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Abstract.

An account has been given of dielectric measurements
by the a.c. method of hydrothermally synthesised powderéd
aluminosilicates. In order to cover a freguency range
between 100 ¢/s and 10 mc/s in these measurements, an
Inductively Coupled Ratio Arm Bridge has been built and a
Hartshorn-Vard apparatus adapted for powder measurements at
temperatures between -183 and 250°C.

- The aluminosilicates include species with occluded
molecules which were expected to have unusual dielectric
properties, species with decreasing openness of anionic
framework structure to study the influence of the size of the
intracrystalline cavities, and a series of ion-exchanged
analcites to determine the influence of cation size on the
dielectric properties.

- The dielectric properties of compounds with occluded
molecules are governed by d.c. conductivity and consequent
interfaeial polarisation effects. ° This may be due to
occluded water or to structure defects associated with
permanently occluded molecules. All these materials show
high dielectric loss.

In a series of analcites the sodium mineral has a
cation relaxation peak in the measurement range. This peak
moves to lower frequencies with increase in cation size so
that there is only an indication of it in the potassium
mineral. The non-sintered rubidium and caesium species show
dielectric loss ascribed to terminal OH groups. When these
are driven off by heating, the resulting species are very
good insulators. The potassium and the sintered rubidium
and caesium analcites have identical permittivities at high
frequencies, which proves the close equivalence of
structure.



The activation energies obtained from the results
for anhydrous basic sodalite, leucite, the domain mixture of
rubidium analcite and ordinary pollucite vary with frequency
gnd temperature. This is attributed to a distribution of
relaxation times which is also found with sodium analcite and

may be caused by a varying environment of the relaxing
species,
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1. INTRODUCTION.

The aluminosilicates of the mica group have for
many years been used as insulators and dilelectrics.
Massey 1 points out that like asbestos, mica is used
essentially for its heat resistance, which combined with its
lew dielectric 1oss(2’5), is an important factor in the
construction of electrical apparatus which heats up on
continued operation. Since mica is a natural material,
careful selection is necessary to ensure the correct grade
being used, and difficulties are experienced due to its loss
of water of constitution, for instance under the conditions
which obtain during its use as an electrode suppert in radio
vaives. Inmpurities may play an important part and cause
additional dielectric loss. The continued use of'mica;
in spite of these shortcomings, emphasizes the lack of heat-
resistant dielectrics and insulators. It is thus somewhat
surprising that no systematic dielectric work has so far
been undertaken in the field of aluminosilicates, and in
particular of those synthetic species which do not act as
water sorbents. The advantage of using non-hydrated
materials 1s self-explanatory. Synthesis should in general
produce materials which are of higher purity, and should
thus have a lower dielectric loss than the correspwnding
natural minerals. Also the composition of synthetic species
is reproducible.

It is the object of this work to investigate the
electrical properties of some of the crystalline alumino-
silicates synthesised in these laboratories by hydrothermal
methods from hydrous gels of compositions

(1", 1,7)0.41,05.15105 + aq.

+

where 1/ n< 12, M is Ca' ', Ba'" and Pb*', ana ¥* is M7,

1i%, wa*, k¥, rv' ana os+(4j.



The aim is
(a) +to find useful dielectric materials, and
(b) +to attempt the correlation of structures and
dielectric properties.
To this end the minerals chosen for investigation were all

of known structure.

The study of hydrothermal mineral formation in
the aluminosilicate field made in this laboratory, has been
(5) investigated the 1ithium
aluminosilicates, Barrer and White 6)
Bultitude(v) the sodium aluminosilicates. The potassium
aluminosilicates were explored by Barrer and Baynham(e).

considerable. Barrer and White
and Barrer and

These crystallisation fields provide a wide range of mineral
species, some with and others without natural counterparts.
Pure natural rubidium aluminosilicates are unknown, but

(9) synthesised a variety of these

Barrer and McCallum
minerals and some caesium minerals, one of which is identical

with the natural caesium mineral pollucite.

This work is still continuing, and the progress
until about 1956 has been summarised by Barrer 4 .

The sorption, ion-exchange and molecular sieve
properties and reactions of some of these minerals and
particularly of the zeolites are of great interest and have

. 10,11,12,13
been examined by the above workers and by others(14:15:16:17$°

The work in these laboratories showed that certain
mineral groups of three-dimensional framework structure,
as for instance felspars or analcites, have well established
common structural frameworks, with rather minor differences
between the frameworks of members of given type(g‘)° Thus
the analcite framework retains its identity with only minor
variations for the ions: Ii, Na, X, Rb, Cs, T1, NH,, Ag.
In the alkali metal analcite éeries, on account of the
progressive increase in the size of the cation, the cations
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become progressively more localized in the framework.
Differences in dielectric properties, which in solids depend
mainly on structure, must in this series be a function of
the cation and its mobility. In order to find this
dependence, the alkali metal analcites were studied in this
work. Pollucite and one of each of the rubidium and
potassium members of this group have high thermal stability
and are anhydrous, and might therefore provide useful
dielectric materials.,

Another method of systematic study of dielectric
properties is to choose a series of aluminosilicates with
decreasing openness of the anionic framework structure,; such
as the zeolites sodium~A, sodium chabazite, sodium basic
sodalite and sodium analcite, in which the size of the
intracrystalline cavities decreases progressively. Dielectric
measurements on sodium basic sodalite and sodium analcite
were undertaken to show the effect of these variations.

The zeolites are all water sorbents and cannot be of use

as dielectrics or insulators. However measurements were
made in both the hydrated and anhydrous states to determine
the influence of the sorbed water on the dielectric
properties.

Filling the cavities in open aluminosilicate
structures with molecular or ionic compounds other than water,
produces a number of stable species. The AgNOz filled
derivative of the Ag exchange form of the zeolite sodium-A4,
is an example. From its structure this compound might be
expected to show anti-ferroelectric behaviour(16’18). The
dielectric properties of this mineral were studied in the

anhydrous and in a slightly hydrated state.

The large field of aluminoeilicate structures puts
other variables, which may lend themselves to systematic
electrical studies, at the experimenter's disposal. Thus
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monovalent cations may be replaced by divalent ones and it
is possible to obtain other isomorphous replacenents of the
type Si¢T= Wata18t; A1%Te gedt; sitt getT.  No
dielectric study has however been undertaken in these

directions.

In order to give reliable information and to be of
theoretical value, dielectric measurements should be made
over the larges®t possible frequency range and at a number
of temperatures. This is a recurring theme in modern
literature on dielectrics and dielectric relaxation. No
satisfactory general theory of dielectric relaxation has yet
been developed to deal with measurements at a constant
frequency but varying temperature, although many authors
have developed semi-empirical equations to deal with such
measurements. Nevertheless many of the dielectric
measurements reported in the literature have been made at
constant frequency and sometimes even only at one temperature.
Those of the aluminosilicates which are the subject of this
work, and of related minerals, are typical of this.

A number of authors have measured the d.c. resistivity
of hydrated natural zeolites including analcite and chabazite

(19’20). Beattie measured the d.c.

by a d.c. method
resistivity of the anhydrous ion-exchange forms of synthetic
analcite and chabazite by an a.c. method and from his results

calculated diffusion coefficients(zl’zz’ES).

The dielectric constants of analcite, chabazite,
leucite and a number of other aluminosilicates in various
conditions of hydration, sometimes not clearly defined, were
measured by a nunmber of authors(24’25’26’27’28). Wetzlar(gg)
measured the dielectric constant of zeolites including
chabazite and obtained relaxation times from his results.
Glemser(So) studied the combination of water in zeolites by

electrical methods. Finally Keymeulen and Dekeyser(5l)
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determined the dielectric‘loss of natural kaolinites over

a large tenperature and fregquency range.

A1l these results, some of them contradictory,
will be critically examined in a later section.

The crystallites obtained in the synthesis of
aluminosilicates are usually too small to allow dielectric
measurements on single crystals. The difficulties arising
from this and the fact that natural crystals are normally
not of the required purity to give results independent of
the impurities, are probably the reason why so far no
systematic dielectric work has been done on aluminosilicates.

A number of the species examined in this research,
such as sodium analcite, are not sufficiently stalgle to heat
to be hot—pressed. Thus in order to permit comparison of
the members of the series under standardised conditions,
measurements were made on the powdered samples, in dielectric
cells sealed into glass holders. The 'real' dielectric
properties are then calculated from these results aﬁd the
degree of filling of the cells. Dielectric constants and
dielectric losses were studied between 200 c¢/s and 20 mc/s.
The low frequency measurements were made on a bridge
constructed in these laboratories, while a Hartshorn-Vard
dielectric test set and a Q-meter were used for the higher
frequency range. No measurements of d.c. conductivity or
dielectric strength were made.

Before desaribing the experimental apparatus,
methods and results of this research, some topics of interest
in the work will be considered.



2. SILICATES AND ALUMINOSILICATES.

This research is part of a larger programme,
designed to examine the dielectric properties of alumino-
silicates systematically. The minerals which are the
subject of this work are only a small part of the vast
aluminosilicate field. In order to show their position
in this field, a general survey of silicate, aluminosilicate
and zeolite structures and properties is given in the first
part of this section. This survey is not comprehensive,
since in any case the structures of silicates and alumino-

silicates are well known from bextbooks(sg’ss),

The structures of the minerals electrically
examined are based on those of robust 'framework zeolites',
although only two of the minerals, namely sodium analcite
and sodium basic sodalite, can actually be classed as
zeolites. A detailed account of their structures and
properties is given in the second part of this section.

