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INTRODUCTION

The framework silicates exhibit a variety of structure-dependent proper-

ties, for example ion-exchange capacity. The ready diffusion of ions and

molecules in these solids is related to the relative openness of their

tetrahedral networks.

This thesis summarizes the results of some structural investigations of the

synthetic sod ium-alumi nos i 1icate called nepheline hydrate I (NHl), which were

undertaken with X-ray diffraction techniques. The aim of the study was to

characterize the framework structure, and further to obtain some knowledge

on the structural response to variations in non-tetrahedral cation compo-

sition by a structural comparison of the al kal i-ion-exchanged forms of NHl.

The crystal structure of NHl and its relationship to other silicate frame-

works is discussed in the following papers:

(i) X-ray study of the nepheline hydrate I structure (1),

(ii) Structural relationships in tetrahedral frameworks: Reflections on

Cristobalite (2).

Information concerning three alkali-ion-exchanged forms of NHl is found in:

(iii) Structure of a potassium-ion-exchanged nepheline hydrate I crystal (3),

(iv) Substructure of a rubidium-ion-exchanged form of the silicate nepheline

hydrate I [k),

and

(v) The average structure of partially cesium-exchanged nepheline hydrate I

(5).

Si Xiaatea

There are two main reasons for the large amount of research in the field of

silicate chemistry, one geological and one technological. The crust of the

earth is composed almost exclusively of compounds containing silicon and

oxygen. Although the crust does not constitute more tha^ O.k wt$ of our
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planet (6), it forms nearly 100 % of the rocks directly available to man

for study and exploitation. Knowledge of the physical and chemical proper-

ties of silicates is literally of fundamental importance. Due to their great

abundance, minerals like quartz, feldspars and clays are valuable as bulk

raw materials for ceramics, concrete, glass etc., materials which have been

used for a very long time, while the development of synthetic zeolites as an

industrial commodity was not started until after the Second World War. The

most important uses of zeolites today are as catalysts and sorbent materials

in chemical processes, though zeolites are used as ion exchangers in a few

applications.

The primary building unit in silicates is the SiO. tetrahedron and different

types of tetrahedral groups are formed by varying degrees of corner sharing

between tetrahedra. In the common modifications of SiO- all oxygen atoms are

bound to two silicon atoms, and a neutral three-dimensional tetrahedral net

is formed. When Si(IV) is substituted by Al(lil), B(lll), Fe(lll), Be(ll) etc.

a network anion is created and positive ions must be introduced in the cavi-

ties of the tetrahedral frame. The resulting substances are then called tekto-

si I icates.

igneous rocks, which constitute the bulk of the earth's crust, consist on

average of 12 vo]% quartz, a "tektosil ica", and 60 vol* feldspar (6), a group

of waterfree tekto-aluminosi1icates with rather dense frameworks. In some

alkaline (bi1ica-deficient) rocks the feldspars are replaced by feldspathoids

e.g. nepheline, leucite, cancrinite, and sodalite, which have more open frame-
2- 2-

works and the latter two contain additional an ions such as Cl , CO, and SO. .

Finally, the natural and synthetic zeolites have the most open frameworks and

contain substantial quantities of water. An extreme case is exhibited by the

synthetic sodium zeolites X, Y and A which contain up to 0.5 cm water per

cm crystal (7).

It is substances like zeolite X, Y and A which are produced today on a large

scale for industrial applications (8). In catalysis the favourable combi-

nation of well defined micropores and the presence of suitable active sites

e.g. metal ions and protons, is utilized for cracking petroleum, for the con-

version of methanol to high-quality gasoline, and a wide spectrum of other

organic reactions. The ability to adsorb many molecules, other than water,

under a certain size, makes the zeolites useful adsorbents that are employed

as desiccants, molecular sieves and filters.



The property of framework silicates which allows them to change their cation

content without structural breakdown is shared by many inorganic compounds

like acid phosphates, micas, clays, hydrous oxides and even close-packed

mixed oxides (9). In fact, the phenomenon of ion exchange was originally

discovered around 1850 in soils containing clays and humi c acids as active

components (10). Today organic ion exchangers are almost always used in

technical water-purification systems, these exchanger materials are made of

cross-linked polymers, which can exchange either cations or anions depending

on the charge of the functional groups.

Inorganic exchangers have the advantage of being selective towards specific
2+ +

ions e.g. Sr and Cs . These ions can be removed from nuclear waste sol-

utions in the presence of a large number of other ions. Large amounts of

zeolite A will be used as a substitute for phosphates in detergents, wherethe zeolite acts as a water-softening agent by the incorporation of Ca

Mg into the solid, while Na is expelled.

and

Ion exchange is also of importance in the geological process of metasomatism

since it involves the transformation of a rock through the introduction of

external fluids (11).

Nepheline hydrate I

Nepheline hydrate I has one of at least 15 topologically distinct tetrahedrai

framework types that are encountered among the many phases in the system

Na^O-Al.O.-SiO.-H.O. Many of these networks occur both in natural and in

synthetic environments. Others have so far not been found as minerals, for

example, the zeolite A and Z-21, and also NHI, while a common natural phase

like natrolite is very difficult to synthetize. Typical for the industrial

production of zeolites is the use of excess amounts of NaOH, crystallization

times measured in hours, and small crystal sizes. This can be compared with

the conditions of formation pertinent to natural zeolites, which are: a pH

closer to neutral, and a time of crystallization belonging on the geological

time scale. Crystals of silicate minerals are known to reach considerable

sizes. NHI is a phase which is produced both in systems with excess alkali

(see page 9) and in those where no extra Na_0 is present. In a thorough

study by Kim and Burley (12-14), of the phase equilibria in the system

HjO, at temperatures between 150-900 °C and pressures of



between 0.5 and 10 kbar, the following solid phases were shown to be present:

albite (a feldspar), nepheline (a feldspathoid), analcime and Na-PI (zeolites),

and finally NHI. Similar results have been obtained by other authors (15,16).

The following historical notes indicate that NHI is one of the few synthetic

silicates which can be identified, with some certainty, among the hydrothermal

products of the early experimentalists. Nevertheless, NHI was not structurally

characterized until recently.

1892. Thugutt (17) prepares "natronnephelinhydrat" as the main product, when

kaolin is reacted with NaOH under hydrothermal conditions, at 213-220 °C.

The crystals are orthorhombic and they often form twins and four)ings. A

chemical analysis gives the composition Na_ O 1A1 ? nn^i2'1-85H-O, and

the material can be reversibly dehydrated.

1896. Friedel (18) heats NaOH(aq) and muscovite mica to about 500 °C and pro-

duces nepheline and a new silicate, not known as a mineral. The twinning and

optical properties of this new silicate are characterized and the density is

measured to be 2.378 g cm .

1952. Barrer and White (19) make an extensive investigation of the phases

formed in the Na-O-AI-O.-SiO.-H-O gel-system, which inlcudes NHI. The inter-

planar spacings derived from the powder pattern are given and NHI is stated

to have the composition Na.Al.Si.O..*!,5H>0. Sodium ions can be replaced by

Tl* and Ag+.

1964, 1965. Guth (20,21) determines the unit cell: a = 5.25, b =• 16.52, c =

15.04 Å, from rotation photographs, and an analysis of NHI gives the formula

Na. n^Al. QgSi. Q.0 1 2*1.80H.0. Several physical properties described by

Guth, as well as by Barrer and White, are in agreement with the early findings

of Thugutt and Friedel.

1964, 196S. Edgar (22,23) indexes the powder lines by means of a subcell in

which the two largest lattice constants are halved. NHI is not identified

among the natural weathering products of nepheline (so-called hydronephelines).

1979, 1982. Reinhardt (2k), and Reinhardt, Hell ner and Ahsbahs (25) prepare

NHI crystals from natural soda lite and water at a pressure of 22 kbar and a



temperature of 400 C. Single-crystal structure analysis is performed using

the unit cell size of Edgar.

Crystals of NHI were initially synthetized by Faith and co-workers while

carrying out a broad survey of the chemical systems which provided techni-

cally important aluminosi1icates. Since crystals of sufficient dimensions

could be grown, the crystal structure determination of NHI was undertaken

with single-crystal X-ray methods.

The framework structure of NHI turned out to be rather simple, with a two-

dimensional pore system of moderate size, and the Si,Al ordering in the tetra-

hedral frame was well developed. These properties suggested that NHI might

be a suitable starting substance for a study of some ion-exchanged specimens,

in the hydrated state. The subsequent X-ray analyses indicated that the re-

sulting arrangement of cations and water molecules in ion-exchanged NHI was

surpriringly complicated.

EXPERIMENTAL METHODS

Synthesis

The crystal structures studied in this thesis (1,3"5) were determined using

crystals prepared by the method developed by Faith (26). Glass with a molar

Si:Al ratio close to unity and aqueous NaOH in excess, were allowed to react

in steel autoclaves at a temperature of 200 °C and autogenic pressure. This

produced NHI crystals tabular on {100}, see Fig. 1 in Ref. 1, and with dimen-

sions of a few tenths of a millimetre i.e. crystals suitable for single-

crystal X-ray diffraction experiments. The preparations invariably contained

small amounts of additional phases such as P-zeolites, analcime and cancrinite.

