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da t a  cannot  be obtained from a single diffraction 
photograph.  The sample-holder of the small-angle 
camera must  allow the sample a possibility of turning 
about  the  axis parallel  to the beam direction. The 
measurement  of in tegrated intensities is simplified by  
adopt ing the geometrical  a r rangement  in such a way  
t h a t  the  vert ical  extension of the measured diffuse 
pattern does not exceed the  height of the counter  
entrance-slit ,  corresponding to the constant  radial  
sensit ivity of the  counter. The integrat ion of the 
intensi ty  along the  various t-axes is then  performed 
automat ical ly .  The to ta l  amount  of the measured da t a  
necessary for carrying out the mathemat ica l  operations 

involved in (7) with sufficient accuracy is in this case 
pract ical ly  the same as with the  f requent  point-by- 
point  intensi ty measurements .  

I wish to t hank  my  colleague J .  Lees CSc for valuable  
discussions. 
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The crystal structure of phillipsite has been determined from the Okl, hO1, and hkO electron density 
projections and has been refined by means of a three dimensional least-square procedure. The unit 
cell is orthorhombic, B2mb, a--9.965, b= 14.25~, c=  14.252 /~ and there are two formula weights 
of probable composition (KxNal_z)sSillA1503~.. 10H20 in the unit cell. The silicate framework can 
be described as consisting of a fundamental unit of two tetrahedra linked head to head through 
an apical oxygen atom. Ten of these double traits are then linked together by sharing corners into 
an S shaped configuration which is approximately 14/~ long and 7 A wide. The open ends of this S 
configuration link to other S units through the oxygen atoms of the upper and lower bases of the 
double unit into a three dimensional network. Adjacent S units are ½a apart  so that  large channels 
exist both parallel to a and to b. The channel parallel to a is octagonally shaped and has an open 
passage with a 12/~2 cross section. The channel parallel to b has a rectangular cross section which 
is approximately 9 A 2. The locations of the exchangeable ions and of the water molecules are 
discussed. 

Introduct ion  

The crystal  chemical investigations of the zeolite 
minerals have  received a sharp st imulus because of 
the almost  s imultaneous recognition t h a t  these com- 
pounds can par t ic ipate  in m a n y  industr ial ly useful 
physico-chemical reactions and  tha t  they  also fre- 
quent ly  consti tute an  impor tan t  fraction of sedimen- 
t a r y  rocks in which they  occur both as a diagenetic 
product and also as accessory autMgenic crystals. 
The general features of zeolite s tructures were estab- 
lished by  m a n y  of the early workers in X - r a y  crystallo- 
g raphy  (Bragg, 1937) and recently m a n y  zeolite struc- 
tures have been redetermined by modern methods 
(Nowacki & Bergerhoff, 1957; Meier, 1960). Lit t le 
attention had  been devoted to the na tura l ly  occurring 
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lamellar type  zeolites. Strunz (1957) invest igated 
the latt ice constants  of phillipsite and reports  

a = 10.02, b = 14-28, c = 8.64 A ; fl = 125 ° 40' 

and W y a r t  (1938) reports  similar values for the mineral  
christianite. The minerals phillipsite and offretite also 
have similar unit  cells and compositions. All these 
minerals probably  have an almost  identical silicate 
framework and may differ only in the type of ex- 
changeable ion which is present.  

The mineral  phillipsite was chosen for this in- 
vestigation because of its widespread occurrence in 
sediments;  it is considered to have a s t ructura l  rela- 
t ionship to some of the synthet ical ly  produced molec- 
ular  sieves and it is a member  of a group of zeolites 
whose s t ructure  until  recently (Sadanaga et al., 1960) 
had not  been studied in detail. The mater ia l  which 
was used in this investigation was supplied by Dr.  
G. Arrhenius of the Scripps Ins t i tu t ion  of Ocean- 
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ography who found the phillipsite crystals in the 
pelagic sediments of the Pacific Ocean. They are 
probably authigenic and consist of very complexly 
twinned specimens approximately 5 mm long and 
2-3 turn. in cross section. 

