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ABsrRAcr

The structure of faujasite has been refined using least squares applied to three-dimen-

sional Weissenberg film data, and exchangeable cation and water positions determined

using l'ourier an<l difierence syntheses Faujasite has the most open silicate framework

knor-n. Approximately 40ok of exchangeable cations occupy a position (occupancy 0.54)

rnithin the cubeoctahedral aluminosilicate cage, whereas 1616 oI the water molecules

occupy one position u'ithin and one outside of the cage. The remaining cations and rvater

molecules are randomly distributed through the aluminosilicate framework.

The zeolite mineral faujasite has the most open sil icate framework

known so far. This fact becomes clearer by comparing the caiculated

densities of the aluminosil icate framework of different zeolites, than by

Tllrt 1. CoupamscN ol rnt X-Rev DrNsttrrs or Sour Fn.n'upwonr Srrrcatns

Composition

(NazCa)o ors(Alo rSio tOr '1.37
NapAlr:SiuO:r'27H:O
CazAl+SisOn' 13HzO

NagAlzSi3Or o ' 2HrO

LiAlSirO6'HrO
KAlSirOs
SiOz
sio:

Density (9. cm t)

Overall Water Cation
Frame-
work

chabasite
natrolite
bikitaite
sanidine
q]j.artz

coesite

t 9 r
r . 9 7
2 . 0 9
2 . 2 5
2 . 2 8
2 . 5 6
2 . 6 5
2 . 9 1

0 .  5 2
0.44
0 4 8
o . 2 l
o 2 0

0 .  1 4
0 . 2 5
0 .  1 6
o . 2 7
0 0 8
0 . 3 6

1 . 2 5
1 . 2 8
1 . 4 5
1 . 7 7
2 .00
2 . 2 0
2 . 6 5
2 . 9 1

comParing the densities of the whoie crYstals, which include the contri-

bution of the water molecules and the exchangeable cations as well

(Table 1). Less than one haif of the volume of faujasite is occupied by the

framework. The crystal structure determination of the naturally occur-

ring mineral faujasite (Bergerhoff, et ol., L956 Bergerhoff, et al ', 1958)

and of the synthetic molecular sieve X (Broussard and Shoemaker, 1960)

.vielded practicailf identical results for the aluminosilicate framework,

but are at variance with regard to the cation positions. Neither of the

studies save information on the locations of the water molecules. In order

1 Work performecl under the auspices of the Lr. S. Atomic Energy commission.
2 Present address: Department of Earth & Planetary Sciences, University of Pitts-

burgh,  Pi t tsburgh.  Pennsvlvania.
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to resolve these questions the single crystal data of Bergerhoff et al. (1958)
were refined further.

The 829 Fnr.r (Weissenberg, Cu-Ko, photographic intensities measured
by microphotometer, non-observed refl ections inserted with V*I-i" . Lp-t)
were refined by the method of least squares. The weighting scheme of
Hughes (1941) was applied throughout the calculations. Several Fourier
and difference syntheses were computed in order to find the locations of
the exchangeable cations and the water moiecules. Refinement using
i so t rop i c  t empera tu re  f ac to rs  l owered  R  ( I l l F . l -  l F " ]  l / t l F " l )  f r om
0.32 to 0.149. Further refinement emploving anisotropic thermal param-
eters brought R to 0.133 (including unobserved reflections). The results

Tenr,B 2. Pen,q.uBrrnsl FoR TrrE FauJ.tsrrr Stntrcrrrnn

a:24.74 A, spuce group Fd3m, origin at center of symmetrlr, cell contents
192x (Narca)o 075(Al0 3Si0 )Oz'1.37I IzO

(si, Ar)
Or
Or
Os
Oq

o*t
O"qX0.333
(Na,  Ca)X0.5

o.r2sM (6)
0.1742 (2 )
0 r77s (2)
0.2s27 (2)
0. 10s3 (2)
0. 1673 (3)
0 .272  (1 )
0.0699 (3)

0.946ss (7)
0 .1712 (2 )
0 .1773 (2 )
0 .2s27 (2 )
0.8947 (2)
0. 1673 (3)
o .272 ( .1 )
0.06e9 (3)

0.03626 (6)
0.9680 (3)
0.3232 (s)
0. 143s (3)
0 . 0
0. 1673 (3)
0.272 (1)
0 0699 (3)

