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The structure of anhydrous synthetic sodium zeolite type A has been refined by the method of 
least squares. The refined structure has essentially the same Si, A1 and O positions, as given by 
Reed & Breck (1956), but  the 8 Nai ions near the six-membered oxygen rings randomly occupy 
24 fold positions of the space group and the 4 Nail ions near the eight-membered oxygen rings 
randomly occupy another set of 24 fold positions. For the refined structure R =0-16 versus 0-21 
for the former model. That  the cation positions were in error in the former model was suggested by 
the calculation of a eoulombic potential map for the structure with the omission of cations. 

Introduction 

Zeolite minerals present  m a n y  interesting s t ructura l  
problems. One of these problems is the  location of the  
cations in relationship to the  Si, AlO4p t e t r ahedra  of 
the  frameworks.  We have  approached this problem 
by  calculating the coulombic potent ial  a t  points in 
the  uni t  cell of a zeolite due to the f ramework  a toms 
alone. The lowest points on this funct ion giving 
reasonable cation distances then represent  points in 
space most  likely to be occupied by  the  cations in the  
s tructure.  Treat ing the s t ructure  of anhydrous  syn- 
thetic sodium zeolite type  A in this way  we discovered 
t h a t  the  cation positions, Reed & Breck (1956), did 
not  lie in positions of low potential .  By  placing the  
cations in positions of lower potent ial  and refining we 
have  arr ived a t  cation positions for zeolite type  A 
which give bet ter  agreement  with the X - r a y  data .  

Structure  of zeol ite  type A as de termined  
by Reed & Breck  (1956) 

The s t ructure  of anhydrous  sodium zeolite type  A,  
Na12[(AlO2)12(SiOe)12], space group O~-Pm3m, ao= 
12-28 J~ was determined by Reed & Breck (1956) using 
tr ial  and error methods,  powder data ,  and ten unique 
hkO reflections for ref inement  of the (100) Fourier  
projection. The atomic coordinates given by  their  
de terminat ion  are shown in Table 1 along with the  
coordinates obtained in this investigation. Their  Fou- 

N o .  

Atom in cell 

O I  

Oli 
Onl 
Si, A1 
Nai 
Naiz 

Table 1. Atomic coordinates 

Coordinates of Coordinates given 
Reed & Breck by refinement 

., ,~ 

x y z x y z 
24 0.110 0.110 0.345 0-1133 0.1133 0-3444 
12 0 0.220 0-500 0 0.2214 0-5000 
12 0.289 0-289 0 0.2913 0.2913 0 
24 0-370 0.183 0 0.3702 0.1864 0 

8 0.188 0.188 0.188 0.2419 0.2419 0.1708 
4 0-410 0.410 0 0.5000 0.4093 0.0397 

rier projection on (100) along with its in terpre ta t ion  
is given in Figs. l (a)  and (b). A recalculation of 
s t ructure  factors for their  coordinates are given in 
Table 2 along with observed s t ructure  factors and 
s t ructure  factors for the  best  model of this investiga- 
tion. 

E x p e r i m e n t a l  data 

Slow speed X - r a y  spectrometer  traces over the angular  
range 4-56 ° 20 were obtained of ac t iva ted  synthet ic  
sodium zeolite type  A powder,  Linde Company Lot  
4541, using Ni fi l tered copper radia t ion and dry  He 
to main ta in  the  sample in an  anhydrous  condition. 
Observed s t ructure  factors were derived from the 
spectrometer  line heights by  applying the  Lorentz,  
polarization and  powder line mult ipl ici ty factors. For  
lines representing more than  one reflection, hkl com- 
bination, the  highest mult ipl ici ty factor,  Pmax., was 
applied to the  observed intensity.  For  such non-unique 
lines, 

Fo = (ZPF2/Pr,~x.) ½ , 

where the sum is over all the  reflections contr ibut ing 
to the  line. The 2'0 are given in Table 2. F rom a com- 
parison of these 2'0 direct ly with the Fo given by  Reed 
& Breck, (1956), a discrepancy factor  between the  two 
sets of da t a  of R = 0.11 was computed for 23 observed 
lines. Considering t h a t  the  da t a  were secured on dif- 
ferent  lots of mater ia l  on different spectrometers  a t  
different t imes and the possible changes in intensi ty  
due to hydra t ion,  the agreement  is considered to be 
sat isfactory.  

Calculat ion of the cou lombic  potential  and 
postulate  of the trial  m o d e l  

The exchangeable cation positions in a zeolite will be 
a result  of the a t t rac t ive  and repulsive forces between 
the cations and the  Si, A104/2 f ramework.  Trial posi- 
tions were therefore derived in the following way.  