Experimental 
The X-ray diffraction data were collected from a single 
crystal fragment of phillipsite which was cut from one 
of the branches of the cross twins. The dimensions 
of the fragment used were approximately 0.4 × 0.2 × 0-1 
ram. with the long dimension of the crystal parallel 
to the short axis of the unit cell. The diffraction data 
which were obtained from the single crystal fragment 
showed definite orthorhombic symmetry  with extinc- 
tions hkl, h + 1 = 2n ; hkO, k = 2n, which is consistent 
with the space groups B m m b ,  B2mb and Bm2b.  The 
orthorhombic cell dimensions are 

a = 9.965, b = 14.252, c = 14.252 A ,  

and the non-standard labelling of the cell was chosen 
so as to keep the relationship to the reported mono- 
clinic cell Co = 2Cm + am. The intensities were obtained 
from Weissenberg multiple films using Cu Kc¢ radia- 
tion as well as from precession photographs using 
Mo Ks radiation. The intensities were not corrected 
for absorption or extinction errors. 

Wyart (1938) surveyed fourteen chemical analyses 
reported for christianite of hydrothermal origin and 
presents the formula I~2Ca2Sil0Al6Oa2.12H20, where 
the potassium and calcium ions are presumably 
exchangeable. A qualitative spectrochemical analysis 
of the material from the pelagic sediment showed no 
calcium, only sodium and potassium were present 
which may reflect the environmental condition in 
which the mineral was deposited or perhaps in which 
it crystallized. A determination of the base exchange 
capacity on a very minute sample by means of a 
radioactive tracer technique indicated 377 m.e.q./100 g 
or 5 exchangeable ions for the above formula. The 
measured density of the specimen is 2.10 g.cm. -a 
corresponding to two formula weights of 1278 g. 
The weight of the silicate framework and the 12 water 
molecules leaves only I06 g to be assigned to the 
exchangeable ions, corresponding to about 4.5 Na + or 
2.5 K +. It is more likely that the assumption of 12H20 
is too high for this specimen and there are probably 
no more than l0 1-120 associated with the framework. 
If this assumption is correct, then the formula for this 
specimen is (Kxl~Ial-x)sSi11AlsOa2. l0 H20. 

St ruc tu re  determination 
The structure determination was begun by applying 
the statistical tests to the Okl and hO1 reflections 
(Lipson & Cochran, 1953). The experimental points 
closely followed the centrosymmetric distribution and 

space group B m m b  was used in the initial stages of the 
determination. 

The three Patterson projections were calculated and 
their interpretations were undertaken on the assump- 
tion that  the alumino-silicate framework consisted 
only of tetrahedra. The peaks appearing in the Okl 
projection were consistent with a slightly distorted 
octagonal arrangement of silicon atoms and y, z 
coordinates for the two asymmetric tetrahedral ions 
in general 16-fold positions could be derived. In space 
group B m m b  the plane x = 0  is a mirror so that  an 
atom at xyz has a related atom at ~yz. The hOl Patter- 
son projection showed a very strong interaction of 
approximately 3 J~ which was quite clearly due to the 
distance between tetrahedral atoms connected through 
an apical oxygen. Thus the model with which the 
structure determination was begun consisted of an 
octahedral ring formed by Si04 tetrahedra with the 
apical oxygen atoms in the mirror planes x=0 and 
x = ½. This mirror plane reflects the octagonal arrange- 
ment of the tetrahedra so that the basic unit of the 
structure in projection consisted of a double layer of 
tetrahedra arranged in an octagonal unit. 

The signs for the 0kl structure factors were cal- 
culated on the basis of the above model and the 
electron density projection on (100) showed that the 
assumptions were essentially correct. Peaks on the 
mirror plane at y=~ appeared which were due to 
water molecules and to the exchangeable cations. It 
was possible to refine this projection to an R value of 
20%, but not below it. 

With the y and z values from the projection on 
(I00) and x values derived from the assumption that 
the tetrahedra were linked through the apical oxygen 
to form a unit twice the height of one tetrahedron, 
signs were calculated for F(hOl) and electron density 
projections were calculated. The projections confirmed 
that the silicate framework was essentially correct, 
but at the same time the heights of the oxygen peaks 
were very uneven and extraneous peaks appeared in 
locations which could not be related to peaks in the 
Okl projection. In both projections the peaks due to 
water molecules and exchangeable cations, were very 
much lower than they should have been, and it 
became obvious that the scattering power in those 
locations was less than one ion. Difference syntheses 
of the two projections also indicated that the assump- 
tion of full scattering power in those locations was 
erroneous. The Okl difference syntheses also showed 
that the superpositions of oxygens due to the mirror 
related atoms at xyz and ~yz were incorrect. The 
observed feature in this region of the map indicated 
that the atoms were placed too closely together. 
Space group Bmmb demands exact superposition and 
it was therefore concluded that one of the non- 
centrosymmetric space groups B2mb or Bm2b was 
correct. Space group B2mb does not demand super- 
positions of atoms in the projection on (I00) but does 
preserve its centrosymmetric character. The continued 