Since large crystals of NHI, prepared by the normal gel-method, were re-

ported in the literature a series of gel-syntheses was also undertaken.

Barrer and White (19) described crystals with maximum dimensions of 0.15 mm,

while Guth (21) found that the crystals reached 1 mm. It was shown by Guth

(20) that when 1 mol SiO2 (silica gel), 1 noi Al(0H) , 90 mol hy) and 0.5-16

mol NaOH are reacted at 250 °C, a succession of solid phases was produced

when the pH was raised, namely: analcime •* NHI -*• cancrinite -*• soda lite. In

similar experiments, usable NHI crystals were obtained when "i-h mol of NaOH



was used and the temperature was kept at 200 C in order to avoid corrosion

of the reaction vessels.

In order to confirm the identity of the "natronnephelinhydrat" of Thugutt

(17) with NHI, the experiments were repeated according to the original de-

scription from 1892. The result was typically twinned crystals of NHI in

sizes of up to 0.2 mm and with rough faces. Some lines from analcime and

cancrinite were also present on the powder films in addition to the NHI dif-

fraction pattern.

Ion

Small amounts of the NHI preparations were exposed to repeated treatment

with aqueous solutions of the alkali-metal chlorides (of course with the

exception of FrCl) and calcium, strontium, and barium chlorides, at a tem-

perature of 80 °C. The crystals used for further investigations were ion-

exchanged according to Table 1. Most experiments wera performed in poly-

methylpropene tubes, in order to avoid the possibility of leaching of ions

from the glass walls.

Table 1. Ion exchange

Cetion Mass of Volume of Concentration . Time/ Qualitative
solid/g solution/ml of cat ion/mo1 I d*yi analysis

Li

K+

Rb+

Cs+

Ca 2 +

Sr 2 +

Ba2+

0.03

0.03

0.03

0.01

0.009

0.009

0.009

10

10

10

3

10

10

10

0.5

0.5

0.5

1.0

0.5

0.5

0.5

7 + 7

7 + 7 K,Na,Ai ,SI(Fe)

7 + 7 Rb,Na,AI,Si(Fe)

21+21 Cs,Na,Al,Si

6 + 6 Ca,Na,Ai,Si(Fe)

6 + 6 Na.A1.Si

6 + 6

Some zeolites have a very high selectivity for certain ions and this means

that the presence of trace concentrations of impurity ions in the solutions

can result in an unexpected composition of the solid. For examp.e the batch-
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wise exchange of zeolite A with 0.1 mo 1 1 RbOH(aq) containing 3 x 10

mot 1 Ba(0H) 2 resulted in crystals with a bulk composition of

K0.2Na0.i»Ba0.6Rb9.9Al11.i.Si12.6Oi.8 (27) •

Microscopical examination of the ion-exchanged NHI samples showed that the

K -, Rb -, Cs -, Sr - and Ba -treated crystals were essentially undamaged,

while all crystals treated with lithium chloride solutions were severely

altered. Each of the Li -exchanged crystals exhibited a large number of fine

cracks approximately parallel to (001), this sometimes gave the crystals a

milky appearance. The degradation of the crystals could not be avoided by

lowering the temperature to room temperature.

A LiNHI crystal was placed in a drop of 1.0 mol 1 LiCl(aq) and within a

few hours the cracks were clearly visible under the microscope. It is poss-

ible that a study of how the cracks propagate could provide some information

on the rate of diffusion and the ion-exchange mechanism of this reaction.

Unfortunately all the LiNHI crystals prepared were unsuitable for single

crystal X-ray diffractometry.

Qualitative analysis

Qualitative chemical analysis was undertaken on some of the samples by means

of energy dispersive analysis of X-rays in a Philips EM^OO electron micro-

scope. The results are included in Table 1 and they indicate that in most

cases considerable ion exchange had taken place. The status of tKe iron

which was found in some specimens is somewhat uncertain, but its presence

is not surprising since the syntheses were carried out in stainless steel

autoclaves, and many preparations had a slight yellowish hue when wet. On

the other hand, it was not possible to find any indication of Fe in the struc-

tural refinements, but this could be explained by the low content of Fe. The

possibility of Fe radiation as a result of materials in the microscope must

also be considered.

Photographic films

Initially the crystals were studied by means of oscillation and Weissenberg

photographs taken with a Nonius camera using Mi-filtered CuK radiation. For

the alkali-ion-containing samples the films showed evidence of structural
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complexities - superlattice reflections and streaking - and consequently

the diffraction patterns of a relatively large number of crystals were

recorded, and the results are discussed on page *»3-

Films from NHI-crystals treated with CaCl.(aq), SrCl-(aq) and BaCl.(aq) were

indistinguishable visually from diffraction photographs of the original NHI

crystals. This, together with the available chemical data, led to the pre-

liminary observation that at least with Sr and Ba , the ion exchange was

more difficult to achieve, than with the alkali ions.

Similar situations were observed for analcime (28) and the feldspathoid

ultramarine (29). In both, the exchange of Na by divalent alkaline-eerth

ions is not feasible under the same conditions that give extensive exchange

with alkali-metal ions.

A further study of the alkaline-earth forms of NHI has not yet been under-

taken.

Unit cell parameters

The lattice constants of NHI (1) were determined by least-squares fitting
2

of 3h sin 6 values from a Guinier-Hägg powder photograph (CuK . ) , while

those of KNHI (3), RbNHI (k) and CsNHI(5) were obtained from 28, 39 and 29 6

values respectively, recorded with MoKa radiation in a Nicolet P3m diffracto-

meter. Some data on the crystals used for structural analyses are presented

in Table 2.

Changes in the lattice dimensions i.e. the tetrahedral frame, upon ion-

exchange follow a common pattern in the sense that in the K, Rb and Cs forms

a decreases more than <?, while b increases (Table 3). In order to find an

explanation for the special behaviour of LiNHI, the dimensions of an ortho-

rhcmbic subcell were determined by the powder method to be: a = 7.795(2),

b = 7.331(2), c = 5.069(2) A, V - 289.7 A 3 0 8 single-indexed lines, C U K Q 1

radiation). In this case all three lattice parameters decreased but in the

same order as before. The volume of the LiNHI crystals decreased by 10 %

and this caused cracking of the single crystals.

This volume change is large but not exceptional. Barrer and Falconer (30)

report the following volume changes when synthetic sodium-feldspathoids were

12



Table 2. Crystal data

Crystal Approximate
composition*

Space Z
group

a/Å b/Å c/A V/AJ

NHI

KNHI

RbNHI**

CsNHI**

K1.1Na1.9A13SI3°12'H2°

Pna21

Pnntf. 2

2

2

16.426(1)

(8.213)

8.113(3)

8.0802(8)

8.132(3)

15.014(1) 5.2235(5)

15.223(2)

15.259(2)

15.179(2)

5.1817(7)

5.1584(5)

5.1865(8)

1288.2

(644.1)

640.0

636.0

640.2

obtained in the least-squares refinements

*
subce11s



Table 3- Percentage change in lattice parameters due to ion exchange

(cf Table l)

Phase Aa Ab Ac AV

LiNHI

KNHI

RbNHI

CsNHI

-5.1

-1.2

-1.6

-1.0

-2.3

+ 1.1»

+ 1.6

+ 1.1

-3.0

-0.8

-1.2

-0.7

-10.1

- 0.6

-1.3

-0.6

ion-exchanged: Li-sodalite (-8 Z), K-sodalite (55 molfc K, +7 %), Li-cancrinite

(-8 Z) and Ag-cancrin:te (+3 %)•

Collection ana reduction of data

X-ray intensities were recorded at room temperature, for one octant of reci-

procal space, on the P}m diffractoir-*er, equipped with a graphite mono-

chromator (1,3-5). A selection of experimental data and details of the sub-

sequent calculations are given in Table A. In all cases CD-26 scans were used,

with a scan width (A2e) of 2.k° plus the a.a- splitting, a variable scan

rate of 1.0-29.3° min" , and a ratio of total background time to peak-scan-

ning time of 0.5 or 0.75. All intensities were corrected for Lorentz, polar-

isation and absorption effects.

iUfUi-'tui',- determination and refinement

For NHI the tetrahedra) centres were located among the peaks in an E-map,

produced by the MULTAN direct method program. Relevant maxima were ident-

ified by comparison with the inter-atomic vectors given by Patterson syn-

thesis. The structure was then completed by conventional Fourier and least-

squares techniques (1). As concerns the ion-exchanged compounds (3"5), the

positions of the framework atoms were used to obtain initial phasing in a

difference Fourier synthesis and the extra-framework species were then local-

ized.

All four structures were characterized by a high degree of order in the

tetrahedral frame, while the channel occupants were more or less disordered.



