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1. The structure of analcite (NaAISi206. H20).
By

W. H. Taylor, Manchester University.
(With.3 figures.)

Introduction.

The members of the zeolite family form an interesting series of cry-
stals f~r analysis by X-ray methods, but up to the present the diffi-
culties encountered have made it impossible to determine completely any
of these structures.

The distinguishing features of this group are the variable composition,
the special role played by the water of crystallisation, the highly-com-
plicated nature of the twinning which occurs, and the ease with which
the constituents sodium, potassium, calcium, etc., can be replaced by
other. atoms such as silver and caesium, without destroying the cry-
stalline properties. The optical anomalies exhibited by zeolites have
been investigated very completely by many workers, and would appear
to be intimately connected with the twinnings observed, and to depend
on the state of hydration of the specimen under examination. Minera-
logists have also suggested that many

.
zeolites may be regarded as

hydrated felspars, so that interesting structural relations with the felspar
group may be anticipated (1).

The same properties which make the various members of the group
so interesting, are also responsible for the difficulties which confront
the X-ray crystallographer in his attempt to determine their structures;
in particular, the mimetic twinning, which gives to the external form
of the compound crystal a symmetry much higher than that which
belongs to the individual simple crystals, introduces an uncertainty in
the choice of crystal class which would probably be fatal to any direct
attempt at structure determination based strictly on the formal prin-
ciples of space-group theory.

So far as I am aware, the only zeolites previously examined by
X-ray methods are scolecite. and analcite; in. the case of scolecite,
Rinne (2) has examined, by means of Laue photographs, the alterations
produced when water is expelled, and in the case of analcite the unit
cell and space-group have been determined by Griiner(3) 'and by J aeger(~).
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Schiebold (5) has s'uggested a structure for analcite, which we shaH
discuss in detail in a later paragraph, and Hartwig (6) has confirmed
the resuJts of the other investigators. The ultramarines have many pro-
perties similar to those which are characteristic of the zeolites, and it
is ther~fore of great interest to note that Jaeg'er (7) has described a
determination of the structure of one of these compounds. .

Analcite appears to be very suitable for an attack on zeolite struc-
tures, because it possesses the definite composition NaAlSi206H20 (Ga
replaces a smaU fraction of the Na), and because its external form dis-
plays holohedral cubic symmetry. The crystals nearly always exhibit
weak birefringence, and are resolved under the microscope into sectors
which do not extinguish together, so that the crystals must be reaJly
only pseudo-cubic. In the next section it will be seen that chemical
and physical considerations of a general nature suggest that the fea...
ture which may be common to all zeolite structures, is a framework
of linked tetrahedra of oxygen ions containing the aluminium and silicon
ions; and in the foUowing sections of the paper this idea is applied to
determine the structure of analcite.

The chemical composition of the zeolites.

The problem of determining exactly the chemical formulae of the
zeolites is still, to some extent, unsolved, because different specimens
of the same material, derived from the same locality, often show iarge
variations in composition. The composition of the felspars is equally
variable, and it is generally accepted that the members of each group
represent mixtures, in different proportions, of two "end-compounds" -
as in the albite-anorthite series. It is possible that a simil~r hypothesis
may serve to explain, the composition of the zeolites. (In the case of
analcite the chemical composition does appear to be perfectly definite
in aU specimens.)

In spite of the untrustworthiness of some of the chemical formulae
attributed to zeoJites, certain important generalisations seem to be per-
missible. In the first place, if aJl tbe water present is regarded as
water of crystallisation, the numbers of aluminium, silicon, and oxy-
gen atoms in any zeolite1) are in the ratio AlroSiy02Cro+y),as e. g. in-
analcite NaAlSi206. H20, natrolite Na2A'-2Si301O'2 H20, heulandite
GaA'-2Si60J6.5H20. In the second place, for every two aluminium iems
in the material, there are always either two monovalent positive ions

4) With the possible exception of Laubanile, which has a composition cor-
responding to Ca2Al2Si50J5' 6 H20. (D a n a, Mineralogy, p. 588.)
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such as sodium or potassium, or one divalent .ion such as calcium or
barium. The ~inerals above serve as illustrations.

These two generalisations are very striking (they have been discussed
by various workers'[8J) and have supplied the clue which enabled the
analcite structure to be determined, and which is being used in in-
vestigating other zeolites. The fundamental guiding principle which we
have. adopted as an aid to analysis is that the zeolites are essentially
silica-like structures, in which a portion of the silicon in the (Si02)
material has been replaced by aluminium. If the silicon is supposed
to be in the form of the ion SiH, and the aluminium to be the trebly-
ionised Al+3, the oxygen also being ionised (0-2), then whenever one
silicon atom is replaced by one aluminium atom, there will be one
valency "to spare", and it is this "spare valency" which is satisfied
by the one sodium ion (Na+1) or other univalent positive ion which
then enters the structure. If two aluminium ions replace two silicon
ions, either one divalent ion (such as Ca+2) or two univalent ions, may
be added to the structure to satisfy the valehcies. Machatschki (8a)
has suggested that this type of linked-tetrahedra structure is the basis
of the structures of the felspars, and has named it the "Feldspat-typus".

