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Abstract

Mixtures of M-MO; with M=Mo, W react with an excess of alkali metal amides ANH, (A=K, Rb, Cs) in autoclaves at
600 °C to yield red and yellow crystals respectively, of oxo nitrido dimetallates(VI) of general composition Aj[M,X;] embedded
in alkali metal. The alkali metal is washed out by liquid ammonia at room temperature.

The structures were determined from X-ray single-crystal data. They are monoclinic with the K [Co,0,] structure type,
Z=2, with the following unit cell parameters:

a (&) b (A) c (&) B (deg)
K[Mo,N,O5] 6.721(3) 9.490(6) 9.582(4) 92.07(4)
K[W,N,0;] 6.720(2) 9.473(1) 9.581(2) 91.99(2)
Rbg[Mo,N,0;] 6.960(2) 9.766(2) 9.827(2) 92.02(2)
Rbg[W.N,0;] 6.977(2) 9.768(4) 9.861(2) 91.87(2)
Cse[Mo,N,0,] 7.305(2) 10.108(7) 10.204(4) 91.53(3)
Cs[W,N,0,] 7.284(3) 10.045(5) 10.174(5) 91.54(3)

The title compounds contain corner-sharing double tetrahedra units [M,X,]®~. The ligands X=N, O are distributed statistically.
The anions {M,X,]®~ are stacked together following the motif of a distorted body-centred arrangement connected by alkali
metal ions.
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1. Introduction 2. Experimental details

. ‘o . Transparent red (M =Mo) and yellow (M =W) crys-

In the course of our investigations on ternary alkali - A
metal nitrides of transition metals we reported the oxo tals c_>f AdMX,] (A=,K’ Rb, Cs; 7X =30 and 4N) are
nitrido metallates Na,[MoN,O,] (M =Mo, W) [1] and obtained by the reaction of MO, (MoO, ACS purity,
K([W,N,0] [2]. The sodium compounds contain iso- WO; 99.7%; Ventron GmbH, Karlsruhe) with the cor-

- . ding alkali metal amide (from alkali metals, K
lated tetrahedra [MX,]*~, whereas for the potassium responding ’
compound corner-sharing double tetrahedra [W,X;]¢~ 98% Fluka AG, Neu-Ulm, Rb 99.8% Johnson Matthey

are found. So we expected a higher degree of connection GmbH, 'Karlsruhe,‘ Cs reinst, Merck AG, Da}'msta.dt
between the coordination tetrahedra of the transition and hoquld ammonia, NH, 29'999% Messer Gnesh.elm
metals in compounds with larger alkali metals. However, at 80 °C apd 70 ba.r) at 600 °C for 6 days. The reactions
we found structures isotypic with that of the potassium were carried out in autoclaves for salt melts (Ipconel
compound. Thus we report here about the synthesis 625, no. 2.4856) to prevent early decomposition 0‘.‘:
and structural characterization of all six compounds ﬁrﬁlgrgﬁeﬁ,egzazgi:};i 331‘:’1 ymzegfa(ggz‘:% lgnsa nTEé
AdM:N,O,] with A=K, Rb, Cs and M=Mo, W. solid starting materials were loaded into an Al,O,

- . . 3 v
*Dedicated to Professor Hugo F. Franzeu on the occasion of his crucible W'lth a volume of abPUt 3, cm® within the
60th birthday. autoclave in a glove.-bg)x. St.artmg with pure MO, as
*Corresponding author. one educt the oxo nitrido dimetallates are byproducts
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Table 2

Atomic coordinates and isotropic thermal displacement parameters B (AZ) for AM,X,] with A=K, Rb, Cs, M=Mo, W and 7X=4N, 30

(solutions in P2,/n, X(1) in site 2c, all other atoms in site 4e)

