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Abstract. Ca2(NH4)2P6018.6H2 O, Mr = 698-154, 
orthorhombic, P212~2, a = 12.821, b = 12.537 (6), c 
= 7.029 (2) !t, V= 1130 (1) A 3, Z = 2, Dx = 
2.052 Mg m -3 A(Mo Ka) = 0"7107 A, /z = 
1.021mm-1, 'F(000)=712, T = 2 9 4 K ,  final R =  
0.035 for 1667 reflections. This compound is the first 
reported example of a P6Oi8 ring anion with twofold 
internal symmetry. The P60!8 ring anions and one of 
the ammonium groups alternate along the twofold 
axis, parallel to the c direction. The second ammo- 
nium group, also located on a binary axis, and the 
Ca atoms interconnect these rows. 

Introduction. This work is part of a systematic in- 
vestigation of monovalent-divalent cation cyclo- 
hexaphosphates. Several structure types have 
already been described for such compounds: 
Mn2Li2P6Ols.10H20 (Averbuch-Pouchot, 1989), 
Cd2NazP6OI8.14H20 (Averbuch-Pouchot, 1990), 
Ca2Li2P6OI8.8H20 (Averbuch-Pouchot & Durif, 
1990a), Cu2(NH4)2P6OIs.8H20 (Averbuch-Pouchot 
& Durif, 1990b). Ca2(NH4)EP6OI8.6H20, described in 
the present work, is the fifth structure type observed 
so far in this area of cyclo-hexaphosphate chemistry. 

Experimental. Single crystals of the title compound 
were prepared by adding solid gypsum to an aqueous 
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solution of ammonium cyclo-hexaphosphate at room 
temperature. After some days, large orthorhombic 
prisms of Ca2(NH4)2P6Oi8.6H20 appear in the 
solution. 

Crystal size: 0-26 x 0.16 x 0.19 mm. Density not 
measured. Philips PWll00 diffractometer, graphite 
monochromator. 17 reflections (11.0 < 0 < 13.0 °) for 
refining unit-cell dimensions, to scan, scan width: 
1.10 °, scan speed: 0.02 ° s-~, total background meas- 
uring time: 6 s. 3223 reflections collected (3 < 0 < 
30°), +_h, k, 1, hma x = 18, kma x = 17, /max  = 9. Two 
orientation and intensity-control reflections (640 and 
640) measured every 2 h without any significant 
variation. 1667 reflections after averaging Friedel 
pai rs  (Rint = 0.022). Lorentz and polarization correc- 
tions, no absorption correction. Structure solved by 
direct methods (MULTAN77; Main, Hull, Lessinger, 
Germain & Woolfson, 1977). H atoms located by 
difference Fourier synthesis. Anisotropic full-matrix 
refinement (on F), isotropic for H atoms. Unit 
weights. Final refinement using 1667 reflections (no 
rejection). Final R = 0.035 (wR = 0.041), S = 1-278, 
A / O ' m a  x = 0-04. Maximum peak height in the final 
difference Fourier map 0.280 e ,~-3. No secondary- 
extinction correction. Scattering factors for neutral 
atoms and f ' ,  f "  from International Tables for X-ray 
Crystallography (1974, Vol. IV, Table 2.2B). Enraf- 
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Table 1. Final atomic coordinates and Beq for  non-H 
atoms 

Starred atoms have been refined isotropically. Estimated standard 
deviations are given in parentheses. 

