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of S and relatively minor  changes in the positional parameters, 
displacement ellipsoids, and their standard uncertainties, the 
original F > 2or(F) cutoff was used in the final structure 
refinement. The maximum and min imum residual electron- 
density peaks were located 0.74 ,~, from Te(2) and 0.89 A, from 
Te( 1 ), respectively. 

Data collection: MSC/AFC Diffractometer Control Soft- 
ware (Molecular Structure Corporation, 1988). Cell refine- 
ment: MSC/AFC Diffractometer Control Software. Data reduc- 
tion: TEXSAN (Molecular Structure Corporation, 1993). Pro- 
gram(s) used to solve structure: SHELXS86 (Sheldrick, 1985). 
Program(s) used to refine structure: SHELXTL-Plus (Sheldrick, 
1990). Molecular graphics: SHELXTL-Plus. 
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assistance in the preparation of the CIF and for many 
valuable discussions. We are indebted to Shiou-Jyh 
Hwu for pointing out the relationship between the title 
structure and the calcium ferrite structure. This work 
was funded by the National Science Foundation. 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: BRi203). Services for accessing these 
data are described at the back of the journal. 
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Abstract 

A single crystal of calcium neodymium fluoride oxide 
phosphate silicate, Ca9Nd(PO4)5(SiO4)Fl.500.25, was 
obtained by a synthesis involving the heating of a 
CaF2/P2Os/CaCO3/Nd203/SiO2 mixture at 1973 K over 
a period of 2 h followed by cooling at 50 K min -I . 
The structure is of the britholite type, a mixed silica- 
phosphate apatite. The neodymium is distributed over 
both calcium sites, 17% in calcium site I and 83% in 
calcium site II. The channel which contains the anions 
is partially filled with 77% F- and 13% 0 2 -  , the 
remaining 10% being vacancies. 

Comment 

The treatment of radioactive wastes and their safe 
storage are problems of the next few decades and more 
distant future. One of the solutions considered for the 
long term involves the storage of the separated radio- 
nuclides in a crystalline matrix-like apatite (CarpEna & 
Lacout, 1993). Studies of this rather abundant natural 
mineral have shown good resistance of its structure to 
nuclear radiation damage (Carp6na & Mailhe, 1992; 
CarpEna, 1996). Replacing calcium with a radionuclide 
involves balancing the excess charge by substitution 
of anions or cations. Rare earth elements are good 
analogues to actinides and are used as model ions in 
nuclear chemistry. Britholite is one of the minerals with 
an apatite-type structure which includes rare earth ions. 
The electro-neutrality is maintained by substituting the 
phosphate with a silicate ion. The chemical stability 
makes the title compound, (Cag,Nd)(PO4)5(SiO4)F2, a 
good candidate for its intended use. 

Comparison of the cell parameters of the title com- 
poundowith those of fluorapatite (a = 9.372 and c = 
6.885 A; Sudarsanan et al., 1972) and those of the rare 
earth silicate apatite Nd9.33(SiO4)602 (a = 9.573 and 
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c = 7.0336 hi; N0rlund Christensen et al., 1997) shows 
that the variations of the parameters versus SiO4 con- 
tents are about linear (Boyer et al., 1997). The elemental 
analysis indicates a non-stoichiometric compound with 
deficiencies in F - ,  Nd 3÷ and, most pronounced, SiO 4- .  
The structure determination revealed that the lack of 
charge due to the missing F -  is counterbalanced by 
0 2- ions. In the tunnel, the 0 2- and F -  ions do not 
completely fill the site; 10% of the site is empty. The 
assembling of the PO4 tetrahedra with the Ca lO9 tri- 
capped trigonal prisms (Fig. 1) reveals the Ca2 and F 
sites in the tunnels. The (P, Si)---O distances [average 
1.545 (2),~] are similar to the P---O bond lengths in 
PO2-  [1.548 (5),~] and shorter than the Si---O bonds 
in SiO 4 -  [1 .62(2)A;  Bergerhoff, 1992]. As the elec- 
tronic distribution in the (P, Si)---O bond is the average 
of the electronic cloud of five P - - O  bonds of 1.54 A 
and one S i - - O  bond of 1.62,4,, an extension of the 
electronic density and consequently of the displacement 
parameter in the bond direction must be expected. The 
displacement ellipsoids do not show any elongation in 
the bond directions (Fig. 2), which implies that the sub- 
stitution of P by Si results in negligible perturbations. 
In the case of the ( C a l , N d l ) - - O  distances, the aver- 
age of the nine distances [2.56 (2)A]  is equal otO the 
average calculated for Ca]0(POa)6F2 [2.56 (20)A],  and 
is shorter than that for Nd9.33(SiO4)602 [2.59 (19)A].  
In the case of the (Ca2,Nd2)---O distances, the av- 
erage value [2 .44(13)A]  is closer to that observed 
for calcium fluorapatite [2.43 (14)A]o than that of oxy 
neodymium silica-apatite [2.47 (13)A].  Such observa- 
tions reveal that, from the distances point of view, the 
substitution of one Ca by an Nd atom does not disturb 
the structure of the fluorapatite. The variation of the cell 

Fig. 2. View of the (Si,P) environment showing 66% probability 
displacement ellipsoids. 

parameters is due to the distortion of the coordination 
polyhedron around the calcium sites. 

