I. The structure of analcite (NaAlSi:Os- H:0).
By
'W. H. Taylor, Manchester University.
(With 3 figures.)

Introduction.

The members of the zeolite family form an interesting series of cry-
stals for 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, ete., 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 ecrystal 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 suggested a structure for analcite, which we shall
discuss in detail in a later paragraph, and Hartwig (6) has confirmed
the results of the other investigators. The ultramarines have many pro-
perties similar to those which are characteristic of the zeolites, and it
is therefore of great interest to mote that Jaeger(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 NadlSiHOzH,O (Ca
replaces a small 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 really
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 zeolile structures, is a framework
of linked tetrahedra of oxygen ions containing the aluminium and silicon
ions; and in the following 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 large
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 similar hypothesis
may serve to explain the composition of the zeolites. (In the case of
analcite the chemical composition does appear to be perfectly definile
in all specimens.)

In spite of the untrustworthiness of some of the chemical formulae
attributed to zeolites, certain important generalisations seem to be per-
missible. In the first place, if all the water present is regarded as
water of crystallisation, the numbers of aluminium, silicon, and oxy-
gen atoms in any zeolite!) are in the ratio A4l,8iyOy4x 4, as e. g. in
analcite NwAiSiyOg - HyO, natrolite NagAlySisOyy-2H,0, heulandite
Cadly3igOy4 - 5 H,O. In the second place, for every two aluminium ions
in the material, there are always either two monovalent positive ions

1) With the possible exception of Laubanite, which has a composition cor-
responding to CasAleSi;0y5- 6 H>O. (Dana, Mineralogy, p. 588.)
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such as sodium or potassium, or one divalent ion such as calcium or
barium. The minerals above serve as illustrations.

These two generalisations are very striking (they have been discussed
by various workers:(8]) 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 (Si0,)
material has been replaced by aluminium. If the silicon is supposed
to be in the form of the ion Si¢*+4 and the aluminium to be the trebly-
ionised Al+3, the oxygen also being ionised (O—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 satislied
by the one sodium ion (Nat!) 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*%) or two univalent ions, may
be added to the structure to satisfy the valencies. 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 4l+4- 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 centres 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 A. contains sixteen molecules of
NaAlSiyO4 - HyO, and' that the space group is O, since the external
symmetry of the crystal places it in the holohedral class of the cubic
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system. It has not been possible to detect, by X-ray methods, any
departuré from truly cubic symmetry, though this might have been
expected by reason of the optical anomalies e‘{h]blted 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 rotaling-crystal method. Our relative in-
tensities are estimated by eye, and correspond closely with those given
by Griiner. 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.8.; in working with materials
such as zeolites it is very desirable to have avallable 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} is as follows (9): —
Four-fold rotation-reflection axes:

(100)g, (100);5 (100)55 (100),

(001)0% (OM)H (001)0_53_ (001);
Three-fold rotation axes:

(1) (1), (111)y, (111),.
Two-fold rotation axes:

(”0)3‘-% ('IWO);{% (110);
Glide-Planes:

(100), (100), ete. ('IOO)%

(110), (110), etc. (110),
Symmetry Centres:

o

(010),4 (010)s; (010)s5 (010),,

e ‘\—

[C

48

(170);- ete. (24 altogether).

33
48

(100); ete.
(1 TO)A etc.

(000) (£30) (304) (044 (431) (100) (040) (00
G40 G40 G4D 41D Q1D 43D G (1.
We have to find places for 16 Na, 1641, 32S8i, 960 and 16 H,0,

in the unit cell; this is impossible unless the No and A/ atoms occupy
the two 16-fold positions {000} and {} !}, and the 3257 atoms must
then be placed on the three-fold axes.