2.1, Structural Principles and Classification.

2.1f1. The Structure of Silicates.

Silicate structure is based on the Si0.%~ group,
in which "four oxygen anions are coordinated with one silicon
cation forming a stable structural unit in which the silicon
is situated at the centre of a regular tetrahedron of
oxygens., The oxygen ions may be shared between two tetra-
hedra and classification of silicates is based on the number
of oxygens in a given tetrahedron which are so shared.

This classification is mainly due to Bragg. Five groups
are possible:

(i) The orthosilicates in which no oxygen ions are

shared.
"(ii) The sorosilicates. These structures contain
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groups of a limited number of Si0O, tetrahedra, each with

one oxygen ion shared. The simplest case is that of two

tetrahedra sharing one oxygen, i.e. Si1302°7; other

combinations include those of three and six tetrahedra to

form rings of composition Siz05°7 and Sig01*2~ respectively.
(iii) The ionosilicates. In these minerals, by sharing

two oxygen ions, tetrahedra form single chains which may be

represented by n(Si0sz)2~.  Also included in this class are
structures in which tetrahedra sharing alternately two and
three oxygens have combined to form double chains, i.e.
n(S1i,01,3% .

(iv) The phyllosilicates. From tetrahedra sharing

three oxygen ions a two dimensional sheet or layer structure
can be built up which may be represented by n(Sig0s)=?~.
This results in a hexagonal network.

Since the Si - 0 frameworks of these four classes
are negatively charged, cations nust be present in these
structures, to confer electrical neutrality on the systens.
It is the electrostatic attraction between these cations
and the silicate frameworks which hold the minerals together.

(v) The tectosilicates. These consist of a three-

dimensional network, in which each tetrahedron by sharing
four oxygen ions is linked to four other tetrahedra, i.e.
(SiOz)n. These structures have no residual negative charge
and do not require the presence of cations for electric
neutrality.

2.1.2, Aluminosilicates.

Isomorphous replacement of some Si04%~ by A10,°~
tetrahedra in the frameworks of groups (iv) and (v) above,
results in the group of minerals known as the aluminosilicates.
The dimensions of the AlO, and Si0, tetrahedra are almost
identical and thus the replacement can be made with the
minimum of distortion. This replacement is subject to a
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limitation discussed by Lowenstein(342 which is based on
Pauling's third rule of valence(55). Thus, in alumino-~
silicates with Al in four-fold coordination, there will
be for stability reasons, no Al - O - Al bridges. This
results in a maximum A1/Si ratio of unity in which A0,

and Si0,. tetrahedra occupy alternate positions.

The framework resulting from the replacenment of
510, tetrahedra by Al0, tetrahedra in the tectosilicates
has negative charges which are balanced by cations in
the interstices. The framework remains rigid, but in
certain aluminosilicates in which these interstices are
interconnected by a network of channels intersecting the
lattice, the cations can migrate through the mineral,.
This type of structure allows cation exchange.

Because of the many spatial arrangements of
linked tetrahedra in a three~dimensional structure, a
considerable variety of tectosilicate structures is
possible. Examples are the felspars, zeolites and the
sodalite~hauyne group. Felspars are built up of rings
of four tetrahedra linked to form chains, the chains being
linked to form three~dimensional frameworks.

zeolites and the sodalite-hauyne group of
felspathoids have very open frameworks with channels running
throughout the structure containing, in the zeolites,
cations and water, and in the scdalite type, halogens or
acid radicles such as COs and 804= as well as cations.
The structure of members of the sodalite family is shown in
Fig. 1. The unit shown is a truncated octahedron made
up of four and six mewmbered rings.

Mica minerals have been mentioned in the
introduction and it is appropriate to mention their structure.
They are derived from the phyllosilicates which have
hexagonal networks. In the micas there are alternate
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layers of this type which are joined by aluminium in
octahedral coordination, the free tetrahedron corners being
simultaneously corners in the octahedral layers. One

of every four of the silicon ions is replaced by aluninium.
To maintain neutrality cations of large coordination
number are introduced between the sheets. Muscovite
(KH,A15(S10,)5) is an example of this structure.

Each bond in an aluminosilicate exhibits sone
degree of covalency. Pauling has determined this relative
covalency in such bonds as:

Si** - 0%~ : 50 per cemt; Al3% - 0%~ ; 40 per cent.

2.2. Zeolites.

2.2.,1, Structure and Classification.

Zeolites are hydrated aluminosilicates of framework
structure and have the general formula

(R*",Re")0.41,0,5.1810,5 . xH,0

where 'n' and 'x' are variables. The ratio of base to
alumina is 1:1, and the ratio 0:(A1+Si) = 2:1. They nay
be considered in three main groups depending on whether the
linking of tetrahedra is strong in one, two or three
directions(36)°

(1) The fibrous zeolites are characterised by chains
of linked tetrahedra, within which the bonding is strong.
Separéte chains are linked only at infrequent intervals
by sharing oxygen atoms which belong to only one tetrahedron
in a chain, e.g. linking is strong in one direction only.
Natrolite is an example of this group; it is structurally
tetragonal but optically of a lower symmetry, i.e. ortho-
rhombic. This phenomenon is often also found in the

'framework zeolites', analcite being an example.
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(11) The lamellar zeolites such as heulandite are
more rigid in two dimensions than in the third, the bonding
in successive planes is strong but the bonding between
planes is much weaker.

(iii) The framework zeolites such as analcite and
chabazite possess a rigid three-dimensional framework of
rings of linked tetrahedra, linking being strong in all
three directions. The rings may be composed of four,
six or more linked tetrahedra.

It must be emphasized that all three groups belong
to the tectosilicates, with all oxygen ions shared between
two tetrahedra. All the structures comprise frameworks
of (A1,S1)0. tetrahedra enclosing a network of channels.

The channels intersect as in chabazite or have some inter-

connection as in analcite. Even in the fibrous zeo%it?s
a7

where the channels are mainly parallel to the c-axis (38)
38

there are still believed to be some interconnections
The cations and water molecules lie in the channels and
cavities in the structure. The channels give to zeolites
their base exchange and sorption properties.

One major variation may occur in some structures,
(8) synthesised a
series of chabazites of varying alumina:silica ratio.

This variation altered the cation content of the channels
and caused slight differences in X-ray diffraction patterns
and other properties. Winohell(sg)

e.g. chabazite. Barrer and Baynhan

forecasts isomorphous
replacements NaSi ¥ CaAl in natural zeolites and showed
their existence from a study of chemical analyses. The
majority of naturally occurring zeolites do in fact vary
in composition in this manner and may be considered as
isomorphous series.



12.

2.2.2, The Cations in Zecolites.

Taylor has shown that the cations in analcite and
some of the fibrous zeolites occupy definite lattice sites.
Their position in analcite, pollucite, ion-exchanged
analcites and sodium chabazite have been discussed by

(57) (40) and Beattie(4l’42). The co-

Taylor s Naray-Szabo
ordination number of sodium ions is usually six and that
of the calciun ion seven or eight. The water in the

channels is closely associated with the cations.

Cation exchange may be brought about by fusion of
the zeolite with a low nelting salt, or by exposure to a
solution or to vapour of a salt of the required cation.
The exchange reaction takes place with true ionic equilibrium
and may be completed by continual renewal of the reacting
mediunm. The diameter of the interstitial channels which
allow this process, limits the dimensions of the exchangeable
cations.

Other factors also influence the ease of cation
exchange. Most zeolites contain fewer cations than cation
sites of equivalent energy. The cations are therefore
~ probably in a continuous state of movement from site to site,
and this must greatly increase the ease of diffusion. For
instance in analcite sixteen cations migrate between the
twenty-four equivalent positions(45), in order to maintain
oubic symmetry. The excess of available sités and the
consequent cation movenent are also probably the reason why
univalent cations may replace divalent onz§ in some zeolites

without appreciable change of structure(4 s €.8. Ba
edingtonite& K edingtonite.

The influence of the zeolitic water in the cation
exchange process has never been clearly understood. The
nore highly hydrated a zeolite, the greater is the ease of
cation exchange. This may, however, be due to the fact
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that amount of hydration and openness of structure go
hand in hand.

Recent investigations have been made of ion-
exchange kinetics, ion sieve effects, limited solid
solubility relationships, changes in unit cell constants
and sorptive properties of zeolites on ion exchange. Much
of this work is on analcite and will be considered under
a separate heading. However the large change which occurs
in the unit cell dimensions of ion~exchanzsed fibrous
zeolites, e.g. edingtonite(56) nust be mentioned. Unit
cell changes on ion exchange are also apparent in analcite,
chabazite and ultramarine(45’46), a felspatholid with a

framework structure similar to that of zeolites.

2.2.3. Water in Zeolites.,

On ieobaric dehydration the zeolites give curves
of three different types: (Fig. 2 a - c).