Table 4. Collection and reduction of diffraction data, and the final refinement

Crystal NHI KNHI RbNHI CsNHI

crystal size/mm

radiation

maximum 26/

resolution*/Å

. -1
u/mm

range of transmission factors

no of reflections:

recorded

with zero weight**

in final refinement, m

no of parameters refined, n

m/n

R

R
w

S

Cj (in weighting function)

C2 (ditto)

0.04x0.08x0.21

CuK
a

116

0.91

7.0

0.54-0.79

1073

377 (35 %)

696

110

6.3

0.051

0.072

1.19

0.04

1.0

0.09*0.11x0.15

Mo K
a

70

0.62

1.04

0.91-0.93

1685

647 (38 *)

1038

121

8.6

0.032

0.040

1.02

0.02

0.2 •

0.05«0.11x0.13

MoK
a

70

0.62

4.72

0.63-0.78

1670

911 (55 %)

759

92

8.3

0.048

0.058

1.20

0.025

0.5

0.05x0.13x0.26

MoK
a

80

0.55

3.55

0.61-0.85

2323

979 (42 %)

1344

108

12.4

0.049

0.072

2.14

0.02

0

* dm.n « A/2,me ** I < 3a(l), except for NHI where I < 1.5o(l)



In the RbNHI and CsNHI cases, this disorder could be caused by the use of

subcells, buc similar situations were encountered with NHI and KNHI, where

the correct symmetries were utilized.

Overlapping difference electron density peaks and fractional population of

cation sites were a consequence of the disorder. Some water molecules and

cations could not be completely characterized and no H atoms were located.

The refinement of the NHI structure proceeded slowly, probably because of

the strong pseudo-symmetry of the framework. In the other three series of

calculations, the refinement advanced at a normal pace.

A H structural computations were performed on UNIVAC 1100/80 and VAX-11/780

computers at the University of Lund. The crystallographic program system is

described in Ref. 3 K

TETRAHEDRAL FRAMEWORK

Topology

The tektosi1icates have tetrahedral frameworks which are infinite in three

dimensions, although this is not strictly true since the crystals are of

finite size. It is the topology of these frameworks which is their unique

feature. In more general terms the tektosiIicate-anions are four-connected

three-dimensional nets, and the topology of these nets is defined by a set

of nodes and their connectivity. In order to describe the topology of four-

connected 3-D nets, Schläfli symbols (32) and coordination sequences (33.

~ik) have been utilized, though both methods encounter the problem that sev-

eral topologically distinct nets are given the same designation.

The maximum symmetry of a net is its topological eyrmetry, and if Si and Al

are assigned to specific nodes, then the maximum symmetry is called the topo-

^hcmitjal synncttv/ (35). Other properties that are often used to characterize

nets are the number of nodes per unit cell and the approximate lattice con-

stants.

Because of the conceptual problems posed by an infinite object, it is cus-

tomary to describe structures like these as being composed of structure-

building units which are finite in at least one, and up to three dimensions.

16



The sub-division of a tetrahedral framework into slabs, columns, and blocks

comes very naturally since these parts can be directly compared to the an-

ions of the phyllo-, ino-, cyclo- and soro-si1icates.

The occurence of a common subunit in different structures is the basis for

the classification of zeolite structures (36,7)• But it should be noted that

the type of subunit is frequently a matter of choice and when a different

unit is chosen, new structural relationships emerge.

When one or more types of subunits are combined, a large number of frameworks

can be generated, which are possible candidates for new structure types.

In several cases the networks were described in the literature, before they

were found in a crystal structure. Two nets of tektosi1icate type described

by Wells (37) were subsequently observed in the structures of monoclinic

CaAl2Si20g (38) and zeolite Li-A(BW) (39). The tetrahedral framework types

of gismondine (a natural zeolite (40)), banalsite (a feldspar-like mineral

(41)) and the synthetic phase BaAISijO,(Cl,0H) (42) were also predicted

in advance of their discovery (43,44).

In this text the atoms of a tetrahedral framework structure will be collec-

tively designated as follows: T = Al, Si, etc. at tetrahedral centres, 0 =

framework oxygen atoms, W = water oxygen atoms (not tungsten atoms), and

M = metal ions in the channels.

A suitable model of a framework has variable TOT angles and constant TO dis-

tances and 0T0 angles, and it may be constructed from rigid tetrahedral

stars connected by pieces of flexible plastic tubing. Such a model can be

used to derive useful structural information, such as approximate atomic

positions, symmetry, unit cell parameters, and strained configurations which

are not permissible in a real structure can also be recognized. Some frame-

works are flexible, usually due to a coupled rotation of rod-like segments

of the frame, while others are quite rigid, and these are features which

are readily observed in a model. The correspondence between the model and

an actual framework is of course limited by the ability of plastic tubing

to mimic the stiffness of a TOT bond, and the influence of the cations is

also totally neglected.

A recent demonstration of what can be achieved with structure models is the

structure determination of zeolite Z-21 by Faith and Andersson (45). This
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structure contains 768 tetrahedra per unit cell, and was solved partially

by means of model building.

Models of likely tetrahedral frameworks can be tested with respect to bond

geometry by the DLS method (*»6). The atomic coordinates are refined by least-

squares to minimize the difference between the observed and prescribed bond

distances and angles. According to Gramlich-Meier and Meier, "hypothetical

zeolite networks which cannot be satisfactorily optimized by DLS can be

safely discarded" (36).

Two projections of the NHI framework are given in Fig. 1b. Among the more

easily recognized constituent units of this framework are the alternating

single and double two-repeat chains along a, and the single three-repeat

chains along b. These parallel chains are joined to a network which consists

of a tetrahedral sheet with k-, 6-, and 8-ring3 in the afc-plane (see front

cover) and the simple, and very common, 6-ring net in the at?-plane.

Zeolite frameworks are often discussed in terms of secondary building units

(S3Us) i.e. rings and other small, finite groups of tetrahedra. On the con-

dition that the entire framework can be assembled from one type of SBU,

only five SBUs are strictly necessary in order to generate all known zeolite

network types (36). The only simple SBU found in NHI is the single 6-ring

of tetrahedra and it is the 6-rings which are seen in the ai-projection,

not those in the /'('-projection, that are the SBUs of NHI (see Fig. 1b).

Neither the frequent '•-rings nor 8-rings are SBUs, as defined above. A large

group of tektosi1icates have 6-rings as SBUs, among these are phases which

accompany NHI in the syntheses, namely analcime, cancrinite, and sodalite.

These all have single '•-rings and 6-rings as their only SBUs (36).

In NHI there is a two-dimensional pore system in the £><?-plane (1). Channels

along <' are bound by 8-rings of 0 atoms, while tunnels along b are of the

6-ring type. If the 0 atoms are assumed to have a radius of 1.35 Å (^7),

then the minimum free diameter of the 8-rings is 3-7 Å, while the 6-rings

have a diameter of only 2.1 Å.
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a

Fig. 1. Projections of tetrahedral frameworks (a) low-cr istobal i te, (b)X -exchanged nephel i ne hydrate I , (c) RbAlSiO. .

One subunit chain is indicated in each drawing, while the second chain is along the viewing direction.



The compactness of the NHI framework places it in the same range as the

feldspathoids, according to Table 5. Framework densities of individual

zeolites ere found in Ref. 36. It should be noticed that there is consider-

able overlap between the groups of Table 5, and there is in fact no strict

definition of these subdivisions of the tekto-aluminosi1icates. It is prob-

ably best to consider all of these compounds as ons class, with gradually

changing chemical and structural properties.

Table 5- Framework density in silicas and aluminosi1icates expressed as

number of tetrahedral centres per 1000 Å

si I ica minerals

feldspars

feldspathoids

zeoli tes

NHI

20

21

17

13

18

- 29

- 2k

- 22

- 20

.6

The topological symmetry of the NHI network is orthorhombic, Pcmm (unit cell

parameters >? = 8, h = 7.5, <• = 5 Å ) . When an ordered Si.Al distribution with

Si and Al strictly alternating on the tetrahedral nodes is introduced, the

result is a topochemical symmetry of Pnmm and a larger unit cell: a, 2b, a.

In order to obtain the maximum symmetry of the NHI framework many TOT angles

must be 180 in the two-repeat chains along c*. In the real structure this

chain adopts a less strained conformation which results in the mirror-planes

perpendicular to • being replaced by 2 axes parallel to c. This chain

relaxation leads to the replacement of Pcmm by Pcm2. (a, b, c), while Pnmm

is transformed to Pnm2. {it, 2h, ,<). in this study the space group Pnm2 was

used for the structures of KNHI, RbNHI and CsNHI, while for NHI the symmetry

Pna2j (2,i, 2.", •) was utilized. Ordering of Na and water molecules in NHI

accounts for the doubled ti-axis repeat and the deviation in symmetry. The

space group Pcm21 was used by Reinhardt et al (2^,25) and initially by our-

selves C*8) for NHI. The structure of Reinhardt ^nd co-workers consequently

has complete Si.AI disorder as well as disordered extra-framework species

in the 8-ring channels along a.
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The 4-connected 3"dimensional net, later found in NHI, was characterized by

Smith (*»9), as follows: topological symmetry Pmcm, cell content T,01?,

approximate cell data a = 6.5, b = 8, c - 5 A) • This 3-D net was derived by

a combination of three-repeat chains and the simple hexagonal 2-D net.

