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Abstract 

The single crystal structures of Gdo.sEr,.,P04, 
Cde.sYe.sPQg, Gdo.sYbo.sPQ4 and Cde.75Yb0.25PQ4 
have been determined by means of single crystal 
X-ray diffraction techniques. These mixed phosphate 
compounds have the zircon-type structure and are 
therefore isostructural with the pure orthophosphates 
of the higher lanthanides (i.e. Tb, Dy, . . . . , Lu). The 
subject mixed orthophosphates crystallize in space 
group I4,/amd (D4h, l9 No 141). Anisotropic refine- 
ment of the structures using a full-matrix least-squares 
program yielded final reliability factors in the range 
of 0.040 to 0.053. The metal atoms in each com- 
pound are eight coordinated to oxygen atoms, with 
two distinct M-O bond distances. The important 
bond distance P-0,. was found to be 1.533(6) A. 
The coordination geometry about the central metal 
atom is bisphenoidal (DZd) and is represented by two 
interpenetrating tetrahedra. In each mixed compound, 
the phosphate group is found to be a distorted tetra- 
hedron. 

Introduction 

Materials for the long-term disposal of nuclear 
wastes must be both chemically and physically stable 
over geologic periods of time and they must be able 
to endure unusually hostile conditions, including high 
levels of radiation, high temperatures and chemically 
active ground waters. These restrictive conditions 
have lead to the investigation of the highly insoluble 
lanthanide and mixed orthophosphates as potential 
primary host for nuclear waste disposal [l-3]. 

Lanthanide orthophosphates exist in two different 
structural types. The first half of the lanthanide series 
(Ln = La, . . _ , Cd) crystallizes in the monoclinic 
monozite-type structure while the higher-atomic- 
number rare-earths (RE = Tb, . . , Lu, SC, and Y) exist 
as the xenotine or zircon-type structure [4, 51. 
Orthophosphates of yttrium, scandium and lutetium 
doped with gadolinium were extensively studied 
previously by Rappaz er al. using EPR spectroscopy 
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[6]. These workers showed that a gadolinium impuri- 
ty occupies exactly the same substitutional site as the 
heavy metal cation in the host orthophosphate 
material. The ability of EPR to verify that impurities 
at the level of up to 1 or 2 atm.% continue to occupy a 
given crystallographic site following a multi-step 
processing sequence, and that they do not become 
complexed with possible point defects or occupy 
interstitial sites in the host lattice, is important to 
assuring the solid state chemical properties of poten- 
tial nuclear waste materials. 

In contrast to the earlier work of Rappaz er al. the 
present investigation is concerned with the structural 
properties of mixed orthophosphates with relatively 
high concentrations of different heavy metal cations. 
EPR spectroscopy is not applicable to the investiga- 
tion of a mixed system of this type with ‘impurities’ 
at such elevated concentrations, and techniques such 
as single crystal X-ray structural refinements must be 
utilized in order to obtain solid state chemical in- 
formation that can be applied to the prediction of the 
properties and prolonged stability of mixed ortho- 
phosphates systems [2,7]. 

Experimental 

X-ray Crystal Analysis 
Using the appropriated molar ratios of the subject 

rare-earth oxides, single crystals of GdO~s0ErO~50P04, 
Gd0.SOY0.50P04, W.50%5J’04 and Gd0.75Yb0.25- 
PO4 were synthesized by previously described 
methods [6, 71. A single crystal of each compound 
was selected on optical quality and mounted on a 
glass fiber for single crystal X-ray diffraction analysis. 
The crystals were analyzed using an Enraf-Nonius 
CAD4 diffractometer equipped with a dense graphite 
monochromator (5.8’ take-off angle). Unit cell 
parameters were determined using the Enraf-Nonius 
subroutines SEARCH, INDEX and LEAST 
SQUARES. A least-squares fit of 20 (1: 1 Gd/Er), 19 
(1: 1 Cd/Y), 25 (1: 1 Gd/Yb) and 25 (3: 1 Gd/Yb) well 
centered reflections was used to determine unit cell 
parameters (see Table 1) and orientation matrices 
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TABLE 1. Crystal data and statistical summaries 

Gd/ErPOd a Gd/YPO‘q a Gd/YbP04’ Gd/YbP04 b 

Space group 
a (a) 
b (A) 
r ca, 
v (a31 
D, (Mg mp3) 
Z 
M, 
F(000) (e) 
Crystal size (mm) 
~1 (MO Kc) (cm-‘) 
Transmission range 

min. 
max. 

