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Fig. 1. Projection de la structure de Li3In2PaO12 suivant (010). 

Ce type de structure est d+j& observ+ dans Fe2(SO4) 3 
(More & Araki, 1974); il en r~sulte de cet r~arrange- 
ment structural la disparition du site 'mobile' (cavit+ de 
rayon ~_ 3/~) caract&ristique des structures de type 
Nasicon. 

On note aussi que le motif O - T - T - T - O  constitue, 
d'apr+s nos &udes structurales en cours des phases du 
moins riche au plus riche en indium, une constante 
structurale s'&endant sur tout le syst+me Lil+xTi2_ x- 
InxP3O12. 

Les ions de lithium dans Li3InEP30~2 occupent 
uniquement les sites t&ra6driques d+form6s (Tableau 2) 
en partageant suit une ar~te commune avec l'octa6dre 

In(2)O 6 [c'est le cas de Li(1)O 4 et de Li(3)O4] , soit deux 
avec les octa6dres In(1) -O 6 et In (2) -O 6 [c'est le cas de 
Li(2)O4]. Le groupe Li(3)O 4 partage deux de leurs 
quatre sommets avec les t&ra6dres Li(1)O 4 et Li(2)O 4 
formant une cha3ne finie de (LiO4). Les distances des 
sites de lithium appartenant & une m~me chalne Li]--Li 3 
et Li2-Li 3, sont respectivement 3,06 et 2,99 A, tandis 
que les distances intersites [appartenant & deux chaines 
diff6rentes de (LiO4)] varient de 3,36 & 3,84 A. 

Rff~renees 

FISCHER, R. X. (1985). STRUPL084. Version modifi6e pour la 
station graphique VS2. J. Appl. Cryst. 18, 258-262. 

HAGMAN, L. O. & KERRKEGAARD, P. (1968). Acta Chem. Scand. 
22, 1822-1832. 

HAMDOUNE, S. GONDRAND, M. & TRAN QuI, D. (1986). Mater. 
Res. Bull. Sous presse. 

HAMDOUNE, S., TRAN QuI, D. & SCHOULER, E. J. L. (1986). Solid 
State Ionics, 18--19, 587-591. 

International Tables for X-ray Crystallography (1974). Tome IV. 
Birmingham: Kynoch Press. (Distributeur actuel D. Reidel, 
Dordrecht.) 

LARSON, A. C., LEE, F. L., LE PAGE, Y. & GABE, E. J. (1982). 
NRC VAX Crystal Structure System. Chemistry Division NRC, 
Ottawa. 

LI Srn-CnuN & LIN Zu-XIANG (1983). Solid State Ionics, 10, 
835-838. 

MAIN, P., FISKE, S., HULL, S. E., LESSINGER, L., GERMAIN, G., 
DECLERCQ, J.-P. & WOOLFSON, M. M. (1980). MULTAN80. A 
System of Computer Programs for the Automatic Solution of 
Crystal Structures from X-ray Diffraction Data. Univs. de York, 
Angleterre, et Louvain, Belgique. 

MORE, P. B. & ARAKI, T. (1974). NeuesJahrb. Mineral. Abh. 121, 
208-228. 

Acta Cryst. (1987). C43, 399--402 

The Structure of Pentasodium Tricopper(ll) Hydrogentetraarsenate(V) 

BY H. EFFENBERGER 

lnstitut ff fr Mineralogie und Kristallographie der Universitdt Wien, Dr  Karl  Lueger-Ring 1, A-1010 I/ienna, 
Austria 

(Received 5 July 1986; 