The potent ial  due to the major  a t t rac t ive  force, 
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Fig.  1. (a) Four ie r  p ro jec t ion  on (100), ¼ of u n i t  cell, shown.  D o t t e d  line indicates  e lec t ron dens i ty  of one. Other  con tours  are 
a t  in te rva ls  of two electrons per  A 9. R e e d  & Breek  (1956). (b) I n t e r p r e t a t i o n  of Four ie r  p ro jec t ion  shown  in (a). R e e d  & 
Breek  (1956). (c) I n t e r p r e t a t i o n  of Four ie r  p ro jec t ion  shown  in (a) according  to the  ref ined model .  

coulombic, was calculated for various points wi thin  
the asymmetr ic  uni t  using the formula 

V j  = Z ,  QUris . 
i=1 

Qi is the charge on the i th  a tom of the framework 
and r~j is the distance from the i th  a tom to point  j .  
I n  the calculation the sum was taken over the 120 
framework atoms (48 Si, A1 and 72 O) surrounding 
the large, a, cage in the structure using a charge of 
+3-5 for Si, A1 positions and - 2 . 0  for 0 positions. 

A typical  section of such a potent ial  map  is given in 
Fig. 2, which indicates tha t  the cation positions of 
Breck & Reed are not at  positions of low potential .  

The repulsive forces were taken into account by  
restricting possible cation positions to surfaces at a 
constant  distance (2.30 /~ equal to the sum of the 
oxygen plus sodium ionic radii) away from the centers 
of the framework oxygen atoms. The points of lowest 
coulombic potential  on such surfaces were then  taken 
as the cation locations for the first t r ial  model. These 
positions were: 
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8 Nai at 0.260, 0.260, 0.184 
4 Naii at 0-368, 0.118, 0-500 

Interestingly, they explain a peak on the (100) 
Fourier Fig. l(a) at 0, ½, 0.34 which is not explained 
by the Breck & Reed model. 

R e f i n e m e n t  of the  s t ruc ture  

The 8 l~ai cations are in 24 fold positions of type m 
of space group O~Pm3m and the 4 •ali cations are in 

24 fold positions of type 1. Random occupancy of these 
positions was assumed. These cation positions were 
then refined using the method of least squares Hughes 
(1941), a selected list of 17 unique reflections with 
equal weighing factors, no temperature factor, and 
assuming that the Si, A10 framework contributions 
given by Reed & Breck (1956) were correct. Initial 
refinements were carried out by hand but at ~ later 
stage structure factors and least-squares terms were 
computed using a Burroughs 205 computer. 

Table 2. Observed and calculated structure factors 
A. U n i q u e  o b s e r v e d  s p e c t r o m e t e r  l ines  

R e e d  & B r e e k  R e f i n e d  m o d e l  
hkl .Fo (a) .Fc(b) Fc(C) 

1.0.0 118 177 155 
1.1.0 106 - -  117 - -  127 
1-1-1 94 - -  117 - -  110 
2.1.0 64 --  91 - -  86 
2-2-0 51 --  64 - -  46 
3-1.1 115 96 113 
2-2.2 33 - -  22 --  31 
3.2.0 48 --  19 - -  41 
3.2.]  73 70* 55 
4.2.0 52 --  40 - -  46 
4.2.1 30 29 18 
3.3-2 108 - -  109" --  88 
4-2.2 50 17 35 
5.2.1 26 19" 34 
4.4.0 80 70* 78 
5.3.1 34 - - 4 2 *  - - 2 8  
5.4-1 41 - - 5 2  - - 4 4  

* M i s c a l c u l a t e d  in  R e e d  & B r e c k  p a p e r .  

B .  N o n - u n i q u e  o b s e r v e d  s p e c t r o m e t e r  l ines  

R e e d  & B r e c k  

hkl Fo = (ZPF2/Pmax.) ½(a) Fc(d) 

3 . 0 . 0 }  6 8 }  
2.2.1 84 80 

 10} 100} 
3.2.2 118 - - 8 0  

3-3.0 55 - -  22 

4.3.0 55 -- 3 

3.3-3 36 - -  113 

5.2.2 } s4 
4-4.1 57 29 

4-3.3 52 46 

6.0.0} 212} 
4-4.2 70 47 

5.4.0 44 40 
4.4.3 85 o o} 
5.4-2 23 - - 2 3  

5-5.0 72 210 
5.4.3 --15 
7-2-0} 40 --44} 
6"4" 1 -- 56 

R e f i n e d  m o d e l  
^ 

(XPF2/Pmax.)½(b) F c  (d) (XPF2/Pmax.)½(c) 

80 85 } 
80 84 

-- 88 } 104 113 81 
J 

-- 47 } 
28 83 64 

70 113 / 46 
- s f  

55 - - 2 8  } 
54 33 

] 

65 65 ~ 49 
3 ) 

4s -15 ~ 51 
66 f 

82 167 ] 69 
42 f 

45 68 47 
61 

20 41 ] 25 
- - 2 3  f 
--83 } 

78 138 60 
-- 10 

39 - - 7 5  ] 64 
--85 
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Table  2 (cont.) 