Structural relatives of the NHI type of framework were derived (2) using one

of the methods for the systematic description of crystal structures devel-

oped by Andersson and Hyde (50). If symmetry operations such as reflection,

rotation, and translation are repeatedly applied to a subunit of a simple

structure, new and more complex structures are generated. The idealized

cristobalite or C9 structure is cubic and constitutes one of the most simple

of all tetrahedral framework types. The C9 structure is shown in Fig. 2a

and it can be compared with the tetrahedral net actually occurring in the

low-temperature form of cristobalite, SiO-, which is drawn in Fig. la.

AV / \ /

A Ä
il T

looiii / \
VI / \ /

A

X!
.V y

A
Å

X
, Å

I » t i l l
A n A AA A

V- W

t t t

Fig. 2. (a) The idealized cristobalite or C9 structure projected along [110],

(b) Generation of the NHI framework (left part) and of the RbAlSiO,

framework (right part) by unit cell level twinning of the C9 struc-

ture. A pair of arrows indicate a mirrorplane perpendicular to the

paper.

The C9 structure is conveniently described as being constructed from a set

of two-repeat chains along [110], or alternatively along [TiO]. When slabs

of varying thickness are subjected to unit aell level twinning as shown in

Fig. 2b, the framework types of NHI and zeolite Li-A(BW) (39) or RbAISiO^

(51) are produced (2). The real structure of RbAlSiO. is shown in Fig. 1c.

By similar twinning in the perpendicular direction more structures are gen-

erated, and six of the resulting network types arc, summarized in Table 6.

21



Table 6. Some framework types generated by unit cell twinning of C9

Repeat of chains along
[ H O ] and [ H O ]

Topological
symmetry

Known examples or other characteristics

2,

2,

2,

3,

3,

CNI

3

<4

3

i*

Fd3m

Pcmm

Imam

Pmam

1^,/amd

cristobal i tes, SiO_; carnegieite, NaAISiO. (52)

nepheline hydrate I, Na.Al Si,0 ' 2 ^ 0

zeolite Li-A(BW), Li Al SiO/f-H20 (39); RbAISiO^;

RbAIGeO^ (53)

T 9 0 ] 8 , a » 8, c M 8 A (2)

Smith no 102, T^O,^, a » 8, b » 9 , c « 7

gismondine, Ca»Al,Si.O ,-8H_0 (*»0); amicite,

K2Na2Al|<Si^0i6-5H20 (5^); and also in Na-Pl (55), Na-P2

(56), garronite (57), and gobbinsite (58)

CM
CM



All of these nets are built up of chains with tetrahedral repeats of two to

four. A total of at least Ik tetrahedral networks can be derived from C9 by

different choices of direction and separation of the mirror planes which

are used as twin and composition planes. Further extension leads to the

complex cubic paulingite structure (59), and to the feldspar framework (60).

A similar approach to silicate networks and especially to cubic zeolites

is the sigma-transformation of Shoemaker et al (61). (See also (62).)

Si,At ordering

Long-range ordering of Si and Al into different tetrahedra, is usually

determined by methods which employ diffraction data obtained either with

X-rays or neutrons. The first method is based on the«0.1 Å difference in

the length of pure A10 and SiO bonds and the approximation that TO distances

vary linearly with the Al content of a T site (63). But, as will be discussed

later, there are several structure-dependent factors which influence the

TO distances.

The second technique, which is normally used for neutron data, is the direct

refinement of the occupancy factors of Si and Al. In a neutron experiment

this is identical to refinement of the atomic scattering length. The neutron

diffraction method has so far been less used, though it has the great ad-

vantage that it offers two independent determinations of the Si,A! ordering

in the same experiment. The main disadvantage is the need for large crystals,

which is the reason why most neutron studies have been carried out on pow-

ders or mineral crystals. A research project concerning the precision study

of zeolite structures by means of neutron diffraction is in progress at

Brookhaven National Laboratory, USA (61»). The X-ray scattering factors of

Si and Al exhibit a difference of k % at small angles, with an increase to

Ik % at larger angles, while the corresponding value for neutron scattering

is a constant 17 % (35). Nevertheless there have been some successful refine-

ments of Si:Al occupancy based on high-angle X-ray data (65).

A determination of the tetrahedral site populations in the feldspar ortho-

clase, by analysis of orientation-dependent characteristic X-ray emission

in a transmission electron microscope, was recently published (66).
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During the last five years there has been intense study of the short-range
29Si.Al ordering in solid silicates, by means of Si nuclear magnetic reson-

29ance spectroscopy with magic-angle spinning. The Si chemical shift was

shown to depend mainly on the degree of condensation of SiO. tetrahedra,

but. it was also shown that within a group, e.g. the tektosi 1 icates, it is

possible to distinguish between Si atoms with 0 - k Al atoms among the

nearest T neighbours (67). Finally the chemical shift depends on the mean

SiOT angle around a crystallographic site, as was recently demonstrated for

silicas and zeolites (68).

A combination of diffraction- and mr.gic-angle NMR-methods should make it

possible to study the coupling of long- and short-range order in tekto-

silicates as a function of temperature. Order-disorder transfor.nations of

this type greatly influence the physical properties of alkali feldspars (69)

A totally different approach is to dissolve a silicate in HCl(aq), contain-

ing a trimethyisilylating reagent, and to analyse the volatile, and Al-

free, silicate fragments that are formed by gas-liquid chromatography (70).

A difficulty with this technique is avoiding polymerization of SiO. tetra-

hedra in the solution, so that the obtained fragments give relevant struc-

tural information concerning the original solid.

Due to the interest in the physical, structural, and thermodynamic proper-

ties of silicates there has been much discussion on the correct values of

A10 and SiO bond lengths. By fitting a line to the points of a diagram,

with the average TO distance in an aluminosi1icate structure vs its bulk

content of Al, the average SiO and A10 distances have been determined (71,

72,73). Using this procedure, Smith and Bailey (71) arrived at the following

values: d(SiO) = 1.61 Å and d(A10) = 1.75 Å for framework structures, 1.62

and 1.77 Å in layer structures, and 1.63 and 1.80 Å in structures with

isolated tetrahedra. Thus a slight lengthening of the average TO distance

is observed when the number of non-bridging oxygen atoms per tetrahedron in-

creases. Later investigations give similar results for the TO distances of

framework silicates. Jones (72) gives 1 -604 and 1.760 Å, while Ribbe and

Gibbs (73) report 1.605 and 1.757 Å for feldspars and 1.606 and 1.755 Å in

non-feldspars.



Griffen and Ribbe (7*0 arrived at the mean values of 1.750 and 1.621 Å for

d(A10) and d(SiO) respectively, based on a population of tetrahedra with

mixed degrees of condensation, but with 3 and * shared corners dominating

in the silicate sample.

The values above can be used to estimate the population of an individual

tektosi1icate tetrahedron from its mean TO distance (<d(T0>). Apart from

the experimental errors, there are variations in <d(T0)>, due to the local

environment in the crystal, of perhaps 0.02 Å. This can be compared with

the spread in d(T0) within a given tetrahedron, which can amount to 0.1 Å.

The mean distances for the individual tetrahedra of the NHI structures (1,

3~5) are presented in Table 7, and the location of the tetrahedra in Fig.

3. It can be concluded that in these structures (i) S! and Al are highly

ordered into adjacent tetrahedra, (ii) the <d(T0)>s are very similar within

the two groups of tetrahedra, and (iii) there is no conclusive evidence for

the presence of Fe(III), since <d(FeO)> is expected to be 1.86 Å (75).

Table 7. Mean TO distance for individual tetrahedra,

Aid) Al(2) Al(3) Si(1) Si (2) Si(3)

NHI

KNHI

RbNHI

CsNHI

1.7*9

1.7*8

1.75*

1.7**

1.738

1.7*0

1.737

1.737

1.736 1.616

1.618

1.616

1.618

1.609

1.616

1.617

1.613

1.611»

It is reassuring that an accurate neutron diffraction study of the zeolite

edingtonite indicates three tetrahedra with <d(T0)> values of 1.617, 1.621.

and 1.7*3 Å, while the neutron scattering lengths indicate 100(1) % and

98(1) %Si at the first two sites and 100(1) % Al in the third (76).

Tne four NHI structures obey the so-called aluminium avoidance rule of

Loewenstein (77), which states that an 0 atom is seldom bound to two Al

atoms in a tetrahedral framewor!;. Thus there is a strict alternation of Si

and Al in the tetrahedral frame of NHI. This type of ordering is very common

for low-temperature phases with Si:Al ratios of 1:1 e.g. zeolite A, zeolite
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2-21, zeolite Li-A(BW), sodalite, cancrinite, amicite, gismondine, low-

nepheline, low-anorth i te and RbAlSiO..