Experimental 

Crystals of the title compound were obtained from an initial 
mixture of CaF2, P205, CaCO3, Nd203 and SiO2, with stoi- 

5 chiometry according to the equation 8CACO3 + iP205 + CaF2 
+ ½Nd203 + SiO2 ~ Ca9Nd(SiOa)(POa)sF2 + 8CO2, after the 
following thermal treatment. Rapid heating to 1973 K with 
a ramp rate of 300 K h-t  was performed. After a dwelling 
time of 2 h, the temperature was decreased to ambient tem- 
perature at a rate of 50 K min -~ . IR spectroscopy and X-ray 
diffraction studies confirmed that the crystals pertained to the 
apatite type. The chemical analyses of several crystals were 
obtained using an SX 50 CAMECA microprobe. From the av- 
erage experimental values [Ca 33.5 (1), Nd 11.9 (1), P 14.4 (1), 
Si 2.3 (1) and F 2.6(1)%], the composition of the crystals 
was determined as Ca9.1Ndo.9(SiOa)0.9(POa)5.1Ft.500.25, with 
a calcium-content error of 0.06. 

Crystal data 

(Ca9.o2.Ndo.98)- Mo Ka radiation 
[(PO4)5.1.(SiO4)o.9]- )~ = 0.71073 ,~, 
Fi.53Oo.27 Cell parameters from 25 

Mr = 1104.40 reflections 
Hexagonal 0 = 12-24 ° 
P63/m # = 5.221 mm -I 
a=9 .3938(8) ,~  T 293 (2) K 
c = 6.9013 (5) ,~, Hexagonal slab 
V= 527.40(7),~3 0.42 × 0.27 x 0.14 mm 
Z = 1 Clear light blue (pink if 
Dx = 3.47 Mg m -3 illuminated) 
D,,, = 3.4 Mg m -3 
Dm measured by pycnometer 

(water) 

Data collection 

Enraf-Nonius CAD-4 
diffractometer 

~-20 scans 
Fig. 1. View of the cell with the apatite tunnels. MI: site I, Ndl or Absorption correction: 

Cal atoms included in an O-atom tricapped trigonal prism. M2: Gaussian (Coppens et al., 
site II, Nd2 or Ca2 atoms. X: F and 04 site. AO4:PO4 or SiO4 1965) 
tetrahedron. Tmi, = 0.281, Tmax = 0.434 

1090 reflections with 
I > 2tr(/) 

Rint = 0.063 
Omax = 40.0  ° 
h = 0 --~ 16 
k=  -16  -~ 0 
1 - - -12 - -~  12 
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2848 measured reflections 
1101 independent  reflections 

3 standard reflections 
frequency: 60 min 
intensity decay: none 

Refinement 

Refinement  on F 2 
R[F 2 > 2o(F2)]  = 0.035 
wR(F 2) = 0.093 

S = 1.235 
1101 reflections 
42 parameters 

2 9 w = 1/[o (/7,;) + (0.0322P) 2 
+ 0.7559P] 

where  P = (F, 2, + 2F,?)/3 

(A/O')max = 0.051 
Z~pmax = 0.380 e ,~-3 
Apmtn = - 0 . 4 0 9  e A -3 
Extinction correction: none 
Scattering factors from 

International Tables for  
Crystallography (Vol. C) 

Table 1. Selected geometric parameters (,,~, o) 
P--O1 1.545 (2) Ca2--F" 2.2851 (4) 
P--O3 1.5436 (13) Ca2~O4' 2.309 (4) 
P--OY 1.5436(13) Ca2--O3"' 2.3521 (13) 
P--O2 1.549 (2) Ca2---O2 ~' 2.404 (2) 
Cal--OI 2.4007 (13) Ca2--O3' 2.5067 (14) 
Cal--O2 ii 2.4565 (14) Ca2---O1TM 2.672 (2) 
Cal--O3 "i 2.808 (2) 

O1--P--O3 111.26(7) OI--P--O2 111.52(10) 
O3--P--O3 L 107.12 (11) O3--P----O2 107.73"(8) 

Symmetry codes: (i) x, y, ½ - z; (ii) x - y, x, -z ;  (iii) y, 1 - x+y, - z ;  (iv) 
x, 1 +y,z; (v)x, l+y ,  ½ - z ;  (vi) 1 - y ,  l + x - y , z ;  (vii) - x + y ,  1 - x , z .  