(a) The stepped curve which is characteristic of
hydrate formation.

(b) Curves with distinct discontinuities or breaks.
(¢) Continuous curves.

Theories which have been put forward to explain
zeolitic dehydration vary between two extremes. According
to one view the water occupies definite sites in the
structure as in hydrates, and according to another the water
molecules move about quite freely in the lattice. Probably
zeolitic water is neither bound like true water of crystal-
lisation nor is it physically adsorbed water. Some or all
the water molecules take up preferred interstitial positions
in the lattice, but are not rigidly fixed there as a
necessary part of the structure. Thus within limits the
water may be driven out reversibly, without radically
altering the zeolitic framework.
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Comparison of the dehydration phenomena of the
zeolite groups reveals certain similarities in each group:

(a) Amongst the fibrous zeolites, work by Hey(56)
and by Veiser and Milligan(év)

mesolite and edingtonite shows stepped dehydration curves

on natrolite, scolecite,

of type 'a', with some of the water molecules more volatile
than others. In some of these minerals, breakdown occurred
and in others lattice shrinkage, on dehydration. For
thomsonite, Weiser and Milligan reported a smooth dehydration
curve and only slight lattice collapse, while Hey reported

a transition to metathomsonite.

(b) The lamellar zeolites give dehydration curves of
type 'b' with marked inflections. The dehydration isobar
of heulandite was studied by many authors(47’48’49’50’51’58)
and showed inflections;y; it is accompanied by contraction
of the b parameter and is irreversible after prolonged
heating at 350°C. The inflections occur at well defined
molecular ratios of the water content to the zeolite residue
and have been explained as due to certain preferred
structural arrangements of the water within the unaltered
crystal lattice. Stilbité showed an irreversible break,
but the latter part of the dehydration curve was reversible.

Most of the investigators agree that dehydration
to zero water content is irreversible 47’51’52), the last
water molecules being necessary to maintain the stability
of the weakly bonded sheets.

(¢) The robust framework zeolites give smooth
dehydration curves. In the case of faujasite(sz),
gmelinite(SS) and chabazite(47) these are reversible, while
analcite dehydration was reported not to be completely
reversible until after the first dehydration(47 . Little

lattice collapse or change of X-ray pattern was found for
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analcite up to 400°C, and no lattice shrinkage and only
slight differences in X-ray intensities for chabazite.

The smooth continuous dehydration isobars of

these zeolites and their reversibility can in part be
explained by their structure, in which the water is
probably closely associated with the cations. This would
put the water molecules into more or less equivalent
surroundings. The anion, which is strongly bonded in all
three directions, extends throughout the crystal and allows
the removal of water under suitable temperature and pressure
conditions without appreciable reorganization of the lattice.

. Hartwig(Sé) and Lengyel(SS) considered the water
molecules not to be in fixed positions in analcite and
chabazite respectively. However Taylor demonstrated that
the water molecules in analcite occupy definite sites.
Sites for the water molecules have also been specified in
natrolite, thomsonite, scolecite and edingtonite, there

being more than one type of site in all but the first.

Electrical conductivity measurements gave contra-
dictory results: Weigel(lg) attributed the conductivity
to the water molecules rather than the cations in stilbite,
chabazite, analcite, heulandite, scolecite and natrolite,
while Rabinowitch and Wood 20

the current carriers in chabazite. Glenmser

believed the cations to be
(30)

dielectric constant measurements by Fairbanks(ZSS, suggested

considering

that in natrolite and analcite water is in fixed positions,
while in heulandite, chabazite and stilbite part of the
water is mobile.

Differential thermal analysis curves have shown
differences in the dehydration of zeolites, natrolite
giving sharp peaks and analcite and chabazite flat curves.
Useful information on the strength of water binding may be
given by this technique(56’57).
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The .amount of water present in a zeolite depends
on YGemperature and pressure. A dehydrated zeolite will
take up water again when it comes in contact with water or
its wvapour, and subject to the phenomena of irreversibility
discussed above. In the absence of water such a dehydrated
zeolite will, sorb other molecules of dimensions suitable
to enter the channels. The amount sorbed depends on
temperature, pressure and the interstitial volume.

2.3. The Anglcite Group of Minerals.

2.3,1. Anaglcite.

Analcite is a framework zeolite bonded strongly

(59) (54,60) ond

in three directions. Jaeger
Schiebold(sl) gave the cubic unit cell dimensions as a =
15.68 to 13.71 K with 16 molecules of composition
NaAlSiz0s.Hz0 per unit cell; +the last two authors pointed

out that the true symmetry is not cubic. Hartwig showed

, Hartwig

that there is no marked change in lattice constant or
intensities of powder X-rays on dehydration, indicating
the water to be 'zeolitic', while Schiebold believes the
'non-zeolitic' water to be bound to symmetric crystal
locations by weak bonds.

The generally accepted structure has been
determined by Taylor(45) and is pseudo-cubic; it is
illustrated in Fig. 3. The real symmetry may be tetragonal
but in any case is no higher. The number of atoms per
unit cell of edge a = 13.7 K corresponds to
8(Naz0.A1205.45105.2H20). It is a robust three-dimensional
framework. There is no isomorphous silicon-aluminium
replacement and the fixed ratio of A1,0z:5i0, = 1:4. The
aluminosilicate network, built of 4, 6 and 8 membered
tetrahedron rings (Figs. 4, 5 and 6) is traversed by open

channels, composed of the six membered rings, and lying
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along the non-intersecting threefold axis (Pig. 5). These
channels, the relative positions of which are shown in

Pig. 7, are interconnected via the 8 membered rings.

They allow the diffusion of certain cations and water through
the structure (Pig. 3).

The 16 sodium ions are distributed at random between
24 equivalent positions which occur at the centres of the 8
membered rings (Pig. 6). The water molecules lie in the
open channels (they have been omitted from the illustrations).

There has been some discussion about the cations
in analcite. According to Taylor they occupy definite
lattice sites. The placing of the 16 sodium ions in twenty-
four fold positions means that eight sites must be unoccupied.
The cation distribution must thus be a space average with
some positions always vacant, or a time average, every site
being occupied at some time. The latter is wusually

accepted which means that the cations must be mobile(62).

Pcllucite has the same framework structure as analcite,

with caesium ions replacing the sodium ions. Néray-Szab6(4O)
suggested that the sodium ions in analcite occupied the same
sixteen fold positions as the ocasesium ions in pollucite.

(75) however demonstrated that on dehydration of

Taylor
analcite, the X-ray diffraction intensity alterations
observed, fit well with the positions he had postulated,
while based on NAiray-Szabb's positions some of the
theoretical intensity changes are the opposite of those
observed. The distribution of the aluminium ions in the
lattice probably affects the crystallographically equivalent
lattice sites energetically and these sites may *herefore

not all be energetically the same. Beattie(4l)

suggested
that eight of the sodium ions per unit cell are in fixed
positions of a lower energy state than the other eight, which

are averaged over sixteen equivalent positions. He further
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showed that the position of the ions in the ion-exchange
forms of analcite depends on the ionic radii. The co-
ordination number of the sodium ion in analcite is six, wigh
four oxygens and two water molecules at a distance of 2.4 A

from the cation.

Kinetic ioﬁ exchange studies by Barrer and Hinds(ll)

showed that the diffusion of cations follows a {yt diffusion
law, and diffusion coefficients and energies of activation
were obtained. Only univalent cation exchanges could be
brought about(lo’46) and the Na-K exchange showed hysteresis
which was attributed to the limited solid-solubility of the
end members. Cagsium cannot be introduced into the
analcite lattice by ion exchange or removed from the caesium
form, e.g. pollucite, which can be grown from gels by
hydrothermal methods. These facts form the basis of a
gquantitative separation of sodium and potassium from caesium

using silver analcite(74). Barrer(lo

defines an ideal
exchanger as "an inert anionic framework into which cations
of type A may be inserted, replacing an electrochemical
equivalent of cations type B". Thus in analcite sodium
ions can be directly exchanged for K, NH,, Ag, Tl, and RbD,
but not directly for 1i, Cs, lg, Ca or Ba. This can be
explained in terms of constrictions in the channels which
caesium ions cannot pass. Bivalent ions cannot be
introduced because they cannot, for steric reasons, occupy
the positions where neighbouring segments join, without
causing local electrical disturbances. Rates of ien exchange
diffusion have recently been studied quantitatively by
Barrer and Falconer(15 .

L-ray diffraction showed little lattice collapse
. A 0n(37,47,54,65,66
or change in pattern on heating from 30 to 400°C reTe
According to Gruner<65) the parameters of the unit cell of
o]
anhydrous and hydrated analcite are a = 13.5470.05 A and
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13.63i0.05 K respectively. Because of the small differences
in X-ray patterns of the anhydrous and hydrated forms
Hartwig(54) believed the water molecules were not in fixed
positions, while Taylor showed that water removal leads to
the observed differences only if both cations and water are
in the positions he had suggested.

Weigel(lg) attributed the electrical conductivity
of anaglcite to the water molecules rather than the cations,
and Glemser(sol from dielectric measurements, deduced the

water positions to be fixed.

2.3.2, Leucite.