The rule is definitively broken for a number of aluminates with tetrahedral

structures, some examples are: BaAl.O, (78), with <j tetrahedral framework

cf tridymite type, and C a ^ A I ._0.. )0_ which has a sodalite type of frame-

work (79). Though aluminosiIicates usually obey the rule, exceptions exist.

One is the mineral bicchulite, Cag(AlgSi.0_.)(0H)«, which has the sodalite

type of frame, according to a single-crystal structure analysis on material

synthesized hydrothermalIy (80). This structjre has only one crystallographic

T site and all four TO distances are 1.72(2) Å. If 8 Al and k Si atoms are

disordered over the 12 T sites per unit cell, many A10A1 bonds must form.

A review of materials with the sodalite type of structure and varying com-

position is given by Depmeier (81).

a
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Fig. 3. Projections on the a£>-p1ane of the nepheline hydrate I structures

(a) original Na form, (b) K -exchanged form, (c) Rb -exchanged

form, (d) Cs -exchanged form. Some sites with low occupancy has been

omitted in (a) and (d).
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Loewenstein1s rule is not easily rationalized by simple crystal chemical

arguments, but quantum chemical calculations indicate that the A10A1 bond

system is less stable than the AlOSi and SiOSi systems (82).

There are two ways to distort an ideal tetrahedron, relative to the tetra-

nedral centre. The TO bond lengths and the TOT angles, a(TOT), can be varied,

and in most cases both types of distortion occur simultaneously. The regu-

larity of the NHI tetrahedra (1,3~5) was tested by calculation of an angle-

distortion parameter, o (83) and a bond length distortion parameter, BLDP

(7*t). A large number of parameters have been suggested in the literature,

and between one and three such parameters were invoked to quantify the devi-

ation from regularity of a tetrahedron, see Ref. 7**. The quantities chosen

here are defined as:

BLDP = <d(TO)>'1 [ T. (d(T0).-<d(T0)>)2/3l1/2

Resulting parameters for the NHI tetrahedra are listed in Tables 8 and 9.

The o values given in Table 8 are of the same magnitude as the ones found

in feldspars, and just as in these structures, the Al-centered tetrahedra

are generally less regular than the tetrahedra centered by Si atoms (35, p.

105). This could be a consequence of the higher covalency of the SiO bonds

i.e. a greater tendency for sp hybridization of Si.

Table 8. Tetrahedral angle distortion parameter, a/

Aid) Al(2) Al (3) Si CD Si(2) Si(3)

NHI

KNHI

RbNHI

CsNHI

2-7

2.5

2.7

3.0

3.3

<o(Al)>9 = 3-6 <o(Si)>g = 2.1

5.3 1.1

1.5

1.6

2.5

2.9

2.8

2.5

2.2

2.2
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Table 9. Tetrahedral bond length distortion parameter, BLDP x 10

Aid) Al(2) At(3) Si(2) Si(3)

NHI

KNHI

RbNHI

CsNHI

116

56

105

76

<«0

95

63

122

129 100

53

25

58

97

66

118

A8

172

<BLDP(A1)>9 = 89 <BLDP(Si)>9 = 82

In K-, Rb-, and CsNHI the four independent tetrahedra have different point

symmetries, Al(1) and Si(i) tetrahedra possess m symmetry, while the

Al(2)0. and Si(2)0. polyhedra have point symmetry 1, In NHI all tetrahedra

are of type 1, and it is the Al(1)- and Si(i)-centered tetrahedra of NHI

which correspond to the tetrahedra with mirror planes in the ion-exchanged

forms, Fig. 3. The tetrahedra with point symmetry m, and the corresponding

ones in NHI are usually more regular than the rest of the tetrahedra, as

judged by the o parameters.

The BLDPs in Table 9 are relatively small compared with the range 0-200-10

given for framework silicate tetrahedra in Ref. 7k, which also states that

the range of BLDPs of aluminate tetrahedra is somewhat smaller. No other

systematic trends can be detected among the BLDPs of the NHI structures and

the correlation between a and BLDP is negligible.

-k

The AlOSi moiety

The average geometry of the links between tetrahedra is the topic of Table

10, which gives the mean AlOS i angles, the mean AlS i distances, and the

unit cell volumes for the different NHI structures. Some 0 atoms occur in

two-fold special positions, while most 0 atoms are in four-fold positions,

therefore, the frequency of the various AlOSi groups has been accounted for

in the calculation of averages for the individual structures. Table 10 in-

dicates that the decrease in crystal volume is produced by an overall re-
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Table 10. Mean inter-tetrahedral angles, <a(A10Si)>; mean non-bonded distances,

<d(AlSi)>; andcel! volumes, V; for the NHI structures

<ct(A10Si)>/c <d(A!Si)>/A

NHI

KNHI

RbNHI

CsNHI

143.0

141.2

140.7

142.1

3.173

3.163

3.158

3.165

644.1

640.0

636.0

640.2

duction in the AlOSi angles, coupled with a small decrease in the mean AISi

distances. This slight crumpling of the tetrahedral frame is not accompanied

by any appreciable distortion of the tetrahedra, as can be seen in Tables 8

and 9. Why the Rb form should have the largest decrease in volume is not

immediately obvious, though this is probably related to the total volume of

the cations and water molecules, as well as the bonds formed between the

extra-framework species and the framework 0 atoms.

The present study of NHI structures provides 33 independently determined

AlOSi bond geometries, and this small sample of AlOSi groups will be further

characterized and compared with larger populations of similar groups which

have been described in the literature.

Frequency diagrams of the resulting d(SiO) and d(A10) values are shown in

Fig. 4, while TOT angles and non-bonded AISi distances are presented in Fig.

5. Although the outline of the histograms is sensitive to the choice of

intervals, especially with a small set of data, there are some significant

features which emerge when Figs. 4 and 5 sre compared. The distributions

of d(A10) and d(SiO) are fairly symmetrical, while those of a(AIOSi) and

d(AlSi) are clearly skew, with tails at larger angles and distances and with

a rather abrupt decrease at low values. Hill and Gibbs (84, Fig. 3) give

histograms of d(SiO), which are symmetrical in appearance and show that the

SiO distances in silicas are more centered around the mean value, than d(SiO)

for silicates in general. This is to be expected, since the influence of

cations is lacking in the silicas.
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Fig. h. Histograms of AIO and SiO distances. Mean values are indicated by

small arrows.
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10
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±_
130 140 150 160 o(AIOSi)/0 3.10 3.16 3.22 3.28 d(AISi)/A

Fig. 5. Histograms of AlOSi angles and AISi distances. Mean values are

indicated by small arrows.

Some frequency diagrams of the non-bonded d(TT) are given in the following

references: O'Keeffe and Hyde (85, Fig. 1 ) , silicas and silicates (mixed);

Hill and Gibbs (8*4, Fig. 3 ) , silicas and silicates (separately) and

O'Keeffe and Hyde (86, Fig. 3 ) , phosphates. All these diagrams exhibit

noticeably non-symmetrical distributions, at least when they are normalized

(86), though the skewness is less pronounced for these larger populations

than for the NHI sample in Fig. 5.



Histograms of SiCT angles (T = Si, Al, B, Be) in solids are given in Tosell

and Gibbs (87, Figs. 5 and 6) and Gibbs (88, Fig. 13), while inter-tetra-

hedral angles for gas-phase and solid siloxanes are given in Gibbs et al.

(89, Fig. 7). The general outlines of the a(TOT) and d(TT) histograms are

identical and both indicate an energy barrier at small angles and non-

bonded distances.

The following mean values (33 measurements) were calculated for the NHI

sample; <d(A10)> = 1.7̂ *3 A, <d(SiO)> = 1.615 A, a(A10Si) = 141.3° and

d(A1Si) = 3-162 Å. When inter-tetrahedral angles and TT distances are cal-

culated from the empirical bond lengths and non-bonded radii tabulated by

O'Keeffe and Hyde (90), the results are; d(SiSi) = 3-06 Å, d(AlSi) = 3.15 A,

d(AlAl) = 3.24 A, a(SiOSi) = 138°, ct(SiOAl) = 135° and a(AIOAl) = 132°.

Gibbs (88) states that the average angles found in solids are; ot(SiOSi) =

and ct(AlOSi) = 138°.

An important geometrical property of the TOT bond system of tektosi1icates,

which emerges when the range of a quantity is divided by its mean value, is

the relatively large variation in the TOT angle compared with the fairly

constant TO and TT distances, as well as 0T0 angles. The encountered ranges

of a(SiOSi) and ct(AIOSi) are 120-180° and 115-180° (88). Much effort has

been spent in establishing structural factors which are correlated to the

TOT angle variation.

