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Single crystals of the compounds CasOClg, SryOBrg, BagOBrg, and Ba;OI; were obtained by
solid-state reactions. The crystals of Ba;OI, are transparent and colorless and isopointal to K»ZnO;
adopting the orthorhombic space group Ibam (no. 72, Z = 4) with the cell parameters a = 747.20(9),
b=1392.02(18), and ¢ = 678.12(9) pm. Sr4OBrg and Ba;OBrg are isotypic to BasOClg (or isopointal
to K¢ZnOy) and crystallize in the hexagonal space group P63mc (no. 186, Z = 2) exhibiting the cell
parameters a = 982.20(4) and ¢ = 750.41(7) pm for Sr4OBrg and a = 1030.10(2) and ¢ = 785.92(4) pm
for Ba4OBrg. In the ternary systems Ca-O-X (X = Cl, Br or I) the only compound found other than
the starting materials was the already known CasOClg which is also isotypic to Ba;OClg crystallizing
in the hexagonal space group P63mc (no. 186, Z = 2) with the cell parameters a = 903.30(6) and ¢ =

683.27(8) pm.
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Introduction

Recently the ‘pseudo’ alkaline earth metal oxy-
halide Eu,0l, [1] was synthesized and found to adopt
the antitype of the well-known oxide K,ZnO, [2]. A
few weeks later we found by serendipity Sr,Ol, [3]
which is — not too surprisingly — isotypic to Eu,OI5.

Since the ternary oxyhalide compounds of ‘real’ and
‘pseudo’ alkaline earth metals such as Ca, Sr and Ba
or Eu, Sm and Yb [4—19], respectively, have been ex-
plored intensively, it seemed surprising to us that no-
body had ever encountered oxyhalides such as Eu,OlI,
or Sr,0I, before, and that only the well-known oxy-
halides with the stoichiometry M4OXgs (M = Ca, Sr,
Ba, Eu, Sm or Yb and X = CI, Br or I) [4-19] had
been found.

Reading the papers of Frit et al. [8, 12], it seemed
probable to us that the compounds reported next to
BasOXg as ‘BagO5Xg’ (X = Bror 1) [12] and two years
later additionally ‘SrgOslg’ [8] are quite close in stoi-
chiometry to M,0X,. We were able to index the pow-
der diffractograms given for ‘SrgOslg’, ‘BagOsBrg’
and ‘BagOslg’ isotypically to Sr,OlI, and to refine
the cell parameters to results which compared well
to Srp,OI, (Table 1). Thus, we decided to revisit the
ternary AE-O-X systems (AE = Ca, Sr, and Ba; X =Cl,

Br, and I). In this paper we present the syntheses and
the structural characterization of Sr4OBrg, BasOBrg,
and Ba,OlI,.

Experimental Section

Synthesis

All manipulations were performed in a glove box under
purified argon unless stated otherwise. The compounds were
synthesized in two ways using slightly differing starting ma-
terials. The easiest way seemed to be the straightforward use
of a 1:1 molar mixture of SrO or BaO (both Alfa Aesar,
powder, 99.5 %) with SrBr, (Alfa Aesar, powder, ultra dry,
99.995 %), BaBr, (Alfa Aesar, powder, ultra dry, 99.998 %)
or Bal, (Alfa Aesar, powder, ultra dry, 99.995 %), respec-
tively. Unfortunately, this method led exclusively to powders
of either Sr4,OBrg and SrO, BayOBrg and BaO or Ba,Ol,.

The best results in terms of single crystals were achieved
alternatively by a 1:1 molar mixture of the oxide coating
scraped off from either a Sr ingot (Aldrich, ingot, 99 %) or
a Ba rod (Aldrich, rod, > 99 %) with the respective Sr or
Ba halide. The intimately ground starting materials were arc-
welded into a clean Ta container. The metal container was
sealed into an evacuated silica tube. The tube was placed up-
right in a box furnace and heated to 1200 K within 12 h.
After 3 d the furnace was switched off and allowed to cool
to r.t. This method yielded colorless to red plates and nee-
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Table 1. Synopsis of the re-