646 T H E  C R Y S T A L  S T R U C T U R E  O F  T H E  Z E O L I T E ,  P H I L L I P S I T E  

0 ,, o 1/4(HzO), 

- 1 / 4  W 0 
~ - - - -  Z - - - - ~  

(a) 
Os ,° 1 

(~o)~ ~ 
(H,O) ~ .  (H,O)z., [ 

1/2-~" ..~ ( H 2 0 ) , ~  

Oz 

0 Os Na 1 Z---e.  
(b) 

(H20), 

1/2 

Si3 

:Olo 

O. 

~/4 

,c~ 

Si Si~ 

F -(H20)2 

(H20)3 / ' > 

(c) 

~O9(H~O)6 

:.Olo(H20)s 

:)1o 

(HzO)l(H20)7 
{Na 

1/4 

Fig. 1. (a) E lec t ron  dens i ty  pro jec t ion  of phillipsite on (100). 
Contours  are in intervals  of app rox ima te ly  5 e.A -s excep t  
for the  dashed  lines which are 10 e./~ -s. Contours  s t a r t  a t  

ref inement  of the structure was now based on this  
assumpt ion and  both electron densi ty  and difference 
maps  of all three projections were used in the later  
stages of the structure work. I t  was now possible to 
refine 0#/, hO1 and h#0 to R values of 0.106, 0-156, 
and 0.127 respectively. Table 1 lists the coordinates as 
obtained from the three projections, Fig. l(a), (b), (c). 

Table 1. Atomic coordinates and temperature factors 
obtained from electron-density projections 

A t o m  x y 

Si x 0.153 0-018 
Si s 0.833 0.017 
Si a 0.335 0.861 
Si 4 0.650 0.860 

0 z 0.815 0.083 
O~ 0.773 0-104 
O a 0.235 0.102 
O 4 0.178 0.075 
O s 0.992 0.048 
O 6 0.509 0.874 
O 7 0.203 0 
08 0.796 0 
O 9 0.303 0.250 
O10 0.707 0.250 

(H20 h 0.535 0.250 
½(HsO)~ 0.620 0.136 
½(H~O)a 0.500 0-115 
½(H20)4 0.375 0.123 
½(HsO)5 0.172 0.250 
½(H20)6 0.832 0.250 
½(H20) ~ 0.500 0.250 

Na  0.010 0-250 

z B 

0-892 } 
0.891 As 
0.238 1.75 
0.237 

0-156 
0.840 
0.849 
0.174 
0.885 

2.60 A 2 0.205 
0 
0 
0.740 
0.750 

0.990 
0-035 
0-166 
0 2-60/~s 
0.032 
0-032 
0.830 

0-865 2.60/~2 

The molecule designated ½(H20)7 could not  be 
established with cer ta inty  from the projections. The 
atom labelled 'Na'  is probably  a K+ which occupies 
this  site on a stat ist ical  basis so tha t  the scattering 
power is approximated  by  Na. Similarly some of the 
locations in which water molecules were placed prob- 
ably  represent exchangeable cations such as :Na + 
which are stat is t ical ly dis t r ibuted over those sites so 
tha t  the scattering is approximated  by  tha t  of water. 
The designation ½(H20) means tha t  ½f(oxygen) was 
used to represent the contr ibut ion to the  calculated 
structure factor from tha t  site. 

T h r e e  d i m e n s i o n a l  l eas t  s q u a r e s  r e f i n e m e n t  

Several of the peaks which were designated as water  
molecules in Table 1 had very 10w heights in the elec. 
t ron densi ty  projections and it was impossible to 
determine whether  they  represented exchangeable  
cations, water  molecules or were of a spurious nature.  
They were retained in a three-dimensional  least-square 

app rox ima te ly  5 e./~ -2. (b) Elec t ron  dens i ty  pro jec t ion  on 
(010). Contours  in intervals  of 5 e.A -s, beginning a t  ap- 
p rox ima te ly  10 e.A -s. Dashed  contours  are in 10 e .A -~ 
intervals.  (c) E lec t ron  dens i ty  pro jec t ion  on (001). Contours  
are in intervals  of 4 e.A -~ beginning a t  a p p r o x i m a t e l y  
10 e.A -~. Crosses mark  the  final a tomic  locations.  
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Table  2. Final coordinates, standard deviations and isotropic temperature factors 
obtained from the least-squares refinement 