Abstract. NasCu3H(AsO4)4, Mr=862 .26  , triclinic, P i ,  
a = 5 . 2 7 5 ( 1 ) ,  b = 8 . 5 8 5 ( 2 ) ,  c = 9 . 2 9 7 ( 2 ) / ~ ,  (~= 
116.26(1), f l = 8 9 . 9 6 ( 1 ) ,  7 = 1 0 5 . 3 3 ( 1 )  ° , V =  
360 .8A 3, Z = I ,  D x = 3 . 9 7 M g m  -a, 2 ( M o K a ) =  
0.71073 A, ~ = 13.3 mm -l, F ( 000 ) =  403, room tem- 
perature, R - 0 . 0 3 5  for 2451 reflections up to (sin0)/ 
2 = 0.81 A -1. The title compound is isostructural with 
NasCu3H(PO4) 4. In the arsenate compound the three 
Na atoms are [2+2+2] ([4+4] in the phosphate 
compound), [5+2] and [5+1] coordinated; the Cu 

accepted 8 October 1986) 

atoms are [4] and [4+1] coordinated (the fifth Cu--O 
bond is only 2.18/~). Half of the arsenate groups are 
connected by an extremely short (symmetrically restric- 
ted) hydrogen bond with an O. . .O distance of 
2.427 (4)/~. 

Introduction. Recently the crystal structure of Na 5- 
CuaH(PO4) 4 was determined (Effenberger, 1985). In 
this compound two of the four phosphate groups are 
connected by a hydrogen bond via a centre of 

0108-2701/87/030399-04501.50 © 1987 International Union of Crystallography 
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symmetry (either symmetrically or only apparently 
symmetrically). The distance O. . .O = 2.388/~ is ex- 
tremely short compared with general crystal chemical 
experience (Baur, 1972; Brown, 1976; Catti & Ferraris, 
1976; Ferraris & Ivaldi, 1984). The replacement of 
phosphate groups by arsenate groups seemed to be of 
interest for a study of the O. . .O bond-length variation. 
Up to now only in a few cases with XO 4 tetrahedra 
(X = P, As) connected by short hydrogen bonds are the 
crystal structures of both phosphate and arsenate 
homologues known in detail [e.g. C a H . X O  4 - monetite 
and weilite - Catti, Ferraris & Mason (1980), Ferraris 
& Chiari (1970); PbHXO 4 - schultenite-type structures 

- Effenberger & Pertlik (1986); KMg2H(XO4)2.15H20 
- Takagi, Mathew & Brown (1982); and Ca(H~XO4) 2 
- Ferraris, Jones & Yerkess (1972), Dickens, Prince, 
Schroeder & Brown (1973)]. 

All data concerning the crystal structure of Na 5- 
Cu3H(PO4) 4 were taken from Effenberger (1985). For a 
detailed discussion of the structure type, the coordi- 
nation polyhedra and their connection as well as a 
projection of the crystal structure see Effenberger 
(1985). The present paper describes the arsenate 
compound and deals with the comparison of the two 
isomorphs. 

Experimental. Synthesis. Crystals of NasCu3H(AsO4)4 
were synthesized under hydrothermal conditions in a 
steel vessel lined with teflon (~ 6 ml capacity). 2 g of a 
1M mixture of Na2HAsO4.7H20 + NaNO a and 1 g of 
native copper (wire) were put into the vessel. It was 
filled with H20 to about 80 vol.% and was heated for 
48 h at 493 (5)K. After cooling to room temperature 
(~ 12 h) crystals of NasCuaH(AsO4)4, Na4Cu(AsO4) 2 
and Cu20 (cuprite) were observed. The title compound 
forms light blue crystals, which are elongated parallel to 
[100]; their length is up to 1 mm, their diameter up to 
0.2 mm. 