Now the 16-fold positions {000} and {{%{} are special points on
the trigonal axes, so that in any structure obtained in this way all the
positive ions Na+!, Al+3, Si+4 are placed on the trigonal axes; it is
easily calculated that the average distance between these ions 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 sought.
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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
improbable 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 slructure
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 A4l+3% and Si+! ions are very similar, the 4/+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 mot truly cubic but only
pseudo-cubie, 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
tetrahedrally by four other points at a distance of about 3.0 A; the
points are then located on the digonal rotation-axes parallel to [110]
[170] [101] [10T] [011] [047]. 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 cell. Schiebold (5) has sup-
posed that the waler molecules cannot occupy any fixed lattice position
in the unit cell, since there was no 16-fold position available when the
32 Si+4ions, the 16 Na*!ions, and the 16 47+3 ions had been fixed;
in the analogous case of the ultramarines, too, Jaeger(7) considers it.
probable that certain constituents are “loose” and do mnot contribute to
the regular diffraction of X-rays by the crystal planes. But if, in anal-
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e, the 48 silicon and aluminium ions are placed in equivalent positions
o the two-fold axes as we have suggested above, the 96 oxygen atoms
Wil occupy a set of equivalent (general) positions, and there are the
two special 16-fold positions {000} and {{ 14} available. If the sodium
stoms and the water molecules are placed in these positions, F-values
can be calculated for reflections from planes of low indices, and there
is, on the whole, fair agreement (of a qualitative nature, of course) be-
tween the F-values deduced in this way, and the observed relalive in-
tensities of reflection.

For two reasons this simple way of arranging the sodium atoms
and water molecules has been rejected. In the first place, the environ-
ment of the sodium atoms, placed either at {000} or at {41 L}, is quite
different from what might reasonably be expected — each atom is at
the centre of a space (empty of other atoms) larger than is needed to
accommodate the atom if it is supposed to be ionised and to have the
radius (1.0 A.) usually attributed to the jon Na+!1. Again, although there
is a fair agreement between calculated F-values and observed intensities,
it was not possible to obtain much improvement in the agreement, by
slight alterations of the atomic parameters. Examination of a model of
the linked-tetrahedron arrangement showed that there is just room for
a sodium ion (of radius 1.0 A.) at each of the 24 points in the unit
cell of which (0} 1) is typical; a sodium ion placed in such a position
is surrounded by four oxygen ions in a plane, and water molecules (of
diameter 2.7 A.) placed at the points 144} touch the sodium ion at
opposite ends of the diameter normal to the plane of the four oxygen

Table I. :
Coordinates of atoms in unit cell of analcite.
N " ~ " ~
Atom ‘ . 1\9. % Y il ()1=2ni ()2=2ﬂ,y., Og=27—
in unit cell a 7 a a a a
Si 4 Al 48 0.161 | 0.089 | 0.623 58° 32° 2925°
o 96 0.444 0.4134 0.722 40 47 260
Na 16 (= 24><3)| 0 0.250 | 0.425 0 90 45
H0 16 0.125 | 0.425 | 0425 45 45 )

The origin of coordinates is at a centre of symmetry; the arrangement of symmetry-
elements in the space group O is described in an earlier section of the paper.

In caleulating F-values 2 Natt is placed at each of the 24 positions in the cubic
unit cell, of which (0° 90° 45°) is typical.

The No ions and /1,0 molecules are fixed by symmetry, and the (Si 4 Al
ions, on two-fold axes, have one degree of freedom, so that in the case above
0y = 60" — e, 0p=30°+ ¢, 03 =225° where «=2° to give the best agreement
between observation and calculation. The O ions have three degrees of freedom.
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Table II.

Comparison of Observed and Calculated Intensities.

Indices [ sin 0 \ P Observ.ed
| Intensity
(211) 0.063 180 | soré
(220) 0.073 — 103 A
(213) 0.097 4% |
(400) 0.103 — 685 10
(420) 0.110 — 90 nil
(233) 0424 300 6
(422) 0.427 90 3
(413) 0.132 — 100 3
(213) 0.142 — 125 3
(440) 0.147 190 4
(233) 0.160 — 83 9
(611) 0.160 — 110 3
(620) 0.164 45 1 or 2
(415) 0.168 235 <A
(613) 0.176 — 50 1
(444) 0.180 — 30 <A
(435) 0.183 50 <1
(640) 0.187 218 4
(633) 0.190 — 185 3 or 4
(253) 0.190 — 50 nil
(217) 0.190 75 1 or 2
(246) 0.194 — 30 <1
(237) 0.204 — 190 4
(613) 0.204 110 9 or 3
(800) 0.207 460 8
(417) 0.210 1435 3
(820) 0.214 — 85 3
(660) 0.220 — 143 3
(822) 0.220 — 170 9
(831) 0.222 140 3
(840) 0.234 — 30 nil
(248) 0.236 105 )
(219) 0.240 125 9
(655) 0.240 23 il
(617) 0.240 — 50 A
(466) 0.243 ITH 2
(457) 0.246 — 85 1
(239) 0.251 — 45 3
(637) 0.231 100 2
(844) 0.254 — 78 1 or 2
(833) 0.256 =80 1
(860) 0.259 150
(10.4.14) 0.264 — 165
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Table II (continued).