Atom x a(x) y a(y) z a(z) B (A e) 
Si 1 0.1517 0.0011 0.0165 0.00065 0-8920 0.00065 2.0 
Si s 0.8340 0.0012 0.0170 0.00061 0.8903 0.00061 2.0 
Si a 0.3356 0.0012 0-8610 0.00069 0.2376 0.00056 2.1 
Si t 0.6477 0.0011 0-8597 0.00069 0.2366 0.00061 2.0 

O 1 0.8159 0.0028 0.0854 0.0017 0"1599 0.0017 2.8 
O 2 0.7659 0.0030 0.1027 0.0019 0.8435 0.0019 3"6 
O 3 0.2519 0"0030 0.1012 0.0019 0.8514 0.0019 3.2 
O 4 0.1815 0.0026 0.0773 0.0017 0.1717 0-0017 2.4 
O 5 0.9996 0.0049 0.0469 0.0014 0.8872 0.0014 2.7 
O 6 0.5035 0.0036 0.8751 0.0014 0.2029 0.0014 3"0 
O 7 0.1945 0.0036 0 - -  0 - -  2.0 
O s 0.7860 0.0039 0 - -  0 - -  3.0 
O9 0.3187 0.0038 0.2500 - -  0.7385 0.0026 3.2 
Olo 0.6972 0-0050 0.2500 - -  0.7491 0.0031 4.3 

(H20)1 0.5356 0.0049 0.2500 - -  0.9848 0.0032 6.6 
½(H20)2 0.6202 0.0063 0.1377 0.0045 0.0379 0.0040 5.2 
½(H20)3 0.5030 0.011 0.1267 0.0042 0.1572 0-0040 6.6 

*½(H20)4 0.3871 0.0056 0.1242 0.0047 --0.0001 0.0047 5.5 
½(H20)5 0.2000 0.0078 0.2500 - -  0.0261 0.0047 1.9 
½(H20)6 0.8205 0.0093 0.2500 - -  0.0263 0-0049 3.4 
½(H20)7 0.5368 0.011 0.2500 - -  0.8107 0.0060 6.6 

~Na 0.0054 0.0036 0.2500 - -  0.8600 0.0013 3.5 

* Na + statistically distributed over this site. ~ K + statistically distributed over this site. 

p rocedure ,  e m p l o y i n g  t he  I B M  N Y X R  1 program,  
using 723 i n d e p e n d e n t  ref lect ions  w i th  t he  expecta-  
t i on  t h a t  t he  values  of t he  isotropic  t e m p e r a t u r e  
fac tor  wou ld  ind ica te  t he  we igh t  which  should  be 
ass igned to  t he  sca t te r ing  f rom this  site. F o u r  refine- 
m e n t  cycles were  carr ied out  us ing an  isotropic  
t e m p e r a t u r e  factor  for each a tom.  The  s ta r t ing  co- 
o rd ina tes  were those  of Table  1 which  gave  an  R va lue  
of 0-181. Af ter  four  r e f i n e m e n t  cycles R d r o p p e d  to  
0.140 and  t he  t e m p e r a t u r e  factors  for t he  a toms  
labe l led  1 (H~O)7, (H20)1, and  ½ (H90)3 rose to  6.6/~2. 
The  inspec t ion  of t he  e lec t ron  dens i ty  p ro jec t ions  
shows t h a t  t he  peaks  m a r k e d  ½(HeO)7 and  ½-(H~O)a 
are v e r y  uncer ta in ,  whi le  t h e  peaks  m a r k e d  in  t he  
pro jec t ions  as (H90)1 are v e r y  p r o m i n e n t  a n d  m a y  
pe rhaps  be due  to  a ca t ion  occupying  th is  site sta- 
t is t ical ly.  The  coord ina tes  o b t a i n e d  f rom the  least-  
square  r e f i n e m e n t  t o g e t h e r  w i th  t he  isot ropic  t em-  
pe ra tu re  factors  are l i s ted  in Table  2. Table  3 lists t he  
obse rved  and  ca lcula ted  values  of t he  s t ruc tu re  factors.  

