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A single crystal study of Ba;Pt,O, shows that the structure tolerates a variable composition which
can be written Ba;Pt,, .05, ,.. The crystal studied has a hexagonal cell of dimensions a = 10.108 +
0.006 A and ¢ = 8.638 + 0.009 A, and a probable space group P82¢, Z = 4. The density determined
by water displacement is 7.99 g/cm?; the theoretical density for Ba;Pt,0, is 7.94 g/cm?. The struc-
ture was determined from the set of 401 observed independent reflections obtained from 5189 re-
flections measured by automated counter methods. Refinement on F was carried to a conventional
R of 8.0%;. The structure has barium-oxygen layers with an essentially four-layer stacking sequence
of the double hexagonal (ABAB) type. Platinum is found mainly in face-sharing octahedra, but is
also distributed over some sites in which the coordination is nearly square planar and other sites in
which the coordination is trigonal prismatic with three Pt-O bond lengths of 2.00 A and three long
Pt-O distances of 2.65 A. The platinum with planar coordination is 0.08 A from the plane of the

four oxygen atoms.

Introduction

Rousseau (/) first isolated and analyzed
Ba;Pt,0, in 1889. He prepared this phase by
the reaction of BaO and PtCl, at 1100°C in an
open platinum crucible, aithough he could
also obtain it by reaction of BaCl, or BaBr,
and Ba(OH), with no other source of platinum
than the crucible itself. Later, while investiga-
ting the BaO-TiO, system, Statton (2) iso-
lated and analyzed crystals of Ba,Pt,O,
which had formed in preparations of low
titanium content through reactions with the
platinum container. The Ba,Pt,0, phase was
also formed in a study of the BaO-Pt system
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carried out by Schneider and McDaniel (3).
An incompletely characterized analog,
Sr;Pt,0,, was prepared by Randall and Ward
(4). Despite its relatively long history, the
structure of Ba,Pt,0, was not known. We
undertook this problem, which proved to be
much more difficult than anticipated, as part
of our program on complex metal oxides.

Experimental

The reaction of BaCO; and PtO, in a 3:2
ratio at 1000°C for 12 hr yielded a pure
product. Single crystals of this phase were
grown from a BaCl, flux containing a trace of
Ba(OH),, which kept the growth medium
basic and prevented the decomposition of the
desired product. The platinum crucible con-
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taining the melt was cooled slowly from
1000 to 800°C over a period of 24 hr. The
hexagonal prisms obtained were brownish red
and gave an X-ray powder pattern identical to
that of the starting powder.

Intensities were measured using Zr filtered
Mo radiation with a Picker FACS-1 single
crystal diffractometer equipped with a scin-
tillation counter and pulse height analyzer.
The Laue group, 6/mmm, with hhl reflections
present only for /=2n, indicated that the
probable space group was one of P6ymc, P62c,
and P6;/mmc. Cell dimensions, determined
from least-squares refinement of the setting
angles of 12 reflections, are a = 10.108(6),
¢ = 8.638(9). The density determined by water
displacement is 7.99 g/cm?; the calculated den-
sity for Z=4 is 7.94 g/cm® An absorption
correction was made based on g = 525.2cm™.
the corresponding transmission factors ranged
from 0.031 to 0.088. Data were processed as
previously described (5). All reflections with
20 less than 40° and all reflections with +A4, +k,
+1, with 20 between 40 and 70° were measured.
A total of 5189 reflections were processed of
which 2595 had F,? > 3¢ (F,*) and were con-
sidered observed. Those related by symmetry
were averaged, so that the final structure deter-
mination was based on 401 independent
reflections.

