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The structure of a commercially available, dehydrated sample of Linde Molecular Sieve 5A was 
refined using neutron powder profile analysis. Refinements were attempted in the accepted space 
group Fmk, in pseudo-cell Pm?m, and also, using a lower-symmetry model, in space group F432. In 
Fm%, (a = 24.6497(g) A) the final R,, obtained was 13.6% while in PmTm (a = 12.3254(4) A) the final 
R,, was 14.25%. The reasons for the relatively high values of R,, compared with previous studies are 
discussed in terms of cation disorder and distortion of the framework. All the Ca*+ ions are located in a 
6-ring site just inside the p cage while all the Na+ ions are located in a 6-ring site just inside the a! cage. 
No cations were found in the S-ring site. 

Introduction approximation of an ordered structure of 
lower symmetry” (12). 

Zeolite A is of considerable current com- Here we have refined the structure of a 
mercial interest as an ion exchange in deter- commercially available sample of zeolite 
gent formulations (1) and as a molecular 5A, with an exchangeable cation composi- 
sieve (2). It has been fully established that tion of Ca5Naz. Three previous studies have 
there is regular Si, Al alternation in the tet- been made of dehydrated zeolite A samples 
rahedra of the structure (3-9) in conformity containing calcium- Ca4Na4-A (13) C&-A 
with Loewenstein’s rule (10). Moreover, (14), and Ca5.zNao.rA (II). However, both 
X-ray and neutron diffraction studies of hy- earlier refinements (13, 14) were only made 
drated zeolite 4A (3), dehydrated zeolites in space group Pm?m. Both of these struc- 
4A (4, 5), 3A (6, 7), thallium A (8), stron- tural investigations produced features 
tium A (9)) and calcium A (I I) have shown which were somewhat unusual. In the 
that the most approp_riate space group for Ca4Na4-A case Na+ ions located near the 
these materials is Fm3c, although small de- six rings (Fig. 1) were inside the p cage 
viations from this symmetry probably due (13), whereas similar ions in zeolite 4A 
to some disorder of exchangeable cations have been found to be outside the /3 cages 
has been observed (3, 5, 7) and discussed (4, 5) i.e. inside the large cavities of a! 
(5, 7, 12). The space group Pm3m has also cages. In the C+A structure (14) some 
been used in many studies (e.g., 23-15); in Ca2+ ions were found in an &ring site and 
this case the unit cell dimensions are halved were considered to be “near zero coordi- 
(12.3 8, compared with 24.6 A in Fm%) and nate.” Recently Pluth and Smith (II> have 
the model should be considered as “a first determined the structure of CaS.2N0.rA in 
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FIG. 1. A schematic representation of a zeolite A 
cuboctahedron Q3 cage) (a) showing the location of the 
6 rings. In zeolite A these cuboctahedra are linked via 
the double 4 rings, thus generating the 8-rings and the 
larger a! cages (b). 

space group Fm%. They found only two 
Ca2+ sites located either side of the 6 ring. 
No separate Na+ site was found because of 
the small amount of sodium present and its 
similar radius to Ca2+. No zero-coordinate 
Ca2+ was found in the 8 ring and it was 
concluded that the electron density found 
in the 8 ring of CkA (14) was due to 
“scavenged K+ ions.” 

It was considered fruitful to reinvestigate 
this structure using space group Fm3c with 
neutron data to confirm the absence of 
zero-coordinate exchangeable cations and 
to confirm the suitability of space group 
Fm3c, for a sample containing both Na+ 
and Ca2+ ions. 

Experimental 

The zeolite sample used in this structure 
determination was a commercially avail- 
able Ca-SA manufactured by Union Car- 
bide Corporation and supplied by BDH. 

