]
layers (X=03 or O-Cl), where metallic cations are
located into the octahedral or tetrahedral sites formed
by this pile. Indeed, this structure can be viewed as the
stacking along the [001] direction of 10 layers (Fig. 1),
([BaOs]4[BaOCl]),. This compound, hexagonal and
constructed by the stacking of 10 compact layers, is
thus deriving from the 10H polytype [1]. Another way to
describe this type of structure, firstly introduced by Katz
and Ward [9], is to consider a stacking of “cubic” and
“hexagonal” layers: a letter ““c” is used to designate a
“cubic”, i.e., a layer for which the two neighboring
layers are of different types; a letter “h” stands for a
“hexagonal” layer, i.c., a layer sandwiched by two layers
of the same type. Using this terminology, Bas(Co/
Fe;Pt)sClO,3 is then described by the sequence (hch’ch)s,.

3.2. Characterization of the new solid solution and metal
repartition

The previously reported magnetism study of
BasCosClO;; revealed the presence of Co*" in this
compound [2]. However, in this study, the authors
concluded to the impossibility of a hypothetical
composition with a charge-ordered site preference
model for the cobalt ions. They concluded to a mixed
octahedral and tetrahedral Co®*/Co** (Table 4).
During our study, we have re-examined this hypothesis
and we can conclude that there was a small misinter-
pretation in this paper. Indeed, if one consider that
Co’" is located exclusively in octahedral M1 and
M3 sites (see Table 3), while Co*" is located in tetra-
hedral M2 sites, we can propose the formula
BasCo3"Co3"ClO; to explain a completely charge-
ordered model. This formula is in perfect agreement
with the proposed oxygen stoichiometry. However, the
goal of the present paper is not to deal with either a
completely charge-ordered model or with a mixed one,
but the interesting result of the study is that, in
BasCosClOy3, it is clear that Co ions with a +4 valence
are observed. The platinum substituted compound leads
to exactly the same crystallographic structure, so the
presence of Co*" is no doubtful in the solid solution
BasCos_,Pt,ClO3. The framework being exactly the
same one with the iron substituted structures, the
analogy with cobalt phases involves the presence of
Fe*". Unfortunately, this existence could not be proved
by physical analysis. Indeed, Leib et al. [3] did not see
Fe** by Mossbauer method, so in the chemical formula
proposed, Ba;oFegPt,Cl,0,5, supposing all Fe in (+ I1II)
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Table 3

Atomic coordinates and isotropic displacement parameters (in /&2)

Prep. no. Atom symbol Wyck. symbol Occ. x y z Usiso (Az)
1 Bal 2b 1 0 0 1/4 0.0156(3)
2 0.0175(3)
3 0.0172(3)
4 0.0205(3)
5 0.0204(3)
6 0.0247(6)
7 0.0257(3)
1 Ba2 4f 1 1/3 2/3 0.37135(3) 0.0098(2)
2 0.37017(3) 0.0108(2)
3 0.36998(3) 0.0095(2)
4 0.37178(3) 0.0099(2)
S 0.37153(3) 0.0095(2)
6 0.37068(5) 0.0133(4)
7 0.37125(3) 0.0117(3)
1 Ba3 4f 1 1/3 2/3 0.95991(3) 0.0101(2)
2 0.95928(3) 0.0123(2)
3 0.95901(3) 0.0115(2)
4 0.96057(3) 0.0130(2)
5 0.96079(3) 0.0130(2)
6 0.96048(5) 0.0167(4)
7 0.96069(3) 0.0145(2)
1 Col 4e 1 0 0 0.60285(6) 0.0077(4)
2 Col/Ptl 0.756(3)/0.244 0.60476(4) 0.0095(3)
3 Col/Ptl 0.784(3)/0.216 0.60534(4) 0.0085(3)
4 Fel/Ptl 0.777(3)/0.223 0.60836(5) 0.0084(4)
5 Fel/Ptl 0.704(3)/0.296 0.60821(4) 0.0078(3)
6 Fel/Ptl 0.659(5)/0.341 0.60776(5) 0.0096(5)
7 Fel/Pt1 0.683(3)/0.317 0.60760(3) 0.0099(3)
1 Co2 4f 1 1/3 2/3 0.82316(6) 0.0093(5)
2 0.82160(6) 0.0110(4)
3 0.82155(5) 0.0100(4)
4 Fe2 4f 1 1/3 2/3 0.82110(7) 0.0081(5)
5 0.82097(6) 0.0074(4)
6 0.81850(12) 0.0113(8)
7 0.82051(7) 0.0113(5)
1 Co3 2a 1 0 0 0 0.0059(5)
2 Pt3/Co3 0.484(4)/0.516 0.0080(3)
3 Pt3/Co3 0.652(4)/0.348 0.0071(2)
4 Pt3/Fe3 0.861(5)/0.139 0.0065(2)
5 Pt3/Fe3 0.920(4)/0.080 0.0063(2)
6 Pt3/Fe3 0.907(7)/0.093 0.0070(3)
7 Pt3/Fe3 0.915(4)/0.085 0.0077(2)
1 Cl 2¢ 1 1/3 2/3 1/4 0.0267(15)
2 0.0268(13)
3 0.0277(12)
4 0.0365(2)
5 0.0373(2)
6 0.043(4)

