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ABSTRACT 

A powder neutron diffraction structure analysis of a 
dehydrated Na-A zeolite with Si/Al ratio of precisely unity 
(±0.02) confirms that the space group is R3 and verifies the 
Si:Al ordering scheme proposed by Bursill, Lodge, Thomas and 
Cheetham (J. Phys. Chem., in press (1981)). Each cuboctahedral 
cage of the aluminosilicate framework contains one 3-fold axis 
and each Si(Al) is connected via oxygen bridges to 3A1 (Si) 
and one other Si(Al). Total profile analysis by the Rietveld 
method gave cell parameters a=17.392 A , « = 59.62° and final 
profile reliability index R p r = 9.78%. A consequence of the 
lower symmetry space group is that Na sites adjacent to six 
rings, which were previously identical in the cubic description, 
now have different occupancies, which correspond to the two 
distinct kinds of six-membered aluminosilicate framework rings. 



INTRODUCTION 
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The crystal structure of the A-type zeolite is thought to 
be the most reliably established of all the synthetic zeolites 
that have been characterised to date, but recently there has bee 
some discussion about the Si, Al ordering in the -aluminosilicate 
framework, and even the crystal system has been questioned. 
The framework contains two types of polyhedra; one, a cub-
octahedron or {$-cage (Fig. 1), is linked to other cuboctahedra 
by "double-four rings" (Fig. 2.). The large cage defined by the 
cubic array of eight cuboctahedra is theoC-cage. The earliest 
structure determinations assumed a random distribution of 
silicon and aluminum, as in Figure 2, yielding a cubic unit 

o i 

cell, a = 12.3 A, in space group Pm3m. For a Si/Al ratio of 
unity, the unit cell contents correspond to the composition 
N a12^^12^ 112 ('48' 2 7 H20 f° r N a - A zeolite. Weak superlattice 
reflections indicating a cell doubling (a= 24.6A) were sub
sequently observed by electron diffraction 2 and are consistent 
with a strict alternation of Si and Al in space group Fm3c^»^ 
(Fig.3). In the most recent single crystal x-ray studyS, Pluth 
and Smith refined the structure of dehydrated Na-A zeolite 
in Fm3c, although the observation of some weak reflections, 
violating the c-glide,raised the possibility that the symmetry 
may be lower. Recent electron diffraction results0 are also 
indicative of a lower symmetry and high resolution, solid state 
29 7 8 
Si NMR measurements ' suggest a Si, Al distribution that 

differs from the strict alternation deduced using x-rays. The 
NMR experiments reveal that each Si is surrounded via oxygen 
atoms by three Al and one Si, and that Al is linked to three 



Si and one Al. We have recently reported the preliminary 
results of a powder neutron diffraction study in which it was 
found that the true crystal symmetry is rhombohedral, and we 
have proposed a new structural model, in space group R 3, that 
is uniquely compatible with the NMR and neutron diffraction 
results » (Fig.4). The new rhombchedral structure is also 
consistent with the apparent doubling of the pseudocubic cell 
(Fig.5). 

The similarity of the scattering factors of Si and Al makes 
x-ray diffraction rather insensitive to the Si, Al distribution, 
wheTeas neutrons are more discriminating because the neutron 
scattering lengths are significantly different: b., = 0.35, 
bSi = °* 4 2 (x 1 0 ~ 1 4 * 0 . 1 0 The refinement of complex, low symmetry 
structures from powder neutron diffraction data is also now possible 
with the Rietveld refinement procedure. In this method, 
the total diffraction profile is calculated from the sum of the 
Gaussian peaks corresponding to the set of reflections. Several 
parameters describing the peak shape and position ie. lattice 
constants, diffTactometer zero-point error and parameters 
defining the variation of the Gaussian half-width as a function 
of scattering angle, are refined simultaneously with the 
atomic positional, thermal and occupancy parameters. The 
technique has been applied to a large number of structural 

12 problems in solid state chemistry. An advantage of using 
powders, that may be significant in the present work, is the 
inconsequence of twinning effects: moreover, it is not 
necessary to prepare large single crystals for neutron work. 

13 Jirak, Vratislav and Bosacek have recently used the Rietveld 
method to investigate the distribution of cations and protons 
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over various sites in a series of Y-zeolites. Here, we 
present a refinement of the structure of Na-A zeolite in space 
group R 3 using this technique. 