of the liter-
diffractograms
(assuming a

body-centered orthorhombic unit

cell) with experimental data for

2 All lines not indexed had I <5 % of

Compound Lines indexed /  Refined lattice Experimental lattice ~ Compound
lines reported: parameters (pm) parameters (pm) finement results?
ref. [8, 12] based on literature based on ref. [3] ature powder
data: refs. [8, 12] and this work of ‘AE9Os5Xg’
‘SrgOslg’ [8] 745.2(5) 741.23(11) Sr, 01, [3]
(PDF 21-1185) 22/23 1298.3(7) 1295.5(3)
649.2(3) 647.5(1) Sr,0I, and Ba; Ol;.
‘BagOsBrg’ [12] 726.9(5)
(PDF 19-118) 22/25 1300.4(10) ? ?
658.6(5)
‘BagOslg’ [12] 749.2(8) 747.2009) Ba, 0l
(PDF 19-119) 22/22 1390.9(14) 1392.0(2) This work
674.7(7) 678.12(9) Imax.

Table 2. Details of the X-ray single crystal structure determination on CaqOClg, Sr4OBrg, BayOBrg and BayOI;.

Compound
Space group (no.), Z
CSD number
Lattice parameters: a, pm
b, pm
¢, pm
Calculated density, g cm ™3
Crystal color
Crystal shape
Crystal size, mm
Diffractometer
Radiation;
monochromator;
temperature, K
Ranges, 26max; h, &, |

3

Distance detector-crystal, mm
Number of frames

Exposure time, sec

Data correction

u, mm~!

Measured reflections

Unique reflections

Unique reflections with F, > 46 (F,)

Rint

Refined parameters

Flack parameter x [25]
Weight factors x/y
R1%/wR2®/ GooF® (all refls.)
Max. shift/esd,

last refinement cycle

Res. electron density:
max./min., e A3

CayOClg

P63mc, (186), 2
418946

903.30(6)

a

683.27(8)

2.68

transparent colorless
needle

0.14 x 0.02 x 0.02

59.22°; —10 — 11,
-8 —12,+9

40

782

10

LP

3.84

3813

532

472

0.063

26

0.27(13)
0.0144/0.170800
0.036/0.052/1.140
< 0.00005

0.42 (186 pm to CI12) /
—0.57 (238 pm to CI2)

Sr4OBr6

P63mc, (186), 2
418452

982.20(4)

a

750.41(7)

4.48

transparent colorless
rectangular lath
0.14 x 0.03 x 0.03

BayOBrg

P63mc, (186), 2
391435

1030.10(2)

a

785.92(4)

4.81

transparent light blue
elongated block

0.12 x0.10 x 0.03

Bruker X8 Apex II equipped with a 4 K CCD
MoKy (A =71.073 pm); graphite; 173(2)

60.29°; —11 — 13,
+13, 10

40

840

30

LP, SADABS [22]
35.99

5685

722

605

0.091

25

0.04(4)

0.0065/0
0.042/0.050/1.040
< 0.00005

0.83 (60 pm to Srl) /
—0.88 (240 pm to Br2)

70.13°; +16,
—11 — 16, £12
40

951

10

LP, SADABS [22]
27.31

8548

1214

1151

0.057

25

0.003(19)
0.0228/0
0.031/0.061/1.155
< 0.00005

1.03 (118 pm to Ba2) /
—2.01 (308 pm to Br2)

Ba; Ol

Ibma, (72), 4
391434

747.2009)
1392.02(18)
678.12(9)

5.13

transparent colorless
rectangular lath
0.16 x 0.04 x 0.02

66.38°; —10 — 7,
—17—21,—-8—9
40

2004

15

LP, SADABS [22]
19.73

2624

625

584

0.042

17

0.0204/11.0555
0.028/0.075/1.287
0.0001

1.46 (122 pm to Ba) /
—1.72 (183 pmtoI)

ARl = Z||Fy| — |Fe|| /E|Fo|: ® WR2 = [Ew(F,2 — F.2)2 JZ(WFy2)2) /2 w = 1/[62(Fy?) + (xP)2 + yP with P = [(F,2) +2F.%]/3; ¢ GooF: S =

[EW(FOZ - Fcz)z/(” _P)]l/z

dles of Srq4OBrg, colorless, transparent hexagonal needles
of BayOBrg, or colorless, transparent lath-shaped crystals of

Ba,OI, as main products. The rest of the reaction mass con-

sisted of excess alkaline earth metal and material encrusted

into it.