7 0.0368(2)
1 () 12k 1 0.3225(9) 0.1612(5) 0.35063(18) 0.0147(11)
2 0.3222(10) 0.1611(5) 0.34881(19) 0.0194(10)
3 0.3214(9) 0.1607(4) 0.34867(18) 0.0179(9)
4 0.3256(11) 0.1628(5) 0.3487(2) 0.0213(13)
5 0.3248(10) 0.1624(5) 0.3485(2) 0.0211(11)
6 0.3259(19) 0.163(1) 0.3483(3) 0.025(2)

7 0.3250(11) 0.1625(6) 0.3486(2) 0.0247(13)
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Table 3 (continued)

Prep. no. Atom symbol Wyck. symbol Occ. X y z Uiso (Az)
1 02 12k 1 0.7062(8) 0.8531(4) 0.44984(18) 0.0079(9)
2 0.7001(9) 0.8500(4) 0.44822(18) 0.0121(9)
3 0.6985(8) 0.8492(4) 0.44747(16) 0.0115(8)
4 0.692(1) 0.8460(5) 0.4488(2) 0.0128(11)
5 0.6925(9) 0.8463(5) 0.44839(19) 0.0123(10)
6 0.6950(15) 0.8475(8) 0.4486(3) 0.0113(16)
7 0.6929(9) 0.8465(5) 0.44861(18) 0.0121(10)
1 03 2d 1 1/3 2/3 3/4 0.049(4)
2 0.055(5)
3 0.054(4)
4 0.069(7)
5 0.068(6)
6 0.085(12)
7 0.056(5)
i
C

Ba30, —h

Ba20, — h

BalOCl @ —h

c :77‘;\&

Ba20, —c o |\

Ba30, —h M3 45\.‘”_/57

Ba30, —h o \ALY

Ba20, —c

BalOCl @ —h' Mz

Ba30, —h

Ba30, —h ©

Ba20, —c

Bal0OCl @ — 0 Bal

Ba20; — ¢ Ba2

Ba30, —h Ba3 @

Fig. 1. Projection along [010] of the crystal structure of
Bas(M, Pt);ClO3, M=Fe, Co compounds showing the framework
built from face and corner sharing of (M,Pt)O¢ octahedra and MO,
tetrahedra. The BaO3 and BaOCI stacking along [001] is shown on
both sides of the polyhedron framework representation.

oxidation state, one oxygen atom is missing to obtain
electrical neutrality in the molecule. In our compounds,
XANES analyses were performed but the results did not
allow to detect Fe** or Co**. But the hypothesis of one

Fig. 2. The Ba coordination polyhedra and their relationships in
Bas(M,Pt)sClO;3, M =Fe, Co compounds. Ba3 adopts the classical 12-
coordination of metals in /cp structure, Ba2 is deduced by replacing an
Oj; triangle by one Cl atom (a and c), Bal is obtained from Ba3 by
replacing half the oxygen of the hexagon and by rotating the basal
hexagon of 30° (b and d).