This mineral is a felspathoid. Wyart(67’68)

reported a natural sample to be tetragonal with unit cell
parameters a=12,95 K and ¢=13.65 K, containing 16 molecules
KAl1Si,0¢ per unit cell. On temperature increase, a increases
and ¢ decreases, the mineral becoming cubic at 625°C with
a=13.45 X. The reversible inversion at 625° occurs with
heat absorption. The structure of the mineral resembles

that of analcite.

A synthetic sample(Gg) examined by Wyart was
identical with the natural mineral and above 625° the 0, Al
and Si positions were the same as in analcite. Wyart
describes the low temperature form as a framework of AlQ,
and 510, tetrahedra with all corners shared, forming either
©140,2 rings bonded together by Al ions or hexagonal
Aiz814016 rings bonded by their oxygens, with one such ring
in each cube of a/2. Every potassium ion is surrounded
by 12 oxygens at a distance of 3.5 X.

Eite1(70)

1686°C, and inversion accompanied by a 2% volume contraction
at 603 and 620-625°C respectively for synthetic and natural
leucite.

reports a congruent fusion point at
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(71) considered the unit cell of a

Naray-Szabb
natural leucite to be that of a deformed pollucite
containing 16 molecules KAlSigO0g and of dimensions a=13.01

o)
and ¢=13.824A.
2:.3.3., Pollucite.

Strunz(72) reported the formula of pollucite as
(S1,A150,5)Cs5.H0, the structure as cubic with a=13.71 A
and a water loss of 2.58% at 500°C. Gossner and Re.indl(,7
found the same similarity as Strunz to analcite and leucite

9)

and ggve the formula as CsAlSiz0g, containing a little
unexplained water, and the unit cell parameter as 13.66 K.
Néray—Szab6(4O)
cubic, but really tetragonal, with a=c¢=13.74 A and containing
16 molecules CsAlSig0g.xHZ0. The framework consists of
S14012 rings connected through Al0, tetrahedra. The

caesium ions are in the largest spaces surrounded by twelve
[o]

considered the unit cell to be pseudo-
(o]

oxygen ions at a distance of 3.50 A,

Barrer and McCallum''®! showed that natural

pollucite has the formula (NaXCsl_X)zo,A1205.48102.2XH20.

The unit cell is of the same size as, and isostructural with,
analcite. The cations must be similarly - distributed to
those in analcite. The water is associated with the sodium
ions and not with the vacant sites. Thus pollucite
containing only caesium should be anhydrous and this has in
fact been found in the case of synthetic pollucite. This
fact requires that Na' + H0 = os™. The anhydrous X, RD
and T1 analogues on the other hand have distorted anionic
frameworks. Since the caesium ion is locked in the crystal,
the distribution of the sixteen caesium ions is random in
space but not in time, while the Na, Rb and T1 ions in the
other forms of analcite are randomly distributed in space
and time.
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' The size and immobility of the caesium ions in
pollucite explains the difficulty of dehydration of natural
pollucites (containing some sodium) since the water has to
escape along channels occupied by the caesium ions.

2.3.4., Synthetic Analcites.

The whole series of alkali analcites have been
synthesised in these laboratories by hydrothermal methods,
Barrer and White(G) found the sodium mineral to be very
dominant in its crystallisation field, up to 100% yields
of spherulites, ikositetrahedra and cubes with hemihedral
faces being obtained in up to 5 kg quantities. Crystals
were isotropic and of unit cell cube edge 13.67 K. On
ignition at approximately 1150°C the mineral gave albite,
the loss on ignition being 8.3%.

Barrer and Baynham(s)
potassium analcite K50.A1,05.4510,.H30 as spherulites
showing no birefringence. Its refractive index depended

synthesised a hydrated

on temperature. This is an expanded analcite type of
a=13.72 K, but on water loss at 450°C, 'a' changes to
13.70 A. Leucite was also produced in this field, as
spherulitic crystals showing moderate birefringence with
mean refractive index n = 1,510 and unit cell dimensions,
a=12,92 and c=13.70 A.  100% yields, however, were not
observed in direct hydrothermal syntheses. Such yields

(10,11,12) . -

could only be obtained by ion exchange
analcite by repeated 24-hour treatment with concentrated
KC1 solution at 200°C. Leucite thus produced contained
1.51% water.

Barrer and McCallum(g)

synthesised two rubidium
analcites (B and H) and pollucite amongst other minerals.
The rubidium analcites were of composition Rbz0.41505.4510,,
both tetragonal, B with unit cell a=13.2 and c¢=13.6 and

. (o]
H with a=13.6 and c¢=13.3 A. The mean refractive index
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of species B was 1.52 and its melting point 1675%15°0,
Species H was stable up to 1070°C, but above this trans-
formed into By its refractive index was 1.48. Synthesis
usually produced a domain mixture of the two forms(17) which
had an intermediate, variable refractive index and gave
diffuse powder X-rays. Species B was obtained by heating
the domain mixture above 1200°C for some time, while on
heating below 1050°C species H was slowly produced. The
latter conversion was sluggish and depended on the composition
of the starting material This sluggishness suggests a
reconstructive rather than the displacive type of transition
exhibited by the leucite change from tetragonal to cubic

at 625°C, The reconstruction process might be an order-
disordcr transformation of the Si and Al ions in the alumino-
silicate framework. The refractive index and the unit cell
dimensions indicate that species B is more compact than
species H. Rubidium analcite was also produced by heating
rubidium felspar above 900°C; ion exchange from sodium
analcite was not complete and gave a domain mixture with
1,91% water.

Unlike the rubidium polymorphs the two potassium
forms are not interconvertible, potassium analcite
irreversibly changing to potassium felspar between 800and
1000°C, while leucité is stable to heat.

The pure caesium pollucite of formula
Cs520.A1,05.4810, was isotropic with a=13.7 K, refractive index
1.523 and a melting point higher than 1700°C. The refractive
index varied between 1.512 and 1.523 in different crystals,
approaching the latter value on heating, but 'd' spacings
were unaffected. |

2.5.5. Analcite NMinerals as a Group.

(4)

Table 1 is reproduced from Barrer, and summarises
the analcite group properties discussed in the preceding
sections as a function of the interstitial cation.
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Table 1.
Cation|Radius | Unit Cell Hydr-l Ton ex-
i ated | change
i
+ | . o
Li 0.78 Cubicy a=13.5 A i Yes Yes
Na® 0.98 Cubic; a=13.64 Yes | Yes
Ag+ 1,13 Cubic; a=13.7 Yes Yes
K+ 1.33 a) Cubic; a=13.79 Yes Yes
‘ b) Tetrag; a=12.99; c=13.70 No Yes
NH4+ 1.43 Tetrag; a=13.1y; c=13.6g No Yes
+ a) Tetrag; a=13.6435 c¢=13.33 ; No Yes
Rb 1.48 b) Tetrag; a=13.2; c¢=13.6 - No Yes
717" 1.49 Tetrag®; No Yes
cs” 1.63 Cubic; a=13.6g No | o ,
FMhis phase may also comprise two forms and so no unit

cell is given.
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The group shows a common structural framework,
differences being small for the ions Li, Na, X, Rb, Cs, T1,
NH, and Ag. The stability of some of the synthetic members
suggests, that this framework is characteristic of a stable
group of minerals. Prcperties within the group correlate
directly with ion size, going from a hydrated ion-exchanging
zeolite tec an anhydrous non-exchanger pollucite.

Thus the smallest ion analcites (ILi, Na and Ag)
are geolites; +the unit cell expands slightly with ionic
size but remains cubic. Potassium forms either a cubic
zeolite with further slight expansion of the unit cell, or
leucite which is a very stable, anhydrous and slightly
collapsed tetragonal structure. Analcites with larger ions
are anhydrous and remain tetragonal until with the largest
cation, caesium, the anhydrous but cubic mineral pollucite
is formed, which has a unit cell identical to that of
(sodium) analcite. While the K, NH,, Rb and Tl varieties
amongst the larger ions retain the ion-exchange properties
of the sodalite type felspathoids, the Cs ion is too big
to emerge from its cage. In fact leucite, rubidium
analcite, pollucite and thallium analcite are usually classed
as felspathoids.

2.4. Sodalite and Basic Sodalite.

The structure of the felspathoid sodalite has been

(76), working with natural material.

determined by Barth
The edge of the cubic unit cell of composition
3(Nag0.,A1205.2510,)2NaCl is 8.89 Zo The robust three-
dimensional structure is based on a framework of linked

four and six membered rings of Si0,4%~ (or Al0,.°~) tetrahedra.
Eight such six membered rings are grouped in a cage-like
arrangement forming six four-membered rings. The channels

through the six membered rings, lying along the four triad
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axes, intersect at the cage centres. The chlorine iomns
are situated in the middle of the cages and the cations are
positioned in the channels near the centres of the six
membered rings, so that each chlorine ion is at the centre
of the tetrahedron formed by four sodium ions. Thus apart
from the sodium ions which neutralise the framework, there
are intercalated NaCl molecules in the cages. This
framework stands considerable heat treatment. Sodalite
has been prepared as spherulites of up to 209ﬂ.diameter.