C. Unique non-observed spectrometer lines 

Reed & Breck Refined model 
hkl Fo (a) Fc (b) 2'c(c) 

2.0.0 < 17 1 -- 12 
2.1.1 < 11" 24 33 
3.1.0 < 14 1 20 
4.0.0 < 36 -- 16 26 
3-3.1 < 20 16 - -  3 

6.1.0 < 29 25 14 
6-2.0 <31 - - 3 4  - -  5 

5.3-3 <31 18 --17 
6.2.2 < 32 -- 10 - -  28 
6.3.1 < 23 -- 3 9 
4.4.4 <59 15 --29 
6.4.0 <36 -- 6 -- 2 

* Observed by Reed & Breck 2' 0 = 29. 

D. Non-unique non-observed spectrometer lines 

h]cl .F o -= (~.,v'p.F2/Pmax.)½(a) (~v'P.FS/Pmax.)½(b) (,~PF2/Pmax.)½(c) 
5-1-0 4"3"1 < 16 13 18 
5-2"0 4"3"2 < 18 7 20 
6"1"1 5"3"2 < 22 15 20 
7"0"0 6"3-2 < 24 9 32 
7"1"1 5"5"1 < 36 35 30 
7"2"1 6"3"3 5"5"2 <26 27 29 

(a) Scaled to fit refined model, for comparison with Reed & Breck model multiply by 1-023. 
(b) Includes temperature factor exp --5-7 (sin 0/h) 2. 
(c) Includes temperature factor exp -5 .1  (sin 0/2) 2. 
(d) Geometric structure factor without the inclusion of a temperature factor. 

W h e n  the  ca t ion  pos i t ions  appea red  to  be fa i r ly  well  
de te rmined ,  t he  ent i re  l is t  of 68 possible s t ruc tu re  
fac tors  was  compu ted  us ing the  a tomic  sca t t e r ing  
fac tors  of F r e e m a n  (1958). A t  th i s  point ,  a p lo t  of 
In Z[F[obs./Z]Fc[ versus  (sin 0//t) 2 for var ious  ranges  of 
sin 0//t i nd i ca t ed  t h a t  a f a i r ly  large t e m p e r a t u r e  fac tor  
is requ i red  for t he  s t ruc ture .  D i sc r epancy  factors  for 
t he  observed  spec t romete r  l ines i nd i ca t ed  the  t hus  far  
re f ined  ca t ion  posi t ions  to be be t t e r  t h a n  those  of 
Reed  & Breck  ( R = 0 . 1 7  versus  0.21 for 29 observed 
lines). I n  t he  ca lcu la t ion  of R for non -un ique  l ines 
(2:PF~/Pma,~.)~cal¢. was compared  w i th  (ZPF2/Pm)~ohs.. 
One f u r t h e r  leas t - squares  r e f inemen t  was t h e n  carr ied 

f••//_•.• - 8-87' 

Fig. 2. Potential section on (110). The circles about 01, 03, Nai, 
and NaIT represent the ionic radii. The function was not 
computed within circles about O 1 and O 3 and has been 
adjusted to a reasonable scale. 

ou t  us ing the  17 un ique  observed  ref lect ions a n d  v a r y i n g  
the  10 pos i t iona l  p a r a m e t e r s  we igh t ing  the  i nd i ca t ed  
shif ts  according to  t he  sca t t e r ing  power  of the  a toms  
involved.  The  resu l t ing  coordina tes  are g iven  in  
Table  1 a n d  Fig.  1 (c). S t ruc tu re  factors  for th i s  model  
are g iven  in  Table  2. D i sc repancy  factors  for th i s  
model  are compared  w i th  t hose  of Reed  & Breck  
(1956) in Table  3. Nea res t  ne ighbor  d i s tances  are g iven  
in  Table  4. 

D i s c u s s i o n  o f  t h e  s t r u c t u r e  

The d i sc repancy  fac tors  g iven  in  Table  3 show t h a t  
the  new model  is closer to  t he  t rue  s t ruc tu re  of 
a n h y d r o u s  sodium zeoli te t y p e  A t h a n  the  former  
model .  The  shif ts  of t he  las t  l eas t - squares  r e f i n e m e n t  
ind ica te  t h a t  the  a toms  are p r o b a b l y  w i th in  0 . 0 5 / ~  of 
the i r  correct  posi t ions  b u t  some of t h e m  m a y  be as 
far  as 0 .2 /~  f rom the i r  t rue  posi t ions.  The  t e m p e r a t u r e  
fac tor  ( B = 5 . 1 3 )  would  ind ica te  average  t e m p e r a t u r e  