missing oxygen proposed by Leib et al. [3] is quite
doubtful because a mixed occupation site Fe/Pt was
supposed by the authors with an arbitrary 50/50 ratio
and was further eliminated because of bad structural
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results (R factor increased from 0.07 to 0.17). In the
present study, we tried a different model. Firstly, we
tried the model published by Leib et al. [3], i.e., the 4e
octahedral sites (labeled M1) and the 4f tetrahedral sites
(M?2) fully occupied by iron, and the octahedral M3 site
exclusively filled by platinum. At this level, the R value
was ~8%, the thermal parameter U of O3 was very
strong (U ~0.20 Az), and the U value of the Fel site was
negative (z—0.016A2), indicating an excess of electro-
nic density on this site. Moreover, a Fourier-difference
series showed a large hole at the Pt position, indicating a
lack of electrons on this site. We concluded that the M1
and M3 sites could be occupied either by iron and
platinum. We then tried the other model proposed by
Leib et al. [3] consisting of an arbitrary fixed 50/50
mixed Fe-Pt sites. The tetrahedral M2 site is only
occupied by iron, since tetrahedral environment for Pt is
unlikely. Results were as bad as those obtained by Leib
et al. [3]: an increase of the R value, and still the same
problems in the Fourier-difference series. We finally
undertook to do a refinement with mixed Fe—Pt sites
with, as only restraint, full “metal” site occupations, i.e.,
occ[Pt] + occ[Fe]=1 for M1 and M3 sites. R rapidly
dropped at values ~3% (depending on the preparation)
and formula reported in Table 1. Moreover, all the
previously observed problems disappeared, i.e., no
negative or abnormally high values of thermal para-

Fig. 3. The trigonal bipyramid coordination of Cl by Ba atoms in the
Bas(M,Pt)sClO3, M =Fe, Co compounds.

Table 4
Charge distribution in the BasMs_Pt,ClO; (M =Fe, Co) compounds

meters were found, neither abnormal “big” holes or
peaks in final Fourier-difference series. Distances
between the Fourier-difference residual peaks and the
positioned atoms are reported in Table 2. Note also that
the oxygen atom sites were constrained to be fully
occupied. After our study, we can conclude to a partial
occupation of some sites by Fe or Co and Pt atoms but
these ratios were refined to lead to the different formula
reported in Table 1. This result confirms the hypothesis
of O;3 stoichiometry (O(3) fully occupied) and the
presence of Fe* ™ or Co** by analogy with BasCosClO5
[2]. Moreover, crystallographic results are better than
those proposed by Leib et al. [3]: R close to 0.03 instead
of 0.07. The proportion of Fe** (or Co*") is very small
compared to Fe’* (or Co®*); so it is not surprising that
the different physical methods that we used did not
allow us to detect it.

Another compound with the same structure has
already been reported by Neubacher and Muller-
Buschbaum [4], BasIrIn,Al,ClO3. It is also hexagonal,
SG P63 /mme, a = 5.860 and ¢ =25.101 A, and in this
compound, triple face-sharing octahedra units (arranged
around Ir’* and In®"), are connected at the corners to
Al,O, double corner-sharing units. A charge-ordered
model has been proposed for this compound: Ir’* are
located in the 2a M3 site, In®" on 4e M1 site, and AIP™
on 4f tetrahedral M2 site (Table 4). The formula
BaZ'Ir’ In3"ABTCI'"O%;, in good agreement with
the oxygen stoichiometry, has thus been proposed.
However, atomic displacement parameter for M?2 site
occupied by Al is particularly weak (B = 0.008(126) Az)
so a statistical distribution of Al and In in M2 (and
consequently on M1) cannot be ruled out.

This study shows the existence of new solid solutions
BasMs_ Pt ClO3 (M =Fe, Co) with different domains:
(1.307<x<1.589) for M=Fe and (0.972<x<1.084) for
M=Co, in addition with the compound BasCosClO;3
(x = 0). However, the theoretical limits are the same and
can be predicted. Indeed, two extreme models can be
proposed: the first one, experimentally observed for Co
compounds, consist of all the “metal” sites occupied by
Fe or Co. It is the low limit of the solution solid (x = 0)
with a formula Bas(Fe/Co0)sClO,3. For the high limit, we
just have to envisage all octahedral sites occupied by
Pt and tetrahedral ones by Fe or Co. This hypothetical
formula limit is then Bas(Fe/Co),Pt;ClO3 correspond-
ing to x=3. Thus the theoretical limit for these