A0 (“) 

Rint 
R 

g (X 1 O--6 e”) 

Reflections (I > 30(I)) 
Goodness of fit (22) 
Shift/error 

max. (lo+) 

av. (1OF) 

I4 Jarnd I4 I/amd I4 ,/amd I4 Jamd 

6.880(2) 6.914(3) 6.865(2) 6.903(2) 

6.880(2) 6.914(3) 6.865(2) 6.903(2) 

6.017(2) 6.042(4) 6.004(2) 6.034(2) 

284.8 288.8 283.0 287.5 

5.999 5.013 6.103 5.917 

4 4 4 4 

257.23 218.05 260.12 256.17 

452 394 456 450 

0.24 x 0.28 x 0.47 0.32 x 0.18 x 0.70 0.29 x 0.40 x 0.50 0.31 x 0.30 x 0.58 

26.63 22.05 28.63 27.81 

0.9374 0.9054 0.9547 0.949 1 

0.9943 0.9926 0.9980 0.9995 

1.5 -45.0 1.5 -45.0 1.5 -45.0 1.5 -45.0 

0.030 0.035 0.05 1 0.045 

0.043 0.041 0.053 0.049 

0.041 0.040 0.050 0.048 

11.8 7 .o 6.4 5.5 

289 279 261 279 

2.32 1.71 2.78 2.39 

1.3 1.6 1.1 0.6 

3.7 5.2 4.3 0.15 

aCompound with a 50:50 mixture. bCompound with a 75:25 mixture. 

used for the data collection process. Intensity data 
were obtained by employing the w-26 scan tech- 
nique at a rate of 0.38 to 3.35” mir-’ which was 
determined by a fast prescan of 3.35” min-‘. The 
data were collected using MO K& radiation (h,, = 
0.71073 A) in the range of 3.0<20 <90° at a 
variable scan width of 1 .25 + 0.35 tan0. In order to 
check the reliability and stability of the electronic 
hardware and crystals, two reflections were moni- 
tored for each compound every 2 h of exposure time. 
The deviations of the intensity data for the standard 
reflections were less than 0.5% for all compounds 
throughout the entire data collection. Reflections 
having less than 75 counts above background during 
the prescan were considered to be unobserved. 
Intensities having I > 30(I) were used in the structure 
refinement. Experimental and statistical data are 
listed in Table 1 for the compounds studied. 

Structural Refinement 
Systematic absences revealed appropriate space 

group assignment to be /4,/amd for each of the com- 
pounds investigated. All of the data were corrected 
for Lorentz and polarization factors in addition to 
absorption effects. Absorption corrections were 
applied using crystal shape and dimensions to cal- 
culate the X-ray pathlength. The numerical absorp- 
tion [8] correction is based on Gaussian integration 

techniques described by Coppens et al. [9]. The data 
were averaged (Ri,t) (see Table 1), and initial atomic 
positions for the metals, phosphorous and oxygen 
atoms were taken from the pure isostructural lantha- 
nide orthophosphates [5]. Initial structural refine- 
ment was accomplished isotropically using a full- 
matrix least-squares program [8]. Anisotropic refine- 
ment of the thermal parameters and the application 
of secondary extinction corrections (g) yielded final 
reliability factors based on R = CAFIZI;, and R, = 
Z&AF/Z&F,, where aF is defined as llF,,l - 
IF,ll. The weighting factor w is defined as the reci- 
procal of the square of the standard deviation on I;,, 
a-‘(F,). The occupancies of the metal atoms were 
refined but did not deviate appreciably from the set 
values. These occupancy values were confirmed by 
semiquantitative X-ray fluorescence analysis using 
a Novascan 30 scanning electron microscope 
equipped with a PGT microprobe. Table 1 lists the 
‘goodness-of-fit’ values and the maximum abscission 
values [Aci/ci] where [i are varied parameters. The 
final difference Fourier map revealed only random 
background fluctuations except in the vicinity of the 
lanthanide metal atoms where the electron density 
residua! was minimal. Anomalous dispersion correc- 
tion factors and scattering factors for each atom were 
obtained from the work of Ibers and Hamilton [lo]. 
Final atomic positions, occupancies and equivalent 
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TABLE 2. Atomic positional parameters (X 103) and equivalent isotropic thermal parameters (X 104) 

Atom occupancy x .V z 

Gd OSO(1) 0 750 125 

Er OSO(1) 0 250 875 
P 1 .oo 0 250 375 
0 1.00 0 424.7(8) 216.6(9) 

Cd 0.50(l) 0 750 125 
Y 0.50(l) 0 250 875 

P 1 .oo 0 250 375 
0 1 .oo 0 423.7(7) 217.6(8) 

Gd 0.50(l) 0 750 125 

Yb 0.50(l) 0 250 875 
P 1.00 0 250 375 
0 1 .oo 0 425(l) 214(l) 

Gd 0.75(l) 0 750 125 

Yb 0.25(l) 0 250 875 

P 1.00 0 250 375 
0 1.00 0 423(l) 218(l) 

*Isotropic equivalent thermal parameter (Ues) defined as one-third the trace of the orthogonalized U(j tensor. 

(ies @*)a 

42(l) 

29(t) 
55(4) 
67(8) 

91(l) 
143(3) 

84(3) 
114(7) 

55(l) 

41(l) 
81(5) 

lOO(10) 

54(l) 

59(2) 

65(4) 
90(10) 

isotropic thermal parameters with the estimated 
standard deviations are listed in Table 2. See also 
cSupplementary Material’. 