B,,q = ( 4/ 3 ) Y.~j fl o.a, .aj. 

x y z a~(A ~) 
Ca 0.17488 (6) 0.24882 (7) 0.1593 (1) 0.97 (1) 
P(I) 0.15055 (8) 0.15864 (9) 0.6741 (2) 1-01 (2) 
P(2) 0.82400 (9) 0-01642 (8) 0.9398 (2) 1.01 (2) 
P(3) 0-95109 (8) 0.20767 (9) 0.8658 (2) 0.99 (2) 
N(I) 0 0 0.354 (1) 2.6 (1) 
N(2) ~ 0 -0.012 (l) 3.5 (2) 
O(E11) 0.8259 (3) 0.8364 (3) 0"4684 (4) 1"67 (6) 
O(E12) 0.7925 (2) 0.7731 (3) 0.8109 (5) 1.47 (6) 
O(LI2) 0.1599 (3) 0"0363 (3) 0.7345 (4) 1'72 (6) 
O(LI3) 0.5271 (2) 0.3244 (3) 0.3062 (5) 1"61 (6) 
O(221) 0.1606 (3) 0.0647 (3) 0.0910 (4) 1.48 (6) 
O(222) 0.2269 (3) 0.4205 (3) 0.0618 (6) 1.80 (6) 
O(L23) 0.9232 (3) 0-0935 (3) 0.9527 (6) 1.65 (6) 
O(231) 0-8564 (2) 0-2555 (3) 0.7788 (5) 1.47 (5) 
O(232) 0-0097 (3) 0-2670 (3) 0.0117 (5) 1.55 (6) 
O(W1) 0-4374 (3) 0-8673 (3) 0.6504 (6) 2.60 (8) 
O(W2) 0.3906 (4) 0.2859 (5) 0.6161 (7) 4.6 (1) 
O(W3) 0-8551 (5) 0-5199 (6) 0.6632 (8) 6.0 (1) 
H(INI) 0-543 (7) 0-467 (7) 0-69 (1) 5 (3)* 
H(2NI) 0-537 (6) 0-578 (7) 0.60 (1) 3 (2)* 
H(1N2) 0'939 (6) 0"481 (7) 0"95 (1) 4 (2)* 
H(EN2) 0.002 (8) 0.446 (8) 0"06 (1) 4 (2)* 
H(I W1) 0"563 (7) 0.099 (7) 0-53 (1) 4 (2)* 
H(2W1) 0.530 (7) 0.188 (7) 0.65 (l) 4 (2)* 
H(l I,t'2) 0-156 (7) 0.773 (7) 0.30 (1) 4 (2)* 
H(2W2) 0"872 (7) 0-226 (7) 0"52 (1) 4 (2)* 
n( l  W3) 0-627 (7) 0.062 (7) 0.40 (1) 5 (3)* 
H(2W3) 0.311 (8) 0"934 (7) 0.24 (1) 5 (3)* 

Table 2. Main interatomic distances (A) and bond 
angles (o) in the atomic arrangement of  

Ca2(NHa)2P6OIs.6H20 

Estimated standard deviations are given in parentheses. 

The P60~s ring anion 

The P(1)O4 tetrahedron 
P(1) O(EI l) O(EI 2) O(L12) O(L 13) 
O(EI 1) 1.478 (3) 2.571 (5) 2.466 (4) 2.467 (5) 
O(E12) 120.7 (2) 1.480 (3) 2.523 (5) 2.538 (4) 
O(Ll2) 106.6 (2) !10.2 (2) 1.596 (3) 2.496 (5) 
O(LI3) 106.3 (2) 110-7 (2) 100-3 (2) 1-603 (3) 

The P(2)O4 tetrahedron 
P(2) O(Li2) O(221) O(E22) O(L23) 
O(LI2) 1.600 (3) 2.531 (4) 2-502 (5) 2.477 (5) 
O(E21) 110.2 (2) 1.484 (3) 2-550 (5) 2.457 (5) 
O(222) 108.9 (2) 119.0 (2) 1.474 (3) 2-524 (5) 
O(L23) 101.4 (2) 105-5 (2) 110-3 (2) 1.600 (3) 