Assuming that this idea is correct, we expect to find both silicon
and aluminium ions at the centres of tetrahedra of oxygen ions, the
tetrahedra being arranged in such a fashion that they share corners
everywhere - i. e. every oxygen ion is held in common by two ad-
jacent tetrahedra. In this way the observed ratio Al + Si : 0 = 1 : 2

will be obtained; and it is to be expected that all corners of tetrahedra
will be shared, rather than faces or' edges, because in that type of
sharing there is the greatest possible distance between neighbouring
positive ions occupying the cenlres of the tetrahedra. The sodium or
calcium ions may be expected to occupy positions within the arrange-
ment of oxygen ions (which constitute the linked tetrahedra) where there
is the necessary space, and probably near to the aluminium ions. These
suggestions, of course, are based on a knowledge of previously-deter-
mined silicate structures; they are purely tentative, and are outlined
with a view to simplifying the detailed account of the determination of
the analcite structure.

The unit cell and space group of analcite.

Other workers who have examined analcite agree that the cubic
unit cell with an edge of length 13.7 1. contains sixteen molecules of
NaAlS~06 .H20, and that the space group is OW, since the external
symmetry of the crystal places it in the holohedral class of the cubic

i*
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system. It has not been possible to detect, by X-ray methods, any
departure from truly cubic symmetry, though this might have been
expected by reason of the optical anomalies exhibited by all analcite
crystals. .

We have confirmed these results, and have obtained a set of data
giving the estimated relative intensities of reflection from a large selection
of crystal planes, using the rotating-crystal method. Our relative in-
tensities are estimated by eye, and correspond closely with those given
by Gruner. The specimens used in our work were small clear crystals
from the Cyclopean Islands, obtained from the British Museum through
the generous help of Dr. L. J. Spencer, F.R.S.; in working with materials
such as zeolites it is very desirable to have available trustworthy cry-
stals, and we are happy to acknowledge our indebtedness to Dr. Spencer
in this matter of securing suitable material.

The arrangement of symmetry elements in O},Ois as follows (9): -
Four-fold rotation-reflection axes:

(100)0{ (100)U (100)Ot (100)a (010)to (010)H (010)%0 (010)H

(OOI)ot (001)H (001)0% (001)H'
Three-fold rotation axes:

(111)00 C1T1)~t (1'11):\0 (111)0:\'
Two-fold rotation axes:

(110)'-1- ('110)1J;. ('110)3;> (1TOh.1 etc. (24 altogether).
4~- 4~ 4H 48

Glide-Planes:
(100)0 (100):\ etc. ('IOO)t (100)! etc.
(110)0 (HO)o etc. "110):\ (HO)J etc.

Symmetry Centres:
(000) (H-O) (to i) (O~!) (!~d) (iOO) (OtO) (OOi)
(-tit) (ttt) (ttt) (tit) (ttt) (ttt) (iii) att).

We have to find places for 16Na, '16Al, 32 Si, 96
°

and 16H20,
in the unit cell; this is impossible unless the Na and Al atoms occupy
the two 16-fold positions {OOO} and {.Ht}, and the 32Si atoms must
then be placed on the three-fold axes.

Now the '16-fold positions {OOO} and at-}} are special points on
the trigonal axes, so that in any structure obtained in this way all the
positive ions Na+1, Al+3, Si+4, are placed .on the trigonal axes; it is
easily calculated that the average distance between these iom, cannot
be greater than about 1.5 A. Other arguments may be advanced which
suggest that this type of structure is incorrect, but the crowding-together
on the trigonal axes of all the positive ions is probably in itself suf-
ficient to suggest that some alternative arrangement should be souglit.
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Schiebold (5) has already suggested a structure based on the above
arrangement of positive ions, but points out that such a structure is
improbahle for various chemical and physical reasons. It is obviously
necessary to approach the problem from some point of view other than
the strictly formal one employed above.

The analcite structure.

The starting-point for our determination of the analcite structure
has been the assumption that it is based on an arrangement of linked
tetrahedra of oxygen ions, two thirds of the tetrahedra being occupied
by silicon ions, and the remainder by aluminium ions. Every oxygen
ion in such an arrangement is held in common by two tetrahedra, and
the average distance between one silicon or aluminium ion and the
nearest. of the surrounding silicon or aluminium ions is of the order.
3.0 A to 3.3 A. Further, considering silicon and aluminium ions alone,
each such ion must have as its nearest neighbours four other similar
ions, arranged about it in an approximately tetrahedral manner; other-
wise it is impossible to obtain linked tetrahedra of oxygen ions.

Now the Al+3 and Si+4 ions are very similar, the Al+3 ion being
only slightly the larger, so it is justifiable to consider the 32 silicon
ions and the 16 aluminium ions in the unit cell as forming together
one group of 48 equivalent points in the cubic space group. (The
existence of optical evidence that analcite is not truly cubic but only
pseudo-cubic, also suggests that this grouping of different atoms is not
unreasonable.) Trial shows that there is only one way in which the
group of 48 points can be arranged so that every point is surrounded
tetrahedraIly by four other points at a distance of about 3.0 A; the
points are then located on the digonal rotation-axes paraIlel to [11OJ
[nO] [10'1] [101] [OI1J [011]. Assuming this arrangement of aluminium
and silicon ions, it is an easy matter to place between them the 96 oxy-
gen ions, in such a way as to build up nearly regular tetrahedra which
are linked together at all the corners.

Supposing this part of the structure to have been determined cor-
rectly, it remains to find the positions occupied by the 16 sodium ions
and the 16 water molecules in the unit ceIl. S chi e b 0 Id (5) has sup-
posed that the water molecules cannot occupy any fixed lattice position
in the unit cell, since there was no 16-fold position available when the
32 SiH ions, the 16 Na+1 ions, and the 16 Al+3 ions had been fixed;
in the analogous case of the ultramarines, too, Jaeger(7) consjders it.
probable that certain constituents are "loose" and do not contribute to
the regular diffraction of X-rays by the crystal planes. But if, in anal-