We also tried to synthesize the corresponding CaqOBrg,
CayOlg, CayOBr, and CayOl,. These attempts resulted in
the recovery of recrystallized educts, whereas reactions aim-

, with n being the number of reflections and p being the number of parameters.

Crystallographic studies

ing at CayOCl, yielded single crystals of CasOClg next to
remaining starting materials.

Samples of the reaction mixtures were removed from the

glove box in polybutene oil (Aldrich, M, ~ 320, isobuty-
lene >90 %) for single-crystal selection. Suitable single
crystals of SryOBrg, BajOBrg and BayOl, were selected
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Table 3. Atomic coordinates and equivalent isotropic
displacement parameters (pm?) of CasOClg, SrsOBrg,
BayOBrg, (all P63mc, no. 186), Sr,OI, [3] (for comparison),
and BayOl,. (The latter two adopt the space group Ibma,
no. 72).

Atom W.-Site x y z Ueq
Cal 2b 1/3 2/3 0.42790(20) 117(4)
Ca2 6¢c  0.19804(5) —x —0.00022(10) 85(2)
cl1 6¢c  0.46371(6) —x 0.70802(16) 97(2)
CI2 6¢c  0.13667(7) —x 0.38453(15) 113(2)
(0} 2b 1/3 2/3 0.1066(7) 49(11)
Srl 26 23 1/3 0.5833(2) 100(3)
Sr2 6¢  0.80003(5) —x 0.99841(9) 80(2)
Brl 6¢c  0.53372(5) —x 0.29416(10) 103(2)
Br2 6¢c  0.86245(5) —x 0.61183(11) 113(2)
(0} 26 23 1/3 0.8988(12) 67(22)
Bal 2b 1/3 2/3 0.41868(9)  89(1)
Ba2 6¢c  0.19868(2) —x 0.00016(5)  71(1)
Brl 6c  0.46992(4) —x 0.70781(9)  94(1)
Br2 6¢c  0.14167(4) —x 0.39436(10) 120(1)
(0} 2b 1/3 2/3 0.0999(11)  43(13)
Sr 8j  0.17227(5) 0.59013(3) O 116(1)
1 8j  0.14836(3) 0.84922(2) O 148(1)
(0} 4b 12 0 1/4 108(8)
Ba 8j  0.17507(6) 0.59392(3) O 100(2)
I 87  0.15813(7) 0.84990(3) O 128(2)
(0} 4b 12 0 1/4 121(15)

Fig. 1. Perspective view of the unit cell of AE4OXg along the
¢ axis. The coordination tetrahedra about 02~ are drawn as
white hatched, O~ and X~ are displayed as crossed black
and light grey circles, respectively. AE atoms are omitted for
clarity. Displacement ellipsoids are drawn at the 95 % prob-
ability level.

under a polarization microscope, mounted in a drop of poly-
butene sustained in a plastic loop, and placed onto the go-
niometer. A cold stream of nitrogen (7" = 173(2) K) froze
the polybutene oil, thus keeping the crystal stationary and
protected from oxygen and moisture from the air. Prelimi-
nary examination and subsequent data collection were per-

Fig. 2. Perspective view of the unit cell of BayOI, along the
¢ axis. The coordination tetrahedra about 02~ are drawn as
white hatched, O?~ and I~ are displayed as crossed black
and light grey circles, respectively. Displacement ellipsoids
are drawn at the 95 % probability level.