The P(3)O4 tetrahedron 
P(3) O(LI 3) O(L23) O(231) O(232) 
O(L13) 1.603 (3) 2.479 (5) 2.480 (4) 2.521 (5) 
O(L23) 101.5 (2) 1.596 (4) 2.520 (5) 2"477 (5) 
O(E31) 106-7 (2) 109.6 (2) 1.486 (3) 2.563 (5) 
O(232) 109.9 (2) 107.5 (2) 120'0 (2) 1.474 (3) 

P(1)--P(2) 2.900 (1) P(1)--O(L12)--P(2) 130.3 (2) 
P(I)--P(3) 2.955 (l) P(I)---O(LI3)---P(3) 134.3 (2) 
a(2)--a(3) 2-945 (2) P(2)---K)(L23)--P(3) 134.3 (2) 

P(2)--P(1)--P(3) 87.77 (4) 
P(1)--P(2)--P(3) 116-10 (5) 
P(I)--P(3)---P(2) 112.95 (5) 

N o n i u s  (1977) SDP used for all calculations. Com-  
pu te r  used: MicroVAX II.  

Discussion. Table 1 gives the final atomic 
coordinates.* The P6018 ring anion is located about 
the twofold axis parallel to the c axis. Table 2 gives 
the main geometrical features of  the anion. The 
existence of  P6018 groups with 1, 3, 3 and m internal 
symmetry has already been observed. The title com- 
pound is the first example of  twofold internal sym- 
metry in a condensed anion of  this type. In spite of  
this internal symmetry the ring is far from regular. 
The P - - P - - P  angles vary between 87.77 and 116.10 °. 
The P(2)---P(1)--P(3) angle observed here (87.77 °) is 
the smallest reported for a P6018 group. 

The two ammonium groups are also located on the 
twofold axes. The first, N(1), is coordinated to ten O 
atoms and two water molecules. The second, N(2), 
has only eight neighbours: four water molecules and 
four O atoms. It is worth noting that six of  the 
bonding O atoms, O(L), of  the condensed phospho- 
ric anion, make up part of  the N(1) coordination 
polyhedron, which is rare in condensed phosphate 
crystal chemistry. 

The CaO7 polyhedron 
Ca--O(EI 1) 2.421 (3) Ca----O(E31) 2.368 (3) 
Ca----O(EI2) 2.500 (3) Ca--O(E32) 2.369 (3) 
Ca----O(E21) 2.365 (3) Ca----O(W1) 2.464 (4) 

Ca--O(E22) 2.356 (3) 

The N0)On polyhedron 
N(I)--O(EI l) 3.137 (4) ( × 2) N(1)---O(E21) 2.881 (6) ( x 2) 
N(I)--O(LI2) 3.403 (7) ( x 2) N(1)--O(L23) 3"207 (7) ( x 2) 
N(1)--O(LI3) 3.269 (6) ( x 2) N(I)--O(W2) 3.036 (6) ( x 2) 

The N(2)Os polyhedron 
N(2)--O(E22) 3.095 (3) ( x 2) N(2)--O(WI) 3.008 (8) ( x 2) 
N(2)--O(E32) 2.923 (3) ( x 2) N(2)--O(W3) 3.085 (9) ( x 2) 

The hydrogen bonds 
O(N)---H-.-O O ( N ) - - H  n . . -O O(N)----O O(N)---H---O 

N(1)---H(1N1)...O(E21) 0.74 (9) 2.21 (9) 2.881 (6) 151 (9) 
N(I)~H(2NI)...O(W2) 1-14 (8) 1.94 (8) 3.036 (6) 160 (7) 
N(2)---H(IN2)...O(W3) 0.94 (8) 2.31 (9) 3.085 (9) 139 (7) 

• ..O(232) 2.27 (8) 2.923 (3) 146 (8) 
N(2}---H(2N2) 0.75 (8) 