Indices | sin 0 Fyy Observ.ed
\ hk Intensity
(277) ‘ 0.261 965 ’ 5
(10.2.0) ‘ 0.264 — 85 ‘ 1 or 2
(10.3.4) 0.272 90 2
8417) 0.277 — 445 3
(10.4.0) 0.279 — 535 1 or 2
10.3.3) 0.284 190 3 or 4
(837) 0.286 65 <1
(639) 0.290 160 3 or 4
(880) 0.292 145 nil
(677) 0.300 — 150 3
(10.3.8) 0.300 — 130 2 or 1
(10.6.0) 0.302 50 nil
(866) 0.302 — 110 2
(12.0.0) 0.311 — 63 <1
(488) 0.341 30 nil
(10.5.5) 0.317 — 210 3
(12.4.0) 0.528 — 30 nil
(10.8.0) 0.331 110 1 or 2
(299) 0.334 — 100 1 or 2
(12.6.0) 0.347 — 200 3
(888) 0.360 120 nil
(14.4.4) 0.365 13 9 or 3

The indices refer to the cubic unit cell with edge 13.7 j&., and 0 is the glancing
angle corresponding to these dimensions, and for the MoK, wavelength 2 = 0.71 A.

The “observed intensities” are arranged on an arbitrary scale, in which 4 is
very weak, 2 is weak, 3 or 4 medium, 5 or 6 strong, > 6 very strong. Most of the
reflections quoted in the Table have been observed several times on different plates.

A modified atomic F-curve for the (S¢ - Al) ions is deduced from the atomic
F-curves for Si7* and Al*3, The scattering power of the waler molecule H,0 is
taken as equivalent to that of, the oxygen ion.

ions. The sodium ion is thus surrounded by a distorted octahedron,
consisting of four oxygen ions and two water molecules.

For the final calculation of F-values for comparison with observed
relative intensities of reflection, we have then considered the arrange-
ment of linked tetrahedra described above, with the 16 water molecules
at the points {1 {1}, and on the average 2 Nu at each of the 24 points
{04 §}; for this is the simplest way of taking into account the fact
that only 16 Na*!ions are available to occupy the 24-fold position to
which they are assigned. (The real significance of this average distri-
bution of Na*!ions is discussed in the next section.)
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The atomic parameters referred to the cubic space group O}’ are
given in Table I. In Table IT are collected the calculated F-values and
the observed relative intensities of a large number of reflections of all
types; with few exceptions, the agreement is as good as can be expected.

The qualitative nature of the experimental data, and the fact that
the assumptions made in the course of the analysis are rather novel,
malke it desirable to test the suggested structure as complelely as possible.

Two tests have been carried out. In the first place, corresponding
rotation-photographs have been taken, using the same single crystal of
analcite before and after dehydration. Table III shows that, if the waler
molecules occupy the definite lattice-positions to which they are assigned
in the slructure described above, dehydration should produce marked

Table III.
Effect of dehydration on Intensity of Reflection.

Observed Alteration

Indices sin 0 F B ) :
in Intensity

(211) 0.063 180 240 strengthened
(220) 0.073 — 105 — 105 none

(213) 0.097 hi 100 strengthened
(400) 0.103 — 685 | — 580 (not on plate)
(420) 0.110 — 20 —20 | none

(233) 0.424 300 250 weakened
(422) 0.127 90 | 90 none

(413) 0.432 — 400 — 100 none

(215) 0.142 —A25 | —170 | strengthened
(440) 0:147 190 100 ‘ weakened
(235) 0.160 — 83 — 45 weakened
(611) 0.160 — 110 — 150 strengthened
(620) 0.164 45 45 ‘ none

(415) 0.168 25 | 25 none

(643) 0.176 — 30 — 85 strengthened
(444) 0.180 — 30 ‘ 40 none

(4385) 0.4183 50 | 50 none

(640) 0187 215 215 none

(633) 0.490 — 185 =430 weakened
(255) 0490 | — 50 — 135 none

(217) 0.490 75 40 none

F), . is the F-value calculated for ordinary analcite for the plane (kkl), and
F,, the value for dehydrated analcite. For reflections with glancing-angle grealer
than 0 = 0.190, the alteration in Fj; which results when the water is removed is
not big enough to produce any detectable alteration in the blackness of the photo-
graphic image. With the exception of the reflection (400), all the reflections with
glancing-angle less than 0 = 0.190 were observed on a pair of comparison photo-
graphs taken with ordinary and dehydrated analcite respectively.