T h e  s i l i c a t e  f r a m e w o r k  

The  s t ruc tu re  of t he  si l icate f r a m e w o r k  can be 
descr ibed  in t e r m s  of an  ideal ized  a r r a n g e m e n t  of 
t e t r ahed ra .  The  f u n d a m e n t a l  un i t  can be cons idered  
as consis t ing of two  t e t r a h e d r a  connec t ed  h e a d  on 
t h r o u g h  t he  apical  oxygen  in to  a double  un i t  ap- 
p r o x i m a t e l y  4.5 A high.  Ten  of these  doub le  uni t s  
are l i nked  toge ther ,  by  shar ing  corners,  in to  a S 
shaped  conf igura t ion  wh ich  is a p p r o x i m a t e l y  14 /~ 
long and  7 J( wide  as shown  in Fig. 2. The  open  
ends  of th is  S conf igura t ion  t h e n  l ink  to  o the r  S un i t s  
t h r o u g h  t he  oxygen  a toms  of t he  uppe r  and  lower  

bases of t he  doub le  un i t  in to  a t h r ee  d imens iona l  
ne twork .  The  he igh t  of two  of these  s taggered  S un i t s  
is a p p r o x i m a t e l y  9 J~ a n d  t h e y  occupy  an  area of 
14x  14 k 2 in t he  p lane  pe rpend icu l a r  to  t he  9 A 
height .  The  obse rved  he igh t  of t he  un i t  cell, 9.97 J~, 
ind ica tes  t h a t  th is  idea l ized  p ic ture  is s l ight ly  dis- 
t o r t e d  in t he  crystal ,  as i t  shou ld  be because  of t he  
improbab i l i t y  of a 180 ° va lue  for t he  S i -O-S i  angle  
in t he  double  un i t  f o rmed  by  two t e t r a h e d r a  connec t ed  
t h r o u g h  t he  apical  oxygen.  I n  t he  ideal ized  descr ip t ion  
of t he  s t ruc tu re  the  apical  oxygen  a toms  lie on a mi r ro r  
p lane  and  t he  t e t r a h e d r a  of t he  uppe r  half  of t he  

Fig. 2. The S configuration of the SiO 4 tetrahedra. Each 
triangle is approximately 4.5 /~ high and represents two 
tetrahedra linked through the apical oxygen atom. The 
dashed S configuration is displaced by ½a above the plane 
of the paper and lower tetrahedra of this double unit 
articulate with the upper tetrahedra of the double unit 
(solid outline) at the circled corners. The drawing is idealized. 
The c axis is horizontal and b is vertical. 
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T a b l e  3. Observed and calculated structure Iactors 
(Signs for  the  e e n t r o s y m m e t r i c  O~l r e f l ec t ions  ~re shown)  

h k ~ p 0 IFcl h k ~ F o IFcl h k t Po IFc[ h k ~ F ° IFcl h k ~ F ° IPcl h k ~ F ° ~ 

Q 0 2 i95 -206 i 0 7 i06 ioo 2 6 8 58 60 3 i3  7 103 94 5 4 ]. 57 57 6 I~ ~ 15 16 
4 13 -22 9 28 2]. i0 50 56 ].i 19 18 3 30 25 II 19 
6 34 21 ].]. 47 49 12 19 17 ].~ 5 28 29 9 62 65 7 0 ~ 35 ~3 
8 250 238 13 66 59 ].6 ii 17 7 38 38 5 ]. 33 22 160 i 
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18 39 43 
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6 27 -6 
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18 ].4 18 

107 
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6 i 8  9 
8 54 48 
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double Si04 uni t  are ref lect ion images of the  lower 
te t rahedra .  I n  the  actual  s t ructure  this mirror  plane 
a t  x = 0  does not  exist bu t  the  deviations are small  
as cart be seen from the final coordinates in Table 2. 
The pseudo centrosymmetr ie  character  of the frame- 
work explains why  the  dis tr ibut ion of the  intensities 
followed so closely the centric curve for the intensities. 

Adjacent  S units are always a t  differen~ levels so 
t h a t  a large channel exists next  to a chain of te t ra-  
hedra.  Also octagonal  shaped channels run  through 
the  s t ructure  parallel  to the  short  axis. The stereo- 
graphic views of Fig. 3(a) and (b) show the silicate 
f ramework  as seen along the a axis and the b axis, 
a l though the  distortions of the model are unfor tuna te ly  
due to its construction and do not  reflect actual  
distort ion of t e t rahedra l  linkages in the  f ramework.  