Ba5C05C1013 Ba5In21rA12ClOI3

Ba5Fe4PtC1012_5

Ba5Fe5,thxC1013 B35C05,thXC1013

2) 4 3) This work This work
M2 Co'/Cotv A Felll Felll/Fe!V Co'™/Co!v
Ml Co"l/Co!V ™ Felll Felll/Fe!V PtV Co''/CoV PtV
M3 Co'/Co!V Y PtV Fe!'/Fe!V /'Y Co"!/ColV /Pl
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Bas(Fe/Co)s_ Pt ClO,3 solid solutions is 0 < x < 3. Even
if we succeeded to synthesize one limit of solid solution
for Co (BasCosClO;3, compound 1), the other limits
could not be obtained. This synthesis was realized in an
alumina crucible because all preparations in platinum
crucible lead to compounds containing this metal. Other
syntheses effectuated into alumina crucibles did not
allow to obtain single crystals belonging to this family of
phases; either we did not obtain a correct compound or
we synthesized other phases which will be further
studied. In all preparations, we do not control the
composition of the synthesized compound because there
is a reaction with the crucible when the reaction is
performed into platinum (preparations 2-7), BaCl,,
2H,0 is added in excess so the quantity of barium
cannot be known and, even if platinum is present in the
original mixture, the final product does not necessarily
contain platinum (preparation 1). The composition of
synthesized compounds cannot be predicted for the
reasons exposed above, so the theoretical limits of solid
solutions cannot be easily reached experimentally.

3.3. Analysis of the valence state

CD analysis [10-12] has been performed on the
(Fe,Pt) and (Co,Pt) compounds, and also on the non-
substituted one. According to Nespolo et al. [11], the
CD method, previously introduced as a development of
the ““classical” bond strength Pauling’s definition [13]
and of the bond valence (BV) approach [14], can provide
important structural details. Different from BV, the CD
description depends upon the geometry of each co-
ordination polyhedron, in using the true bond distance
in a self-consistent algorithm rather than exploiting
empirical curves, as in the BV approach: the contribu-
tion of each bond distance is scaled to an empirical
parameter (the so-called normalizing parameter) in the
BV method, but to the shortest bond length in each
polyhedron in the CD approach. Morecover, in the
presence of cationic substitution, since the parameters
used in the BV method depend upon the cation—anion
pair, the computed valence is biased. On the other hand,
if the geometry of the polyhedron does not change, since
the CD method depends only upon the geometry of this
coordination polyhedra, no difference is obtained by
substituting cations with the same formal oxidation
number. Finally, the ratio ¢/Q of the formal oxidation
number to the calculated charge can be used to estimate
the correctness of the structure (cation ratio) and to
evaluate over or under bonding effects (anion ratio). A
q/ O ratio close to 1 is expected for the cations when the
structure is correctly solved; on the other hand, the ¢/Q
ratio for the anions significantly differ from 1 when an
over/under bonding effect is present. Note, in addition,
that Hoppe et al. [10] showed that the CD method

Table 5

Charge distribution for the different compounds of Table 1

BasCo4.023Pt).972ClO0 3 BasCos 916Pt}.034C10 3 BasFes 93Pt} 307ClO 3 BasFes 433Pt) 512ClO 3 BasFes 435Pt) 565Cl013 BasFes 411 Pt 530ClO ;3 BasFesPtClO 3

BasCosClO ;3

Formula

Prep no.

3.23 3.19 3.14 3.13 3.12

3.26

3.40

Formal oxidation
state of Co or Fe

Bal

2/1.846/1.083
2/2.072/0.965
2/2.154/0.929
3/3.099/0.968
3/2.576/1.165
4/4.352/0.919