Chemical analyses were performed in 
these laboratories for calcium by EDTA ti- 
tration using methyl thymol blue complex- 

one indicator (16) and for sodium by flame 
photometry. Further analyses were carried 
out by English Clays Lovering Pochin and 
Company for calcium, sodium, silicon, and 
aluminium. The Si/Al ratio was 1.018 
(20.02); therefore the framework was stoi- 
chiometric within the analysis limit (17). 
The composition was determined as 
Ca40Na16Si96A1960~84 * 33&G. 

The powder diffraction data were col- 
lected on the high-resolution powder dif- 
fractometer DlA at the Institut Laue- 
Langevin, Grenoble (28). Approximately 5 
g of the zeolite powder was loaded into a 
16-mm-diameter vanadium sample can and 
dehydrated in a DlA vacuum furnace at 
325°C and 2 x 10m6 Torr for 15 hr, after 
which the sample was allowed to cool to 
room temperature (300 K) before data col- 
lection commenced. During the cooling and 
data collection periods the sample was 
maintained under vacuum to prevent rehy- 
dration. Data ranging from 6.04 to 
158.04”(20) were collected in 20 hr at a 
wavelength of 1.909 A (3040 data points). 
The background was estimated by linear in- 
terpolation from regions where no Bragg 
peaks occurred. Structure refinement was 
carried out using the Rietveld technique of 
profile refinement (29, 20) with pro- 
grammes of Hewat (21, 22). The scattering 
lengths used were obtained from the Znter- 
national Tables for X-ray Crystallography 
(23). Fourier maps (e.g., AF maps) were 
obtained using XRAY 72 (24). In the Riet- 
veld technique, overlapping reflections are 
divided up according to the ratio of the cal- 
culated structure factors. For this reason all 
but the final Fourier syntheses were carried 
out using low angle data (i.e., the first 
600(28)) where no peak overlap occurs. The 
structure factors are then true FO’s. 

Structure Refinement 

Full structure refinements were-carried 
out in the two space groups Pm3m and 



DEHYDRATED ZEOLITE 5A 85 

b greater than that for Na, it was concluded 
100 that the designation of the two sites should 

be reversed i.e., five Ca ions were placed at 
50 Ca( 1) just inside the p cage and two Na ions 

were placed at Na(1) just inside the cy cage. 

0 I 
Full anisotropic refinement using this 

5 10 15 model converged at R, = 14.25% with cell 
x--y-z constant a = 12.3252(4) A. 

FIG. 2. A one-dimensional F,, trace along [l 1 I]. The The starting coordinates for the Fm% re- 
abscissa is in hundredths of a unit cell edge. finement were taken from those of Adams 

et al. (4) for the framework coordinates, 

Fm%. An attempt was also made to refine 
while the cation parameters were derived 

the structure in the lower symmetry space 
from the Pmjm refinement. Full isotropic 

group F432, which had been suggested by 
refinement in this model converged at R,, 

Thoni (25) as a suitable space group for 
= 16.54%. However, it was found that the 

hydrated zeolite 5A, to model the loss of 
coordinate shifts for O(2) were oscillatory; 

symmetry he found. 
the symmetry of this site was constrained 

The initial refinement was made in PmJm 
to 0 y y, after which the coordinate shifts 

using the starting parameters for the frame- 
became stable. This symmetry constraint 

work atoms and exchangeable cations was lifted prior to the final cycles of refine- 

given by Seff and Shoemaker (13) with the 
ment and final convergence with aniso- 

population parameters of Ca(1) and Na(1) 
tropic temperature factors occurred at R,, 

adjusted for the stoichiometry of our sam- 
= 13.6% (a = 24.6497(g) A); (RL = 15.9% 

ple. Isotropic refinement of this model con- 
compared with 6.7% expected on the basis 

verged at Rb = 17.4%. However, it was 
of statistics). 

found that the temperature factor for Na( l), 
A Fourier map obtained at this stage 

which was located at the &ring site with x 
showed a small peak at -0.19, 0.22, 0.0 in 