The s t ructure  can also be described as consisting 
of an octagonal  a r rangement  of te t rahedra ,  12 being 
l inked head to head through apical oxygen a toms and 
they  consti tute ½ of the  S uni t  which has been 
described. The four remaining t e t r ahedra  of the 
octagonal  uni t  point  in opposite directions; the  two 
t e t r ahedra  linked a t  the  bo t tom half point  downward  
and  the  two t e t r ahedra  l inked at  the  upper  half  
point  upward  and thus  become pa r t  of the  S chains 
above and  below. 

The s t ructure  of phillipsite proposed by  Barrer  et al. 
(1959) from considerations of powder diffraction da t a  
of synthet ic  zeolites which displayed characterist ics 
similar to phillipsite and  based also on considerations 
of the  s t ructures  of Linde Sieve A synthet ic  zeolites, 
consists of two rings of four t e t r ahedra  joined head 
to head through apical oxygens into a basic building 
block of the  structure.  This basic unit  is then  a r ranged  
on a body centered cubic latt ice which has a 10 /~ 
repeat  distance. Fig. 2 can be used to show the 
differences between Barrer ' s  proposed phillipsite struc- 
ture  and  the  s t ructure  determined in this investiga- 
tion. The t e t r ahedra  labelled 1, 2, 5, 6 surrounding 
origins of the  cubic cell shown by  the  solid outline, 
can be considered as pointing in one direction while 
the  t e t rahedra  marked  3, 4, 7, 8 point  in the opposite 

direction. The s t ructure  determined in this investiga- 
t ion has the  six t e t rahedra ,  8, 1, 2, 3, 4, 5 point  in 
one direction while 6 and  7 point  in the  opposite 
direction. Even  though Barrer ' s  proposed s t ructure  
for the  na tura l  mineral  phillipsite is incorrect it  m a y  
well be the  s t ructure  of the  synthet ic  cubic phases 
reported in t h a t  investigation. 

The a luminum ions which subst i tu te  for silicon 
within the f ramework  and thus  give rise to the  
exchange capaci ty  of this zeolite could not  be located. 
No meaningful  differences in bond lengths exist within 
the silicate f ramework  when the 3a  test  is applied to 
them. With in  the  precision of this de terminat ion  the  
a luminum ions appear  to be stat is t ical ly dis t r ibuted 
over the  te t rahedra l  sites and the  observed length of 
1.64 A indicates approx imate ly  0.2 A1 per site. The 
assumed value for the a luminum subst i tut ion shown 
in the chemical formula  for the mineral  and  based on 
indirect evidence is 0.3 A1 ion per site. 

The distance in the  (y, z) plane from the center of 
the octagonally shaped channel to the eight sur- 
rounding oxygen a toms varies from 3.1 to 3.6 /~. 
I f  an average radius of 3.3 A is assumed and  the  
d iameter  of an oxygen ion is considered to be ap- 
proximate ly  2.7 J~ then an open passage with about  
a 12 A 2 cross section is available parallel  to the short  
axis of the uni t  cell. The rec tangular  shape of the  
channel parallel  to the  b axis has an average un- 
obst ructed height along the  a axis of 2.3 /~ and  an 
unobs t ruc ted  width of approx imate ly  4 J~ so t ha t  the 
available area is approx imate ly  9 /~2. I t  can be ex- 
pected t h a t  molecules with a cross sectional area of 
about  12 A ~ or less will be absorbed by  this zeolite 
while the  larger ones will be rejected, provided the  
channels are not  blocked by  cations. The presence of 
cations within the channel would decrease the available 
volume for an absorbed molecule and  thus  limit the  
m a x i m u m  size even further .  

The angles Si1-O5-Si2 and  Sia-O6-Si4 which are the 
angles formed by the head on ar t iculat ion of two 
t e t r ahedra  in the  S uni t  are respectively 150 ° and  144 °. 
These are the angles t ha t  would be 180 ° for the  

Si1-O 3 
Si1-O 7 
Six-O 5 
Si1-O 4 

Table 4. Bond lengths within the silicate framework 
(The atomic subscripts also refer to the symmetry equivalent atoms in the framework) 

~(si-o) = 0.055 h 
1.670/~ si2-01 1.635/k si3-0 a 1.610 A sia-o 2 
1.614 si2-05 1.706 sia-o 6 1.756 si4-06 
1.578 si2-02 1.548 sia-o 1 1.660 si4-010 
1.643 Si2-O s 1.652 Si3-O 9 1.627 Si4-O a 

1.725 A 
1.532 
1.652 
1.621 

Average Sil-O 1.626 

Oa-O ~ 2.625 
Oa-O 5 2.680 
Oa-O 4 2.659 
O~-O 5 2.608 
O~-O 4 2.687 
05-04 2.670 