EXPERIMENTAL 
Two 40g and one lOg samples of Na-A zeolite 

were prepared by the Charnell method and the Si/Al ratios 
were determined, as previously described, by wet chemical 
analysis to be 1.10, 1.02 and 1.00 (+_ 0.02) for samples 1, 
2, and 3 respectively. Powder x-ray diffraction patterns 
confirmed that the samples were highly crystalline and pure. 
The samples were dehydrated for 24 hours at 350°C under 
ca 0.1 torr and neutron diffraction data were collected on the 

14 high resolution powder diffractometer, D1A, at the 
Institut Laue - Langevin at Grenoble. In order to enhance the 
separation of the superlattice reflections, a wavelength of 

o 2.98A was obtained using the 311 planes of the focussing 
germanium monochromator. Under these conditions the X /2 
reflection is forbidden by symmetry and A/3 contamination is 
negligible. The samples were loaded in turn into vanadium cans, 
using a dry nitrogen atmosphere, and placed in a cryostat. 
Data were collected in the 26- range from 6° to 105° at 5K 
(samples 1, 2 and 3) and 290K (samples 2 and 3 only). The 
bank of ten counters was moved in steps of 0.05 and the data 
were collated using the program of Hewat . All further data 
reduction and refinement were performed using the POWDER system 
on the Science Research Council's Interactive Computing Facility. 
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RESULTS AND DISCUSSION 

(a) Neutron Profiles 

Plots of the 29 ra.ige from 80° to 105° for the five 
experiments were given in Fig. 9 of Ref.9. Sample 1 at 
5 K showed a series of sharp peaks having full width at 
half maxima characteristic of a highly crystalline 
preparation. Sample 2 showed asymmetric broadening of 
the peaks, in particular the 8 0 0, and for sample 3 
(reproduced here for 290K - see Fig.6) the splitting of 
this peak and several others, is well resolved. The 
magnitude of the splitting is larger at 5 K than 290K. 
Note, however, that the 12 0 0 (with the overlapping, weak 
8 8 4) is neither split nor broadened. The selective peak 
asymmetry and splitting for samples 2 and 3 indicate that the 
symmetry is lower than cubic and are consistent with a 
rhombohedral unit cell. Inspection of the lower angle 
region of the profile, as shown in Fig.7, shows evidence 
for the appearance of the 5 3 1 reflection (20~42°), the 
strongest of the superlattice ("b" type) reflections recorded 
by x-ray diffraction. 

(b) Structure Refinement 

Initially, and for comparison, the data for sample 1, the 
least rhombohedrally distorted of our preparations were 
refined with Pluth and Smith's starting coordinates in 
space group Fm3c. The analysis, carried out by the Rietvcld 

o 
method, gave a cell parameter a = 24.507A with R = 0.176; 
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where y- (obs) and y-(calc) are the intensities, corrected 
for background, at the i point on the profile and c is 
the scale factor. The neutron scattering lengths were: 

b A 1 = 0.35, b g i = 0.42, b N a = 0.36, b Q = 0.58 (xlO" 1^)* 0 

Since the cubic model is clearly inadequate as a basis 
for refining data from samples 2 and 3, a set of 
starting coordinates for the R 3 structure was generated, 
as follows, from the Pluth and Smith x-ray model: 
i) the origin was moved from the centre of the^-cage 

to the centre of theofi-cage by the shift x+J, 

y-1, 2 + 1. 
ii) the equivalent positions were obtained for ai single 

lattice point of the Fm3c cell, 
iii) the 3:1 ordering scheme was imposed on the Si and 

Al positions, as in Fig. 4. 
iv) the matrix / "l "1 1 

M = I 1 "1 "1 
1 1 1 

was used to transform the coordinates from the cubic 
unit cell to the rhombohedral cell, 

v) The resulting 208 atom coordinates were then inspected 
and the centrosymmetrically related pairs deduced 
after averaging necessary to accommodate the new inversion 
centres located at the centres of both the ê -cage and 
the double-four ring. 
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From the atomic coordinates generated in this way, the 
36 atoms in the asymmetric unit were found by considering the 
equivalent positions for R 3; table 1 contains the atom 
types and positions for the two space groups . Note that the 
rhombohedral cell contains two cuboctahedra whereas the 
cubic unit cell contains eight. 

The atomic coordinates were fixed, at the values 
generated as described above, for a Rietveld refinement of 
the scale factor, zeropoint error, lattice parameters, 
half-width parameters and overall temperature factor. The 
resulting cell parameters and R values are given in Table 
2. As expected, a and the unit cell volume increase with 
decreasing Si/Al ratio, and even sample 1 shows a small 
rhombohedral distortion with a slight expansion of the 
structure along the (111) direction of the pseudocubic cell. 