The Structure Model and Refinement

The initial examination of the data revealed
that all the intense Ak0 reflections could be as-
signed to a subcell with a dgpeen = @32 A
vector map showed that all of the heavy scat-
terers lay on the 00z; 4, £, z; and 4, 4, z lines.
An electron density projection down the ¢
axis showed no other heavy atom locations.
By working with the subcell it was determined
that the true cell x, y coordinates are at least
closeto0,0;4,%;and %, { forPtand 4,0; %, 0;
1.3:%4,%;0,4;0, % for Ba. Since it was not pos-
sible to place 12 Ba in the other two space
groups so that they would be sufficiently far
apart, P62c was chosen. With the 12 Ba in 6/
at4,0,1, and in 6g at £, 0, 0 an electron density
map showed large peaks for Pt sites at 4, %,
0.10 and %, 2, £. Subsequent work showed ad-
ditional diffracting matter along the 0, 0, z line,
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which, however, was not well resolved into
individual peaks. A maximum at0,0, 0.15 was
used as a Pt site. Difference electron density
maps were used to locate sites sufficient to ac-
commodate 30 oxygen atoms.

Least-squares refinement with anisotropic
thermal parameters for the heavy atoms re-
sulted in very large thermal anisotropy for the
Pt atom at §, %, 3 with a particularly large
amplitude of vibration in the ¢ axis direction.
At this stage the R factor was about 159.
Splitting the 4, %, $ site into five parts, one
above, one below, and three in an equilateral
triangle centered on the 4, %, z line created a
trigonal bipyramid of sites. These sites were
tested for partial occupancy by allowing the
population parameters to vary. The sum of
these partial occupancies indicated very nearly
one Pt atom in the vicinity of §, £, 3, and, with
isotropic temperature factors for these atoms,
resulted in a reduction in R to about 109,.
Placing a total of 2 Pt atoms along the 0, 0, z
line by partial occupation of two four-fold
positions reduced R to about 9%, and cor-
recting for anomalous dispersion reduced R
to 8.59%. (If only the 228 most intense reflec-
tions were considered, R could be reduced to
about 59;.) Efforts to relax parameter restric-
tions by using less symmetric space groups (for
example, P31¢) did not help, nor did efforts to
develop an ordered model with fully occupied
sites by tripling the c¢-axis effect any improve-
ment. Varying the population parameters for
the oxygen atoms did suggest a way to reduce
the total number of oxygens to 28 per cell, so
that the formula for the model became close to
Ba,Pt,0,. However, there was still indication
on difference maps for some additional scat-
tering matter alongthe0, 0, z line, including the
origin. By introducing such additional frac-
tional contributions, R was reduced to 8 9, and
probably could be reduced further. The chief
conclusion is that the formula should be writ-
ten Ba,Pt,, O, ,, rather than writing it in a
way which suggests a fixed composition.

Atomic scattering factors for neutral atoms
and the real and imaginary parts of the anoma-
lous dispersion corrections were taken from
the International Tables (6). Atomic scattering
factors from the tabulation of Cromer and
Waber (7) were also tried but made no
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TABLE I
ATOMIC PARAMETERS FOR BasPt,0,,% SPACE GROUP P62¢ (No. 190)
Population

Position

Atom

0
9

0
49(14)

46(18)
142(21)
26(4)

569(54)
386(25)

142(20)

284
52

72(17)

223(25)
52

114(19)

3

0
0.0907(6)
0.6984(18)

0.0192(7)
0
3
%

0.3337(8)
0.6646(9)
3
3

6h
6g
af
4f

Ba(l)
Ba(2)
Pi(1)
Pt(2)
Pt(3)
Pt(4)
Pt(5)
Pt(6)
o(1)

35(19)

80
381(96)
133(72)

3
0.1554(12)

0.7378(16)

0.4025(15)

6h

0

107¢31) 40(11)

80

0
0 0.0877(15)
0 0

0
0
0

4e
4e
2a

95(54)
38
348(186)

298(211)
the population parameter was held at a fixed value.