Average Si2-O 1.635 Average Sia-O 1.663 

cr(O-O) = 0.073 A 
O1-O 5 2.712 A Oa-O 6 
O1-O 2 2.726 O3-O 1 
O1-O s 2.601 O3-O 9 
05-02 2.535 06-01 
Os-O s 2.750 06-09 
O2-O s 2.674 O1-O 9 

2.646 A 
2.812 
2.744 
2.763 
2-696 
2"600 

Average Si4-O 1.633 

02-06 2.717 A 
O2-O10 2.585 
02-04 2.613 
O6-Olo 2.716 
06-04 2.608 
O10-O4 2.702 

Average O-O 2.655 Average O-O 2.666 Average O-O 2.710 Average O-O 2.657 
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(~) 

(b) 

Fig. 3. (a) Stereographic view of the structure looking along the a axis. 
(b) Stereographic view of the structure looking along the b axis. 

[To face p. 649 
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idealized picture of the  silicate f ramework.  The O-S i -O 
angles are te t rahedral .  The values for the S i -O-Si  
angles which exist in the octahedral  rings are given 
in Table 5. 

Sia-Oa-Si ~ 

Six-OT-Si x 

S i l - 0 4 - S i  4 

S i 4 - O l o - S i  4 

Table 5. Angles within the octahedral configuration of 
the double unit 

(a) Upper part of double unit 

Sia-Os-Si a 152 ° Angle formed by the two tetrahedra 
related by the mirror plane at y--¼ 

145 Angle formed between tetrahedra point- 
ing in opposite directions 

149 Anglo formed by the two tetrahedra 
related by 1 in the 0/cl projection 

150 
143 Angle formed by the two tetrahedra 

related by mirror plane at y= ¼ 

(b) Lower part of double unit 

Si4-O2-Si ~ 146 ° Angle formed between tetrahedra point- 
ing in opposite directions 

Si~-O8-Si 2 146 Angle formed by the two tetrahedra 
related by 1 in the Okl projection 

Si~-O~-Si a 141 

T h e  w a t e r  m o l e c u l e s  a n d  e x c h a n g e a b l e  cations 

The peaks of the electron densi ty  projections which 
represent  sites which are not  pa r t  of the silicate 
f ramework  were usual ly lower t han  expected. These 
sites which contain the  exchangeable cations and 
water  molecules mus t  be occupied on a stat ist ical  basis 
so t h a t  the  effective scattering power is lowered. 
A quali tat ive spectrochemical analysis of this mater ia l  

had  shown the presence o~ potass ium an4  sodium so 
t h a t  these cations must  be in sites which are labelled 
as H~O and  Iqa in Table 2. The heights of the peaks 
do not  indicate with cer ta in ty  what  type  of occupant  
is present  and it was hoped tha t  the  observed bond 
lengths would show what  kind of a tom is located in 
a par t icular  site. 

Table 6. Bond lengths from 'Na '  site to oxygen ions 
of the framework and water molecules 

*Na-O5 ~ Na-O 3 ~ Na-(H20)~ 3"06 /~ 
Na-O~'J 2.92 /~ j 3.25 /~ l~a-O a' Na-(H~O)6 3-00 
Na-O~. ~ Na-O~0 3 . 4 6  Na-(H20) a 
Na-O~'~ 3.19 Na-O~ 3 . 5 7  Na_(H~O)3, ) 3.38 

* O' are atoms related by the mirror at y---- {. 

09 
© 

w3 w 3 

0~0 

Fig. 4. Coordination around the site labelled 'Na' which is 
probably occupied by K+. Projection along [001]. O 9, O~0 
are about 2 A below the plane and (H2Os), (H20)6 are about 
2 A above the plane containing the cation and the other 
oxygen atoms. 

a toms 09 and 010 are about  2 ~ below the  plane. The 
molecule labelled (HgO)a does not  appear  to be a 
water  molecule. I t  is not  clearly resolved in any  of 
the three electron densi ty  projections al though they,  
together  with the difference maps,  do indicate t h a t  
electron densi ty  exists there. The very  high tem- 
pera ture  factor  and large value of ~(x) obtained in 
the least-squares ref inement might  indicate t h a t  
(HeO)3 is a low atomic number  exchangeable ion 
such as Li which would be difficult to locate accurately.  

between sites labelled (HeO)3 and  (HeO)~. I f  this 
is the  case then 'Na ' - (H20)3 does not  represent  a 
bond and the coordination number  around the  potas- 
sium ion is 10. 