Zeitschr. f. Kristallographie. 74. Bd. ib
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alterations in intensity of reflection of X-rays only for a very few re-
flections with small glancing-angles. The photographs show precisely
the predicted alterations in intensity. (Griiner (3) took powder-photo-
graphs of dehydrated analcite, but failed to observe any striking altera-
tions in intensity of the lines: this is hardly surprising, since the cal-
culations based on the structure show that the water contributes but
little to the reflections from most lattice-planes.)

The second test affords direct evidence that the sodium ions are
correctly placed in the structure suggested. For it is possible to re-
place the sodium in analcite by silver (by heating ordinary analcite with
concentrated AgNO, solution for several days at 130°C—150°C), and
to observe the changes in intensity of reflection which take place by
reason of the much greater scattering-power of the silver ion. (It is
reasonable to suppose that the silver ion occupies the lattice-position

Fig. 1. Powder Photograph of ordinary analcite (a) and silver analcite (b).

formerly occupied by the sodium ion which it replaces.) Corresponding
rotation-photographs taken with the same single crystal of analcite, be-
fore and after treatment with silver, show the quite striking alterations
in relative intensities of reflection by different planes to be expected if
the silver ion displaces the sodium ion from the positions assigned
above. The prolonged heating, however, causes the single crystal to
splinter internally, and the spots on the rotation-photographs are in-
distinct and ill-defined. For this reason powder photographs of ordi-
nary analcite and silver analcite have been taken, under identical con-
ditions. They are reproduced in Fig. 1, and in Table IV is collected the
data obtained from the first few lines of each photograph. The I-values
for ordinary analcite and for silver analcite, calculated on the basis of
the structure suggested, are also given in the Table. Bearing in mind
that every line in the silver-analcite photograph is weakened owing to
the strong absorption by the silver, and that the actual strength of
any line in the powder-photograph depends both on the scattering power
of the plane considered, and also on the total number of crystal planes
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which contribute to the reflection (e. g. six for the reflection (400), forty
cight for the reflection (213)), the observed differences in intensity, due
to the replacement of sodium by silver, agree with those predicted from
the calculated F-values.

It is impossible that the sodium ions can occupy either of the two
sets of 16 equivalent positions in the cubic unit cell ({000} or {{{4 )

Table 1V.
Data from powder photographs.

| | Number of planes Observed Intensity ‘ Calculated F-values
sin 0 | Indices ‘ contribuling to Ordinary Silver Ordinary I silver
‘ ‘ refleclion Analcite ‘ Analcite \ Analcite | Analcite
0.138 (241) 24 | Vs m | 180 1 0
0.159 | (220) 12 ‘ m m ‘ — 105 ] — 285
0.211 (243) 48 | vw ms 45 213
0.226 | (400) \ 6 s s ’ 685 | —515
0.253 (420) | 24 vVvw ms — 20 | — 355
0.264 | (233) 9 ‘ vs s \ 300 465
0.276 (422) 24 w w 90 250
0.286 (413) 1 48 ‘ ms w ‘ — 100 — 100
0.308 | (245) | 48 s s ‘ — 125 | — 280
0.320 | (440) | 12 | mw nil | 190 35
235 — 90 — 235
0846 {tsu; [;? = m L0 33
0.356 | (620) ‘ 24 \ nil nil ‘ 5 | —100
0.365 | (413) | 48 | nil nil ‘ 25 95
0.382 (613) | 48 | nil w | —50 — 185
0.393 | (444) ‘ 8 ‘ nil w — 30 | — 440
0.397 (435) | 48 nil nil 50 50
0.406 (640) 24 ‘ m ms 215 490
(633) | 2% — 188 — 320
0.414 {("235) 24 m m — 50 — 185
@17) | 48 ‘ 75 210
0.420 (246) 48 ‘ nil nil — 30 100
(237) | 48 — 190 — 65
0.443 \{(615) 1 48 ‘ ms m ‘ 110 955

The glancing angle 0 corresponds to the wave-length 7 = 1.539 A, (CuK, radia-
tion). The length of edge of the cubic unit cell, deduced from the powder photo-
graphs, is @ = 13.68 A. = 0.04 A.