Fig. 3. Synopsis of an isolated tetrahedron taken from
BayOBryg (left) and two tetrahedra taken from Bay OI; (right).
Ba?* is displayed as crossed white circles, otherwise the
same color code is applied as in Figs. 1 and 2.

formed on a Bruker X8 Apex II diffractometer equipped
with a 4 K CCD detector and graphite-monochromatized
MoKy radiation (A = 71.073 pm). The orientation matrix
and the respective lattice parameters were obtained by us-
ing APEX2 [20]. The program SAINT [21] was used to inte-
grate the data. An empirical absorption correction was ap-
plied using SADABS [22]. The initial input file for solv-
ing the crystal structures was prepared by XPREP [23]. The
atomic coordinates of CagOClg [4] or Sr,Ol, [3], respec-
tively, were used as starting models which were refined by
full-matrix least-squares techniques with SHELXL-97 [24].
The refinements converged and resulted in stable models for
the crystal structures of Ba;OBrg and Ba;Ol,. For CayOClg,
a twin option had to be introduced since the crystal was
found to be an inversion twin with a twin ratio of approx-
imately 3:1. Sr4sOBrg had the other absolute structure as
indicated by the Flack parameter x [25] and was inverted.
After refining the inverted structure, the final Flack para-
meter x of 0.04(4) indicated the correct absolute structure
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Atom Un Ua Uss [ Uz [ Table 4. Anisotropic displacement
Cal 139(6) U 72(6) 0 0 70(3) parameters Uija (pmz) of CayOClg,
Ca2 90(4) Un 85(4) 12) ~12) 53(4) Sr4OBrg, BasOBrg, and Ba,Ol,.
Cl1 99(4) Uy 103(4) 2(2) —-2(2) 58(5)

C12 96(4) Uyl 118(4) —5(2) 5(2) 27(5)

(0] 44(18) Ul 61(20) 0 0 22(9)

Srl 119(5) Ury 63(6) 0 0 59(2)

Sr2 81(3) Uiy 84(3) 7(2) —7(2) 45(4)

Brl 104(3) Uy 98(4) 1(2) —-1(2) 50(4)

Br2 92(3) Uyl 130(4) —12(2) 12(2) 27(4)

(0] 86(37) Uyl 31(42) 0 0 43(18)

Bal 93(2) Uy 81(3) 0 0 4709)

Ba2 57(1) Uiy 104(2) 4(2) —4(1) 31(1)

Brl 89(2) Un 101(3) —6(1) 6(1) 44(3)

B2 83(2) Un 155(3) —16(1) 16(1) 14(2) 2 The anisotropic displacement
0 10(20) Un 107(35) 0 0 5(10) factor takes the form: Ujj = exp
Ba 126(3) 91(2) 84(3) 0 0 “301)  [2mA(RPaUy + KPDPUn +
I 147(3) 117(3) 119(3) 0 0 —22(2) 12c¢?Uys  +  2klb*c*Ux  +
(0] 169(38) 135(34) 58(36) 0 0 0 2hla*c*Uy3 +2hka*b*U12)].

model. Additional crystallographic details are summarized in
Table 2.

Atomic coordinates and equivalent isotropic displacement
coefficients are shown in Table 3, and Table 4 displays the
anisotropic displacement parameters.

Further details of the crystal structure investigations can
be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (49) 7247-
808-666; e-mail: crysdata@fiz-karlsruhe.de), on quoting the
deposition number CSD-418946 for CayOClg, CSD-418452
for Sr4OBrg, CSD-391435 for BayOBrg and CSD-391434
for Ba,OI,.

Results and Discussion

Crystal structures

Metal oxyhalides of the M;OXs type have been
well-known for a long time whereas M>0OlI, com-
pounds were only recently identified. The title com-
pounds are isopointal to K¢ZnOy4 [26] and to K»ZnO,
[2], respectively. While the structure types have been
described in great detail [4 —19], we focus here on the
description as a close-packed arrangement of the metal
atoms. In the M4OXg structures, the M atoms form a
hexagonal close packing in which half of the halide
atoms occupy three quarters of the octahedral voids
while the remaining halogen and the oxygen atoms are
located in 50 % of the tetrahedral voids. This can be
expressed in short as My ((0X3)°(0X30;0)". Therefore,
the [M,O1°7 tetrahedra are strictly separated from each
other and held together by the halide anions.