Discussion 

The single crystal analyses of the compounds 
investigated here indicate that each substance crystal- 
lizes in the space group 14,/umd (No. 141) and has 
the zircon-type structure. A stereoview of the unit 
cell of the tetragonal orthophosphates is shown in 
Fig. 1. The arrangement of the oxygen atoms about 
the metal atoms is shown in Fig. 2, which is a 
representative of each of the investigated orthophos- 
phates. The eight coordinated metal is apparent as 
well as the linkage provided by the distorted tetra- 
hedral phosphate groups. Eight oxygen atoms are 
coordinated to the metal atom at two distinct M-O 
distances (see Table 3). Each unique distance forms a 
distorted tetrahedron, and the tetrahedra are oriented 
perpendicular to each other. This arrangement of the 
oxygen atoms has been described as a bisbisphenoidal 
polyhedron (dodecahedron) [ll , 121. M-O bond 
distances are well within the values compiled in 
BIDICS [13]. The phosphate group in each com- 
pound is a distorted tetrahedron as evidenced by the 
separate O-P-O bond angles presented in Table 3. 
The phosphorous-oxygen bond distances are in excel- 
lent agreement with the values found in the literature 
[13] as well as with the summation of the involved 
radii of phosphorous and oxygen ions found in the 
work of Shannon [14], i.e. 1 S3 8, (see Table 3 for 
comparisons, the mean P-0 distance is 1.533(6) A). 
Each oxygen atom is coordinated to three atoms - 
one phosphorous and two metal atoms. 

Fig. 1. A representative stereoscopic view of the molecular 
packing within the unit cell of the zircon-type structure. The 

orientation clearly shows the bridging effect between 
molecules. 

Fig. 2. Tetragonal Ln/LnP04. The interpenetrating tetra- 
hedral sets (bisphenoidal arrangement) are readily seen as 
well as the tetrahedral orientation of the phosphate group. 
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TABLE 3. Bond and contact distances (A) and angles (“) 

M-O 

Average 

P-O 

Gd/ErP04 a Gd/YP04 a 

2.305(4) 2.324(4) 

2.381(4) 2.393(4) 

2.343 2.359 

1.534(4) 1.532(4) 

GdjY BP04 a 

2.294(5) 

2.365(5) 

2.330 

1.542(5) 

Gd/YbP04 b 

2.327(5) 

2.389(5) 

2.358 

1.524(5) 

Phosphate group 

0(1)-O(2) 
0(3)-O(4) 

0(1)-O(3), O(4) 
0(2)-O(3), O(4) 

0(1)-P-O(2) 
0(3)-P-O(4) 

0(1)-P-O(3), O(4) 

0(2)-P-O(3), O(4) 

2.403(7) 

2.554(6) 

103.2(3) 

112.7(2) 

2.402(7) 

2.550(6) 

112.7(l) 113.1(2) 

2.538(8) 

103.1(3) 

112.8(2) 

Average 109.5 109.5 109.6 109.6 

aCompounds containing a 50:50 mixture. bCompound containing a 75:25 mixture. 

The metal and phosphorous atoms occupy special 
sites in the unit cell. The metal atoms in these mixed 
systems are disordered and have occupancies 
according to each compound’s molecular formula. In 
each case, the occupancies of the metal atom were 
refined based on the multiplicity of the special site. 
The refined values of the multiplicities did not vary 
appreciable from the theoretical value of one-half 
occupancy in the case of Gd/Er, Gd/Y and Gd/Yb, 
and threequarters for the Gd in Gd,~7sYb0.25P04. 
These occupancy values were confirmed through X- 
ray fluorescence analysis. 

The cell parameters for the mixed orthophos- 
phates are within the range of values for pure metal- 
cation compounds with the zircon-type structure [15, 
161. The Gd/Er mixed system cell parameters cor- 
respond quite well with the cell parameters of pure 
holmium orthophosphate, while Gd/Y corresponds 
with dysprosium orthophosphate, and Gd/Yb (I : 1) 
corresponds with erbium orthophosphate. For the 
Gd/Yb (3: 1) compound, however, the cell parameters 
are between the cell parameters for pure dysprosium 
and holmium orthophosphate. This relationship of 
the cell parameters also parallels the relationship of 
the effective ionic radii. Previously, the dependence 
of the effective ionic radii on the cell parameters of 
the rare-earth orthophosphates has been established 
by Mill&an ef al. [16]. The experimentally deter- 
mined effective ionic radii using the empirical 
relationship of Milligan et al. [16], however, are 
smaller than the values obtained by direct averaging 
of the ionic radii of each pair of metal atoms. This 
effect appears to be the result of the molecular 
packing in the crystal lattice. Due to the previously 
noted interest in the lanthanide orthophosphates as a 

primary host for high-level nuclear wastes, such 
molecular packing effects are significant and may 
have practical implications. 

Supplementary Material 

Structure factor tables and anisotropic thermal 
parameters are available from author D.F.M. 
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