The new atomic coordinates were then USPU as starting 
values for a full refinement of the rhombohedral structure 
using the room temperature data for sample 3. The structure 
has a very high degree of pseudosymmetry because of the close 
relationship to the Fm3c cell and it was necessary to refine 
small sets of parameters sequentially, taking care to avoid 
combinations of parameters that were highly correlated. The 
positional and occupancy parameters for the sodium atoms 
with low occupancies were therefore poorly defined. Isotropic 
temperature factors were refined in blocks eg. all the Si 
and Al atoms were constrained to have the same value. The 
low angle reflections were noticeably asymmetric because of 
the large vertical acceptance angle of the neutron detectors 
and a correction was applied up to 41 . 
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Tabic 3 contains the atomic coordinates, temperature 
factors and occupancy numbers for a final refinement 
yielding an R value of 0.0978, and the observed and 
calculated profiles are shown in Figure 6. Expanded sections-
for low and high angle regions are given in Fig. 7 and 8. The 
average shift in position from the starting values of the atomic 
coordinates for Si, Al, 0 and the highest occupancy Na due to 
the refinement was 0.18A. The quoted standard deviations are 
underestimated because they were calculated from refinements 
in which only a small number of parameters were refined 
simultaneously. The average Si-0 and Al-0 bond lengths, 
and O-Si-0 and 0-A1-0 angles are summarised in Table 4. A 
realistic estimate of the standar.d deviations on the bond 
lengths and angles would be _+ 0.10 A and +̂2°, respectively. 
The bond lengths consequently show a considerable variation 
within each tetrahedron, but the imprecision is inevitable 
in a structure with such high pseudosymmetry. The latter 
can be appreciated by noting that the R3 model requires 108 
variable atomic coordinates whereas the Fm3c structure 
requires only 15. It is also important to note that the 
large number of parameters is a natural consequence of 
lowering the symmetry to rhombohedral and does not stem 
from the choice of a 3:1 ordering scheme. 

The mean bond lengths for Si-0 and Al-0 are in 
reasonable agreement with the values found typically in 
felspar minerals; Si-0 1.60-1.61 A and Al-0 1.74 - 1.75 A . 
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(c) Conclusions 

The evidence for a rhombohedral space group is 
irrefutable, and an excellent refinement (by powder neutron 
profile analysis standards) can be obtained with a 3:1 Si/Al 
ordering model. 

As a consequence of the lower symmetry, sodium sites 
which are identical in the cubic description are no longer 
equivalent and this is reflected in the occupancy numbers 
of, for example, Na(l,3) and Na(l,4), which are 0.87 
and 1.0 respectively. Figure 9 shows a comparison of the 
two types of six rings which arise in the R3 structure, and 
differ with respect to the arrangement of Si and Al. The 
first (labelled M in Fig 9a Ref. 9.) has trigonal symmetry, 
being very similar to the six rings which occur in the Pluth 
and Smith structural model, whereas the second (labelled 
N in Fig 9b Ref. 9.) contains a highly asymmetric distribution 
with some alternate pairing of Si and Al. As suggested in our 

q earlier paper , the cation occupancies are significantly 
different for these two types of Na sites with the asymmetric 
sites being less favourable. 

This aspect of our results has important consequences 
for the interpretation of measurements that probe the local 
environment of the cations, for example the EXAFS studies 

18 
on Co-A zeolite reported by Stucky. 

It should be remembered, however, that the larger 
number of structural parameters and the strong correlations 
which prevent simultaneous refinement of a large number of these 
parameters, must lead to some uncertainty with respect to 
cation sites and occupancies. This situation will be 
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improved only by the collection of a new set of x-ray data, 
£°7 a sample having overall Si/Al ratio precisely equal to 
unity, and preferably using longer wavelength radiation. 
Further neutron diffraction studies, using exchangeable cations 
having larger scattering lengths, should also be attempted, 
now that the basic Si/Al ordering in the framework has been 
established. 

The origin of the decrease of rhombohedral distortion 
with increasing Si/Al ratio is not apparent. We have so far 
been unable to obtain convergent refinements of the data 
from samples 1 and 2, where the rhombohedral distortions are 
smaller and the correlations correspondingly higher. Further
more there are additional parameters here, since the mean 
Si/Al Tstio= say 1.10 may be achieved by a multitude of 
individual site occupancy distributions which are virtually 
impossible to model without further constraints. High-
resolution NMR data may help. 

