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Abstract. M r = 3476.5, cubic, I4132, a = 
13.7290 (7) A, V =  2587.7 A 3, D x = 2.23 g cm -3, 
2(Cu Ka) = 1.5418 ,/~, /~ = 72 cm -l, F(000) = 1730, 
T~_ 295 K, R =0 .042  for 242 reflections. The struc- 
ture has the analcime framework with alternation of 24 
A1 and (13 Si+ 11 P) over tetrahedral sites. No 
evidence was found for ordering of Si and P. 

Introduction. Ordering of A1 and Si on tetrahedral 
nodes of framework structures has been studied 
extensively, particularly in feldspars (Smith, 1974) and 
zeolite molecular sieves (Breck, 1974; Rabo, 1976; 
many recent papers). Alternation of Al and P over 
tetrahedral nodes was found for the fifth member of a 
new series of A1PO4 molecular sieves (Bennett, Cohen, 
Flanigen, Pluth & Smith, 1983). We now return to the 
problem of ordering of A1, P and Si in the 
aluminosilicophosphate zeolites synthesized by 

Flanigen & Grose (1971). X-ray data were collected in 
1965 by J. D. Bide, C. R. Knowles, J. V. Smith and L. 
G. Dowell for an 80 ~rn cube of zeolite P-C depicted in 
plate 1 of Flanigen & Grose (1971) and satisfactory 
refinement was obtained for an average structure of 
analcime type with space group Ia3d. Alternation of 

0108-2701/84/020214-04501.50 

(7P + 17Si) and (23A1 + 1Si) over the tetrahedral sites 
was considered, but the X-ray data were inadequate for 
a valid test. We now report a structural refinement of a 
trapezohedron of zeolite P-C (Flanigen & Grose, 1971) 
in space group /4132 which allows ordering between 
(Si,P) and A1 over adjacent tetrahedral nodes. 

Refinements of the crystal structure of analcime 
minerals were made by Calleri & Ferraris (1964), 
Knowles, Rinaldi & Smith (1965) and Ferraris, Jones 
& Yerkess (1972). Optical and X-ray anomalies were 
reported by Coombs (1955), and Mazzi & Galli (1978) 
showed that tetragonal and orthorhombic varieties 
resulted from partial Si,A1 order over the tetrahedral 
sites. The ideal topological symmetry of analcime is 
cubic (Ia3d), and a review of known phases related to 
analcime or leucite is given by Galli, Gottardi & Mazzi 
(1978). 

Experimental. Trapezohedra about 50 grn across, syn- 
thesized from gel at 483 K for 160 h, supplied by E. M. 
Flanigen. Electron-microprobe analyses (ARL-EMX- 
SM instrument, 15 kV, 1 nA beam current, 10 gm 
beam diameter, wavelength-dispersive system, Chicago 
1976 correction procedure) show less than 0.1 wt% 

© 1984 International Union of Crystallography 
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K20 and CaO. A1 is nearly constant while Si and P 
vary antithetically by about 10%. Na decreased for 
successive analyses of a fixed point, but steady readings 
were obtained for a moving spot. Quantitative analysis 
is uncertain for adjacent light elements unless standards 
close to the unknown are available. Amelia albite, 
Ab30An70 glass, Ca2P20 7 and AIPO:5 were used as 
standards. Normalized to 48 tetrahedral atoms, the 
electron-probe analyses (wt%) give a mean of 
24.0 + 0.8 AI, 13.2 + 0.8 Si, and 10.8 _+ 0-8 P, where 
the error is regarded as an outside limit to the 
uncertainty in the correction procedure. Moving-spot 
analyses of Na consistently gave 14.0-15.6 atoms per 
24 oxygens when referred to Amelia albite. This range 
is somewhat higher than the value of 13.2 atoms 
required to balance the charge difference between the 
24.0 AI and 10.8 P for a hydroxyl-free composition, 
but the excess is comparable to the analytical uncer- 
tainty. The electron-microprobe analysis is consistent 
with the bulk chemical analysis supplied by E. M. 
Flanigen" NaIs.2(AIO2)23.5(SiOz)~3.~(PO2), ~.5. 24.3HzO. 
A direct analysis of H20 cannot be obtained with the 
electron probe, but a low sum of the oxides (~ 91%) is 
consistent with presence of H20. 