Ko[Mo,N,Os] K{[W.N,0;] Rbg[Mo,N,0;] Rbg[W,N,O;] Csg[Mo,N,0;] CsefW>N,O;]
x(M) 0.94660(8) 0.94713(5) 0.9514(2) 0.95146(8) 0.9553(2) 0.95598(8)
y(M) 0.14213(6) 0.14131(3) 0.1380(1) 0.13717(6) 0.1331(2) 0.1322(1)
Z(M) 0.63360(6) 0.63315(3) 0.6315(1) 0.63068(6) 0.6282(2) 0.62722(9)
B(M) 0.844(5) 0.640(4) 0.76(1) 0.807(6) 0.94(2) 1.03(1)
*[AQ)] 0.2522(3) 0.2523(3) 0.2543(2) 0.2537(2) 0.2538(2) 0.2536(1)
y[AD)] 0.0236(2) 0.0234(2) 0.0229(2) 0.0230(2) 0.0247(2) 0.0246(2)
2[AQ1)] 0.0508(2) 0.0497(3) 0.0532(2) 0.0518(2) 0.0545(1) 0.0529(2)
B[A(1)] 1.73(3) 1.46(3) 1.57(2) 1.75(2) 1.84(2) 1.56(3)
*[AQR)] 0.3798(3) 0.3839(4) 0.3846(3) 0.3871(2) 0.3850(2) 0.3884(2)
yIAQ)] 0.1539(2) 0.1533(3) 0.1501(2) 0.1506(2) 0.1485(2) 0.1481(2)
2[A(2)] 0.4319(2) 0.4309(3) 0.4257(2) 0.4248(2) 0.4205(2) 0.4182(2)
BIA(2)] 2.27(3) 2.04(4) 1.96(3) 2.08(3) 2.02(3) 1.77(3)
£[A(3)] 0.8718(3) 0.8756(4) 0.8777(2) 0.8798(2) 0.8806(2) 0.8832(2)
YIA(3)] 0.2062(2) 0.2095(3) 0.2117(2) 0.2135(2) 0.2170(2) 0.2194(2)
Z[A(3)] 0.2820(2) 0.2810(3) 0.2818(2) 0.2802(2) 0.2794(1) 0.2778(2)
B[A(3)] 2.25(3) 1.88(4) 1.722) 1.84(3) 1.80(2) 1.53(3)
x[X(1)] 0 0 0 0 0 0
YIX(1)] 0 0 0 0 0 0
2[X(1)] 12 12 12 12 12 12
B[X(1)] 3.9(2) 4.7(4) 3.9(5) 3.0(4) 43(6) 3.5(6)
x[X(2)] 0.5692(9) 0.567(1) 0.568(2) 0.568(2) 0.567(2) 0.563(2)
YIX(2)] 0.1994(7) 0.1976(9) 0.209(1) 0.209(1) 0.216(2) 0.219(2)
2[X(2)] 0.0756(7) 0.0754(9) 0.076(1) 0.077(2) 0.075(2) 0.073(2)
B[X(2)] 2.1(1) 1.8(1) 1.9(2) 2.3(2) 2.2(3) 2.1(3)
X[X(3)] 0.682(1) 0.684(1) 0.698(2) 0.697(2) 0.715(2) 0.713(2)
YIX(3)] 0.1723(9) 0.171(1) 0.169(2) 0.165(2) 0.160(2) 0.159(2)
2[X3)] 0.6422(9) 0.640(1) 0.643(1) 0.637(2) 0.639(2) 0.640(2)
B[X(3)] 2.5(1) 2.12) 1.9(3) 2.4(3) 2.2(4) 1.7(4)
AX(4)] 0.050(1) 0.049(1) 0.054(2) 0.048(2) 0.054(2) 0.053(2)
yIX(4)] 0.0933(7) 0.093(1) 0.089(2) 0.089(2) 0.085(2) 0.078(2)
2[X(4))] 0.8057(7) 0.8046(9) 0.797(1) 0.796(1) 0.789(2) 0.784(2)
B[X(4)] 1.6(1) 1.4(1) 1.6(2) 1.5(2) 1.6(3) 2.4(4)

besides other oxides or oxynitrides which are not yet
characterized.

The neat compounds AJM,X,] can be prepared if
an oxygen-transition metal ratio of 3:2 is chosen and
reacted with an excess of ANH, (M:ANH, = 1:6). Best
results are obtained with a mixture of M-MO; with a
small excess of the transition metal (Mo m5N, W m5N,
Johnson Matthey GmbH, Karlsruhe) (M:MO;=
1.05:1). The products may be formed according to the
following reaction:

M + MO3 + 6ANH2 E— A6[M2N4O3] + Nz + 3H2

After the reaction is carried out the crystals are
embedded in solid alkali metal formed by thermal
decomposition of excess alkali metal amide. The alkali
metal is washed out by liquid ammonia at room tem-
perature. The oxo nitrido dimetallates are insoluble in
this solvent.

All six compounds show a high sensitivity towards
moist air. Rapid hydrolysis leads to ammonia and in

the case of A=K, Rb to colourless metallates A,{MO,]
as characterized by their X-ray powder patterns. In
the case of the caesium compounds, hydrolysis proceeds
slowly to other metallates so we could not characterize
them by their X-ray diagrams.