Table 7. Interatomic bond distances from 
non-framework atoms 

(H20)4-(HeO)5 2.61 A (H20)3-(H20)~. 2.07/~ 
(H20)t-(H20)2 2.39 (H20)l-(H20)2 1.97 
(H20)4-O 7 2 . 6 1  (H20)l-(H20)4 2.11 
(H20)4-O a 2.53 (H20)l-(H20)7 2-48 
(H20)t-(H20)a 2.66 (HeO)7-O 9 2.37 
(H20)2-O s 2.62 (H20)7-O10 1.82 
(H~O)2-O1 2- 72 (H20)7-O2 3.14 
(H~O)e-(H20)6 2-56 (H20)7-O a 3.48 

The bond lengths between the occupant  of the site 
labelled Na  and  the oxygen ions of the f ramework 
and  the water  molecules are shown in Table 6 and  the 
coordination around the site is pictured in :Fig. 4. 
The interatomic distances and the number  of neighbors 
strongly suggest t ha t  the ion is not sodium and is most  
likely potassium. The oxygens 02, 05, 03 and the 
a toms related by  the mirror  plane a t  y = ¼ are coplanar 
with the  cation while the  two water  molecules are 
approximate ly  2 A above this plane and the oxygen 

There are five neighbors around (H20)4 a t  distances 
varying from 2.39 A to 2.66 J~ as shown in Table 7. 
The configuration around '(Hoe)4' is shown in :Fig. 5 
and can be described as a tr igonal  b ipyramid  which 
is sharply  skewed to one side. This coordination is not  
inconsistent with the assumpt ion t h a t  '(H20)4' repre- 
sents an exchangeable sodium ion which is stat ist ically 
dis t r ibuted over this site. 

The bond distances from the site labelled ½ (H20)2 
are 2.56, 2.72, 2-62, and 2-39 J~ respectively and then 
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( ~ (H20) 2 

~ (H20) 3 

No 

(H20) 5 
Fig. 5. Coordination around site labelled '(H20)4' which is 

probably occupied by Na +. Projection along [001]. 

A B ~i 

\ /  ' 
i x _ i x  / \  

"--3.. ,----, 
, --:×- | 
I . /~  ~.,I 

Fig. 6. Twinned structure of phillipsite. 

there are two very  short distances of 1.97 and 2.07/~. 
This site is p robably  occupied by  a water molecule. 
The 2.39 • distance is to the Na+ which is located 
in the position labelled '(H90)4'. The very  short 
distances to the positions marked  (H20)1 and (H20)3 
reinforce the assumpt ion tha t  these sites are occupied 
by  an exchangeable cation and  not by  water molecules. 
Hydrogen bonding exists between 01 and  0s of the 
framework and  to the site (H~0)6 which seems to be 
also occupied by  a water molecule. 

The very  low value of the tempera ture  factor of 
½ (H~0)5 indicates tha t  the scattering power in this site 
should be higher t han  tha t  which was assumed and  
tha t  this location contains a molecule of water. 

T w i n n e d  s t r u c t u r e s  

The crystals of phil l ipsite were complexely twinned 
and  a branch  broken off from one of the cruciform 
twins gave a diffraction pa t te rn  displaying tetragonal  
symmet ry  wi th  the same uni t  cell dimensions as the 
un twinned  crystal. A possible mechanism to accovnt 
for the tetragonal  cell of the twin can be postulated 
by  assuming tha t  during the format ion of the S uni t  
one section of two double te t rahedra  such as 3, 4 
(Fig. 6), instead of continuing in the correct manner  
by  l inking at point  A will ar t iculate instead at point  B. 
This result  in a 90 ° tu rn  of the whole structure. The 
S units are no longer vert ical  but  horizontal  as can be 

seen from the  S uni t  formed by  the double te t rahedra  
1-10. The double te t rahedra  1, 2, 6, 5, 7, 8, 9, and 10 
are par t  of both the vertical  and horizontal  S structure. 
A specimen twinned by  this mechanism will give rise 
to a tetragonal  diffraction pat tern.  

The author  was a member  of the staff of the Shell 
Development  Company,  Explora t ion and  Product ion 
Research Laboratory,  while carrying out this  in- 
vest igat ion and  expresses his appreciat ion to the 
Director of Research for permission to publ ish this  
paper. 
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