Symmetry
position

192 (t) |
96 (g) m
Q6 r 'o\  m

96 (g) m
96 (h) 2
32 (e) 3m
32 (e) 3m
32 (e) 3m

B(A')

1 . 2  ( r )
2 . 8  ( 2 )
2 . s  ( 2 )
2 . 5  ( 2 )
2  8 ( 2 )
3 . 2  ( 3 )
3.e  (e )
2 .6  (s )

e A-r)

39
1 6
1 6
t . )

l o

t2
3

10

I Here and in Table 3 the estimated standard deviations, obtained from the least
squares refinement, are given in parentheses follou'ing the value. They correspond to the
last significant digits of these values.

are shown in Table 2. Except the atoms of the framework only three
atomic positions could be located. Two of them are identical rvith the
positions which were named "Alkali 1" and "Alkali 2" bt- Bergerhoff
et al. (1958). The estimated standard deviation of p is 0.8 e.A-3, there-
fore the highest peak in the last difference synthesis, r,vhich is only 1.4
e.A-3, is not significant. There are a number of locations with electron
densities around 1.0 e.A-3. Some of them are arranged in such a way
around the positions of (Si, Ai) and O that they suggest residual electron
densities due to anisotropic thermal motion of these atoms. However,
these peaks remained in the difierence s\.ntheses even after the aniso-
tropic refinement. They are believed to be caused by the Al/Si disorder
in the structure. According to Smith and Bailey (1963) in three dimen-
sional framework sil icates the average distances (in tetrahedral coordina-
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t i on )  a re  A l -O :1 .75  A ,  S i -O :1 .614 ;depend ing  upon  whe the r  an  A l
or Si atom is in the center of the coordination tetrahedron, the oxygen
atoms wil l occupy different positions. From the distribution of the
residual electron densities it can be concluded that the Al0-tetrahedron
is rotated and displaced slightly with respect to the SiOn tetrahedron.
The refined positions correspond to mean positions between these two
extremes. The Al content of the crystal has been estimated in three ways:

a) from the mean (Si, AD-O distance oI 1.647 A it is found to be about 26% (Smith and

Bailey, 1963); b) from the variation of the cell constants with chernical composition there

follorvs for a:24.74 A, a value oI 32/6; c) upon variation of the form factor curve for

(Si, Al) the best fit was found for 257a Al.

From the heights of the largest electron density maxima in the last

difference synthesis it is estimated that no atomic positions, except those
given in Table 2, can be occupied by more than one seventh of a water
molecule (or by an even smaller fraction of a cation).

The structural unit of the faujasite structure is a cubeoctahedral
aluminosil icate cage consisting of 24 (Si, AI) atoms and 36 oxygen atoms.
The (Si, Al) positions of this sodalite unit (it was first observed in the

crystal structure of sodaiite) outline a cubeoctahedron. These sodalite
cages are stacked in the faujasite structure in the same wa)r as the carbon

atoms in diamond: they are centered around symmetry position 8(a)

and have the point symmetry 43m. They are joined by the bridging
oxygen atoms O+ which (together with two (Si, AI)606 faces of the cube-

octahedral cages) outline a hexagonal prism. This arrangement of soda-

iite units joined by the hexagonal prisms forms a very open framework

with large cages in it. The large cages have a diameter of 16.34 A meas-

ured from center to center of two opposing oxygen atoms; they are

interconnected by holes outl ined by 12-membered (Si, Al)pOp rings

which measure 10.t2 A across from center to center of the oxygen atoms.

There are 8 sodalite cages, 8 large cages and 16 hexagonal prisms per

unit celi. This open framework can accommodate up to 260 water mole-

cules per unit cell and, varying with the Si:Al ratio, different amounts

of exchangeable cations. For bond distances and angles see Table 3-
Figure 1 shows a cross section through a sodalite cage in faujasite.

The cation position and the two water positions found in the course of

this refinement are ali connected with this cubeoctahedral cage. Owr and

the cation position are both arranged tetrahedrally inside the sodalite

cage. The cation position is surrounded by a distorted octahedron of

three Or and three O*r. The structure factor caiculations were performed

using a mixed form factor curve for the cation position: (2fN.+fc^)

X0.333, corresponding to the Na: Ca: 2:l ratio in the chemical analysis

of faujasite by Damour (1813). Assuming this ratio the occupancl' of

the cation position was ref,ned and turned out to be 0.54, which means
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that only every other cation position is occupied. Since no chemical
anall.sis of the material used for collecting the intensity data is available,
this number is subject to a large error. However, this half occupancy is
reasonable when one considers that a l ikely hydrogen bonding scheme
can be constructed onlv as long as there are not more than two cations

Tesre 3. IlrrBnerourc Drsra.Nces (A.y eNl Bono ANcr,ns (rN Dncnons) rlr Fa,u1,lsrrr.