3. Structure determinations and discussion

Intensity data of the monoclinic crystals of all com-
pounds were collected on a four-circle diffractometer
(CAD 4, Enraf Nonius, Delft). The observed reflection
conditions led to the space group P2,/n (no. 14). The
structure calculations (program system spp [3]) showed
that all compounds are isotypic. In Table 1 technical
and crystallographic data concerning the structure de-
terminations are given. In all tables the data of
K¢[W2N,Os] [2] are included for comparison. Tables
2 and 3 give atomic coordinates, isotropic and anisotropic
thermal displacement parameters.
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Table 3
Anisotropic thermal displacement parameters Uy(X10° A?) for AM,X;] with A=K, Rb, Cs, M=Mo, W and 7X=4N, 30 (solutions in
P2,/n)
Ko[Mo;N,Os] K[W,N,05] Rbs[M0:N,O;] Rbs[W,N,0;] Cs6[Mo,N,0s] Cse[W2N,0;]

Un(M) 12.2(1) 10.5(1) 12.4(4) 10.9(2) 14.0(3) 15.9(2)
Un(M) 10.6(1) 5.87(9) 9.7(4) 9.1(2) 6.9(7) 11.3(4)
U (M) 9.4(1) 8.11(9) 7.0(3) 10.9(2) 14.8(7) 11.7(4)
Upa(M) —0.9(2) ~1.0(1) —0.3(5) —0.7(2) ~02(4) ~0.9(3)
Us(M) 2.7(1) 3.11(8) 2.3(3) 2.8(1) —~3.9(4) —1.3(2)
Uss(M) ~1.3(2) ~1.3(1) —0.9(5) —1.4(2) —1.6(6) —0.7(4)
UnlAaQ)] 19.6(6) 15.4(8) 20.9(6) 16.8(6) 22.5(4) 22.0(3)
UnlAQ1)] 20.5(7) 15.1(8) 21.3(6) 20.9(6) 17.4(7) 17.1(7)
Uss[A(1)] 26.0(7) 25.2(9) 18.0(6) 29.0(7) 29.9(7) 20.3(7)
UnlA(D)] ~3.1(6) —2.2(7) ~2.1(6) ~2.8(5) ~3.7(4) —4.0(4)
U[A(1)] 5.9(5) 5.4(7) 4.9(5) 5.4(5) —2.4(4) 0.5(4)
Un[A(D)] —4.3(6) —5.2(7) ~3.2(6) —33(6) ~3.3(6) —43(7)
UnlA(2)] 26.4(7) 24.8(9) 26.4(7) 24.4(6) 26.8(4) 27.3(4)
UnlAQ)] 31.6(9) 24(1) 27.8(8) 24.9(7) 18.9(7) 18.6(8)
UslAQ)] 28.5(7) 29(1) 20.3(6) 29.8(7) 30.7(7) 21.1(8)
Up[A(2)] —5.9(7) —6.0(9) —4.5(7) —4.8(6) ~3.7(5) —25(5)
Us[A(2)] 6.1(6) 5.6(8) 3.7(6) 3.8(6) ~5.5(4) —1.9(4)
Un[A(2)] 1.7(8) 1.99) 2.8(7) 1.4(7) 1.8(6) 1.7(8)
Un[A(3)] 25.0(7) 19.9(9) 21.2(6) 18.7(6) 23.0(4) 23.7(3)
Un[A(3)] 38.0(9) 31(1) 28.9(7) 28.3(7) 21.0(7) 20.4(8)
Uss[A(3)] 22.5(7) 20.2(9) 15.1(6) 22.8(7) 23.9(7) 13.6(7)
ULlAQ3)] 9.7(7) 7.5(9) 5.2(7) 5.5(6) 4.5(4) 4.8(4)
UislA(3)] 1.4(6) —0.6(7) 0.3(5) 0.1(5) ~9.0(4) ~5.6(4)
Un[A(3)] 5.7(7) 5.2(9) 33(7) 4.1(6) 2.7(5) 2.4(8)
Un[X(1)] 80(8) 120(0) 70(20) 60(10) 60(10) 70(10)
UnlX(1)] 41(6) 28(7) 50(10) 15(7) 10(10) 20(10)
Uss[X(1)] 29(4) 32(7) 30(10) 40(10) 100(20) 50(20)
Up[X(1)] —3(6) 4(9) 10(10) —4(8) 0(10) 0(10)
U[X(1)] 15(5) 21(8) 0(10) 21(9) — 40(10) 20(10)
Uns[X(1)] —7(5) ~12(6) —10(10) 0(8) —10(10) 0(20)
Un[X(2)] 24(3) 18(3) 24(6) 16(5) 29(5) 25(4)
Ux,X(2)] 25(3) 18(3) 21(6) 15(5) 10(8) 30(10)
U3[X(2)) 32(3) 31(4) 28(6) 55(9) 44(9) 25(9)
Ui[X(2)} 4(2) 2(3) 1(5) 2(4) ~2(6) —3(6)
Us[X(2)] 5(2) =33 —2(5) 6(5) —12(6) —15(5)
Un[X(2)] =5(2) —13(3) -5 —1(6) 5(7) 0(10)
Un[X(3)] 17(3) 12(3) 16(6) 12(5) 17(5) 17(4)
Uxn{X(3)] 40(4) 32(5) 36(8) 26(7) 10(10) 10(10)
Us[X(3)] 37(4) 38(5) 20(6) 50(10) 50(10) 40(10)
Ui[X(3)] —1(3) —2(3) =2(6) 2(5) —3(6) 0(5)
Uis[X(3)] 1(3) 3(3) 6(5) —1(6) ~3(6) —4(6)
U,5[X(3)] 4(3) 0(4) 1(6) —13(7) -3(9) —10(10)
Un[X(4)] 20(2) 17(3) 28(7) 24(6) 26(5) 30(5)
Ux[X(4)] 23(3) 20(3) 18(6) 25(6) 14(9) 20(10)
Us[X(4)] 16(2) 17(3) 13(5) 9(5) 21(9) 40(10)
Uin[X(4)] —6(2) —-5(3) —1(6) —5(5) —4(6) 3(6)
Un[X(4)} -1(2) 0(3) —2(5) —1(4) —11(5) —3(6)
Ux[X(4)] 6(2) 4(3) —1(6) 12(5) (7 10(10)