In the basic salt the NaCl molecules are replaced
by NaOH and Wa'ter(fi)'° The cubic unit celledges vary
between 8.77 and 8.90 K. X-ray powder photographs are
similar to those of natural sodalite, yet regular shifts in
spacings occur. A mineral of this composition has not been
observed in nature. It is isotropic, wit } .488 to 1.495,
the latter value for the most collapsed specimens. Barrer
and White prepared samples from gels of composition Na,0.,41,05.
25105 between 350 and 420°C, in the absence of NaCl but
with approximately 300% molar excess NaOH present. It
has also been grown from analcite by treatment with
agqueous NaQH at 400—450°é]g%d by direct synthesis on the

water bath(rm)a

Basic compounds of unit cell dimensions intermediate
between expanded sodalite and collapsed nosean (which has the
same fundamental structure but intercalated Na,S0, molecules
and unit cell dimensions of 9.3 to 9.6 K) have been prepared.
It is likely that a continuous range of compounds is
possible, the formation of such a range being dependent on
the amount of NaOH in (i.e. the pH of) the reaction mixture.
A change of pH may progressively modify the proportions of
sodiunm hydroxide and of water which are intercalated and
this change in composition of the intercalated material may
be accompanied by progressive modifications of the alumino-
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silicate framework(s). Fig. & is the diagram of a single
cage of basic sodalite, the large circles represent oxygen
atoms, and the black dovs silicon and aluminium atoms.

Fig. 8 is the photograph of a model of basic sodalite;
the corners of the cages each represent the site of an Al
or Si atom; O atoms are near but not on the mid-points

of edges.

Basic sodalite is an ion-exchanger and the Ag,
Li and K forms have been obtained by Barrer and Falconer
who also studied the ion-exchange diffusion and equilibria.

(13)

Barrer and White proved the presence of the
intercalated NaOH molecules by treatment of anhydrous
basic sodalite with dry HC1l gas, which was sorbed strongly
and irreversibly above 100°C in amounts ranging from 40
to 100% of the full stoichiometric NaOH content required by
the formula 3(Naz0.A1:05.28i0z).2Na0H.  Sodium chloride
and a considerable amount of water appeared in the crystals
after this sorption.

2.5, The Silver Nitrate Occlusion Compound of the Zeolite

Sodium A, AgA(AeNOs ).

The preparation and structure of this compound
(16,78,80) e

occlusion compound is a derivative of the cubic zeolite

have been described by Barrer and Heier

"sodiumi', The structure and properties of this zeolite
were determined independently by Barrer and lleier and

Breck and co-workers 81’82)

s whose conclusions are in
agreement. leier established the formula as
Naz0,A1504,25105,0.14NaAl10,,4.77H,0. The lattice
constants of theohydrated and anhydrous naterials are
12.27 and 12.25 A respectively. The density of

2.01 gn/cm® showed the unit cell to consist of 5.9 of the
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above formula units and it therefore contains 12 Si, 12 Al,
48 0 and 12 Na iens, one molecule NaAlOp and water.

The structure of the framework is illustrated in
Pig. 9. The (Al,Si)0, tetrahedra form four, six and eight
membered rings. The free diameter of the eight membered
rings is 4.2 * 0.2 4, that of the six membered 2.5 170.2 A
and the main channels formed have a diameter of 4.2 A.
_ There are three types of cages; +the largest, which can
hold an inscribed sphere of 11l.4 K diameter, linked by eight
membered rings, form the main channels in the direction of
the crystal axes. The free diameter of the apertures
connecting these cages is 4.2 X. The smaller cages are of
the sodalite type (Fig. 1) and contain a permanently
occluded molecule of NaAlOs. The smallest cage which is
entirely made up of four membered rings is too small to
contain cations, Since each unit cell contains one large
and one sodalite cage, there is one NaAlO; molecule per
unit cell, The hydrated material contains twenty-eightwater

molecules per large cage.

Breck found that eight of the monovalent cations
are at the centres of the six membered rings and the remaining
four are assumed to be statistically distributed in twelve
positions within the eight membered rings.

As is to be expected this zeolite exhibits a wide
variety of sorption and ion-exchange properties.

By heating sodium A with excess of low melting
alkali nitrates above their melting point, the water molecules
- can be replaced by alkali nitrate, with formation of the
ocelusion compound. At the same time the cations of the
zeolite are replaced by the cations of the alkali nitrate.
AgA(AgNO)d so prepared contains 9 AgNOs molecules per large
cage. X-ray powder photographs of the compound show super-
structure lines which indicate an ordered arrangement of
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the occluded AgNOz molecules. The new unit cell is now
tetragonal, its lattice constant having doubled in two
directions, i.e. if a is the cell constant of AgA, then
A = 23 and C = a for the occlusion compound. The only
sterically possible arrangement of AgNOz molecules which
would show this superstructure is a parallel arrangement
of the AgNOsz molecules, with neighbouring molecules in
opposite senses (Fig. 10). Thus the aggregates of
neighbouring cages are polarised in opposite senses and
Meier suggested that this structure might be antiferro-
electric.

Meier found it impossible to prepare inclusion
compounds which are completely filled but at the same time
completely free of adherent AgNOgas, since small amounts of
the guest molecule are easily extracted on washing. In
fact his average sample contained 9,15 AgNOs molecules
per unit cell. It is thus clear that there is almost
certain to be either a defect in the occluded structure
or extranegus AgNOgs. AgA had a unit cell constant of
a = 12.28 A and this expanded by 0.9% in the occlusion
compound.
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3. DIELECTRICS AND DIELECTRIC THEORY.

3.1. Dielectrics and their Properties.

Most dielectrics or insulators are complex oompounds
often of variable constitution. Their chemical stability is
less than that of conductors and electrical breakdown is
nearly always due to insulation failure. Their importance
is based on the fact that the life of electrical apparatus
is governed by that of the insulation.

All electrical properties must ultimately be defined
in terms of the motion of particles carrying a charge of
elenctricity, the unit positive and negative charges being
carried by protons and electrons respectively.

Dielectrics have four fundamental properties:
conductivity, permittivity, dielectric loss and electric
strength 1).

(a) Conductivity. Conductivity is measured by the
electric current caused by the flow of charged particles,
which are free to move under the influence of an e.m.f.
(Fig. 11). In metals these particles are the electrons,
but other materials may contain different carrier particles
which are either free to move or can be freed by small
electric stresses. The ideal dielectric containing no
carriers is never achieved. The conductivity of metals
decreases with rise in temperature and is independent of
voltage, while in dielectrics a rise in temperature increases
conductivity and a rise in voltage may also do so, in both
cases by favouring molecular dissociation.

(b) Permittivity. In addition to free charged particles,
dielectrics contain bound charges which can be elastically
displaced by an e.m.f. thus an electron orbit may be
distorted, a negative ion may deform but not pierce a
surrounding shell of positive ions or a polar molecule may
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be aligned (relaxation) but not displaced (Fig. 11).

This displacement of bound particles during deformation or
relaxation constitutes a flow of electric charge. The
arrangement of two electrodes separated by a dielectric,
which is called a condenser, is frequently used to store
d.c. electricity or transmit energy from an a.c. source.
The amount of electricity stored or transmitted is propor-
tional to the electric displacement of the bound particles.
The permittivity or dielectric constant of a material is the
number expressing the magnitude of this displacement.
Whether a material of high or low permittivity is desirable
depends on its application.

(¢c) Dielectric loss. The movement of charged particles
in a dielectric is opposed by internal, sometimes viscous
forces, and heat is therefore developed. This heat energy
cannot be recovered electrically and is called the dielectric
loss. Its magnitude is expressed by the power factor, which
is the ratio of the current associated with the energy
absorbed as heat to the total current supplied to a condenser
used for transmitting energy. The power factor varies with
temperature and frequency of the a.c. e.m.f. It is obvious
that good dielectrics should have low power factors.

(d) Electric strength. Permittivity, conductivity
and dielectric loss are properties of a dielectric when
the voltage applied is below a certain limiting value.
For higher voltages a new set of mechanisms becomes operative,
the material suddenly produces a large number of carrier
particles and ceases to be a dielectric. The e.m.f. measured
at the limiting value is the breakdown voltage and the voltage
gradient the electric strength. In gases and liquids break-
down may be caused by ionisation through collision and in
liguids and solids by impurities which may ionise. Local
weak spots may also be the cause in solids.
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The a.c. voltages employed in this work are always
very low and electric breakdown has no bearing on the results.
The d.c. conductivity has been measured by other authors and
its contribution to the dielectric losses is either
negligible or can be accounted for in our species, over the
frequency ranges employed. Thus only permittivity and
dielectric loss, which it was hoped would give the most
valuable information, are further considered. Since the
work concerns solids, the theory and properties of dielectric
gases and liguids are only dealt with in detail when
this affects solid theory.

In commercial insulation it is important that the
dielectric loss and permittivity peaks which are found in
liquids and solids are outside the working range. However
these temperature dependent peaks give useful information
about the molecular processes thought to be their cause.