In the silver-analcite photograph one or two weak lines are present, to which
indices cannot be assigned: they are probably due to impurities.

In the last two columns are collected the calculated I-values for ordinary anal-
cite and silver analcite respectively. The F-values for silver analcite are calculated
on the assumption that the sodium is completely replaced by silver. It is probable
that in the actual specimen employed the substilution is not quite complete.
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for if these ions are located at the points {000}, they contribute noth-
ing to the reflections (211), (213), (420), (215), (640), which actually
show considerable alterations in intensity when silver replaces the so-
diom; and if placed at the points {11}, they contribute nothing to
the reflections (420), (640), while (440) should be very strong in silver-
analcite, whereas it actually disappears.

The success of these tests makes it possible to state with confidence
that the structure described is the correct average structure.

Discussion.

(a) The true symmelry of analcite.

The structure described is based on the cubic space group 0,%, and
is deduced by assuming that the 32 silicon ions and the 16 alummlum
ions may be considered to form one group of 48 equivalent points in
the unit cell, and that the 16 sodium ions occupy, uniformly on the
average, a 2%-fold position in the unit cell.

The first assumption is obviously not entirely justified, for the Al+3
ion is larger than the Si*+4 ion, and will distort in some way the sur-
rounding tetrahedron of oxygen ions-i. e., 16 of the tetrahedra will pre-
sumably be slightly different from the remamdel of the 48 which are
actually treated in the structure as identical.

Goldschmidt (9a) has shown that the effective interatomic distance
is diminished when the coordination number is reduced, so the tetra-
hedron around the Al+3 ion is probably not dlStOI‘t(,d to.any great
extent.

Again, the struclure suggested does not explain why the observed
composition of analcite is so constant — it always corresponds very
closely with NaAlSiy Oy - H,0 — for it would be expected that the A7:S:
ratio might vary within fairly wide limits without producing any marked
alteration in structure, if all Al*+3 jons and Si+! ions were really struc-
turally equivalent. At the same time, the Na-content would be expected
o vary according to the proportion of Al present. There must be
some reason why the composition is always the same in this particular
member of the zeolite family.

The existence of the optical anomalies suggests that the crystal is
not truly cubic, but only pseudo-cubic, and various explanations of these
effects have been advanced by mineralogists (1), who assume either some
type of twinning of tetragonal or orthorhombic individuals, or a mechani-
cal laltice-strain connected in some way with the water-content. Bear-
ing in mind the structure which we have derived, it seems probable
that the pseudo-cubic nature of analcite may be due to either twinning
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of macroscopic individuals of lower than cubic symmetry, or twinning
of microscopic (or sub-microscopic) individuals of this type, or local
alterations in the arrangement of water molecules or sodium ions within
a linked-tetrahedron structure which is continuous and coherent through-
out the whole crystal. Various ways of obtaining the required average
structure have been devised, but calculation shows that with the ex-
perimental data available it is improbable that the correct way of
“averaging” could be chosen with any certainty. It will be sufficient
if it can be shown that an explanation of the pseudo-cubic nature of
analcite, on the lines suggested above, is also able to account for the
constant composition of the mineral.

If the symmetry is reduced from cubic to tetragonal, the unit cell
dimensions remaining unaltered, the 16 aluminium ions and the 32 silicon
ions now occupy separate and distinct. groups of equivalent points, in-
stead of occupying together one group of 48 equivalent points. The
16 sodium ions may be disposed in either of two ways, If the tetra-
gonal unit cell is centro-symmetric, then only two of the four oxygen
ions round each sodium ion satisfy exactly Pauling’s electrostatic
valency principle (10) (they are connected to one silicon ion Set! and
one aluminium ion AI*3 as well as to the sodium ion Nat!), the other
two oxygen ions being connected to two silicon ions as well as to the
sodium ion. (The electrostatic valencies are of course satisfied on the
average.)