Weissenberg photographs demonstrated I symmetry 
but presence of hhl diffractions with 2h + l :/: 4n ruled 
out space group Ia3d of the ideal analcime structure. 
Refinement of eight measurements for each of 20 
diffractions (29 < O< 33 °) for a triclinic cell on an 
automatic Picker four-circle diffractometer with Krisel 
automation gave cubic cell dimensions within ex- 
perimental error [13.7298 (6), 13.7296 (8), 
13.7276 (7).~,, 90.007 (5), 90.004 (4), 90.004 (4)°; 
2 =  1.54178 A,]. Total of 4792 diffraction intensities 
collected from one half the sphere of reflection (h 0 to 
16, k - 1 6  to 16, 1 - 1 6  to 16) out to sin0/2 = 0.583/~-1 
with Cu Kct radiation and the 0/20 technique. Relative 
variation of standard reflections remeasured during 
data collection: 800, 4.0%; 080, 0.8%; 008, 1.0%. R 
for the merging of equivalent reflections 0.032. Averag- 
ing for cubic symmetry yielded 246 unique diffraction 
intensities with 242 above background at the 2a level. 
Lorentz and polarization corrections, no absorption 
correction (crystal small and near-spherical). 

Since it was quite obvious that the synthetic AI, P, Si 
material is structurally related to analcime, the major 
interest was the location of the A1, P and Si atoms on 
the tetrahedral sites. Of the possible cubic derivatives of 
Ia3d, only 14,32 proved to be consistent with the 
observed diffractions and theoretical ordering models. 
This space group allowed splitting of the 48-fold 
tetrahedral site of ideal analcime (~, x, ~-x) into two 
24-fold sites (~, x, ¼ - x; ~, x, ¼ + x). Such a twofold split 
would allow the 24.0 AI atoms to occupy one site, and 
the 13.2 Si and 10.8 P atoms to occupy collectively the 
other site. In spite of the strong correlations and 
noncentrosymmetric symmetry, refinement of the or- 

dered model (SHELX76  program; Sheldrick, 1976) 
proceeded satisfactorily. ~w I I F o I -- I F c I I 2 minimized; 
w = ap -z. Atomic scattering factors for neutral atoms 
corrected for anomalous scattering from International 
Tables for  X-ray Crystallography (1974). 

Framework sites were fixed at full occupancy with 24 
AI in one T site and 12 Si and 12P in the other; 
adjustment to the electron-microprobe composition 
would cause only trivial changes. The anisotropic 
displacement factors for the pairs of Na atoms were 
constrained to be equal because of the strong cor- 
relations in the least-squares matrix, and similarly for 
the two O positions of the water molecules. All other 
parameters were unconstrained. The populations of the 
water O atoms [8.5 (3) and 9.1 (3)] are higher than the 
site multiplicity of 8, perhaps because of neglect of the 
H atoms. In ideal analcime, NaA1Si206.H20, the 
sixteen Na atoms lie at random in a 24-fold site 
(Knowles et aL, 1965). In the present refinement, the 
populations of 6.9 and 5.7 for the Na(1) and Na(2) 
sites are less than the multiplicity of 12, and random 
occupancy is assumed. The combined total of 
12.6 __ 0.4 Na atoms is considerably less than the 
values of 14 .0-15.6  (electron microprobe) and 15.2 
(chemical), but is close to the value of 13.2 required to 
balance the tetrahedral atoms. High and low readings 
for alkalies in the elctron-probe analysis are probably 
due to localized electric phenomena [see Ribbe & Smith 
(1966) for analytical variations in feldspars]. It will be 
assumed that there are approximately 13 Na atoms in 
the present crystal. 

Final difference map showed random positive and 
negative peaks of maximum height 0.5 e A -a, except for 
weak negative peaks of 0.45 e A -3 displaced from the 
Si/P site along the twofold axes. Although the water-O 
positions have large displacements (U~I - 0.11 corres- 
ponds to 0.33 A root-mean-square displacement), no 
pattern was found in the difference map. 