= y = z = 0.17 (i.e., just inside the /3 cage) 
the plane of the 8 ring. Comparison of the 

became negative, whilst the temperature height of this peak to that of Si( 1) indicated 

factor for Ca(l), which was also in a 6-ring 
that it was equivalent to approximately 12 

site, but just inside the (Y cage (at x = y = z 
Ca2+ ions per unit cell, i.e., 0.5 Ca2+ ions 

= 0.20) was very high. This suggested that 
per 8 ring. However, attempts to refine the 

too much scattering power had been placed 
structure with Ca2+ ions in this site (Ca(2)) 

in the site just inside the cr cage and too 
led to a final R,, of 15.1%, i.e., 1.5% higher 

little in the site just inside the /3 cage. An F, than previously with three more parameters 

Fourier map calculated at this stage showed being refined. It was therefore concluded 

that the maximum in the scattering density that the Fourier peak was spurious. 

along [ll l] (Fig. 2) occurs on the P-cage 
At this stage because of the relatively 

side of the 6-ring plane. Since the cation 
high values of R,, (compared with 10.3 and 

composition of the sample is CaSNa,A, 
7.9% for similar refinements of 3A (6) and 

and since the scattering length for Ca is 4A (4), respectively) an attempt was made 
to refine the structure in the lower symme- 

’ Rp = 1~~1Yobs - Wc)~,a&J~ot.,l. R, = 
try space group F432. This space group had 

100IXwCyob, - (I/~)y~~)~~w~~~~)~]“~ where w is the 
previously been suggested by Thoni (25) to 

weight at each 20 step and y&s and yCtiC are the ob- model the lower symmetry he found in hy- 
served and calculated intensities at that point. c is the drated Ca-5A arising from the high degree 
scale factor. of ordering of the Ca2+ positions. The coor- 
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TABLE I 

FINALPARAMETERSFORTHEREFINEMENTSOF 
Ca5NarA IN F& AND PrnTrn 

Refinement 
Refinement in Fmjc in Pm%n 

Position 
Population 
I 

Y  

;;,I 

022 

f933 

812. 813 

B23 

Position 
Population 

x, Y.  z 
811.822. B33 

812. l-h 823 

Position 

Position 
Population 
x 

Y  

fit 
822 

833 

812, 813 
&3 

Position 
Population 
x 

Y  

ii, 
822 

833 
PI21 PI3 
rBz3 

Position 
Population 
x 

Y  

;,I 
622 
B33 
812 
813 

823 

Si(1) 

W) 
% 

0.0 
0.0924X40) 
0.18516(76) 

14(3) 
w-3 

1 l(2) 
0 

o(1) 

Ca(l) 
Wd 
40 

0.08935(29) 
19(l) 
70) 

Na(l) 
Wd 
16 
0.10937(63) 

240) 
-14(4) 

O(1) 
96(i) 
96 

0.0 
0.10926(14) 
0.24706(38) 

1x1) 
14(l) 
8(l) 
0 

4W 
O(2) 

96(i) 
% 

0.0 
0.14027(35) 
0.14212133) 

41(l) 
lo(2) 
50) 
0 
60) 

O(3) 
1920 
192 

0.05424(20) 
0.05801(22) 
0.16930(11) 

9(l) 
1x1) 
16(l) 
60) 
2(l) 

-2(l) 

A(l) 
96(i) 
96 

0.0 
0.18853(50) 
0.08958(56) 
7(3) 

24(3) 
S(2) 
0 
4(2) 

MB, Al) 
24(k) 
24 

0.0 
0.18275(26) 
0.37262(29) 

4X3) 
9(2) 

68(3) 
0 

o(3) 

WI) 
Sk) 

0.17923(58) 
7605) 
21(5) 

WI) 
Sk) 

:.22064(139) 
82(15) 