It is reasonable to ask why the rhombohedral distortion 
of Na-Z zeolite reported here has not so far been observed by 
single crystal x-ray methods. Firstly, we have been foTtunate 
enough to prepare a homogenous sample having a Si/Al ratio of 
unity, whereas x-ray studies have been performed on samples 
having Si/Al ratios, which, where reported, usually lie in 
the range 1.03 to 1.06 and consequently the rhombohedral 
distortion is less pronounced. Secondly, there exists the 
possibility of non-parallel axis twinning so that many of 
the crystals which have Si/Al ratios very close to unity 
may be rejected by x-ray crystallographers as being 
unsuitable. This naturally leads to selection of 
crystals having higher Si/Al ratios and therefore less 
apparent departures from "cubic" symmetry. Because of the 
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insensitivity of x-rays to the Si, Al distribution, an 
excellent refinement could then be expected in a cubic space 

o group. In the present study the use of 2.98 A wavelength 
radiation proved crucial since it significantly enhanced the 
Magnitude of the peak splitting. However, meticulous use 
of even 1.54 A x-radiation ought to reveal some evidence of 
broadening or splitting of the 3 8 0 peak. 

The pseudosymmetry problem in this system is certainly 
severe, and it is clear that further progress, whether with 
single crystals or powders, is likely to be achieved only 
with the aid of chemical constraints on bond lengths and 
angles. In future work we shall be assessing the advantages 
of a distance least-squares (DLS) method of the type 

19 described by Meier. 
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TABLE 1 

Atom Types and Positions in Space Groups Fm3c and R3 

Space 
Group 

Number of 
positions 
Wyckoff 
notation, 
and point 
symmetry 

Atom Type Occupancy Origin Conditions 
limiting 
possible 
reflections 

Fm3c 96i m Si Centre General: 
96i m Al (m3) hk-t:h+k,k+< 
96i m 0(1) (*+h)=2n 

• 
96i m 
192j m 

0(2) 
0(3) 

hh-e:/,(h)=2n;Q 

64g 3 
96i m 

Na(l) 
Na(2) 

.972 

.242 Ok^:(k/=2n);f2 
96h 2 Na(3) .066 

R3 6f 1 Si(l)-Si(4) Centre General: none 
6f 1 
6f 1 
6f 1 
6f 1 

A1(1)-A1(4) 
0(1A)"0(1 
0(2,l)-0(2,4) 
0(3,l)-0(3,8) 

(3) 

6f 1 Na(l,l)-Na(l,2) .972 
2c 3 Na(l,3)-Na(l,4) • 
6f 1 Na(2,l)-Na(2,4) .242 
6f 1 Na(3,l)-Na(3,4) .066 

i 



TABLE 2 

Cell Parameters and R Values for Dehydrated Na-A Zeolite 
pr 

Samples in R3 

Sample l' 2 2' 3 3' 
Temperature (K) 5 290 5 290 5 . 
Si/Al Ratio (̂ 0.02) 1.10 1.02 1.02 1.00 1.00 
a=b=c (A°) 17.352 17.365 17.375 17.392 17.401 

J=f=* i°) 59.84 59-82 59.72 59.62 59.53 
Unit Cell Volume (A°3) 3680.62 3687.41 3685.58 3687.79 3685.99 
Rpr 25-8 21.8 23.2 21.3 23.0 



TABLE 3 

Fractional atomic coordinates (x,y,z) esd 0.002, isotropic temperature 
factors (B) and occupancy parameters for dehydrated Na-A zeolite 
with Si/Al = 1.00 (+ 0.02) at 290K in R3 

Atom X y z B(A° 2 ) occ 

S i ( l ) 0.374 0.960 0-503 1.330 1 
S i ( 2 ) 0 .155 0.525 0.978 ti 

S i ( 3 ) 0.139 0.338 0.517 11 

S i ( 4 ) 0 .141 0.350 0.984 n 

A l ( l ) 0.175 0.958 0.523 1.330 1 
Al(2) 0.319 0.546 0.991 u 
Al(3) 0 .350 0.153 0.529 11 

Al(1) 0.337 0.166 0.971 ir 

0 ( 1 , 1 ) 0.396 0.882 0.630 1.941 1 
0 ( 1 , 2 ) 0 .113 0.616 0.889 it 

0 ( 1 , 3 ) 0.615 0.398 0.114 11 

0 ( 1 , 1 ) 0 .893 0.118 0.383 11 

0 ( 2 , 1 ) 0 .248 0.962 0.541 1.941 1 
0 ( 2 , 2 ) 0 .238 0.256 0.542 11 

0 ( 2 , 3 ) 0 .273 0.538 0.948 11 

0 ( 2 , 4 ) 0 .235 0.264 O.965 11 

0 ( 3 , 1 ) 0.296 0.078 0.549 1.941 1 
0 ( 3 , 2 ) 0 .186 0.414 0.967 11 

0 ( 3 , 3 ) 0 .081 0.549 O.O63 11 

0 ( 3 , 1 ) 0.429 0.953 0.413 ti 

0 ( 3 , 5 ) O.087 0 .311 O.O69 11 1 
0 ( 3 , 6 ) O.431 0.184 0.412 11 

0 ( 3 , 7 ) 0 .530 0.072 0.319 11 

0 ( 3 , 8 ) 0.969 0.422 0.189 ti 

N a ( l , l ) O.156 0.103 0.556 2.756 0.900 
N a ( l , 2 ) 0.325 0.384 0.936 11 0.867 