0.336(5)

0.643(5)

0.170(10)
0

0.824(4)
0.168(5)

0.140(11)
0.156(12)

12i
6k
6k
6g

0(2)
o(3)
o4

< After initial refinement indicated a total of 1.0 Pt spread over five sites,

¢ Thermal parameters multiplied by 10%.

b Variable held at a fixed value.
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difference in the refinement. However, the two
possible anomalous dispersion corrections
differed in their effect on R by about 0.01(R ~
0.09 and R ~ 0.08). All calculations were car-
ried out with the program package ‘“The X-
Ray System” (8). Unit weights were used in the
final refinements (on F). Except for the tem-
perature factor for O(2), which tended to go
negative, all positional and thermal par-
ameters were refined simultaneously, although
only isotropic temperature factors were con-
sidered justified for oxygen and low popula-
tion parameter platinum atoms. Atomic par-
ameters are given in Table I, bond lengths and
angles in Table I1, and observed and calculated
structure factors in Table III.

The stereo illustration of the unit cell con-
tents, plus a few atoms outside the cell (Fig. 1),
a drawing of the interior Pt environment (Fig.
2), and a drawing of the Pt coordination poly-
hedra (Fig. 3) were prepared using ORTEP
(9).

Discussion

The essentially four-layer stacking sequence
is of the double hexagonal (4BAB) type. As
shown in Fig. 1, one oxygen is missing from
each Ba;O, “A” layer, and three oxygens are
missing from each “B” layer. Since there is a
full complement of 12 Ba in the unit cell, the
actual O content depends on the number of
Pt atoms and their charge. The oxygen con-
tent shown corresponds to the composition
Ba,Pt,0,. Positions are available to make the
composition of all layers Ba;O,; however,
the omission of O atoms in the structure is
consistent with the shori average interlayer
spacing of 2.15 A (vs the 2.3 or 2.4 A values
usually found for close-packed structures with
oxygen or BaO, layers).

The face-sharing pairs of octahedra (Pt,0,
groups) in the interior of the cell are connected
in the c direction by platinum distributed on a
trigonal bipyramid of sites, a total of one
platinum over the five sites. These sites are too
close to allow more than one to be occupied
at a time. They do allow, however, two kinds
of platinum environment, one of which is
planar with bond lengths of 2.15 A (2x) and
2.19 A (2x), and the other trigonal prismatic
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TABLE II

INTERATOMIC DISTANCES AND ANGLES OF Ba;Pt,0,

Distances
Ba(1)-O(1) 2614 A 2x Pt@)-O3)A 1.79(7) 3x
3.143)  2x -0@) 2077 3x
-0Q2) 2.71(4) -Pt4)  1.64(2)
2.97(4) 0.58(1)
-0(3) 2.50(13) 2.68(2)
3.18(1) -Pt(5)  2.10(1)"
-0(4) 2757 2« 2.22(1)"
Ba(2-0O(1) 2.92(4) 2x -Pi(6)  1.34(1)
2.98(4)  2x 2.98(1)
-0(2) 2822 2x Pi(5)-0(3)  2.12(6) 3«
—0(3) 2.84(7)  2x -0(4)  1758) 3x
0@ 294(1) 2x —Pt(5)  1.52(1)°
2.80(1)
-Pt(6)  0.58(1)
Pu(1)-O(1) 2.02(3)  3x P6)-O(3)  2.68(5) 6x
-0(2) 2.08(2) 3x ~O(4)  1.5709) 3x
-Pt(l) 2.75(1) oM-0O(1)  2.73(4) 2x
-Pt(2) 2.50(2) -0@2)  2.97(4)
P(2)-O(1) 2.00(3)  3x 3.17(4)
2.653)  3x -0@)  3.16(12)
-Pt(2) 0.85(2)° 0Q2)-0(2)  2.71(4) 2x
—Pt3) 0.84(1)  3x -0(3) 31312
P(3)-O(1) 2.15(4)  2x 0(3)-0(3)  2.76(12) 2x
2.19(4) 2« -0@) 2557 2x
-Pt(3) 1.23(2)" 2.81(9) 2x
O@-0@)  2.73(15) 2x
Angles