For instance in liquids the temperature at which the peak
occurs may depend on dipole orientation and inner viscosity.
They show no dipole component o dielectric constant or
loss at very low temperatures because the dipoles are
immobilised. As viscosity of the liguid decreases with rise
in temperature the permittivity increases to a maximum value
as the dipoles respond to the field; after which thermal
agitation hinders dipole orientation causing permittivity to
decrease. Similarly the dielectric loss of the liQuid
increases as displacement amplitude increases with
temperature. When the maximum displacement has taken
place the dielectric loss decreases, since the viscous
friction continues to lessen with temperature. At a much
higher temperature the loss will again rise when dipole
orientation is opposed by thermal agitation. The frequency
dependence of the maxima is explained by the fact that
displacement against a viscous force is proportional to the
time of application of the voltage in one direction.
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The electrical behaviour of a substance is a

function of its electronic structure. The more firmly an
atom holds its electrons (and this depends on the nucleus-
electron distance, the number of electrons in the shell
and the shielding effect of lower shells) the better will
be its insulating properties. Thus the elements in the
top right hand triangle of the periodic table should be the
best dielectrics.

Electrovalent compounds which may split into ions
in presence of moisture, or polar molecules, give rise %o
comparatively high dielectric loss and permittivity.
Coordinate links contribute to dielectric loss and
permittivity because they are electrically assymetrical.
Covalent links give rise to non-polar compounds and do not
increase permittivity or dielectric loss.

As a first approximation the electrical properties
of a single molecule are a function of those of the constituent
atoms. Thus molecules containing atoms with easily distorted
electron orbits will have polar moments due to deformation,
unless in molecule building new forces control the loosely
bound electron, Polar groups, unless symmetrically
positioned in a molecule, cause polar moments. Generally
molecular complexity in solids favours dielectric
properties by limiting orientation and ionic mobility.

Good dielectrics must be free from polar liquids
which give polar properties and ionise electrolytes. Thus
absorption of and permeability to water vapour must be low
and electrolytes should be eliminated even as impurities.
Heterogeneity from which all composite dielectrics suffer
is also a cause of dielectric loss and thus non-polar
impurities of a different permittivity must be avoided.

In some cases this heterogeneity may however be used to
obtain large permittivities (barrier layer dielectrics).
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Amongst solid dielectrics the inorganic type have
a number of inherent advantages. Resins are difficult to
produce without polar inclusions or have low softening points;
in varnishes solvent elimination produces great problenms,
rubber ages and wood textiles, paper and other organics are
211 1imited in their heat resistance. The mineral type of
inorganic dielectric seems to have great scope, provided it
can be produced pure, both to replace less pure natural
materials and for use in composite ceramic type dielectrics.
At the moment the search is going on for good dielectrics
incorporating some other unusual property, such as the
absence of a temperature coefficient of expansion. Such
a dielectric would be useful for ceramics.

The theory of dielectrics and electric polarisation
in general is summarised in books by BBttcher(BS) and
Fr8n1icn(84)
following discussion.

s which have been used as the basis of the

3.2. The Theorv of Electric Polarisation.

3.2,1, The “tatic Dielectric Constant.

The dielectric constant of a substance in an a.c.
field depends on frequency and on parameters which define the
state of the material, such as temperature. It is independent
of the strength of the electric field over a wide range, which
is the range considered here. Below a certain critical
frequency which depends on temperature and the structure of
the dielectric, the dielectric constant is also independent
of frequency and equals the static dielectric constant Ege

When a dielectric is brought into a field, displace-
ment and separation of charges occurs within the dielectric,
i.e. polarisation, and the resulting field strength E inside
the dielectric is given by
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D = € E (1)
where D = the dielectric displacement and E = the field
intensity or field strength. The bars indicate vector

guantities.

The physical picture of this process can be given
in reference to Pigs., 12a and b. An ideal parallel plate
condenser with surface charge density & is considered.

In vacuum the electric field strength between the plates
is given by

D = 4%8 (Fig. 12a) (2)
Thus D is defined in terms of the true charges and is

independent of the medium between the plates; i.e. in
vacuums '

D =E = field strength between the plates
(= 453 ) (3)

The voltage between the plates =V = QEI d (4)
where d = the distance between the plates.

On introduction of a dielectric the voltage decreases
and the ratio of its former value to the present one is
denoted by the static dielectric constant o Since (4)
st11l holds, the electric field strength also decreases by
a factor €4 to

E = 4w0 /g (5)
This drop in field strength is equivalent to reducing the
-1
surface charge density by P :{S_Jfﬁi____> (8)
S

Thus the influence of the field is %0 charge the surfaces of
the dielectric with a charge density, P, in a sense opposite
to that of the condenser plates. P, the polarisation
arises from the displacement of charges within the dielectric
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and equals the total charge passing through any unit area
parallel to the plates within the dielectric. These surface
charges cannot be removed from the dielectric but compensate
charges of opposite sign on the condenser plates. Thus
there is a field 4wP in opposite sense to the field D
within the dielectric (Fig. 12Db). The resulting field
within the dielectric is E, i.e.

D = E + 4wP (7)
and from (3), (4) and (5)
D = ¢, B (la)

The dielectric constant of a material is usually
defined in terms of capacitance, since this is the quantity
measured except at very high and very low frequencies.

A conductor charged with a quantity of electricity q at
petential V has a capacitance C given by

¢ = q/V (8)
The dielectric constant of a medium is then defined by
e = C/Co (9)

where C refers to the medium and C, to vacuum between the
condenser plates. It must now be shown that ¢ in equation
(9) equals €.

~ According to equation (8), C, = q/Vs and C = q/V,
where V < Vo. Therefore using equation (9), & = C/C, =
(a/V)(Vo/qa) = Vo/V; Dut since V = [Eld, € = (B.4)/(Bd) =
Eo/E = €& because B, = D by definition.

Equations (2) to (9) were derived for the ideal
case of homogeneous field quantities (D,E,P) perpendicular
to the parallel condenser plates. The equations are
however quite general and correct as long as the field
quantities are in the same direction. This is usually
expressed by using vector quantities. B8ttcher for instance
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defines P, the electric polarisation as the induced dipole
moment per unit volume of the dielect®dic, then

T = E + 47 D (7a)

and using equation (1):

T = £-1% - % (10)
4¥r

where ¥, is the dielectric susceptibility.

5.2.2., Polar Dielectrics at Low Frequencies.

DAV, the average moment of a volume element 4V,
caused by a uniform a.c. field, is due to four effects,

(a) Permanent dipole orientation, which is connected
with the rotational energy of a molecule, and is designated
by a dipole moment S

(b) The axis of highest polarisability of an aniso-
tropic particle is aligned with the field. This may be
neglected at moderate field strength°

(c) Blectronic polarisation: +the electrons are
shifted relative to the positive charges. This is associated
with electronic transitions.

(d) Atomic polarisation: atoms or atom groups are
displaced relative to each other and therefore atomic
polarisation is associated with molecular vibrations.

(a) and (b) are the rotation or orientation effects
which are counteracted by thermal movement and are therefore
temperature dependent. (¢c) and (4) are the translation
or deformation effects which are only slightly temperature
dependent because they are intra-molecular.

The translation effects are usually expressed in
terms of the average polarisability, a, of a particle.
The anisotropy of polarisability is neglected here, because



39.

of the polycrystallinity of most dielectrics, and a there-
fore becomes the mean polarisability. a, which has the
dimensions of a volume is defined with the aid of the
induced dipole moment, m, which 1s the difference of the
dipole moment of a polarisable body before and after
application of a uwniform field Eo, in vacuo, by

T = aEo (11)
since m is generally proportional to E,.

The purpose of dielectric theory is to relate the
molecular quantities (dipole moment, polarisability and radius)
to measurable quantities (&, refractive index, density).

In this, polarisation is the link.

P = ia + ?ﬁ' . (12)
where Pa is due to translation effects and Rp to dipole
.erientation. These two quantities can be expressed in
terms of the molecular gquantities a andp4 , and the field
acting on the particle. BYttcher set up a general fundamental
equation:

€-13 b Fe (B0 <P G0 T (15
i % k[ak 1’k T rkj

th

where the subscript k refers to the k kind of particle,

N = number of particles per cm®, Ei = internal field = average
field strength acting on the particle and Er = directing
field. The problem resolves itself into the calculation of
these fields from dielectric models. The difficulty of this
increases the more condensed the dielectric phase, and in

the case of solids the theory is still in its infancy.

The difference between the two fields is due to the reaction
field, R*, of the dipole. A dipole polarises the particles
around it and the field produced at the dipole due to this
polarisation of the surroundings is the reaction field. As

long as this polarisation follows the dipole without
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measurable lag, the reaction field does not contribute to
dipole orientation and therefore

E; = B, +R (14a)
However, this may be only true for electronic polarisation.
In other cases the difference, Ei - Er’ mgy be somewhat less
than R™. In all older theories E, and B, are taken as

equal, which Onsager(85) showed to be incorrect, except

for gases at low pressures. Lorentz(BG) considering the
surroundings of the dipole as a continuum, derived a formula
for Ei which is an average over the whole dielectric. It
can however be shown that E; has a different value in
different parts of the dielectric. This can be taken into
account in calculations by statistical mechanics, which
however at present lead to unsurmountable difficulties even

in the case of polar liquids.