Synthetic crystal, 0.06 x 0.06 x 0.12 mm; four- 
circle diffractometer AED2 (Stoe & Cie, Darmstadt), 
graphite-monochromatized MoKa radiation; lattice 
parameters from 66 reflections up to 2 0 =  47°; 20/oJ 
scan, minimum of 45 steps per reflection increased for 
(cq-a2) dispersion, step width 0.03 °, step time 0.5 to 
1.5 s per step, data collection up to 2 0 =  70 °, three 
standard reflections with no significant intensity varia- 
tion, 5297 reflections measured (h : -8- ,8 ,  k:-13--,  
13, l:-14--,7), 3176 reflections in unique data set 
(Rint=0.043), 2451 reflections used for refinement [Fo> 
3tr(Fo)]; two ~, scans for absorption correction (trans- 
mission factors from 0.141 to 0.188), correction for 
Lorentz and polarization effects. Complex neutral 
atomic scattering factors (International Tables for 
X-ray Crystallography, 1974). All calculations were 
performed with program system STRUCSY (Stoe & 
Cie, Darmstadt) on an Eclipse S140 (Data General). 
The atomic coordinates of the isostructural phosphate 

compound given by Effenberger (1985) were used in the 
starting set of structure refinement; several cycles of 
least-squares refinement on F with anisotropic tem- 
perature parameters for atoms As, Cu, Na and O gave 
R = 0.035 and wR =0.028,  w =  [tr(Fo)] -2 (131 vari- 
ables); max. A/a < 10 -3. Max. and min. heights in final 
difference Fourier map 1.16 and - 1 . 5 8  e A-a; the H 
atom could not be located. The value g for the isotropic 
secondary-extinction correction (Zachariasen, 1967) is 
8-3 (6) × 10 -6. The atomic coordinates and the equiva- 
lent isotropic temperature parameters are given in Table 
1.* Table 2 gives some important interatomic distances 
and bond angles. 

Discussion. The crystal structures of the two com- 
pounds NasCuaH(XO4) 4 with X = P  and As are very 
similar. The replacement of the smaller PO 4 tetra- 
hedron by the larger AsO4 tetrahedron predominantly 
causes changes in the coordination polyhedron of the 
Na(1) atoms (site symmetry i). As can be seen from 
Fig. 1 the Na(1) atom in the phosphate compound is 
[4+4] coordinated. Two O(12) and two O(21) atoms 
have Na(1)-O < 2.50 ,/k; between each two of the four 
additional O atoms with Na(1)-O(24) ~2.80A one 
has to postulate the extremely short hydrogen bond 
[simultaneously an edge between two different Na(1) 
polyhedra!]. In the arsenate compound, however, the 
coordination number of the Na(1) atom is [2+2+2]: 
There are only two 'short' Na(1)--O(12) bonds below 
2.50 A; two of the Na(1)-O(24) bonds are shortened 
to 2.57/~; the two Na(1)--O(21) bonds are elongated 
to 2.73 A. Two other Na(1)-O(24) distances are 
3.20 A and therefore they are excluded from the 
discussion of the coordination. 

The coordination polyhedra of the Na(2) and Na(3) 
atoms in the two compounds show only slight dif- 
ferences. The Na(2) atoms are [5+2] coordinated and 
the Na(3) atoms are [5+ 1] coordinated. In the arsenate 
compound the 'short' N a - O  bonds vary from 2.32 to 
2.44 A, the 'longer' ones vary from 2.76 to 2.99 A. 
The gap between 'shorter' and 'longer' Na-O bonds is 
somewhat increased as compared with the phosphate 
compound. Up to 3.40 A there is no further O-atom 
ligand. 

The Cu atoms are [4] and [4+ 1] coordinated by O 
atoms. The four nearest O atoms are 'square planar' 
arranged with the same average C u - O  bond lengths of 
1.98/~, in both compounds. The O - C u - O  angles of 
neighbouring O atoms deviate up to 5 ° from the ideal 
value of 90 °. For opposite O atoms the O - C u - O  
angles are symmetrically restricted to exactly 180 ° for 