The final refinement* with anisotropic temperature 
factors, using symmetry constraints from Trueblood 
(1956), gave R =0 .042 ,  wR =0 .043 ,  S = 2 . 6  and 
(A/a)ma ×-- 0.05. For the 59 diffractions inconsistent 
with Ia3d, R is 0.21. 

Discussion. Final atomic coordinates and displacement 
parameters are given in Table 1 and interatomic 
distances and angles in Table 2. 

The interatomic distances and angles are consistent 
with the discussion in Knowles et al. (1965) when 
account is taken of the alternation of A1 and Si/P on 
tetrahedral sites. Taken at face value, the mean A1-O 

*Lists of structure factors and anisotropic displacement 
parameters have been deposited with the British Library Lending 
Division as Supplementary Publication No. SUP 38912 (4 pp.). 
Copies may be obtained through The Executive Secretary, 
International Union of Crystallography, 5 Abbey Square, Chester 
CH 1 2HU, England. 



216 Na13A124Si13PIIO96.16H20 

distance of 1.729 `4 would allow minor substitution of 
Si or P or both, while the mean S i /P -O  distance of 
1.571 `4 would allow some substitution of AI [cf. mean 
P--O 1.516 `4, mean A I - O  1.739 `4 in A1POa-quartz 
(berlinite; Thong & Schwarzenbach, 1979), mean S i -O 
in tetrahedral frameworks near 1.61,4]. Because 
refinement of noncentrosymmetric, pseudosymmetric 
structures is difficult, and because an undetected 
domain structure might be present, a definite conclusion 
about the distribution of A1, Si and P between T sites 
cannot be drawn. However, the X-ray data are 
consistent with nearly complete alternation of Si/P and 
A1 over tetrahedral positions (Fig. la), and confirm that 
the ordering scheme is different from those found for 
natural P-free analcimes (Mazzi & Galli, 1978) in 
which the AI:Si ratio is close to 1:2. 

In principle, the Si and P atoms could order into 
distinct sites, for which the schemes with highest 
symmetry have space groups P4~32 (Fig. lb) and 
P412~2 (Fig. lc). In the former, each four-membered 
ring has the sequence A1SiA1P whereas there are two 

Table 1. Atomic coordinates and displacement 
parameters 

Fractional coordinates are given x 104. Ueq (/k 2) is the average o'f the 
diagonal elements corresponding to the expression: 

104 exp(--2x 2 Y. Y U~ia* a* h i h). 
i=l j=l 

Wyckoff 
s i t e  Population x y z U~ 

Si/P 24(h) 24 3365 (I) 865 3750 186 (9) 
AI 24(g) 24 1250 1612 (1) 4112 169 (9) 
O(I) 48(0 48 3959 (3) 1247 (3) 2853 347 (27) 
0(2) 48(/) 48 2244 (3) 1033 (3) 3579 344 (27) 
W(I) 8(a) 8.5 (3) 1250 1250 1250 1101 (58) 
W(2) 8(b) 9.1 (3) 3750 3750 3750 1101 (58) 
Na(1) 12(c) 6.9 (2) 1250 0 2500 432 (33) 
Na(2) I2(d) 5.7 (2) 6250 0 2500 432 (33) 

Table 2. lnteratomic distances (`4) and angles (o) 

AI--20(1) 1.717 (4) Si/P-20(I) 1.567 (4) 
AI-20(2) 1.741 (4) Si/P-20(2) 1.574 (4) 
Mean 1.729 Mean 1.571 

O(1)-O(1) 2.497 (8)* O(I)-O(1) 2.707 (8)* 
O(1)--20(2) 2.574 (6) O(1)--20(2) 2.850 (6) 
O(1)--20(2) 2.598 (6) O(1)--20(2) 2.896 (6) 
0(2)-0(2) 2.546 (8) 0(2)-0(2) 2-731 (8) 

Na(I)-40(2) 2.463 (4) Na(2)-40(1) 2.553 (4) 
Na(1)-2W(1) 2.427 Na(2)-.214"(2) 2.427 