O(1)-Pt(1)-O(1)  85(1)
O()-Pt(1)-0(2)  93(1)
O(1)-Pt(1)-O(2) 101(1)
O(1)-PH1)-0Q2) 173(2)
OQ2)-PH(1)-0(2)  81(1)
O(1)-Pt(2)-O(1)  86(1)
O(1)-Pt(3)-0(1) 103(2)
O(1y-Pt(3)-0O(1)’ 101(2)
O(1)-Pt3)-0(1)"  78(2)
O(1)-Pt(3)-O(1) 176(1)
O(3)-Pt(4)-0(3) 101(2)
O(4)-Pt(4)-0(4)  82(2)
O(3)-Pt(@)-0O(4)  82(2)
O(3)-Pt(#)-0@) 932
0(3)-Pt(#)-0(4) 165(2)

@ For short interatomic distances, both atoms cannot be present simultaneously.

with bond lengths 2.00 A (3x) and 2.65 A (3x).  bond lengths for the close approaches in the
That these sites result in plausible planar ar- other lend credibility to the result.
rangements in the one case and reasonable Along the 0, 0 line there are several partially
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TABLE III

OBSERVED AND CALCULATED STRUCTURE FACTORS?

8,0,0 B,0,1 7 616 -63s H,0,} w,7,3 N837 -1 1 90 799 A T4 7S w40 1 11s8. 1093
W0 uze -Ju3 12 aae T4 9 930 -973 2 363 -412
1 366 -368 1403 -v22 18 431 109 12058 -2130 8 712 g9 Ho1,5 U806 419 4 1200 -1023 3 798 -179
39639 9780 4 891 -99a 42626 ismy Hi2,6 5 ase w9 w975 973
6 T6T5 7577 5 287 -lug 01,2 336 1w 8,64 2 139 -209 w27 T 819 -:17 5 601 =620
3 4397 4534 7 a1 -109% L1787 -1688 1 em Te5 2 2352 -2887 B 435 370 6 742 -~68u
2 3352 331@ 10 eze -609 7 43% w316 5 2337 2351 D 3973 w026 S5 573 -6uz 3 I17B 1210 3 SN} wu@ Toum 673
3362 -wa3 M wge ~v27 ) 439 -437 7 866 ~702 ) 2427 4175 & 81 387 % 8IS M7 1122 -1189 H,5,9 v bie =553
14990 <334 4 3123 2977 8 2127 2126 6 1433 1510 8 18 -Su€ 5 2023 -1886 6 662 €21 9 787 =130
n.1.0 5 JuS  -383 10 1135 -3930 8 309 -258 9 £93 84S 6 1022 991 7 1204 -1225 5 918 -90%
H3 1 b 668 -689 11 2018 1994 9 w3 452 12 S70 545 7 618 6ea 16 825 -y32 1506 506 W2,
1 3687 . 3297 71943 2097 13§85 -921 12 83 32% ¥ 1108 -1218 8 47 -uy2
3285 -wl5 2 483 -3 9 ST -p13 8,2,5 3 o 30 43,7 21207 1247
4 198 1948 4 95T 928 10 822 1007 W1, Hev,4 19 657 551 H,6,8 3 %52 577
5 402 =507 4 260 -157 12 458 -« N 31T -385 11 580 -BAW + 1336 1210 4 780 -777
o 340 w1 S 896 -8us 13 546 606 2 2572 -2708 12947 -3206 4 752 930 S ads  -w32 6 437 326 5019 1122
7 170 1781 6 1257 1197 32095 214 2 309 -39 7 932 1355 H.3,6 71043 1935 7oan =757
8 u3g -8y 8 669  -679 H,2,2 4 345 128 43995 -3136 10 708 739 10 619 651 R,0,9 8 651 768
9 406 475 9 1119 1024 5 1696 -1633 5 361 u0s 4 615 595
0 1960 1468 11 425 -31S 2 5323 -u123 61020 e & 3% 453 03,5 5 1165 1127 Heu,? 1 u98 520
2 kN3 430 12 W9 13t 4 %1 -55% 8 1511 -1} 7 2415 -2:289 6 337 -508 2 %63 -680
31660 1583 5 3261 2908 J 1103 1126 9 4te  ae7 & 606 -804 7 S&3 836 5 1070 1981 5 606 -520
Heoo 7568 =677 17 1745 1230 10 1813 -1530 5 A0y -367 B 110 1eal 6 1221 -105% B 586 -530 5
He2,0 8 2198 207R 12 914 1000 12 423 377 7 563  -531 19 53 585 8 813 810 9 wd  -&u 7