-41(151 

O(1) 
12(h) 
12 
0.0 

0.5 
49(3) 
55(3) 
36(3) 
0 
0 

O(2) 
12(i) 
12 
0.0 
0.‘28245(16) 
0.28245(16) 

162(6) 
3Oi2) 
30(2) 

0 
24(2) 

O(3) 
24(m) 
24 

0.11199(16) 
0.11199(16) 
0.339W22) 

49(l) 
49(l) 
61(2) 
17(2) 

Note. Anisotropic displacement factor given as IO4 cxp -(h*&l + 
k%u + I$-,, + 2hklb + 2h//313 + 2klSzd. 

dinates from the Fm& refinement were 
transformed to F432 generating 10 atom po- 
sitions. Isotropic refinement converged at 
R,, = 16.24% with 39 parameters refining, 
compared with 27 parameters at the same 
stage in the Fm3c refinement. Attempts to 
refine anisotropic temperature factors for 
the framework sites caused the refinement 
to diverge. It was concluded that F432 did 
not successfully model the symmetry loss 
and the refinement was abandoned. 

The final param_eters for the refinements 
in Fmc and Pm3m are given in Table I. 
Table II give? the bond lengths and angles 
from the Fm3c refinement. 

A Hamilton statistical test (26) was car- 
ried out to test the significance of the values 
of R,, obtained in the PmTm refinement 
(14.25%) and Fm3c refinement (13.6%) us- 
ing the hypothesis that Pm3m was the cor- 
rect space group. The number of indepen- 
dent observations was 3040 (i.e., the 
number of data points collected, and the 
dimension of the problem [ 13]-was the num- 
ber of parameters in the Fm3c refinement 
[46] minus the number in the Pm3m refine- 
ment [33]. The test showed that the hypoth- 
esis could be rejected at the 95% signifi- 
cance level. 

Figure 3 shows the observed a_“d calcu- 
lated diffraction traces for the Fm3c model. 
It can be seen that there are some differ- 
ences between observed and calculated in- 
tensity at low angles. However, there is no 
evidence in the diffraction pattern for any 
impurity, and moreover, it is not possible 
for these differences to arise because the 
sample is a mixture of Na zeolite A and Ca 
zeolite A: the cell parameters for these ma- 
terials are different and this would be easily 
detected. On the final difference (F, - FJ 
Fourier map the only significant feature 
was a peak at the origin. This is reminiscent 
of the Al atom found recently by Pluth and 
Smith (If) in their study of a dehydrated 
Ca-zeolite A. In their study this Al is coor- 
dinated to four oxygen atoms at (X = y = z 
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TABLE II 

INTERATOMIC DISTANCES (A) AND ANGLES (“) FOR ZEOLITE CaJNarA IN Fmk 

%(1)-O(l) 
%(1)-O(2) 
Si(l)-O(3), O(3’“) 
Al(l)-O(P) 
Al(l)-O(2) 
Al(l)-0(3”), 0(3*“) 
Ca(l)-O(3), 0(3’), 0(311) 
Ca(l)-O(2), 0(2’), O(2”) 
Na(l)-O(3), 0(3’), O(3”) 
Na(l)-O(2), 0(2’), O(3”) 

1.581(U) O( I)-Si( 1)-O(2) 116.8(7) 
1.586(14) 0( l)-Si( 1)-O(3) lllS(5) 
1.631(8) O(2)-Si(l)-O(3) 103.1(5) 
1.660(20) O(3)-Si(l)-O(3”‘) 110.1(6) 
1.758(18) 0( 1”‘)-Al(l)-O(2) 115.5(8) 
1.740(10) O(l”‘)-A&1)-0(3”) 114.0(7) 
2.287(8) O(2)-Al(l)-O(3”) 100.6(7) 
2.849(9) O(3”)-Al(l)-O(3”‘) 110.5(8) 
2.373(16) Si(l)-O(l)-Al(1”) 147.8(6) 
2.916(16) Si(l)-O(2)-AI(l) 174.5(9) 

Si(l)-O(3)-AI 140.6(7) 

Note. Symmetry code for table: I: z, x, y. II: y, z, x, III: -x, y, z, IV: -y, z, x, V: 
--x3 z, -y + :, VI: x, -z + t, y. 