W(I)--3Na(1) 2.427 W(2)--3Na(2) 2.427 

O(1)-Al-O(l) 104.1 (3) O(1)-Si/P-O(1) 105.6 (3) 
20(1)--A1--O(2) I 1 I. 1 (2) 20(1)-Si/P-O(2) 110.0 (2). 
20(1)-AI-O(2) 113-8 (2) 20(I)-Si/P-O(2) 111.6 (2) 

O(2)-A1-O(2) 103.3 (3) O(2)-.Si/P-O(2) 108.0 (3) 

W(1)-Na(1)- W(1) 180 W(2)-Na(2)- W(2) 180 
4W(1)-Na(1)--O(2) 91.0 (1) 4W(2)-Na(2)-O(I) 94.6 (1) 
4W(1)--Na(1)-O(2) 89.0 (1) 4W(2)--Na(2)--O(1) 85.4 (1) 
20(2)-Na(1)-O(2) 177.9 (2) 20(1)--Na(2)-O(1) 170.8 (2) 
20(2)-Na(1)-O(2) 112.7 (2) 20(1)-Na(2)-O(1) 122.3 (2) 
20(2)-Na(1)-O(2) 67-3 (2) 20(1)-Na(2)-O(I) 58.6 (2) 

* Shared edge between tetrahedron and NaO 6 polyhedron. 

types of six-membered rings with sequences A1SiA1- 
SiAISi and AIPA1PA1P. In the latter, the four- 
membered rings also have the sequence A1SiA1P but the 
six-membered rings have sequences A1SiA1SiA1P and 
A1PA1PAISi. The tetragonal space group was soon 
ruled out from the absence of optical or X-ray evidence 
for non-cubic symmetry. The primitive cubic space 
group was discarded because all diffractions obey an 1 
lattice. Thus the partially ordered model referred to the 
space group I4132 was assumed and was proved to be 
the only one satisfying all experimental constraints. 
Insufficient sample was available to test for short-range 
ordering by magic-angle nuclear magnetic resonance. 

The displacements of the tetrahedral atoms are small 
and essentially isotropic (Fig. 2), while those of the 
framework O atoms tend to be elongated in a direction 

! 

(a) 

(b) 

\ 

( 
/ 

(c) 

Fig. 1. Ordering schemes in analcime-type zeolite P-C: (a) 
partially ordered model as determined in this study, A1 (open 
circle) and Si/P (solid circle); (b),(c) two possible schemes for 
ordering of Si (solid circle) and P (stippled circle) over the Si/P 
sites in (a). ORTEP plot (Johnson, 1965). Outline of unit cell 
shown. Tetragonal c axis in (c) is vertical in the plane of the 
drawing. 
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perpendicular to the tetrahedral atoms. Because only 
half of the Na sites are occupied, the N a - O  and N a - W  
distances in Table 2 are probably longer than the actual 
bonding distances. Some of the displacement of the 
water O atoms probably results from unbalance of 
electrostatic forces from Na atoms. In principle, such 
Na vacancies and H20 displacements might become 
ordered, but no evidence was found. Data  collection at 
low temperature could help clarify this point. Protons 
were not located from the X-ray refinement. 

In conclusion, the present study demonstrates that P 
is substituted in the zeolites synthesized by Flanigen & 
Grose (1971), and implies that the relative substitutions 

of P, A1 and Si in tetrahedral frameworks are limited by 
a strong tendency for A1 to be ordered with respect to P 
and Si. This is consistent with the two limiting models in 
their Table XI. 

We thank J. D. Birle, C. R. Knowles and L. G. 
Dowell for access to their unpublished manuscript, and 
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Rubidium Pentaborate Tetrahydrate, Rb[B 5 O6(OH)4].2H 20 
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Abstract .  M r = 3 3 9 . 6 ,  orthorhombic, space group 
Aba2,  a = 11.302 (2), b = 10.962 (2), c = 9-335 (1) A, 
V = 1156.6 (3)/k 3, Z = 4, D x = 1.95, O m = 
1.91 g cm -3 (flotation method), g(Mo Ka) = 42.15 

cm -l ,  F(000) = 663.85, room temperature, R = 
0.033 for 1623 reflections. The absolute configuration 
has been determined. The structure belongs to the class 
of soroborates and contains isolated pentaborate 
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