* Lists of structure factors and anisotropic thermal parameters 
have been deposited with the British Library Document Supply 
Centre as Supplementary Publication No. SUP 43485 (15 pp.). 
Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH1 2HU, England. 
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the Cu(1)  a toms (site symmet ry  i ) ;  for the Cu(2) a toms 
distortions up to 15 ° have been observed.  The fifth O 
atom in the coordinat ion polyhedra  of  the Cu(2)  a toms 
has C u ( 2 ) - O ( 2 3 ) =  2.183 A in the phosphate  com- 
pound  and 2.189 A in the arsenate compound .  In both 

Table 1. Atomic fractional coordinates and equivalent 
isotropic temperature parameters (A 2) with e.s.d.'s in 

parentheses for NasCu3(AsO4)z(AsO4HAsO4) 

Ueq = 3~i~jUiyai aj a/.ap 

x y z ueq 
Na(1) ,} 0 ½ 0.0330 
Na(2) 0.2035 (3) 0.4525 (2) 0.2340 (2) 0.0154 
Na(3) 0.8393 (3) 0.6424 (2) 0.1359 (2) 0.0161 
Cu(l) 0 0 0 0.0117 
Cu(2) 0.67001 (8) 0.25193 (5) 0.29423 (5) 0.0102 
As(i) 0.43331 (6) -0.17760 (4) 0.07498 (4) 0.0085 
As(2) 0.24118 (6) 0.31179 (4) 0.52361 (4) 0.0094 
O(i 1) 0.2387 (5) -0.1619 (3) -0.0633 (3) 0.0105 
O(12) 0-4737 (5) 0.0062 (3) 0.2532 (3) 0.0129 
O(13) 0.7247 (5) -0.1999 (3) 0-0027 (3) 0-0125 
O(14) 0.2883 (5) -0.3629 (3) 0.0951 (3) 0.0138 
O(21) 0.5677 (5) 0.3325 (3) 0.5121 (3) 0-0132 
0(22) 0.2237 (5) 0.5014 (3) 0.6886 (3) 0.0141 
0(23) 0.0765 (5) 0.2570 (3) 0.3487 (3) 0.0137 
0(24) 0.1317 (6) 0.1536 (3) 0.5917 (3) 0.0190 

Table 2. Interatomic distances (A) and bond angles (o) 
for NasCu3(AsO4)2(AsO4HAsO4) 

The e.s.d.'s are 0.003 A for Na-O, 0.002 A for Cu-O and As-O, 
0.004 A for O-O, and 0.2 ° for the bond angles. Na-O < 3.40 A 
and Cu-O < 3.00 A are 

Na(l)-O(12) 2.324 
Na(l)-O(24) 2.568 
Na(2)-O(23) 2-32I 
Na(2)-O(21) 2.327 
Na(2)-O(14) 2.411 
Na(2)-O(13) 2.428 
Na(3)-O(14) 2.327 
Na(3)-O(24) 2.332 
Na(3)-O(13) 2.377 

Cu(l)-O(13) 1.956 
Cu(l)-O(l I) 2.015 
Cu(1)-O(23) 2.957 
Cu(2)-0(12) 1.950 
Cu(2)-O(21) 1.956 
Cu(2)-O(22) 1.975 
Cu(2)-O(l 1) 2.040 
Cu(2)-O(23) 2.189 

As(l)-O(14) 1.665 
As(l)-O(12) 1-671 
As(1)-O(13) 1-699 
As(I)-O(l 1) 1.720 

As(2)-O(23) 1.654 
As(2)-O(2 !) 1.692 
As(2)-O(22) 1-697 
As(2)-O(24) 1.709 

given. 