= 0.0411). Since we could not find any evi- 
dence of these atoms, or any other peaks 
with sensible coordinations to this origin 
position, we have not included it in the re- 
finement . 

Discussion 

Exchangeable Cation Positions 

In the previous determinations of Ca- 
containing samples of zeolite A ( 11, 13, 14) 
most if not all of the exchangeable cations 

were located on the threefold axis at differ- 
ent distances from the 6 ring. We have also 
found an elongated ellipsoid (here of nu- 
clear scattering density) along the [ Ill] di- 
rection. However, for our sample the maxi- 
mum of this ellipsoid is located just inside, 
rather than outside the p cage (Fig. 2). We 
have interpreted this result as implying that 
the Ca*’ ions are located just inside the /3 
cage whereas the Na+ ions are just outside. 
Given that the number of Ca*+ and Na+ 
ions per unit cell and the scattering length 

DEHYDRATED LINDE ZEOLITE 5A IN SPACE GROUP FM3C 

TWO THETA IO 20 30 40 50 60 70 80 90 100 110 120 130 140 150 
(DEGREES) 

FIG. 3. Observed (. . .) and calculated (-) neutron diffraction profiles, together with difference 
plot, for dehydrated zeolite 5A in space group Fm%. 
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for each atom is known, and that all the 
cations reside in the 6 ring on the threefold 
axis, it is a straightforward calculation to 
find the Ca/Na distribution that agrees with 
the observed scattering density. The solu- 
tion of this problem yielded 40 Ca2+ ions on 
the P-cage site and 16 Na+ ions on the (Y- 
cage site. A difference Fourier map showed 
no residual scattering density and therefore 
the occupancy of these sites was fixed to 
the above values. However, it should be 
noted that these two cation positions are 
about equidistant, 2.287 (8) and 2.373 (16) 
A, from the 6 ring (in agreement with the 
similar ionic radii for Na+ and Ca2+) on ei- 
ther side of it and it is possible that the 
different interpretation of these sites by 
ourselves and Seff and Shoemaker (13) 
arises because there is statistical occu- 
pancy by both kinds of atom in both posi- 
tions. We prefer the former description 
since the Na+ ion positions are then consis- 
tent with those found in similar studies of 
zeolite 3A (6) and 4A (4). 

In accordance with the previous study of 
Ca,N+A (13) we have concluded that all 
exchangeable cations are located in the 6- 
ring sites; there are no Ca2+ ions in the 8 
ring, whereas Firor and Seff (14) found 
one-sixth of the Ca2+ ions in CeA were in 
g-ring sites and were considered to be 
“near zero coordinate.” If this is the case it 

would imply that the molecular sieving 
properties of 5A were critically dependent 
upon the complete removal of all Na+ ions. 
Moreover in recent redeterminations of the 
Sr,A and C+A structures Pluth and 
Smith (9, 12) have shown that all the cat- 
ions are in 6-ring sites. This must cast some 
doubts on the previous structure determi- 
nation of C+A (14). 

Framework Distortions 

Comparison has been made between the 
6-ring shapes and dimensions for zeolites 
3A (6), 4A (4), and 5A, and the results are 
given in Table III. Table III(a) gives the 
bond angles for the framework atoms in the 
6 rings and Table III(b) gives the calculated 
distances from the centroid of the 6 ring 
(denoted CEN in the table) to the O(2) and 
O(3) framework oxygen sites. Close exami- 
nation of these tables has shown that the 6 
rings in zeolite 5A are severely distorted by 
the presence of the Ca2+ ions. Comparison 
of the Si(l)-O(3)-Al(l) angle for 3A, 4A, 
and 5A shown in Table III(a) and the CEN- 
O(3) distance in Table III(b) indicates that 
with a change in cation from large monova- 
lent (K+ in 3A) to small divalent Ca2+ in 5A) 
the O(3) atom is pulled in towards the 6-ring 
centroid. This distortion involves the Si(l) 
and Al( 1) tetrahedra rotating in opposite di- 
rections. The predicted effect of this on the 