If the tetragonal cell is supposed to be polar, then each of the four
oxygen ions around eight of the sodium ions in the unit cell, obeys
Pauling’s rule exactly, while the oxygen-ion environment of the re-
maining eight is the same as when the cell is centro-symmetric.

These alternatives correspond to two different ways of putting the
16 sodium ions in two of the three groups of 8 equivalent points which
are together equivalent to the group of 24 related points in O}, sup-
posed occupied uniformly “on the average” by the sodium ions.

The constant composition of analcite is thus explained if the sym-
metry of the individual unit cell is reduced from cubic to tetragonal,
for the aluminium ions and silicon ions now occupy two different groups
of equivalent points, and the sodium ions also occupy definite lattice
positions. In view of the difficulty of devising any experimental way
of deciding which is the correct way of building up the “average” cubic
structure from the individual units of lower symmetry, we have not
pursued these discussions. In any case, the most important point is
that it may reasonably be supposed that both the constant composition
of analcite, and the pseudo-cubic nature of the crystal, can be explained
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by assuming that the true symmetry of the individual unit cells is not
higher than tetragonal.

(b) The principal features of the structure.

The continuous structure of linked tetrahedra can be regarded as
built up of two kinds of tetrahedron rings, one kind containing four
positive ions, the other kind containing six; this ring of six is a slight
distortion of the tetrahedron-ring which forms the basis of the beryl
structure, and the plane of the ring is normal to a trigonal axis of the

(a)

77 Silicon or Aluminium ion at height 0.6 A Silicon or Aluminium ion in the plane
4 above the plane of the diagram. of the diagram.

@ Silicon or Aluminium jon at height 0.6 A %) Oxygen ion at height 0.6 A above the
™

N below the plane of the diagram. plane of the diagram.
® Oxygen ion at height 0.6 A below the

(O  Oxyegen ion in the plane of the diagram. plane of the diagram.
@ Oxygen ion at height 1.2 A above the

E) Oxygen ion at height 2.1 A above or below plane of the diagram.
the plane of the diagram. @ Oxygen ion at height 1.2 A below the

plane of the diagram.
Fig. 2. Rings of four tetrahedra (a) and six tetrahedra (b), from which the .analcite

structure is built up. Every ring of six tetrahedra is normal to a trigonal axis of the
subic unit cell. The rings drawn above are slightly idealised, but the essential fea-
tures are retained.

cubic cell; both six-rings and four-rings are identical with those found
in the ultramarine structure suggested by Jaeger. The shape and size
of each type of ring is shown in Fig. 2. If the symmetry of the in-
dividual unit cell is reduced from cubic to tetragonal, as described in
the preceding section, the aluminium jons are distinguished from the
silicon ions, and it is perhaps significant that the whole structure is
now built up from rings of four silicon tetrahedra, joined up by
aluminium tetrahedra in such a way as to produce other rings of’
four tetrahedra (these consisting of two silicon- and two aluminium-
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tetrahedra) and also rings of six tetrahedra (containing four silicon- and
two aluminium-tetrahedra). These points are illustrated in Fig. 3, in
which are reproduced photographs of a model of the unit cell of anal-
cite built up to show tetragonal symmetry. The photographs show
clearly the way in which the six-rings and four-rings are related.

The environment of the sodium ion is also seen clearly in Fig. 3.
Each such ion has around it a group of four oxygen ions in an equa-
torial plane, and a water molecule at each end of the polar axis. The
electrostatic valency rule enunciated by Pauling (10) is obeyed exactly
if each of the four oxygen ions (O~2) is linked to one silicon ion (Sit4)
and one aluminium ion (A4/13) as well as to the sodium ion (Nutt),
since both silicon and aluminium ions are surrounded by tetrahedra of
oxygen ions. In gypsum, which has recently been analysed (10a), there
is almost exactly the same arrangement of four oxygen ions and two
water molecules about each of the calcium ions,

The points occupied by the water molecules lie on the non-inter-
secting trigonal axes of the cubic space group; no other atoms lie on
these axes, (around which the “beryl rings” of six tetrahedra are grouped)
so that there are long channels passing through the structure parallel
to all the cube-diagonals, wide enough to accommodate quite large
atoms or molecules, and empty of everything but water molecules (see
Fig. 3). There can be little doubt that these holes are in some way
responsible for the ease with which the water may be removed from
analcite and be replaced by other materials. In all probability they also
facilitate the base-exchange which can so easily take place. It would
be interesting to measure the rates at which ions of various sizes can
be driven through analcite by electrolysis, (as in the case of quartz (11))
for the “holes” in the structure would probably provide the paths along
which the ions could be driven. In the ultramarine structure suggested
by Jaeger there are channels of the same size, but they intersect at
the centre of the unit cube, whereas in analcite they are non-intersecting.