• "O(W1) 2.40 (9) 3"008 (9) 138 (8) 
O(WI)--H(I WI)...O(W3) 0.92 (9) 2.00 (9) 2.823 (7) 148 (7) 
O(WI)--H(2WI)...O(W2) 0.81 (9) 2.18 (9) 2.935 (7) 155 (9) 
O(W2)--H(I W2)...O(EI2) 0.88 (9) 1.98 (9) 2.816 (6) 157 (8) 
O(W2)----H(214"2)...O(E31) 1.01 (10) 1.85 (10) 2.857 (6) 172 (7) 
O(W3)---(H1W3)...O(WI) 0.75 (10) 2.11 (10) 2.823 (7) 160 (10) 
O(W3)--H(2W3)...O(E22) 1.07 (9) 2.17 (10) 3.084 (7) 142 (7) 

H(1WI)--O( WI)--H(2 W1 ) 112(9) H( 1W2)--4D( 14"2)--H (2 W2) 119(8) 
H(I W3)---O(W3)--H(2 W3) !01 (9) 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 53085 (17 pp.). 
Copies may be obtained through The Technical Editor, Interna- 
tional Union of Crystallography, 5 Abbey Square, Chester CH1 
2HU, England. 

The Ca atom is coordinated to six O atoms and 
one water molecule, which lie within 2.50/~. 

The P6018 ring anions and the N(1)O12 polyhedra 
alternate along the twofold axis which is parallel to 
the e direction. They are separated by a distance of  
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Fig. 1. Projection along the c axis showing the atomic arrange- 
ment of Ca2(NH4)2P60~s.rH20. The H atoms have been omit: 
ted for clarity. 

c/2. These rows are interconnected by the second 
ammonium polyhedron, the CaO7 polyhedra and the 
hydrogen bonds to form a three-dimensional net- 
work whose main geometrical features are reported 
in Table 2. 

The program STRUPLO (Fischer, 1985) was used 
to prepare Fig. 1. 
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Abstract. Ammonium trimolybdate(V,2VI), Mr = 
449.85, monoclinic, C2/m, a =  14.819 (4), b =  
7.708 ~!i  c = 6-386 (2),~, fl = 93-56 (3) °, V = 
728.0 Z = 4, Dx = 4.10 Mg m-3, a(Mo Ka) = 
0-71073/~,/x = 5.0 mm-1,  F(000) = 836, T = 296 K. 
The structure was refined to R = 0.074 for 882 
absorption-corrected reflections. The bronze, pre- 
pared by hydrothermal decomposition of ammonium 
heptamolybdate, contains units of six edge-shared 
M o O 6  octahedra [Mo(I)---O = 1.67-2.29, Mo(2)--O 
= 1.68-2.38 A] which share vertices along [010] and 
[001] to form infinite layers. The ammonium ions 
completely occupy positions with an irregular eight- 
fold coordination (N--O = 2.74-3.14/~) between the 
layers. 

Introduction. NH3 is a mild reducing agent for transi- 
tion metal-oxygen compounds. This has been 
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demonstrated in a detailed study of the closed-system 
thermal decomposition of NH4VO3 (Range & Zintl, 
1983; Range, Zintl & Heyns, 1988) and (NH4)2V6OI6 
(Range, Eglmeier, Heyns & De Waal, 1990). Redox 
reactions can also occur in the system NH3- 
MoO3-H20. The present paper describes the hydro- 
thermal synthesis and structure refinement of a new 
ammonium molybdenum bronze, (NH4)Mo309. 

Experimental. (NH4)Mo309 was prepared by hydro- 
thermal decomposition of ammonium hepta- 
molybdate, (NH4)rMo7024.2H20 (silver ampoule, 
500 bar, 625 K, 72 h, heating rate 5 K min-1, cool- 
ing rate 0.5 K min-i) .  The reaction product consis- 
ted of a mixture of black needles (MoO2,  main 
product) and bronze-coloured crystals with nearly 
rectangular shape. Chemical analysis of selected 
bronze-coloured crystals (NH4 found: 3.98, 4-12%; 
calculated: 4.01%) and EDX (only Mo, no Ag 
found) pointed to the stoichiometry (NH4)Mo309 
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