The M,0lI, type can be regarded as a stuffed varia-
tion of the SiS, structure which itself is derived from

the CaF, structure [27]. The metal atoms are in a cu-
bic close packed arrangement in which one quarter of
the tetrahedral voids is occupied by oxygen atoms to
form 1D chains of trans-edge sharing, oxygen centered
tetrahedra which can be expressed as L [M, 2 O]**. This
can be described as M,(030)'(1,)°, since the iodine
atoms occupy the octahedral voids and hold together
the chains of cationic tetrahedra.

Table 5 gives an overview of compounds containing
[M40] tetrahedra as a prominent structural motif in-
cluding the title compounds, isotypic compounds and
the suboxide NaBa,O [28]. In the case of the M;OXg-
type compounds, the M—O-M angles in the isolated
[M4O] tetrahedra are close to the ideal tetrahedral an-
gle of 109.5°, deviating maximally by £2°, but for the
M,0I, compounds and for NaBa,O as well, the de-
viation ranges from 6 to 12°. This ‘squashing’ of the
tetrahedra is a consequence of the trans-edge sharing
connectivity pattern.

All distances are approximately in the expected
range set by the sums of the pertinent ionic radii [29],
but the M—O distances are shorter than expected by this
concept (Table 5).

Conclusion

The compounds previously described as ‘SrgOslg’
and ‘BagOslg’ were found to be Sr,OI, [3] and
Ba,Ol,, respectively, as expected after the indexing
and refinement of the reported X-ray powder diffrac-
tograms (Table 1). Neither ‘Sr,OBr;’ nor ‘Ba;OBry’
could be obtained, of which we had expected to find
at least the latter one (Table 1). Instead, Sr4OBrg and
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Table 5. Selected atomic distances (pm) and angles (deg) of M40Xg-type compounds, of M,OlI,-type compounds (M = Ca,

Sr, Ba, Eu, Sm or Yb and X = Cl, Br or I) and of NaBa,O.

Range of Tonic radii Range of Range of Tonic radii sum: Ref.

d(O-M) sum: ref. [29] tetrahedral angles d(X-M) ref. [29]
CasOClg 220.1-224.8 238 109.0-110.0 281.3-352.8 281 [4]
CayOClg 219.6-223.9 238 109.0-109.9 279.9-351.3 281 This work
Sr4OClg 234.9-236.6 256 108.6-110.4 296.0-363.9 299 [5]
BasOClg 250.1-251.0 273 107.6-111.3 311.6-376.0 316 [11]
Sr4OBrg 236.8-238.9 256 108.2-110.7 308.9-375.8 314 This work
BasOBrg 250.5-252.7 273 108.1-110.8 326.1-388.2 331 This work
Sr40l¢ 236.6-239.4 256 108.8—-110.2 336.6-408.7 338 [9]
Ba, Ol 254.2-255.5 273 107.6-111.3 355.6-408.6 355 [13]
EusOClg 237.5-236.2 255 107.8-111.1 295.9-361.2 298 [17]
Eu4OBrg 236.8-239.3 255 108.8-110.8 308.1-374.9 313 [17]
Euy Ol 239.1-241.7 255 108.2-110.9 329.1-396.2 337 [18]
Sm4OClg 236.1-237.6 260 108.3-110.7 296.5-362.4 303 [14]
SmyOBrg 237.9-240.5 260 108.2-110.7 310.4-375.7 318 [15]
Smy0lg 239.3-243.6 260 108.0-110.9 330.6-396.5 332 [16]
Yb4OClg 224.5-228.9 240 108.9-110.0 283.5-352.7 283 [20]
Sr, 0l 236.9 256 93.8-121.0 336.1-361.5 338 [3]
Eu,0I, 239.0 255 94.5-120.1 338.2-363.9 337 [1]
Ba, 0l 250.9 273 95.0-117.2 356.6-369.6 355 This work
NaBa, 0 252.9 273 98.6-116.3 - - [28]

BayOBrg were isolated. These compounds were struc-
turally characterized for the first time and are members
of the AE4OXg family (AE = Ca, Sr, Ba; X = Cl, Br,
I). This family is complete except for CasOXg (X =
Br or I). The only Ca-containing compound we were
able to synthesize was the well-known Ca;OClg which
was the only compound other than the starting mate-

rials to be formed in the Ca-O-X (X = Cl, Br or I)
system.
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