Each water molecule probably touches two sodium ions; if there
were 24 sodium ions per unit cell, each water molecule would touch
three of them, but as there are actually only 16, one of the three
available positions will lack a sodium ion. The properties usually attri-
buted to the water molecule suggest that it is more likely to be in
contact with two sodium ions than in contact with three, and the hydro-
gen atoms may perhaps “occupy” in some way the “spare” hole simi-
Jar to the two occupied by sodium ions.

It is also interesting to notice that the oxygen ions, which are
everywhere common. to two tetrahedra, do not lie midway between the



16 W. H. Taylor

Fig. 3a. The unit cell of analcite.
The photographs show how the tetrahedron rings are linked together (in the Key
two rings of four, and one ring of six, tetrahedra, are copied from the photographs);
the environment of the sodium ion, and the existence.of the large channels in which
lic the water molecules, are also illustrated.
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ions (Sit4 or Ai*+3) which they touch, but the (oxygen to silicon or
aluminium) bonds make an angle of about 140° This is nearly the
same as in the quartz structure, where the angle is 147°30" (12). Too
much stress should not be laid on this point, since the determination

of the analcite structure is only based on qualilative measurements, and
is at best an “average” structure in which Si+! and Al*+3 are assumed
to have an “average diameter” of about 0.9 A., corresponding to the
actual diameters 0.6 A. and 1.4 A., respectively.

\

Fig. 3b. White circles represent silicon ions. Large black circles represent aluminium
ions. Small black circles represent oxygen ions.
Zeitschr. f. Kristallographie. 74, Bd.

Lo
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(c) Relationship with other crystals.

In the other zeolites we may expect to find the linked-tetrahedron
arrangement as the basis of the structure, and their similar behaviour
in regard to base-exchange and loss of water suggests that there may
exist similar empty “channels” running through the structure. A number
of these crystals are now being examined.

The felspars are anhydrous, but they show the same Al +- Si: 0
ratio as the zeolites, and we consider it probable that this series also
will be found to be built up on a basis of linked tetrahedra containing
the silicon and aluminium ions.

Leucite would also appear to be related to analcite in some way,
but we have not yet been able to examine this crystal satisfactorily by
X-ray methods.

The ultramarines form an extremely interesting group: a structure
has been suggested by Jaeger, which is based on an arrangement of
linked tetrahedra of oxygen ions. This forms the essential framework,
within which places must be found for a number of atoms, such as
sodium, and for some (SO,) groups. The tetrahedra are occupied partly
by silicon ions, partly by aluminium ions, and the whole framework of
tetrahedra can be regarged as built up from rings containing four tetra-
hedra, and rings containing six tetrahedra; the rings are the same shape
and size as in analcite (cf. Fig. 2), but are grouped differently so that
the unit cell is a body-centred cube of edge dbout 9 A. Jaeger con-
siders it probable that some of the remaining constituents of the cry-
stal do not occupy definite lattice positions, but are to be regarded as
“wandering” in the large cavities formed by the intersection of the
three-fold axes around which the rings of six tetrahedra are placed.
It is interesting to find that the type of tetrahedron-linkage- found in
analcite is suggested by Jaeger as the basis of the structure of the
ultramarines, which possess many zeolite-like properties (7).

I have to thank Professor W. L, Bragg, F.R.S., for constant help
and advice throughout the course of the work. For assistance in ob-
taining suitable crystal specimens I am indebted to Dr. L. J. Spencer,
F.R.S., and Mr. F. A. Bannister, of the British Museum; silver anal-
cite was prepared for me by Mr. M. G. Evans (of this University)- to
whom I am also grateful for much information regarding the chemistry
of the zeolites; Dr. A. J. Bradley and Mr. A. L. Roussin (also of this
University) very kindly prepared for me the powder photographs which
are reproduced in Fig. 1,
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