0.271

2/1.977/1.011

2/1.981/1.009
2/2.020/0.990
2/2.020/0.990

2/1.977/1.011

2/1.960/1.020
2/2.006/0.997
2/2.044/0.979

2/2.005/0.998
2/2.009/0.995
2/1.998/1.001

2/1.994/1.003
2/2.004/0.998

2/1.978/1.011

2/2.000/1.000
2/2.015/0.993

2/2.004/0.998
2/2.024/0.988

2/2.007/0.996
2/2.022/0.989

Ba2
Ba3

M1

2/2.001/1.000

3.431/3.452/0.994
3.120/3.065/1.018

3.427/3.495/0.981

3.395/3.402/0.998
3.140/3.087/1.017

3.371/3.373/1.000
3.190/3.103/1.028
3.887/3.990/0.974

0.066

3.396/3.419/0.993

3.40/3.423/0.993 3.441/3.462/0.994
3.40/3.336/1.019 3.260/3.230/1.009

3.40/3.444/0.987 3.618/3.612/1.002

0.039

3.130/3.000/1.043
3.919/3.949/0.992

0.069

3.230/3.213/1.005

M2

3.928/3.958/0.992

0.032

3.931/3.987/0.986

0.038

3.732/3.718/1.004

0.015

M3

0.017

Dispersion

for cations

Cl

—1/-1.007/0.993
~2/-1.838/1.088
—2/-1.988/1.006
—1/=2.032/0.492

0.603

—1/=1.007/0.993
~2/-1.990/1.005
~2/-1.985/1.008
~2/-2.153/0.929

0.089

—1/=1.007/0.993
—2/—1.945/1.028
~2/-1.985/1.008
—2/-2.423/0.826

—1/=1.007/0.993
~2/-2.012/0.994
0.246

~2/-1.972/1.014
—2/-2.093/0.956

—1/=1.007/0.993
—2/-2.032/0.984
0.057

~2/-1.949/1.026
—2/-2.118/0.944

0.077

—1/-1.007/0.993

—1/=1.007/0.993 —1/—1.007/0.993

~2/-1.967/1.017
—2/-2.008/0.996
—2/-2.127/0.940

0.076

—2/-2.000/1.000 —2/—1.973/1.014

Ol

~2/-1.974/1.013 —2/—2.003/0.998
—2/-2.147/0.931 2/—2.141/0.934

Dispersion for anions 0.086

02

03

0.083

For each atom, ¢/Q/(¢q/Q) is given. The dispersion, o, measures the deviation of Q with respect to ¢ for the cations and the anions.
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systematically gives better results than BV when applied
to oxide materials.

Results of the CD calculations for the seven different
structures refined in the present paper, and on the
previously reported BasFe PtClO;3 compound [3], are
given in Table 5. For these calculations we assumed that
platinum in octahedral coordination is Pt(IV). The ¢/Q
ratios for the cations (the maximum deviation from 1 is
0.043 for the preparation labeled 6), as well as the
corresponding standard deviation, show that, using the
criteria from Nespolo et al. [11], the different structures
proposed can be considered as correct. Moreover, the
¢/ Q ratios for the anions are in accordance with a good
valence balance for each new structure. This is not the
case for the previously reported structure of
BasFe PtClO,, 5 [3] where the ¢/Q ratio of the O3 atom
is 0.492. This value indicates that, contrary to the
expected value for this atom (—1, i.e., a half occupied
oxygen), the calculated charge is —2.032, which suggests
a fully occupied position. Moreover, the strong devia-
tion from 1 (1.165) observed for the M2 site of the
BasFe, PtClO,3, as well as the large standard deviation
(27.71%) calculated for all the cations are the sign of a
problem in the structure determination. We believe that
the assumption, made by Leib et al. [3] that all the iron is
at a valence (III) is false, and at least for three reasons:
this CD analysis; in all the preparations we have
synthesized with iron and platinum, a mixed valence
state is encountered; the presence of Co(IV) is clearly
proved in BasCosClO; [2].

4. Conclusion

In all the prepared iron or cobalt oxychlorides
containing platinum and isotypic with BasCosClOy3,
Co*" and Co*" or Fe*" and Fe*" are distributed into
octahedral and tetrahedral sites, Pt** also occupying
the octahedral sites. With iron, compound without
platinum cannot be obtained under the experimental
conditions used. With ruthenium, using the same BaCl,
flux, oxychlorides with structures built from the stacking
of BaO3; and double (BaCl), were obtained with general
formula Ba, ;3;M,Cl,05,+3 where n represents the
thickness of the octahedral string in the BaOj slab.
The terms n =2, 3 and 4 have been obtained for

M = Ru [15,16] and for mixed occupation of M sites by
Ru and another metal (rn = 2, BasRuTaOyCl, [17] and
Ba5RLl1,6W()‘409C12 [18], and n= 3, BaéRuth012C12
[19] and BagRu, sMng s01,Cl, [20]); finally, the term n =
5 has been obtained for BagRuj 33Ta; ¢7015Cl, [21]. The
compounds reported in this paper could represent the
term n=23 of a new series Ba, M, M ,ClOs, 4.
Synthesis of other terms are in progress and will be
reported in forthcoming papers.
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