(a) (Si, Al)Or tetrahedron

(si, Al)-o,
(si, AD-o:
(si, A.)-o3
(si, Al)-o4

1 .6s7 (3)
| 642 (3)
1.64s (3)
r .643 (3)

4(si, AD-o,-(si, AD 140.6" (0.5')
4(si, Al)-o,-(si, Al) 140 3" (o 5.)
4(si, Al)-o3-(si, Al) 145.1. (0 5")
4(si, AD-o4 (si, Al) 140.6" (0.5.)

Mean value:

OrOz
OrOg
Or-On
OrO:
OrOn
O:-Or

1 .647

2 .7 r0 (8)
2.666 (s)
2-708 (7)
2 687 (6)
2 -6ss (4)
2  . 7  10  (7 )

Mean value:

401-(si, AD-o'
{or-(Si, Al)-o:
401-(si, Al)-o1
4o,-(si, Al)-03
4o,-(si, Al)-o4
4o,(si, Al)-on

141.6"

1 1 0 . 5 ' ( 0 . 4 )
107 .7" (0.+.)
1 1 0 . 3 ' ( 0 . 3 ' )
109.7"  (0 .4 ' )
107 70 (0.3.)
1 1 1 . 0 "  ( 0 . 3 0 )

X{ean value 2.689 Mean value: 109.5 '

(b) (Na, Ca) and O* coordination

(Na, Ca)-Or
(Na, Ca)-O*1
O*r-O"r
OrOr
O*rOr

O'u-Os
(Na, Ca)-(Na, Ca)
O'r-O:

2 .s3  (1 )
2.4s ( .1)
2.96 (2)
3 . 7 7  ( r )
s .63  (1 )

3 .04 (1)
3 .86  (2 )
s.26 (4)

{O*r(Na, Ca) Or 164.8" (0 7")

4Ou-(Na, Ca)-O*r 74.4o (0.60)

{Or(Na, Ca)-Or 96.4 '  (0.4)

4O*r(Na, Ca)-Or 93.7 '  (0 5")

4O.rO*rO: 110.7"  (0.3")

per sodalite cag-e. Possible hydrogen bonds are O*1-O*1 :2.96 It and
O*t-Or:3.04 A,  which enclose an angle of  110.7" .  Six  symmetr ica l ly
equivalent angles of this kind are around each Owr. The one of these
angles which is energetically most favorable (largest distances from the
cations to the hvdrogen atoms) wii l probablv contain the hydrogen
bonds. When there are three cations in the sodalite cage one of these
hydrogen bonds would have to be in an edge common to two coordina-
tion octahedra: a most uniikely arrangement. Szymanski et al,. (1960)
report that the infrared spectrum of fauiasite with a water content of
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Iess than l57o oI the saturation value (this means with less than 5
molecuies HrO per sodalite cage) exhibits bands at 3550 and between
1700 and 1600 cm 1;they attribute them to OH groups. However, these
bands are also typical of hydrogen bonded water: in NazSO+'10H2O
there are bands at  3550 and 1650 cm- l  (Gamo, 1961).  I t  is  possib le

\

NFrD
,'f O

Frc. 1. Vieiv of part of a cubeoctahedral cage in faujasite. Only four of the eight
(Si, Al)606 rings which are in one cubeoctahedral cage are shou'n. The plane of the paper

corresponds to a mirror plane in the structure. Atoms rvhich occur on both sides of the

mirror plane are slightly displaced with respect to each other, in order to show them both.

The directions of the 3 fold axes are indicated. A part of the boncling distances are drawn

as solid lines. Some of the distances from the water oxygens to their nearest oxygen neigh-

bours are shou'n by broken lines.

that in the partly dehydrated faujasite studied by Szymanski et al. (1960)
the bands were caused by the hydrogen bonded water in the sodalite
cages; at higher HzO saturations they were covered by the spectrum of
the other water molecules in the structure. The (Si, Al)-O1 distance is
significantly larger than the other three (Si, Al)-O distances rvhich are
equal within the l imits of error. This lengthening is probabll '  caused by
the fact that Or is also coordinated to (Na, Ca).It is interesting to note
that the position occupied in hydrated faujasite by the exchangeable

o
(NqCoX

t
o

N
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cation is next (at a distance of 3.0 A) to the position 16(c) inside the
hexagonal prism which is occupied by a calcium atom in dehydrated
Ca-faujasite (Dodge, 1963). It seems that upon dehydration the cations
migrate into this position since it is then the only one which provides a
full coordination polyhedron for the cation. The same efiect has been
observed in chabazite (Smith, 1962; Smith, Rinaldi and Glasser, 1963).