d i sp lacements  of 0.2-0.3 ~ in  t he  s t ruc ture .  K e e p i n g  
these  l imi t a t ions  in  m i n d  the  d i s tances  in  Tab le  4 are  
qui te  reasonable .  Smi th  (1954) has  found  for an  
average  a luminos i l i ca te  s t ruc tu re  w i th  S i / A I =  1, t he  
Si, A1-O d i s tance  1-69/~. The  N a i - O  d is tances  appea r  
to  be shor t ;  W u n d e r l i c h  (1959), however ,  observed  
sodium oxygen  d is tances  of 2-29 A in sodium h y d r o x i d e  
hydra t e s .  The  fol lowing m i n i m u m  r ing  opening  dis- 
t ances  are observed  in  t he  s t ruc tu re :  be tween  t h e  
oxygen  of the  e igh t  m e m b e r  r ings  4-2 •, be tween  the  
oxygen  of t he  six m e m b e r  r ings  2.0 A, be tween  a 
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sodium o:- type  I I  and oxygen across the  eight member  
ring 2.3 A.  These distances are consistent with the  
known adsorpt ion properties of the  material .  

Table 3. Discrepancy factors 

No. of R R 
No. of spectre- Reed This 

Class of reflec- meter & investi- 
reflection tions lines Breck gation 

Unique observed 17 17 0.24 0.18 
Non-unique 

observed 26 12 0.14 0.12 
All observed 43 29 0.21 0.16 

R=XlFo l -  ]Fcl/JFol where ]2'ol or ]Fc] for a non-unique line 
= (ZP_F~'/Pmax.)½. 

For the unobserved reflections (25 reflections, 18 lines), 
three calculate to be slightly above the observational limit, 
one of these 2-1.1 was observed by Reed & Breck. 

For the unique observed reflections the framework atoms 
alone give an/t----0-30. 

Table 4. Nearest neighbor distances for the refined model 

Distances within the framework tetrahedra 

d~ 
Si, A1-OI 1.69 /~ | 
Si,A1-OII 1.65 
Si,A1-OIH 1-61 
Oi-O~ 2-78 } 
OI-OH 2.71 
OI-Om 2-67 
0H-OH 2.70 

Sodium-oxygen distances 
Nai-Oiii 2.27 /~ 
Nai-O I 2.14 
NaH-OIt 2.36 

Average 
distance 

1.66 A 

2.71 X 

Thus far, the  ref inement  has been carried out  using 
the  pseudo uni t  cell for zeolite A ra ther  t han  the t rue  

uni t  cell wi th  a0=24.56 A. The larger cell of lower 
symmet ry  is required because of a very  weak reflective 
indexing ~.~-.½ '~ a on the  basis of the  small cell and is 
necessary to allow a l te rna t ion  of Si04p a nd  Al04/z 
t e t rahedra  according to the  ideas of Loewenstein 
(1942). Also zeolite A is not  s t r ic t ly  stoichiometric.  
Chemical analysis of Lot  4541 gives the  a tom rat ios 
Na/Al = 0.95 + 0.04 and Si/Al = 0.98 _+ 0-02. Si/Al rat ios 
less t ha n  1-0 have been noticed previously for zeolite A, 
Reed & Breck (1956), and the  suggestion was made 
by Barrer  & Meier (1958) t h a t  an extra  NaAl0~ uni t  
is occluded at  the  center of the  fl cage. The Na/A1 rat io  
less t h a n  one m a y  indicate  cation defects in the  
s t ructure  or a few per cent of hydrogen exchange. 
Because of these m a n y  factors, fur ther  ref inement  of 
the  s t ructure  does not  seem justif ied unt i l  single 
crystal  da ta  is available. 

I t  is a pleasure to acknowledge the  help of Mr L. G. 
Dowell who aided in the  exper imental  phases of this  
invest igat ion;  Mr L. D. Pot t s  who wrote the  program 
for the  Burroughs 205 computer ;  and Dr D. W. Breck 
who aided and supported the  ref inement  of the  struc- 
ture. 
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Relationships between the crystal chemistry of  p y r o x e n e s  a n d  a m p h i b o l e s .  By E. J.W.WTrlT~A~ER, 
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(Received 18 December 1959 and in revised form 15 March 1960) 

In a recent paper (Whittaker, 1960) it has been shown certain sites in the structure. I t  is therefore natural to 
tha t  the composition ranges of the orthorhombic amphi- enquire whether the same or a similar dependence can 
boles, and the different fl angles and a sin fl values of be observed in the related field of the pyroxenes. 
the various series of monoclinic amphiboles, depend to The amphibole structure may be regarded as a packing 
a large extent on the radii of the metal ions occupying together of narrow strips of talc-like structure. The 