The weak nonlinear correlation between d(TO) and a(TOT) is now well estab-

lished for the tekto-aluminosi1icates, with small d(T0) values corresponding

to large TOT angles, and large distances to small angles (88,89,91). In

order to check if this relationship holds in NHI, plots of d(T0) vs a(A10Si)

were prepared, see Figs. 6 and 7. These plots indicate that the correlation

described above also holds for NHI, although there is as usual a large scat-

ter in the points. This scatter must at least be partly due to the small

spread in d(T0) relative to the e.s.d.s. Since the d(AlSi) values are better

in this respect, a diagram with less scatter can be constructed by using

d(AlSi) instead. If the values of d(A10) and d(SiO) were constant and equal

to their established means, then the dependence of d(AlSi) upon a(A10Si) can

be calculated in a straightforward manner according to the cosine theorem:

d(AlSi) « k-(1-cosa(A10Si))1/2; k - 2.3745 A « (2d(A10)d(SiO))1/2
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d(SiO)/Å
1.65

1.64

1.63

1.62

1.61

1.60

1.59

1.58
a

•

•

• •

* m

f f l l l l i l l m

135 140 145 150 155 160 o(AIOSi)/0

Fig. 6. Plot of SiO distance versus the corresponding AlOSi angle. Mean

e.s.d.s are 0.007 Å and 0.5° (33 values).

d(AlO)/A
1.78

1.77

1.76

1.75

1.74

1.73

1.72

. ' * .

160 a(AIOSi)/°

Fig. 7. Plot of AI0 distance versus AlOSi angle. Mean e.s.d.s are 0.008 Å

and 0.5° (33 values).

1 /2This function gives a straight line in a plot of d(AISi) vs (1-cosa) ,

Fig. 8. When the experimental data are compared witn this theoretical line,

it is evident that the actual d(AlSi) values are above the line for small
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angles, while for larger angles they are well below the 1 ine. Since the fac-

tor k is proportional to both d(AIO) and d(SiO), this means that for small

angles the TO distances are greater than the mean values while for larger

angles they are lower.

d(AISi)/A

3.25

3.20

3.15

3.10b • *

^ 13Ö ' 132" ' 134 ' 136 ' 138 ' 1.40 [1-co«a(AlOSlft'/2

Fig. 8. Plot of AISi distance versus [i-coso(AlOSi)]>/l. The average e.s.d.

(33 values) for d(AlSi) is 0.005 Å. The straight line corresponds

to an increase of the AlOSi angle at constant bond distances.

It can be concluded that the geometry of the relatively small sample of 33

AlOSi triangles derived from the NHI structures, is in good agreement with

the general structural features exhibited by a large number of tekto-aI urni no-

silicates, and it should be remembered that the 33 AlOSi groups in the

present sample are essentially four determinations of a small number of

tetrahedral links subject to subtle variations in bonding, imposed by the

exchange of nearby cations and water molecules.

Bonding models

In the following section a brief, qualitative description will be given of

some models of chemical bonding which have been proposed in the 1 i terature, in

order to explain the structural features of si 1 icate frameworks described previously.



The properties of the A10 and SiO bonds are similar, and both ionic and

covalent bonding forces are of importance in connection with these bonds,

although the A10 bonds should be of a somewhat more ionic nature. The inter-

actions between the non-tetrahedral cations and framework 0 atoms are of an

even more ionic character. Water molecules are often hydrogen-bonded to the

0 atoms of the frame and there is ion-dipole bonding to the channel cations.

All discussion of the bonding in complex solids like silicates is, by necess-

ity, of an approximate nature.

The average bridging angle of about lAO in tektosiIicates can be described

as a compromise between the geometrical requirements of ionic and covalent

bonding. In a simple ionic model an angle of 180 is expected due to the

repulsion between the oxygen atoms, v-.hile a covalent model would give

a(TOT) » 109°, as in simple molecules with two-coordinated oxygen e.g. H?0

with a(HOH) = 10^°.

In a completely covalent description of the bonding in SiO. there are single

bonds between Si and 0. These bonds involve all the valence electrons of Si
2 2 k

(3s 3p ) and 1/3 of the valence electrons of 0. The residual 2p electrons

of 0 are non-bonding and form two lone pairs on 0, There is a problem in

that the experimental d(TO) values are about 0.1 Å shorter than expected for

a single covalent A10 or SiO bond, even when corrections for the partial

ionic character have been made. This shortening of the bonds is due to a

double bond contribution which is inferred as d-p n-bonding by means of the

two filled 2p orbitals of 0 and the empty 3d orbitals of Si, no ordinary

p-p TT-bonds being formed. Maximum d-p orbital overlap is obtained at 180°,

which leads to short d(SiO)s at large SiOSi angles, and larger distances at

small angles (91,92,93). This mechanism can alternatively be described as

a partial back-donation of the lone pairs from 0 into the SiO bond, which

lessens the repulsion between the non-bonding electrons, with an increase

in the TOT angle as a result.

Another model puts more emphasis on the changing hybridization of the bridg-

ing 0 atom. The hybridization of 0 in tektosi1icates varies continuously

from sp , a(T0T) * 120° to sp at a(T0T) = 180°. Since the s orbitals are

closer to the nucleus, the single bond distance shortens with increasing

s character of the hybrid orbitals and thus with increasing TOT angle. For

sp hybrid orbitals the fractional s character (f ) is defined as
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f = (1+A) , and d(SiO) decreases linearly with increasing f . The hybrid-
s _i 5

ization index (X) can be calculated by A = -(cosa(TOT)) (89,9'»).

In the tektosi 1icates a framework oxygen atom coordinates 0-2 cations in

addition to the two T ions, and these extra cations also influence the frame-

work geometry and bonding. This influence is accounted for by the Pauling

bond strength sum for the individual 0 atoms, p(0) (95). The bond strength

is the valence of a nearby cation divided by its coordination number (CN),

and the sum of all bond strengths reaching an 0 atom should be close to its

formal charge with reversed sign i.e. 2. Overbonding of oxygen atoms

(p(0) > 2) leads to a lengthening of the metal-oxygen distances, while

underbonded 0 atoms (p(0) < 2) are involved in short bonds. This empirical

relationship has been found in a large number of compounds containing oxygen

(96). In fact, d(c?0) and d(A10) are directly proportional to p(0), though

it should be remembered that this model cannot explain the dependence of

d(SiO) on a(SiOSi) for the silica polymorphs, since these have p(0) = 2.0

for al1 0 atoms.

Calculation of bond strength sums for the framework oxygens in the NHI

structures (1,3-5) yield uncertain results because of

(i) lack of information on hydrogen positions,

(ii) partial occupancy of many sites and

(iii) badly defined coordination spheres of some alkali ions.

Increasingly more sophisticated quantum chemical methods have been used to

characterize the bonding in silicates. (See Gibbs (88) for an extensive re-

view.) Since the average TOT geometry is surprisingly similar in gas-phase

and solid-state siloxane molecules, in solid silicates and in silica glass,

it has been concluded that the local forces of bonding are the dominating

ones in all of these compounds. The forces must also be so similar that

something can be learned about the bonding of tektosi 1icates, with highly

complex topologies, through the evaluation of wavefunctions of small silicon

containing molecutes. Especially calculations performed on molecules of the

type (HO).SiOT(OH) (T - Si,Al etc.) have lately provided a lot of infor-

mation on bonding relevant to the tektosi 1icates. When the total energy

(ET) of this type of molecule is minimized for varying TO distances and

SiOT angles, the results closely mimic the geometries found in framework
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silicates, see Fig. 9- This diagram gives E T for H,Si 0 as a function of

bridging distance and angle, and is very useful even for NHI, since the

differences between AlOSi and SiOSi are small.

1.55:

120 140 160 180
a(SiOSi)/0

Fig. 9. Potential energy surface for the H,Si_O_ molecule as a function of

the bridging bond length and angle, after Gibbs (88, Fig. 8 ) . The

minimum energy is denoted by a cross and the first contour rep-

resents an energy increase of 5.2 kJ mol while the following

contours correspond to energy increments of 13.1 kJ mol

First of all, the minimum at 1.60 Å and 140 corresponds to the mean values

observed in solids. The variation of E_ as a function of d(SiO), at a con-

stant a(SiOSi) of 1AO° shows two symmetrically arranged, high-energy barriers

at small and large values of d(SiO), this can be compared to the empirical

frequency distributions, e.g. Fig. k, which indicate the same behaviour.

When d(SiO) is kept constant at 1.60 Å, E T displays a high-energy barrier

at small angles, a shallow minimum, and then a modest increase in energy up

to i80 . Again the empirical u(T0T) histograms, derived from silicate struc-

tures (see e.g. Fig. 5)i are in good agreement with the form of the E_ curve.

The energy barrier at small angles has been attributed to non-bonded SiSi

repulsions by O'Keeffe and Hyde (85), who have derived non-bonded radii for

Si and a large number of other tetrahedrally coordinated cations (90). Oe

Jong and Brown (97) consider the non-bonded oxygen-oxygen repulsions in

HgSi.O, to be the dominating factor in determining the conformation of the

molecule. In addition they find the SiSi interaction to be attractive and

not repulsive.
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The small difference in E T > connected with an increase in angle from 140 to

18O explains the wide variety of framework topologies occurring among, for

example, the zeolites and it also conforms with the high glass-forming tend-

ency exhibited by silicates.

Also the valley running from the upper left corner to the lower right on the

E_ map of Fig. 9» corresponds to the experimentally verified d(TO) vs ct(TOT)

plots.