y 375 -3us 30 S1E -52) 13 6t -T2 Y1 433 -3@6 i1 1835 9.5 9 658 -83¢ 3
21623 1671w 1102 125 11 .3 -892 #,2,3 w9
+ wN2 -e87 6 W74 -23u H,2,4 4,8,5 2,6 ,5,7
5 1824 1893 T 1310 1352 H,3,2 3 2608 -2406 PE-11] 58U
7 491 5§19 356 -i%8 G 1643 1873 23129 -3604 5 1156 -126H & 1180 -123) 6 825 W25 5 S§¢ 317
8 1437 1489 10 92 87) 30957 636 5 Ju6 ~15) 4 4 s6b 6 807 722 S 646 7G5 7 1017 -1955 7 512 51 5
2 @57 -380 1) €67 €76 4 664 -628 6 1834 -1830 5 2800 -2648 O €23 -625 6 593 358 g 335  ~75 @ 535 3150 6
11787 1702 6 49> 5u7 71289 1235 7 4% 575 9 €13 <29 7 L3 -698 9 s1t -5 7
775D =575 9 1837 <1591 8 1899 1903 8 671 618 1,6,7 10 626 -ub
H,2,0 9 363 326 131083 1013 1 uk 450 3,5,5 s 566 551 K510
3I2 =361 17193 -1200 11 Tan -93% 1 493 -535 7 1005 976 Ho2,9
37572 7407 7 en 880 8 ub? =202 5 851 ton
6 5087 5052 Hes,2 03,3 [ 5,6 3 58 559
9 353 3508 B,6,5 ®,0,8 4 651 -aug H,0,11
12280 ga02 427372373 w1283 -1223 3 1372 115 5 127 -1562 5 579 77
5 595 -390 5 2317 2244 6 Sus 667 7 522 -578 & 99b 953 ) 189 2153 6 50w 308 % 509 292
o 631 -587 TUES1 -S11 9 391 266 7 636 639 11706 16«7 T S80 =513
o, 7818 1067 8 2099 2073 8,7,5 8 537 -9%0 5 968 9M5 B 635 21 W11
4 990 1259 9 489 -u96 10 1913 -936 Hea,0 9 Bl (113 9 69 Al 2 ol 199
5 617 b5% 3 1355 -1391 13 703 Tus 11 M7 1731 3 475 -5t 3 58I -25%
7 1182 27 »o1tis 0% 4 2988 -2790 B,6,6 4,1,8 H,3,9 6 532 -198
3 392 3% 3 80y -793 W,5,7 w4, s 812 510 4,0,6
21118 ttR) 3 gI6 ee7 ? 2016 1984 7 S8y 566 1 1047 -1082 5 653  -500 Ho2,11
11517 -35 5 2290 2905 S 1e8d -fue8 10 1215 -1247 1 33 13101 8 906 856 % 1239 -116Z B 659 576
H,a.3 7 520 <509 6 el 942 21365 1395 11073 -970 4 565 400
6,5,1 31260 -1241 7 317 -1 (A" 3788 90% H,7.6 16518 -503 B,6,9
5 1416 1458 10 a2 393 0 1115 -1083 5 1202 1283 8,301
7552 -3)5 [T ARR R v 925 905 5 2085 2930 7 709 712 7 563 532 Bo4,B 3 106 609
8175 1851 0 2 H,6,2 11917 -329 7 563 562 8 115  1tez 1 618 T1 8 528 eSS
31133 <1219 1) 579 651 8,0,7 21201 -9
B, 6,0 r,6,1 153z -5 Ha9d 11 1187 1053 4 509 wBY 15,9 LTI
1499 446 H,6,4 1 B4y 99 5 1181 -1136
6 3881 3Buo 7 8 -757 5 1774 <1832 4,9,8 2 L3 -5¥6 7 520 536 6 557  4bDu 5 uBl 594
12252 Q31 15 Sud -5uy w,1,2 7683 910 s 4 3N 49172 1128 @ 682 -B18 ?oS8s -u51 6 531 -38§
41336 ~1)e9 12520 -2775 5 557 -w92 10 a7 )
40,0 EIE A 7 osaz 623 1 743 33 HoTu 2z togy 1276 3 1876 1403 2.0,10 4,012
3wl 361 1 €67 931 10 &34 770 #,3,8
T 1191 1z00 bo855  -7%5 Ho8,3 T 1467 <1445 2006 -2010 Los29 =516 0 1251 1692
W 756 762 K92 5 3012 1051 a7 51295 1189 4 T45 <728 3 1547 1355
H,8,0 7 725 =680 H0,5 6 700 708 6 633 693 5 €10 492 b 1129 w54
H,0,2 860D -603 5 1422 1e17 71252 -1389 2 70y 698 5 5i3  wgw T 700 =658
4 1358 1347 6 26D -6)% 3 wail 851 3 1031 -928 H, 3,12
b3S 151 7 540 -630 9 620 €05 5 1095 1006 £.1,18
A w9y -387 10 410 -390 10 732 -886 b tusl -1353 11308 1086