2x Na(1)-O(21) 2.732 2x 
2x Na(1)-O(24') 3.204 2x 

Na(2)-O(22) 2.442 
Na(2)-O(l 1) 2.760 
Na(2)-O(22') 2.988 

Na(3)--O(14') 2.407 
Na(3)-O(22) 2.420 
Na(3)-O(14") 2.918 

2× O(13) O(ll) 2x 87.8 2.745 a* 
2x O(13) O(ll) 2x 92.2 2.853 
2x 

O(12) O(21) 86.7 2.682 a 
O(12) 0(22) 164.6 3.889 
O(12) O(11) 91.8 2.865 
O(12) 0(23) 101.1 3.199 
O(21) 0(22) 93.8 2.871 
O(21) O(11) 177.7 3.995 
O(21) 0(23) 99.0 3.156 
0(22) O(I1) 87-2 2.768 a 
0(22) 0(23) 94.1 3-051 a 
O(11) 0(23) 82.9 2.803 a 
O(14) O(12) 109.4 2.721 
O(14) O(13) 107.4 2.711b 
O(14) O(11) 110.2 2.776 
O(12) O(13) 112.9 2.808 
O(12) O(11) 108.7 2.756 
O(13) O(11) 108.3 2-772 
0(23) O(21) 112.1 2.775 
0(23) 0(22) 118.3 2.877 
0(23) 0(24) 113.3 2.809 
O(21) 0(22) 106.3 2.713 b 
O(21) 0(24) 105.4 2.707 b 
0(22) 0(24) I00.I 2.611b 

* Common O-O edges are between the coordination polyhedra 
around (a) the Cu and Na atoms and (b) the As and Na atoms. 

cases the Cu(2)  a toms are slightly shifted out of  the 
Cu(2)O4 'squares '  towards  this fifth O atom. Oxygen-  
coordina ted  Cu ~ atoms with five C u - O  bonds  
< 2 .20 A in a ' te t ragonal  pyramidal '  a r rangement  have 
seldom been found in inorganic crystal structures; such 
distances are the rule for the rare ' tr igonal b ipyramidal '  
coordinat ion figure (el Zemann ,  1961, 1972; Shannon  
& Calvo, 1973; Ha thaway ,  1984; Effenberger,  1987). 

The arsenate groups form te t rahedra  with average 
A s - O  bond  lengths of  1.689 and 1 . 6 8 8 A .  The 
distortion parameters  of  the XO4 te t rahedra  within the 
title c o m p o u n d  and its phosphate  analogue are com- 
piled in Table 3. The bond-length distort ions are smaller 
in both arsenate tetrahedra.  The bond-angle  distort ions 
are large for the X(2)O4 tetrahedra,  especially for the 
As(2)O 4 te t rahedron.  This might  be because (a) the 
X(2)O4 te t rahedron  shares three c o m m o n  O - O  edges 
with coordinat ion polyhedra  around the Na  atoms,  and 
(b) two X(2)O 4 te t rahedra  are connected  by the very 
short hydrogen  bond  to form dimers. 

......... o ........ ~ '  ' . .o . . . . . . . . .  

\ / /  

I 
NasCu3(PO412(PO.HPO 4) NasCua(AsO4)2(AsO4HAsO4) 

Fig. 1. The coordination of the Na(1) atoms and the positions of the 
hydrogen bonds in NasCu3(XO4)2(XO4HXO4). Projections onto 
a plane defined by the atoms Na(1) and 0(24). The postulated 
hydrogen bonds are dotted. Interatomic distances in A. The 
centre of symmetry is indicated by o. 

Table 3. Distortion parameters of the XO 4 tetrahedra in 
NasCua(XO4)2(XO4HXO4), X = P, As 

4 
Bond-length distortion: A = ] 5- [(RI-R)/R]2; bond-angle distortion: 

~_, i=l 
a2=~ (01--109.47°) 2 (Robinson, Gibbs & Ribbe, 1971; Fleet, 

i=! 1976). 
NasCu3(PO4)2(PO4HPO4) NasCu3(AsO4)2(AsO4HAsO4) 

1.89 x 10 -4 X(1)O4 A 1.72 x 10 -4 
1.93 X(I)O4 02 3.67 
1.82 x 10 -4 X(2)O4 A 1.49 x 10 -4 