Most of the bonding models in this short introduction are probably not mutu-

ally exclusive, instead they put emphasis on different aspects of the same

physical phenomena. Though even with a quantum chemical approach highly

divergent conclusions might sometimes be reached. An illustration of thir.

is the optimum AI0A1 anqle for the molecule (H0),A10Al(OH), which was cal-

culated to be 125° by de Jong and Brown (97) and 180° by Hass, Mezey and

Piath (82).

CHANNEL SPECIES

The ^-projections of Fig. 3 give a view of the species which occupy the

cavities of the NHI tetrahedrai frames (1,3-5). The sites of Na(1) and Na(2)

are fully occupied by Na in all four structures, except for the Na(2) of

KNHI which shows a 10 % vacancy i. the least-squares refinement. Sites of

cations and water molecules situated in the 8-ring channels all exhibit

fractional populations. In NHI the occupancy of the Na(3), V(1) and w(2)

sites is about 80 %. The alternative sites, with 20 % population, are gen-

erated by the pseudo-7 -axis in the centre of each 8-ring channel, and these

atoms are omitted in Fig. 3a.

In the KNHI case the K(1), K(2) and W(\) sites were assigned populations of

50 %, 5 % and 50 %, respectively. Two of the K(l) and J/(1) positions are as

close as 0.76 Å, and thus cannot be occupied simultaneously. In RbNHI, the

corresponding Rb(i) and V(l) species were assumed to occupy the same site,

within the experimental resolution, and both species were given an occupancy

of 50 %.

CsNHI exhibits a Cs(1) site with a kl % population, and also Na(3), W()) and

W{2) in their original positions within the 8-ring channels. All three have

occupancies of 8 %, and are not included in Fig. 3d.
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Coordination of cations

Only the coordination of the cations will be discussed further in this sec-

tion since the positions of the water oxygens are not very well defined and

no direct information was obtained on the location of the H atoms.

The atoms Na(1) and Na(2) both have well defined coordination spheres, con-

sisting of 7 framework 0 atoms, in an arrangement which was described as a

monocapped trigonal prism. These polyhedra are very similar in all four

structures except that in NHI the point gr^up is 1, not m. The mean NaO dis-

tance, <d(NaO)>7 = 2.53-2.55 Å, compares we 11 with the average distance of

2.52 Å, which is derived by addition of the empirical ionic radii for Na

(CN = 7) and 0 (CN = 6 ) (98). The effect of the CN of oxygen being 3 or k

in NHI is neglected here and in the following discussion, since it means a

radius reduction of only about 0.03 Å (75).

No new cations entered the Na(1) and Na(2) sites in the present experiments

(3~5)t although there are indications that some of rhe Na(2) atoms of KNHI

had diffused out, to produce vacant sites. A calculation of the bond strength

sums of the framework oxygens in the ion-exchanged forms of NHI shows that

the Na(i) and Na(2) ions make an important contribution to the charge compen-

sation of nearly all the 0 atoms of the frame. A total bond strength of 1.75

is received from Si and Al, and of the remaining bond strength needed to

reach 2, Na(1) and Na(2) provide about 50 % for 0(1)-OCO, about 100 % for

O(5)-O(6) and 0 % for 0(7). The cations of the 8-ring channel provide the

missing bond strength of 0(1)-0(A) and 0(7).

Na(1) and Na(2) are situated in a small void built of 6-rings, which con-

stitutes a part of the 6-ring tunnels along b. The fact that not even a

small ion like K enters this void suggests that it is the limited volume

of this cavity, and not the diameter of the 6-ring aperture, which prevents

the ion exchange of Na(i) and Na(2). The entering of Li into the 6-ring

voids might be an explanation for the large decrease in crystal volume in

the ion-exchange experiments with LiCl (aq).

The contents of the 8-ring channels were drastically altered by the ion-

exchange. Special features which should be noted are the unique K(2) site

in KNHI and the Na ions and water molecules that remain in the 8-ring chan-
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nels of CsNHI. The K(2) site is situated in the 8-ring channel on the op-

posite side of a 6-ring compared with Na(2). Independent refinement of the

K(2) population and the location of the site suggested that K(2) provides

the charge compensation for the vacant Na(2) ions. With the larger Cs ion,

complete exchange is not even achieved in the large tunnels, instead some

of the original species (Na *2H.O) remain.

A problem with alkali ions, especially in structures like silicates, is

the badly defined limit of the coordination sphere. In order to illustrate

this, a diagram of the cation-oxygen distances in the 8-ring chsnnels was

prepared. (See Fig. 10.) Sums of ionic radii from Ref. 98 are included for

comparison. A survsy of the coordination of K , Rb and Cs in some hydrous

and anhydrous tektosiIicate structures reported in the literature, revealed

similar variations as in the NHI structures, see Refs. 3~5. Around some

cations there is a well defined number of oxygen atoms at an average HO dis-

tance approximately corresponding to the sum of ionic radii. For other

alkali-metal ions the shortest MO distance corresponds only very roughly to
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the predicted value while there is a large and irregular spread of near-

neighbour distances, without an unambigous cut-off. In fact, if the cut-off

criterion of Shannon and Prewitt (75) i.e. a break of 0.02-0.05 * in the

distance list, is used for the cations in the 8-ring channels of the NHI

structures, they would all have CN = 1 or 2!

Fig. 11 shows the string of alkali ions and water molecules in an 8-ring

channel of the four NHI structures. In the original Na-form there are two

sites for water molecules, W{\) and W{2), in addition to the Na(3) site.

When this Na ion is replaced by a larger ion like K , the water content is

reduced due to the lack of space for a water molecule in the W(1) position.

Because of its size, the K ion moves "upwards", out of the ring and this

is coupled with a positional adjustment of the remaining water molecule.

a b e d
Fig. 11. Projection along b of the species occupying an 8-ring channel

(a) NHI, (b) KNHI, (c) RbNHI, (d) CsNHI

In RbNHI the trend continues and Rb moves further out of the ring. A com-

parison with the Na form shows that Rb(i) occupies a site close vo U(2),

while the water molecule of RbNHI is close to the W(\) site. A similar situ-



ation is found when th'e structures of Cs_ , rAl n ,PSi_ , r 0 , and bikitaite,
D o s U.jb Z.ob o +

LiA1S'2°6*H2° are comPare(* (99). Both have the same framework-type and Cs

and H?0 occupy closely related sites in the two structures. K is probably

too small to accomplish the simple substitution exhibited by Rb in RbNHI.

This lack of volume in the channel species is compatible with the large and

elongated displacement ellipsoids of K(i) and the water molecule in KNHI,

and also with the extra cation, K(2), which can be accommodated in the

already crowded 8-ring channel. It seems likely that the relatively rare in-

troduction of K(2) produces a static displacement of the neighbouring chan-

nel species. This also implies that the K(1)-oxygen distances should not

be uncritically accepted as representing real bond lengths.

Finally, in the case of CsNHI, the Cs ion is large enough to complete its

coordination with a framework 0 atom from another 8-ring. Structural calcu-

lations (5) indicate a final difference electron density of 1.5 e A close

to (v'(i). Further study is needed to establish whether this peak indicates

a water molecule coordinating Cs .

Long-range ordering

Several important rock-forming tektosi1icates exhibit superstructures which

are usually recognized in single-crystal diffraction experiments by the

commensurate or incommensurate satellite reflections that occur in the

diffraction patterns, in addition to the main diffractions. Some examples

are: quartz at the a-f5 transition temperature (100), plagioclase feldspars

of intermediate composition (101,102) and nephelines (103,104), as well as

minerals with the framework types of sodalite (105) and cancrinite (106).

The formation of these, often complex, superstructures depends on the tem-

perature and the composition of the solid solutions, and they are created

by long-range ordering of Si and Al in the tetrahedrai framework, or by

ordering of cations, water molecules, anions and vacancies in the voids of

the frame, or, finally, by systems of small atomic displacements. More than

one of these phenomena can occur simultaneously. Knowledge of the superstruc-

tures is of importance when the thermal history of a rock is to be deduced,

and when thermodynamic models of silicate materials are to be constructed,

and also in connection with phase transitions and unmixing reactions.



Weissenberg and oscillation photographs recorded, as described on page 11.

revealed a variety of superstructures among the alkali forms of NHI. Some

hkO zones are presented in Fig. 12. Higher zones were similar in appearance

and the real unit cells deduced from the films are given in Table 11.

Table 11. Summary of the crystal lattices exhibited by the alkali-

forms of NHI. (a « 8, b » 15, c « 5 Å ) .

i NHI

2a

b

c

NHI

2a

b

c

KNHI

af

b

c

RbNHI

5a

b

c

CsH

4.1-4

b

c

one KNHI crystal exhibited a repeat of 5a

ttincommensurate structures

Comparison of the structures of NHI and KNHI give direct evidence that the

superstructures are generated by long-range ordering of the extra-framework

species in the 8-ring channels. The superlattice reflections are invariably

situated along a*, and this behaviour must be related to the two-dimensional

pore systems in the bc-plane that allow the ready diffusion of ions in the

b- and <?-directions, while no diffusion along a is possible. It is an

interesting mental experiment to compare the proportions of a pore system

in the NHI crystal drawn in Ref. 1 (Fig. 1) with a system of ordinary tubes.