The general structure of apatite was used as a starting point 
(Sudarsanan & Young, 1969). In a first step, the distributions 
of the Ca and Nd atoms in the 6h and 4f Ca sites were 
optimized. Then the P and Si occupancies were refined. 
Chemical analysis had shown that the stoichiometry of the 
compound was not strictly CagNd(POa)5(SiOn)F2; a lack of Si 
and F atoms was observed.  In order to take this observat ion 
into account,  an electro-neutrali ty constraint involving these 
atoms was used. As the resulting A p  map revealed a residual 
peak near the F atom and out o f  the mirror plane, an extra 
O atom was introduced in a 4e site, as in calcium hydroxy- 
apatite (Sudarsanan & Young, 1969). The electro-neutrali ty 
constraint was modified accordingly, assuming the added ion 
to be 0 2- .  The final cycles  of  refinement revealed that a 
vacancy still existed in the 4e tunnel site. 

Data collection: CAD-4 EXPRESS (Enraf -Nonius ,  1993). 
Cell refinement: CAD-4 EXPRESS. Data reduction: CADAK 
(Savariault,  1991). Program(s)  used to refine structure: 
SHELXL93 (Sheldrick, 1993). Molecular  graphics: ORTEPII 
(Johnson, 1976). 

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: AB 1515). Services for accessing these 
data are described at the back of the journal. 

Carp6na, J. & Mailhe, D. (1992). Mgthodes de Datations par les 
Phdnonzbnes Nucldaires Naturels. Applications. Masson Collect. 
CEA, pp. 203-249. 

Coppens, P., Leiserowitz, L. & Rabinovich, D. (1965). Acta Cryst. 
18, 1035-1041. 

Enraf-Nonius (1993). CAD-4 EXPRESS. Version 5.1. Enraf-Nonius, 
Delft, The Netherlands. 

Johnson, C. K. (1976). ORTEPII. Report ORNL-5138. Oak Ridge 
National Laboratory, Tennessee, USA. 

Ncrlund Christensen, A., Hazell, R. G. & Hewat, A. W. (1997). Acta 
Chem. Scand. 51, 37-43. 

Savariault, J. M. (1991). CADAK. Programme de Rgduction des 
Donndes du CAD-4. CEMES, France. 

Sheldrick, G. M. (1993). SHELXL93. Program for the Refinement of 
Crystal Structures. University of G6ttingen, Germany. 

Sudarsanan, K., Mackie, P. E. & Young, R. (1972). Mater. Res. Bull. 
7, 1331-1336. 

Sudarsanan, K. & Young, R. (1969). Acta Co'st. B25, 1534-1541. 

Acta Cryst. (1998). C54, 1059-1062 

A Mixed Zinc-Cobalt Diphosphate, 
ZnCoP207 

M. BEqqACH, a K. BENKHOUJA, a M. ZAHmfl K. RISSOULI, a 

A.  SADEL, a M.  GIORGI b AND M.  PIERROT b 

~LPCM, Ddpartement de Chimie, Facultd des Sciences, 
Universitg Chouaib Doukkali, BP 20. El Jadida 24000, 
Morocco, and bLaboratoire de Cristallochimie, Facultd des 
Sciences et Techniques de Saint Jgrfme, Avenue Escadrille 
Normandie Niemen, 13397 Marseille CEDEX 20, France. 
E-ma il: mpie @ ms432u04, u-3mrs.fr 

(Received 8 September 1997; accepted 16 February 1998) 

Abstract 
The structure of the mixed zinc cobalt diphosphate 
ZnCoP207 presents a low-dimensional system not pre- 
viously observed in the diphosphates of 3d transition 
elements. The paramagnetic Co 2+ ions are grouped into 
dimers linked by P2074- groups, forming tunnels in 
which the diamagnetic Zn 2÷ ions are located. The metal 
environments can be described as a distorted octahedron 
and a distorted square-based pyramid for Co and Zn, 
respectively, the two coordination polyhedra sharing 
common edges through the O atoms O1-O2 and 0 6 -  
07 .  
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Comment  
Until now, the diphosphates of the 3d transition elements 
have rarely shown a restricted cationic order. The struc- 
ture of the simple diphosphates M2P207 (M = Cr, Co, 
Ni, Cu or Zn), with two principal allotropic varieties 
c~ (low temperature) and /3 (high temperature), shows 
a fivefold and/or sixfold metal atom coordination. The 
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