19.73 X(2)O 4 a 2 42.81 
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Bond-valence calculations (Brown & Wu, 1976) gave 
only 1.54 v.u. (valence units) for the 0(24) atom, but 
1.87 to 2-04 v.u. for all the other O atoms in the title 
compound. The comparable values in the phosphate 
compound are 1.61 and 1.85 to 2.09 v.u. So one has to 

• assume that the H atom is bonded to the 0(24) atom. 
The short distance 0(24) . . .0(24)  indicates that be- 
tween these two atoms there exists a symmetrically 
restricted hydrogen bond (either symmetrically linear 
with the H atom at i or only apparently symmetrical). 
Therefore the crystal chemical formula of the little 
compound is NasCu3(AsO4)2(AsO4HAsO4). In the 
arsenate compound the distance 0 ( 2 4 ) . . . 0 ( 2 4 ) =  
2.427 (4)A is larger than the equivalent distance 
0 (24 ) . . . 0 (24 )=  2.388 (7)A in the phosphate com- 
pound. Resulting from these short hydrogen bonds, the 
bond lengths P(2)-O(24) and As(2)-O(24) are 1.559 
and 1.709 A. These values are only 0.023 and 0.021 A 
larger than the average X(2) -O distances. In particular, 
the X(2)-O(24) bonds are still comparatively short for 
an X--OH bond. Ferraris & Ivaldi (1984) gave average 
X - O H  distances of 1.581 A f o r X =  P and 1.731 A for 
X = As in (n.xo4) 2- groups. 

The author thanks Professor Dr J. Zemann for many 
discussions. The syntheses were supported by the 
Hochschuljubil~iumsstiftung der Stadt Wien. 
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Structure of Hydroxylammonium Nitrate (HAN) and the Deuterium Homolog 

BY A. L. RHEINGOLD, J. T. CRONIN AND T. B. BRILL* 

Department of Chemistry, University of Delaware, Newark, DE 19716, USA 

AND F. K. Ross* 

Research Reactor, University of Missouri, Columbia, MO 65211, USA 

(Received 25 June 1986; accepted 27 October 1986) 

Abstract. HAN, [NH3OH]NOa, Mr= 96.04, mono- 
clinic, P2~/c, a = 4 . 8 1 6  (1), b = 6 . 8 0 0 ( 1 ) ,  c =  
10.728 (1) A, f l=  99.35 (1) °, V =  346.7 (1) A 3 z = 4 ,  
D x= 1 .8 41gcm -3, MoKa,  2 = 0 . 7 1 0 7 3 A ,  g =  
1.86 cm -~, F(000) = 200, T =  296 K, R v = 0.032 for 
836 unique reflections. HAN-d4, [ND3OD]NO3, M r 
=100.07,  monoclinic, P2~/c, a = 4 . 8 1 6 5 ( 8 ) ,  b =  
6.8007 (9), c =  10.7298(13)A, f l=99 .303(11)  o, V 
= 346.84 (8) A s, Z = 4, D x = 1.916 gcm -3, Mo Ka, 
2 = 0 . 7 1 0 7 3 A ,  g = 1 . 8 6 c m  -1, F(000)=200,  T =  
296 K, R e = 0.0411 for 1073 unique reflections. HAN 

* Authors to whom correspondence should be addressed. 

0108-2701/87/030402-03501.50 

and HAN-d 4 are isostructural. All of the H atoms are 
involved in hydrogen bonding with one being bi- 
furcated. The shortest heavy-atom interionic distance is 
O. . .O at 2.796 (1) A. 

Introduction. Hydroxylammonium nitrate (HAN) is an 
oxidizer and a chemical propellant when it is combined 
with an alkylammonium nitrate fuel in an aqueous 
solution (Klein, 1985). HAN dissolves in water in a 
stoichiometry up to about six HAN molecules to 
one H20 molecule. The interionic distances are 
of interest in interpreting the IR spectra and as a 
starting point for modeling the solution (Fifer, 1984; 

© 1987 International Union of Crystallography 