N a ( l , 3 ) 0 .153 0.153 0.153 2.756 0 .264( : O ) 
N a ( l , 4 ) 0.349 0.349 0.349 11 0.334( : O ) 



TABLE 3 Continued 

Atom X y z B(A° 2 ) occ 

Ma(2 , l ) 
Na(2,2) 
Na(2,3) 
Na(2,1) 

N a ( 3 , D 
Na(3,2) 
Na(3,3) 
N a ( 3 , D 

0.320 
0.275 
0 .263 
0.265 

0 .003 
0.110 
0.110 
0.500 

0.765 
0.600 
0.216 
0.226 

0.175 
0.733 
0.631 
0.500 

0.690 
0.799 
0.818-
0.712 

0.871 
0.059 
0.322 
0.120 

2.756 
11 

11 

11 

2.756 
11 
it 

11 

• 

0.213 
0.150 
0.525 
0 .111 

0.299 
0.215 
0.168 
0.000 



TABLE 1 

Bond Distances and Angles 

Average Distances (A°) 

Si(l)-0 1.869 
Si(2)-0 1.736 
Si(3)-0 1.513 
Si(1)-0 1.199 
Average 1.662 
Al(l)-0 1.711 
Al(2)-0 1.608 
Al(3)-0 1-791 
Al(1)-0 1.769 
Average 1.728 

Angles( ) 

O-Si(l)-0 107.21 
0-Si(2)-0 109.23 
0-Si(3)-0 107.73 
0-Si(1)-0 108.33 
Average 108.10 
o-AKD-o 108.32 
0-A1(2)-0 101.75 
0-Al(3)-0 109.21 
0-A1(1)-0 109.33 
Average 107.90 

SiCl)-0(l,l)-Si(3) 129.63 
Si(2)-0(3,2)-Si(4) 140.72 
Si-0(1)-Al 143.71 
Si-0(2)-Al 152.81 
Si-0(3)-Al 14.79 
A1(2)-0(1,3)-A1(3) 136.05 
Al(l)-0(3,8)-Al(4) 157.72 
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Figure Captions 

pigure 1. The Si(Al) sites defining the cuboctahedron or 3-cage. 

Figure 2. The connectivity of the cuboctahedra via the 
•double-four' rings. 

Figure 3. Diagrammatic representation of the asymmetric unit 
for space group Fin;3c. Filled and open circles 
represent Al and Si atoms respectively. The strict 
alternation corresponding to '1:0 ordering is shown. 

Figure *J. The asymmetric unit for space group R3 with the same 
representation as Figure 3. The 3:1 ordering 
scheme is shown. 

Figure 5« Illustration of the generation of the primitive 
rhombohedral unit cell from the face centred cubic 
unit cell. The shift of origin employed in the 
refinement (from the centre of the 8-cage to the 
centre of the «-cage) is omitted for clarity. 

Figure 6. The observed (crosses), calculated (full line) and 
difference (dotted line) profiles for the powder 
neutron diffraction pattern of the dehydrated Na-A 
zeolite sample (3) with a Si to Al ratio of unity, at 
290k, for the 26 range 21.5 to 105-5°. 
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The expanded 20 range of 40.0 to 50.0° from 

Figure 6. The 5 3 1 ' b ' type r e f l e c t i o n , ind ica t ing 

doubling of the pseudocubic uni t c e l l , i s apparent 

29 - 42° 

The expanded 20 range of 84.5 to 105-5° from 

Figure 6. The peak s p l i t t i n g and asymmetry a r i s i n g 

from the rhombohedral d i s t o r t i o n i s apparent in a t 

t h i s region. 

(a) One type of ' s i x r i n g ' in the R3 s t r u c t u r e , 

projected down F l l l l , has t r igonal symmetry. 

(b) The second type of ' s i x r ing ' in the R3 

s t r u c t u r e , projected down f l l 3 j , contains some 

a l t e r n a t e pa i r ing of Si and Al. The cation s i t e 

i s correspondingly asymmetric and less favourable 

than that in Figure 9. (a ) . 
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