The arrangement within the sodalite cage is well established; the
position called O*2, however, is by no means so certain since its electron
density- is rather low. Using the oxygen form factor curve the occupancy
was calculated to be one third. Because of the large distance O*z-Oa of
3.26 A it is believed to be a water molecule.

The positions O*r and O-z &r€ occupied by 43 water molecules out of
260;in the (Na, Ca) location are placed 17 out of approximately 43 Na
and Ca per unit cell. Thus 84/6 of the water molecules and 60/6 ol the
cations which must be present in the structure are still not accounted
for. Subtracting the 17 cations and 32 water molecules per unit ceil
which are in the sodalite cages there remain 28 to 29 water molecules and
3 to 4 cations per large cage to be accommodated. A little more than one
water molecule is in Iocation O*z in the large cage. The smoothness of
the last difierence synthesis indicates that the remaining atoms do not
occuprv fixed positions or at least occupy them only statistically with
very small occupancy factors. In fact there is overwhelming evidence
from a number of different measurements which suggests that most of
the water molecules and exchangeable cations in faujasite float freely
through the aluminosilicate framework. Each large cage has a free volume
of-1000 A3 for the 28 to 29 HzO and the 3 to 4 cations; in l iquid water
there are 33 HrO molecules per 1000 At. That the water molecules and
cations in faujasite behave similarly to an electrolyte solution and are
disordered and even highly mobile is i l lustrated by the following points:

1) The infrared spectrum of fully hydrated faujasite shou's the stretch and deforma-
tion frequencies of H:O in the same positions as in liquid water (Szymanski et al., 1960).

2) The heat of sorption of water in faujasite is comparable to the heat of vaporization
of liquid rvater and of electrolyte solutions (Barrer and Bratt, 1959).

3) A self-diffusion experiment (Barcer et dl., 1956) with a Na faujasite in NaCI solu-
tion marked with 2aNa showed that rvithin 1 minute 50/6 of the sodium was exchanged
(in analcite this takes 120 minutes).

4) The conductivity and the activation energy for cations in hydrated faujasite is
essentially the same as for aqueous solutions of these cations (Freeman and Stamires, 1961).

5) Lou. angle r-ray scattering has been observed for faujasites and is interpreted as an
eftect of the cation disorder in the crystal (Howell, 1960).

6) Faujasite changes its cell constants upon erchange of cations very little (by 0.5),
that indicates that there are no strong interactions between the framework and the
cations (Barrer et ol., 1956). For comparison: the cell constants of analcite change by sev-
eral per cent upon ion-exchange (Bater et al.1953).
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All the above mentioned experiments have been performed on synthetic
faujasites, so called X and Y zeolites. However, i l  seems safe to assume
that natural faujasite has verl '  similar properties since the structures are
essentially the same, as could be verif ied by a re-evaluation of Broussard
and Shoemaker's (1960) powder data. Broussard and Shoemaker assumed
two different cation positions in their hydrated NaX sieve: Nar in the 16
fold position 0,0,0, inside the hexagonal prism, Naz in a 32 fold position
with x:0.241 (near the position called O*z in Table 2). A least square
refinement of their model yieided R:0.40 (for F'and including unob-
served Fo2 lvith zero) and gave unrealistic values for the temperature
factors of the oxygens of the framework (B from -1.7 to 8.0 A'?). A
refinement starting with the values of Table 2 galte R:0.37 and oxygen
temperature factors with B between 2.7 and 4.3 A2. The best agreement
(R:0.34) rvas achieved on inclusion of both the Na positions of Brous-
sard and Shoemaker and the cation position and O*r from this work. The
occupany factors of all these positions were varied _(while the isotropic
temperature factors were kept constant at B:3.0 .A2) and found to be
between 0.3 and 0.8, therefore, only 70/6 oI the Na present in NaX is
Iocated.

I am grateful to W. C. Hamilton for permission to use his powder data
least squares program POWLS.
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