Substitution of the Lorentz field

B, = 6£2 3 (14)
3
in equation (13) and the assumption E, = E; leads to the
famous Debye equation(Sv): :
. Ux”
LA ‘%:Tégz Ny (ak + =) (15)
& + 2 3 ‘ 3kT
k

which describes the behaviour of polar gases in static and
low frequéncy a.c. fields. This equation holds fairly
well for gases at normal and lower pressures since then

€ » 1 and the Lorentz field is a good approximation. It
also holds well for gas mixtures of greater density if the
concentration of permanent dipoles is low.  The equation
can be used for the determination of f and a of gases, but
when used for measurements on dilute solutions of a dipolar
compound in a non-polar solvent it becomes somewhat
inaccurate.
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(85)

Onsager obtained the equation:

2 - 9 kI (€- n?)(26 + n?) (16)
I 4N £(n® +2)?

by substituting theoretical values of Er and Ei in equation
(13), using the Lorenz~Lorentz equation (see later) to give
a value for the polarisability and assuming the molecules
fi1l up the entire volume. This takes long range dipole
interactions into .account. The equation can be used for
the calculation of g from measurements on pure dipole

liquids.

(88) has derived a general

Recently Buckingham
expression for €q by classical statistical mechanies, which
includes the effect of short range directional forces.

When these forces are zero the equation reduces to Onsager's.
Application of the Buckingham equation to experimental
results of some liquids, including water has given satis-

factory results.

The Debye equation for a pure compound can be
expressed as

[P] =2ww (a+B (152)
3 BT

where N_ is the Avogadro number and {B] is a scalar with
the dimensions of a volume and called the molar polarisation,
defined by

[z] = E—% BE'I (15b)

where d = density and M = molecular weight. In the case

of a mixture, I becomes the average molecular weight given
by
M =é x, M. (15¢)

where X, are the molar fractions of the components of
molecular weight Mk'
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In case of a mixture equation (15) can be written:

4 M
- WN, 2 X,_ & _ +
3 é kK k5 gy

[z

(154)

]

d
k ¥ Ny, where M = average molecular weight,

since Nk = X

or fP] 2 Xy EP]k (15e)
k

where tE]k is the molar polarisation of component k,

According to these equations the molar polarisation of a

compound at a given temperature is independent of the

.pressure, and that of a mixture equals the sum of the molar

polarisations of the components, Also each component

]

contribution can be divided into molar orientation, atomic
and electronic polarisations, This idealised constancy
of the molar polarisation however only holds as long as
the Debye equation agrees with experiment,

3.2,3, Non—-polar Dielectrics in a Static or Low-

frequency a,c, Field.

For a non-polar compound the Debye equation

simplifies to the Clausius-Mosotti equation(ag’go)
L...:JléNkk BGYS
&+ 2 %

Here the deviation caused by use of the Lorentz internal
field is less than in the Debye case, since there is no
large variation of Ei caused by the reaction field. The
Clausius-Mosotti equation is thus a good approximation

for non~polar dielectrics and holds well for gases at
moderate pressures and for the less polarisable molecules
even at high pressures, The molar polarisation for only
one kind of particle becomes:

[P] = _eree. (18)
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Prom equation (17) for a single component, it can be seen
that as long as &L is independent of the pressure, <«
increases much faster than linearly with the density d.

For a density d, corresponding to N given by %’rNb°L= 1,

& would be 1nf1n1te, and negative for d)d . To fulfil
this condition, —uk& must be larger than the volume of a
particle, since there are interstices between the particles,
ok is at most r® (r = radius of particle), in the case of a
conducting sphere and thus the critical value is never
reached in the case of gases and liquids., This value may
however be reached by solids where the crystal lattice makes
a contribution to the polarisability,

For a mixture, the Clausiug~Mosotti equation is
expressed as

19
et éQk (19)

where Qy = volume fraction of component k, M xtures of
non-polar liquids deviate somewhat from this formula,

Deviationg of the Clausius-Mosotti equation,
noticed for gases at high pressures and for liquids, may be
based on the pressure and temperature dependence of oL but
certainly on the use of the Lorentz internal field. Using
an improved internal field formulae the corrected Clausius-
Mogotti equation, which agrees with experiment even at high

pressures except for molecules with large g% , 1s obtained:
(e-1)Ee+1) o £y o (20)
12w g " k Tk
with o ¥ = _ Xk ' ang £, = 15 2¢ = 2
1 - fkmk ay 2¢€ + 1

where ay = radius of particle k.
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Bquation (20) allows determination of polarisabilities,
which for gmall molecules (COz, CCls, etc,) are found to be of '
the order of 3 to 10 A°, Many ions have polarisabilities
between 0.3 and 3 ﬁa; very small'ions, particularly those
with large positive charge (TIi”, Be++, ALY have
polarisabilities less than 0.1 K:. Large molecules may have
polarisabilities of 100 to 1000 A® and higher,

3.2,4, Bguations developed by Statistical Mechanics,

In the theories summarised so far, the environment
of the particle was treated as a continuum as by Bell(gl).
The statistical mechanics approach accounts for fluctuations
in the particle arrangements and is therefore preferable.
The statistical theory of ligquids has not yet been developed
far enough to be applied to this problem, Kirkwood‘s(gz)
theory for instance can so far only be used for gases and then
leads to the same result as the non-statistical method

(Bottcher, p. 227).

FrBhlich(gs) derived his general equation for any
substance by using statistical mechanics and the 'Lorentsz
cavity field'. THis treatment is a generalised Kirkwood
method for dipolar liquids and the resulting dielectric
constant depends on the structure of the material:

%
és"l = 41TN°X Z€s x Z5 (1)
3 Zés‘i'l kT

where Ny = N/V = nunber of unit cells per unit volume,

ot = the'average dipole moment of a large spherical region
volume V inside the specimen, polarised by one of the dipoles
of nonent m, and mm" = average. value of this product over all
possible configurations, weighting them according to the
probability of finding the dipole in such a configuration,
Since the dielectric constant of crystals depends on the

structure, no further general development can be given.
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However, the equation can be extended by treating the
electronic contribution on a macroscopic basis and it
then becomess

3 3
8 % 4w Ny x oo (22)

26% + n? 3 kT

- 1’],2 =
€

where n = optical refractive index,

The general equations (21) and (22) representt?s
in terms of the guantities mm™ which refer to the properties
of the material in the absence of the field., Their
calculation requires knowledge of the structure of the
substance and of the particle interactions involved. This
is generally done by use of approximations which then define
the validity of the result. For liquids and gases equation
(21) reduces to the Onsager, Clausius-Mosotti and Kirkwood
equations,

Powles has extended the Frbdhlich equation to

anisotropic materials(94).

3.,2.5., The Complex Dielectric Constant,

The dielectric theory considered so far has been
concerned with conditions under which the polarisation does not
lag behind the osgeillation of the a.c, field, In this case thez
is no phase difference between D and E and no energy is
dissipated. At higher frequencies, which depend on the
temperature and the type of material, the polarisation lags
behind the a,c, field and there is a noticeable phase
difference between D and E and thus also between P and E.

Then the relations 1 and 9 no longer apply and energy is
absorbed by the dielectric from the electromagnetic field.,
This phenomenon is called dielectric loss.

An a,c, voltage applied to the condenser plates
leads to a periodic a.c. field:



46,

E = ﬁo coswt (23)

where Eo = amplitude, & = angular frequency and t = time,.

Wnen D is in phese with E

— —

D = Dy coswt (24)
The energy dissipated in the dielectric per cm® is given by:
' 2/
w o= W iFE dt (25)
2x L

where i = 35/3’0 = electric current density; since D = 4w@&

19D

4w Dt

i =

(26)

i

- % 3, sinwt

4w
Thus i and E are ¥ /2 out of phase, Substituting (26) in (25):
27/u

2 _ -
Do Eo ] sinwt coswt dt = O

Ww
8w °

W=

0

i.e, no energy is dissipated in the dielectric,
When there is a phase difference between D and E then for

E = E, coswt, D is given by

D = Do cos(wt -§ ) = Do coswt cosd + D, sinwt sing
(27)
Substituting (27) in (26) gives
i = - L 50 Sinwt cos-J + W ]30 coswt sin§(28)
3 41

The first part of (28) is /2 out of phase with E and there-
fore does not lead to energy loss. The second part is in
phase with E and using this part:



47,

2 2 n‘A})

«l peegpuy 4
W = - Do Eo sind ¢ cos?wt dt (29)

8w 2 4

0
Therefore the dissipated energy per cm® of the dielectric
per second = W = 2 Do Eo sind s (30)

8w

Sind 1is called the power factor,

When there is a phase difference between D and E, the
relationship between the scalars D and E is usefully described
by complex quantities. ‘Then

- e Jjuit

E = BE, = (cosmt + J sinwt)E, (31)

Fad
The field intensity E is the real part of E and therefore
D is the real part of (see equation 27)
ey 3 -
D = Do Wt =) (52)

As long as the loss angle 4 is independent of B (still

depending on frequency, temperature, chemical conposition and
25

structure of the material however), the ratio between D and

Fal)
E is given by a complex dielectric constant®& :

Ll AN

D = & E (33)