If the set of tubes corresponding to the 8-ring channels have a diameter of

0.1 m, they would be 57 km in length, and they would be perpendicularly

intersected by another set of tubes with a diameter of 0.06 m and a length

of 22 km!

Consideration of the distances between species in the 8-ring channels indi-

cates that each 8-ring tunnel is occupied by a string of cations and water

molecules as pictured in Fig. 11, or differently put, only one set of

positions related by a (pseudo) 2.-axis, is populated within each specific

8-ring tunnel. If the string changes sides in a tunnel along a, some too
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Fig. 12. We issenberg hkO-zones, CuK radiation, (a) LiNHI; (b) NHI; (c)

KNHI, normal diffraction pattern; (d) KNHI with super lattice

spots; (e) RbNHI; (f) CsNHI-; (g) hk indices (a«8, b«15, c«5 *)



short distances would be the result. These strings are probably ordered

within the channel systems in the ic-plane, producing the superstructures

by a stacking sequence of these ordered stabs along a.

Since none of the superstructures of RbNHI and CsNHI has so far been experimen-

tally verified, the following discussion will be of a general nature.

The LiNHI films exhibited very diffuse spots due to the cracking of the

crystals into small fragments in the ion-exchange experiments. The unit cell

of LiNHI is probably similar to the one found in NHI, but this needs further

study. In NHI, 80 % of the Na+-2H20 strings are ordered, while 20 % are

disordered on the alternative sites. With the proportions 50 % - 50 %, the

a-axis repeat of NHI would be halved and the unit cell would be of the same

magnitude as that of KNHI.

The lattice dimensions and the structure of KNHI indicates that the 8-ring

species lack long-range order compared with the three other NHI forms studied

here, and this is presumably related to the introduction of the second cat-

ion, K(2), in KNHI. The local atomic arrangement in an 8-ring channel which

maximizes d(KK) is found if a water molecule is removed and K(2) introduced

instead. The sequence then becomes /K(l),V(1)/K(1),V(l)/K(1),K(2)/J/(1'),K(1')/

V(1'),K(1')/ where the slashes indicate the length of the e-axis and the

primed species are related to the unprimed ones by 2,-operations. The dis-

tance between K(1) and K(2) was found to be ^.13 Å, which is acceptable

compared with the 3.6 Å separation found in K^ -Alj Si 70., a compound of

cristobalite type (107). An important property of the proposed arrangement

is that the string of K(1) and W(1) changes sides in the tunnel when K(2)

is introduced, and this is compatible with the disorder actually found in

KNHI.

In RbNHI there are no extra Rb sites and a well developed five-fold super-

structure is observed on the films. This was also confirmed by measurement

of the glancing angles for some superiattice and main diffractions using a

diffractometer. One of the K -exchanged crystals that was tested using the

Weissenberg camera did in fact show a similar five-fold superstructure, and

>: would be interesting to investigate if crystals of this type constitute

a stoichiometric K. ..Na, * phase i.e. without occupation of the K(2) site.



The satellite reflections of CsNHI are more diffuse than the diffracations

of NHI, KNHI and RbNHI, and they are incommensurate with the main spots;

i.e. all diffractions do not belong to a single reciprocal lattice, unless

the direct lattice is expanded to a point which is below the experimental

preci sion.

Preliminary studies on CsNHI samples, obtained by ion exchange under varying

conditions, indicate that the separation of the satellite reflections i.e.

the wave length of the modulation, depends on the Cs content of the crys-

tals. The separation of the satellite diffractions was measured on oscil-

lation photographs obtained with a crystal carefully aligned along the a-

axis, and a rough estimate of the composition was then obtained from the

unit cell volume determined from diffractometer data. Although the positional

variation of the satellite spots is small compared with the precision, the

experiments indicate that an increased caesium content is accompanied by a

decreasing separation of satellite pairs, and thus with a longer modulation

period. The diffuse scattering evident on the films indicates some disorder

in the long-period modulation of CsNHI.

The phys ical or i g in of incommensurate structural modulations in metal 1 ic phases,

which develop charge density waves on cooling, is well established in solid

state physics, while no generally accepted theory exists for the insulators.

A theory proposed by Heine and McConnel (108,109) in order to explain the

development of modulated structures in insulating materials as a response

to changes in pressure, temperature or composition, seems to rationalize

the existence of the structural complexities found in the different NHI

structures. The theory of Heine and McConnel is based on Landau thermo-

dynamics and group theoretical considerations, and it states that the inter-

action of two independent transformation modes is necessary for the forma-

tion of an incommensurate structure. The transformation modes consist of

two distinct ordering schemes or an ordering scheme plus a displacement

wave.

In CsNHI two ordering waves are readily recognized, the first determines if

a channel along a contains Cs or Na '2H.0, while the second wave determines

which of the two sets of alternative positions within the tunnel is to be

occupied.



If only one ordering wave is present then the theory predicts the formation

of commensurate superstructures. In the case of RbNHI no ordering scheme

corresponding to the choice between Cs and Na -ZH.O can be recognized,

while the choice of a set of sites remains. The presence of a single or-

dering wave is consistent with the formation of a normal superstructure in

RbNHI.

Most of the KNHI crystals exhibit no superstructure spots at all, since the

ordering wave affecting the choice of sides in a tunnel, is destroyed by

the introduction of K(2).

Finally for LiNHI the behaviour of the crystals could be indicative of the

nucieation of a second, Li-rich phase on, or near, the surface of the NHI

crystals.

Two conelucions can be drawn from the discussion above:

(i) It seems likely that if some of the superstructures could be determined

they would yield information on the ion-exchange mechanisms in ma-

terials based on the NHI framework.

(ii) A study of different features of the diffraction patterns over the

complete composition range of the solid solutions, could be used for

a detailed investigation of the response of the solids to the ion-

exchange reaction.

Future work

Further studies of the NHI solid solutions must correlate the chemical com-

position of individual crystals to their structure, or at least to the dif-

fraction patterns they produce, if some knowledge of the diffusion mechanism

and possible phase transformations is to be gained.

The five-fold superstructures of KNHI and RbNHI can probably be solved by

slight modifications of the conventional methods used to determine crystal

structures. Since the diffraction patterns display features which are typi-

cal for shear structures or long-period anti-phase boundary structures (110,

111,112) it is possible that the derivation of shear vectors from the dif-



fraction recordings (113,11*0 could be a means of constructing structural

models, as the substructures are already known.

Approaches to incommensurate structures have been made at very different

levels of sophistication, e.g. they can be approximated by commensurate

structures in the calculations, or they can be described by k- to 6-dimen-

sional symmetries (115), and then the refinements are performed using a more

general structure factor expression than the standard one (116).

High-resolution transmission electron microscopy is a powerful method in

connection with long-period structures, since it allows the study of local

ordering, often with atomic resolution, without regard to whether the average

structure of the crystal is commensurate or not (117). An electron micro-

scope equipped with a system for quantitative chemical analysis would pro-

vide excellent opportunities to investigate the diffraction aspects and

the composition of individual crystal fragments.

The NHI structures will be studied further by a suitable combination of some

of the techniques mentioned above.

CONCLUSIONS

The crystal structures of sodium-alumi nos i 1icate nepheline hydrate I (NHI)

and three compounds produced by ion exchange with aqueous KC1, RbCl and

CsCl have been studied using X-ray diffraction methods.

The tetrahedral framework of NHI is of intermediate density compared with

other tektosi1icates, the Si,Al ordering is nearly perfect and NHI has a

two-dimensional pore system with 8-ring and 6-ring channels intersecting

each other at right angles.

Twinning on the unit cell level of the idealized Cristobalite structure was

used to derive a series of framework types which includes the NHI network,

and it was shown that some of the closest structural relatives of NHI have

the framework types of Cristobalite and zeolite Li-A(BW) (or RbAISiO.).

Ion exchange with K , Rb and Cs produces only small changes in the geo-

metrical features of the framework and the geometry of the NHI frames is



also shown to have the same properties as the tekto-aluminosi 1icates in

general.

Na ions in the 6-ring channels are not easily removed, since they are situ-

ated in sites of restricted volume, which prevents the larger alkali metal

ions from entering.

On the other hand, the species in the 8-ring channels are readily exchanged

and the arrangement of the cations and water molecules changes gradually

with increasing radius of the alkali metal-ion.

The species in the 8-ring channels often exhibit extensive long-range or-

dering, which is manifested by superiattice spots in the diffraction pat-

terns. When the channel species are totally disordered, the unit cell is

determined by the translational symmetry of the framework, and this is

usually the case for K -exchanged NHI. If one ordering scheme exists for

the channel species commensurate superstructures are formed, like the two-

fold superstructure of NHI and the five-fold superstructure of Rb -exchanged

NHI. Incommensurate structures are exhibited by Cs -exchanged NHI probably

due to the operation of two ordering schemes in these phases.
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