TABLE III 

COMPARISON OF THE DISTORTION IN THE 6 RINGS OF LINDE ZEOLITES 3A, 4A, AND SA 

(a) Bond angles 
Si( I)-O(3)-Al( 1) Si(l)-0(2)-A](l) O(2)-Si(l)-O(3) O(3)-Al(l)-O(2) 

3A (6) 146.1 (5) 170.1 (6) 107.1 (4) 105.0 (4) 
4A (24) 144.6 (3) 164.4 (4) 107.3 (2) 105.9 (3) 
SA 140.6 (7) 174.5 (9) 103.1 (5) 100.6 (7) 

(b) Bond lengths from the centroid of the 6 ring to the oxygen atoms 
CEN-O(3) CEN-O(2) 

3A (6) 2.3538 (72) 2.8921 (72) 
4A (24) 2.3152 (34) 2.9200 (42) 
5A 2.2801 (72) 2.8431 (101) 
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O(2) atom site is that, as the Si(1) and Al(l) 
tetrahedra rotate, O(2) moves further away 
from the 6-ring centroid. Examination of 
Table III(b) shows that this trend is indeed 
followed for 3A and 4A, but in the case of 
5A the CEN-O(2) distance is unexpectedly 
short. Inspection of the Si( l)-O(2)-A( l), 
O(2)-Si( 1)-O(3), and O(3)-Al( 1)-O(2) 
bond angles shows firstly that Si(l)-0(2)- 
Al(l) is more linear than would have been 
expected, and secondly, the O(2)-Si( l)- 
O(3) and O(3)-Al(l)-O(2) angles are more 
acute than expected, confirming that O(2) 
has in fact moved towards the 6-ring cen- 
troid. The distortion of the 6-rings is there- 
fore much more severe in 5A than in 3A or 
4A. The O(2) site is most affected by this 
distortion and this probably accounts for 
the instability of the O(2) coordinates dur- 
ing refinement and the unexpectedly large 
temperature factor for O(2) (Table I). 

Disorder in Zeolite 5A 

The final value of R,, for zeolite 5A is 
higher than the values obtained for pre- 
vious refinements of zeolites 3A (6) and 4A 
(4) (Rpw = 13.6% for 5A, 10.2% for 3A, and 
10.3 and 7.9% for samples of 4A having Si/ 
Al = 1.09 and 1.03, respectively (4, 27). 
One possible explanation of this fact is that 
the structure of this sample of zeolite 5A 
had been damaged during the ion exchange 
process. However, this loss of crystallinity 
would be reflected in the diffraction trace as 
lower overall peak intensities coupled with 
peak broadening. Comparison with pre- 
vious refinements showed that the overall 
peak intensities and the full width at half 
height of the peaks were similar for 3A (6), 
4A (6) and 5A. It is considered instead that 
the poorer refinement is a consequence of 
effects produced by replacement of at least 
some of the monovalent ions by divalent 
ions in these structures. 

There are two types of disorder. First, 
the Ca2+ and Na+ ions are disordered over 
the 6-ring sites so that a given 6 ring might 

contain Ca2+ or Na+ ions or indeed be com- 
pletely empty. Second, the 6 rings in zeolite 
5A are severely distorted whenever they 
are coordinated to a Ca2+ ion, i.e., there is 
positional disorder of the 6-ring oxygen at- 
oms which depends upon the nature of the 
exchangeable cation. This results in high 
thermal parameters at least for O(2). 
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