The compounds contain  corner-sharing As we reported for As[Ge,O,] (A=K, Rb) [2] and

double tetrahedra units [M,X,]°~ which are stacked
together to form the motif of a distorted body-
centred arrangement connected by alkali metal ions.
In P2,/r the angle M-X(1)-M is 180° as given by
symmetry. The dianions are in a staggered confor-
mation.

as is known for a large number of dimetallates, we
found large thermal displacement parameters for the
bridging ligand (X(1)) in the special site 2¢ (see Table
2) as shown in Fig. 1.

As Jansen and Hoppe proposed for the compound
Ke[Co0,0-] [4] and as we showed for K [Ge,O-] [2], a
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Distances and angles in the compounds A¢[M,X;] with A=K, Rb, Cs, M=Mo, W and 7X=4N, 30 (solutions in F2,/n)

K[Mo,N,05] Ke[W,N,0) Rbg[Mo,N,0;] Rb[W,N,O5] Css[Mo,N,O;] Css[W,N,05]
Distances (A)
M-X(1) 1.903(1) 1.891(1) 1.906(1) 1.897(1) 1.911(2) 1.888(1)
M-X(2) 1.814(6) 1.820(8) 1.80(1) 1.80(1) 1.82(2) 1.78(2)
M-X(3) 1.803(7) 1.794(9) 1.80(1) 1.80(1) 1.78(1) 1.80(1)
M-X(4) 1.826(6) 1.816(9) 1.82(1) 1.81(1) 1.82(2) 1.81(2)
2XX(1)-A(2) 3.033(2) 3.053(3) 3.160(2) 3.184(2) 3.309(1) 3.322(1)
2X X(1)-A(3) 2.968(2) 2.987(3) 3.077(2) 3.103(2) 3.244(1) 3.254(2)
X(2)-A(1) 2.712(6) 2.687(8) 2.84(1) 2.85(1) 2.99(1) 2.99(2)
X(2)-A(1) 2.739(7) 2.719(9) 2.89(1) 2.89(1) 3.08(2) 3.09(2)
X(2)-A(2) 2.898(6) 2.942(8) 3.03(1) 3.05(1) 3.16(1) 3.17(2)
X(2)-A(3) 2.784(6) 2.813(8) 2.90(2) 2.91(1) 3.06(2) 3.09(2)
X(2)-A(3) 3.193(6) 3.183(9) 3.23(1) 3.26(2) 334(2) 3.30(2)
X(3)-A(1) 3.062(9) 3.06(1) 3.17(2) 3.19(2) 3.32(2) 3.32(2)
X(3)-A(2) 2.815(8) 2.80(1) 3.00(1) 2.96(2) 3.24(2) 3.22(2)
X(3)-A(2) 3.206(9) 3.18(1) 3.23(2) 3.20(2) 3.25(2) 3.22(2)
X(3)-A(3) 2.771(8) 2.76(1) 2.90(1) 2.91(2) 3.13(2) 3.07(2)
X(3)-A(1) 3.493(8) 3.51(1) 3.53(2) 3.58(2) 3.65(2) 3.63(2)
X(3)-A(2) 3.452(8) 3.48(1) 3.50(1) 3.58(2) 3.66(2) 3.64(2)
X(4)-A(1) 2.730(7) 2.728(9) 2.86(1) 2.85(1) 3.01(2) 3.0002)
X(4)-A(1) 2.748(7) 2.756(9) 2.91(1) 2.93(1) 3.10(2) 3.11(2)
X(4)-A(2) 2.940(7) 2.929(9) 3.10(2) 3.07(1) 3.26(2) 3.31(2)
X(4)-A(3) 2.896(7) 2.903(9) 2.99(2) 3.02(1) 3.12(2) 3.09(2)
X(4)-A(3) 3.020(7) 3.025(9) 3.08(2) 3.10(2) 3.17(2) 3.15(2)
A-A >3.520(2) >3.518(3) >3.625(3) >3.631(3) >3.828(2) >3.758(2)
Angles (deg)
X(1)-M-X(2) 106.6(2) 107.0(3) 107.0(4) 107.4(5) 107.4(5) 107.0(6)
X(1)-M-X(3) 110.7(3) 110.2(4) 111.0(5) 109.3(6) 109.6(7) 109.8(7)
X(1)-M-X(4) 110.5(2) 110.9(3) 110.2(5) 111.2(5) 110.8(6) 108.9(6)
X(2)-M-X(3) 109.9(3) 109.1(4) 109.5(7) 109.8(7) 109.8(8) 109.7(8)