; D

FiG. 1. Stereo view of extended unit cell contents: Ba atoms are labeled, O atoms shown as large circles, Pt
atoms as small circles.
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FiG. 2. Portion of structure showing Pt coordination in interior of cell.



FiG. 3. Stereo view of Pt coordination polyhedra.

occupied sites indicated for platinum; the less
compatible the site is with the oxygen posi-
tions, the lower the population parameter
turns out to be. The effect is that of a column
of scattering matter with several relative
maxima. The same effect could be obtained
with fewer sites and strongly anisotropic ther-
mal motion with large amplitudes of vibra-
tion along z. In this respect it resembles the
chain of Cu atoms in Cu,Mo0;0,, (10) or of
Co atoms in NaCo, 3,Mo0;0;, ({1).

The cell contents of the model are Ba,,-
Pty 3105544, Which lacks 0.2 of an oxygen for
charge balance with Pt(IV) (or has about 0.1 of
a platinum too much). In any case, the charge
balance is reasonably good and suggests that
an acceptable formula might be written
Ba,Pt,,, 05, By filling the available oxygen
sites with oxygen atoms and the octahedra
thereby created with platinum atoms the cell
contents become Ba,,Pt,,0;¢, which corres-
ponds to Ba,Pt,,,0,,,, with x = 1. This is the
key to the matter. As pointed out by Schneider
and McDaniel (3), Ba,Pt,0; is a solid solution.
The composition range indicated by these
authors is 2BaO-PtO, to BaO-PtO,; thus
Ba,Pt,0, is in the middle of the range. A
point of discrepancy between our results and
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those reported by Schneider and McDaniel is
in the relationship between cell size and
composition. These authors indexed their
powder patterns on the basis of an orthorhom-
bic cell with @y, ~ 3Y? yeyy Borin = Ahex, and
Corth ™ Chex, Which, of course, could be essen-
tially the orthohexagonal choice of cell in the
hexagonal system. The orthohexagonal cell
dimensions which we would report are
a=1751, b=10.11, c=8.64 A, which are
closer to the dimensions @ = 17.53, b = 10.09,
c=859 A reported by Schneider and
McDaniel for the 1:1 composition, BaO-
PtO,, than to the values a = 17.62, b = 10.17,
¢ =8.85 for the 2: 1 composition, 2BaO-PtO,,
and so are not quite what would be expected for
the 1.5:1 composition, Ba,Pt,0,. However,
the dimension most sensitive to composition,
¢, does lie within the range reported for the
solid solution. In summary, then, what we
have called Ba,Pt,0, does appear to be a
phase of variable composition, and the struc-
ture model allows for such variability.
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