X(2)-M-X(4) 108.9(3) 109.4(4) 109.0(6) 108.8(7) 108.7(7) 111.2(8)
X(3)-M-X(4) 110.1(3) 110.2(5) 110.1(7) 110.3(8) 110.5(8) 110.2(9)
symmetry reduction leads, with respect to the above-
X X4 mentioned problem, to the space group Pn (no. 7). In
3) Pn the symmetry of the special position for the bridging
ligand is lost and the tetrahedra are now twisted against
each other. In one example, K Mo,X,], we tried to
solve the structure as an inversion twin in the space
AQ2) AQ) group Pn (sHELXL-93 [5]). Some data are given in
parentheses in Table 1. The isotropic thermal dis-
placement parameter B[X(1)] of the bridging ligand
dropped particularly to 2.4(3) A? in contrast to 3.9(2)
A%in P2,/n. We found an angle Mo—-X(1)-Mo of 173(2)°
and a twin ratio of 0.50(4). In compounds with analogous
AQ3) anions [M,N,]® (M=Mo, W), LiBa,[M,N,] [6] and
LiBa,Mo,N,]BaCl, [7] the angle at the bridging ligand
M is about 174°. Because of the small distortion of the
X(3) tetrahedra and the equivalent distribution of the twin

X4

Fig. 1. Exemplary illustration of a dianion [M,X;]*~ and X(1)
environment in compounds A4{M,X,] with A=K, Rb, Cs, M=Mo,
W and 7X=4N, 30.

domains we suppose a statistical, static distortion in
contrast to a real twinning with large domains.

In no case could we distinguish between oxygen and
nitrogen. This is analogous to results obtained by neutron
diffraction on compounds such as Na,JWO,N] [8] and
on the perovskite-type STM00O, ¢°Ng, [9], LaWO, (N, ,
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[10] and SrTaO,N [11]. So we expect statistical dis-
tribution of the ligands N and O.

The anion-alkali metal distances increase with in-
creasing radii of the alkali metals and they are in the
range of the sums of ionic radii [12] (Table 4). The
environments of the alkali ions and of the ligands of
M become more homogeneous with increasing alkali
metal radius. So differences in distances become
adjusted.

The average distances d(M-X,.,,)=1.8 A between
transition metals and terminal ligands are 0.1 A shorter
than those ﬂ(M—Xb,idg‘) =19Ato bridging ligands. This
difference in bond length can be interpreted by the
extended Zintl-Klemm concept [13] as in metallates
containing “[M,0,]” units or the nitrido metallates with
terminal and bridging ligands Na;[MN;] (M=Mo, W)
[14,15] and K,,[W(N,,NH] [16], as we reported recently.
According to this concept double-bond character to
terminal atoms is expected.
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