From (31, (32) and (33):
= 2\: Do e"j'S = I{}e-js = Pﬂ(cosg -3 siné )
T B, Eo (34)
= |¢| (cosd - j sind)

e"(\)

where)e] is the modulus of € . The complex quantities 5]
Pay .
and E have been defined in such a way that when d = 0,
% =(. & can be split into real and imaginary parts by
introducing the real quantities #' and £":
=g -Je" (35)

From (34) it follows that
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' = Do wosd = ge)cosg (36)
Eo
and e = Do sind = ‘él sind (37)
Eo
Dividing (37) by (36)
!g-l-‘- = tantg (58)

6 l
Ekulé at a certain frequency is often used to indicate the
dielectric loss; it is called the dissipation factor and
for small.é approximates to the power factor,

Combination of (30) and (37) gives:

W =M)Eozén = lA)Eoz lé,lslné (59)
81 8w

This equation shows that the dissipated energy per cm® per
sécond is proportional to ¢" and thus to sind . & is
called the loss factor,

(95)

Mansel Davies showed that

é = é' - 2 J&/f (40)

Q.
where & = conductivity in e,s.u, and X = 2m§1 = frequency
in cycles per second, and therefore

€" = 26/f = 1,80 x 102 K /f (41)

where Kf = the specific conductance at a frequency f in
ohm™ cm™*,

It has already been mentioned tha+t the phase
difference between D and E is due to the polarisation lagging
behind the field. Three different mechanismes may cause this
lag:

(A) Electric conductivity giving a component of I in
phase with E (see equation 41).
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(B} Relaxation effects which occur at frequencies at
which the orientation of the permanent dipoles cannot follow
the field without measurable lag. Below this frequency
linmit, which depends on the chemical composition and structure
of the material and the temperature, the field changes
slowly enough to allow the dipoles to reach their egquilibrium
distribution before the field changes, In the case of water
the fregquency limit is 2410° sec™*, but for larger polar
nolecules the limit is in the region of 10 to 107 sec—?,

(C) Resonance effects caused by rotations and vibrations
of atoms, ions or electrons are noticed in the infra-red,
visible and ultra-violet regions near the characteristic
absorption frequencies, Resonance effects are also caused
by rotatory oscillations of dipoles (Pr8hlich, p.98 ) with
frequencies in the far-infra-red. Quantum mechanical
description and the classical model of the harmonic
oscillator lead to the same result for resonance effects.

It is inportant to get a clear physical picture of
effects B and C, Whereas in C every charge is displaced
elastically, it is wrong to assume that every dipole is turned
fron one equilibrium position to another, Actually the
field first leads to contributions of type C and secondly
slightly alters the probabilities of a rotational jump of a
dipole,

Pr8n1ich®4) calculates the fraction of dipoles
turned by a field, by considering a particle of charge e with
two equilibrium positions separated by a distance b,

In absence of an external field the particle has the same
energy in the two positions, If in equilibrium with its
surrdundings, it will oscillate about one of the positions
with an energy of the order of kT and will only ocecasionally,
through fluctuations, acquire enough encrgy to jump over the
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potential wall into the other position, Thus the
probabilities of the particle being in either position will
be equal, Introduction of a field alters the potential
energy of the particle in the two positions and therefore
also the probabilities. The particle is now more likely to
be in one of the positions. The fraction of the dipoles
turned by a field of reasonable strength is given by

%(pB - pA), where (pA - pB) is the difference between the
probabilities, Frbhlich states that the difference of the
interaction energies of the particle in the two equilibrium
positions withthe external field is usually nuch smaller
than kT, In this case, putting e = electronic charge, and
b the distance between neighbouring atoms in a molecule a&s
108 cm at room temperature, the fraction of dipoles turned
by the field of reasonable strength can be shown to be small,
e.g. 107% in a field of 300 volts/cm and about 2% in'd field
of 100,000 volts/cn,

Tt remains to show how ¢' and &" can be determined
from the experimentally determined equivalent shunt resis-
in terms of which the properties

p’
of every real condenser can be expressed(96). This can

tance Rp and oapabitanoe C

be done by considering the phase lag in terms of the voltage
applied and the current subsequently flowing.

I =wCo.V.cos (wt + ¥/2) is the current flowing when an a.c.
potential V. coswt is applied to a vacuum condenser of
capacitance C,. The phase of this current is 90° in advance
of the voltage. If the voltage is taken to be the real
part of VeI s then the current is the real part of JwC.Ve
and the impedance = voltage/current if the circuit element
is 1/ jaCo. On introduction of a loss free dilelectric, the

element remains a pure capacitance which has now increased

Jwt

to Cp, the impedance becoming 1/jwC_ and the definition of &

Y]
follows as the ratio Cp/Co.
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When the dielectric is not loss free the current
will lead the voltage by less than 90° and the component of
the current in phase with the applied voltage causes the
energy dissipation as heat. The circuit element can now
be represented by Cp and Rp, giving an impedance
1/(,ijp + 1/Rp). Both C, and R, are frequency dependent:
Alternatively the impedance may be written in the form ‘
1/iwCo€) when E= ¢' - je". Equating the two equations for
the impedance we find:

C
é' = —-‘E (42)
Co
and
o 1
é = ———————
u)RpCO (43)
! 1
therefore " = £ , i.e. tand = éT =L (44)
WipCp € wROy
The measurement of Cp and Rp is convenient over the frequency
range of 60 to 10° c¢/s.

3,2.6., The Refractive Index.

Maxwell in his theory of electromagnetic waves
proved that

€ = n® (45)

where n is the refractive index of a medium. This applies
if there are no moving charges present in the medium, or if
the movements of such charges are slow compared with the
frequency independent velocity of the electromagnetic waves.
Experiment showed that below a certain critical frequency €
is independent of frequency and equal to és and n obeyed
equation (45). The critical frequency depends on the
chemical composition of the dielectric and the temperature.
For instance in water n and € are independent of frequency
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and n® = £ below 2.10° sec™?, while in non-polar materials
és = n® of the cm-waves since loss due to resonance
effects is mainly in the infra-red region.

In the frequency region where € must be used, n
also depends on frequency and a complex refractive index

is defined

™ \

Z = n® (46)

which splits into real and imaginary parts:
o\ 1 .

n = n' - jn (47)
n
n' is found to be the real refractive index/{whereas n" is
related to the degree of damping of the wave. n" can be
expressed in terms of the absorption index k = n"/n, or by
the absorption coefficient a, defined by Lambert's

absorption law:
I/, = e &% " (48)

where Io = initial intensity of radiation and I = intensity
after travelling distance x in the medium.
It can then be shown that ¢' = n2(1 - k?) (49)

and €' = 2n°%k (50)

The importance of the refractive index lies in
the fact that its determination allows calculation of the
atomic and electronic contributions to the polarisation,
i.e. the contributions due to resonance effects. The
dielectric loss due to these effects usually begins in the
infra-red region and thus measurement of n or &€ in the cm
wave region gives the value of the total polarisability.
Equation (17) can then be replaced by the Lorenz-ILorentz

equation(97’98)
2 _
Ll S, Y é Na, (51)
n® + 2 3

k
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and equation (20) by:

m> - 1)(em® v 1) $ k% (52)
12w n? X 1 - fkak
with
r o= 1 2n® - 2
k - o 2
akz n< + 1

These two equatiens can be used to determine the total
polarisability of polar compounds in a frequency region in
which the dipoles cannot follow the field to a measurable
extent and which is devoid of atomic resonance absorption.
Usually these two absorption regions overlap and there is
no region in which & is independent of frequency and equals
n=. Equation (51) can then still be used and the total
polarisability be obtained by extrapolation. This subject
will now be considered.

In the region where the dielectric absorbs energy
from the electromagnetic field, n depends on frequency, and
the phenomenon is called dispersion. In the visible region
this is of two types:

(a) Normal dispersion when n increases with increasing
frequency;

(b) Anomalous dispersion when n decreases with increasing
frequency. This always occurs near the characteristic

frequency of maximum absorption and is stronger than normal
dispersion.

[ -~ [

Fig. 13 gives a typical dispersion curve.

The results obtained by the classical dispersion
theory are similar to those from gquantum mechanics, and give
a good qualitative and sometimes quantitative description
of the dispersion curves. The theory is based on the model
of an elastically bound electron (harmonic oscillator) with
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a characteristic frequency vo. Anomalous dispersion results
from damped vibrations and equations have been set up for
this case and for undamped vibrations. Por such a
resonance phenomenm without damping

Ne* f
n® -1 _ " & __k___ (53)
s e 2 _ 2
n® + 9 som K W, % -V

in the case of gases at highér pressures, ligquids and solids,
when n. = mass of electron and f; = ogcillator strength.

The total polarisability of a molecule may be

split into two parts, a_ due to electronic and ay due to

e
atomic polarisability, i.e.

Ctotal =~ %e T Qg (54)

The two names are bad, since a displacement of atoms is
always accompanied by an electron displacement which also
appears in the infra-red region. It might therefore be
better to name the polarisabilities by the region in which
their absorptions appear.

The total polarisability of a non-polar compound
is determined by measurement of the constant dielectric
constant at low frequencies. With polar compounds this
is only possible if there exists a region between the dipole
and atomic polarisation absorption regions in which & is
independent of frequency. The two remaining problems namely
calculation of Utotal in the dipolar case when there is no
such constant region, and the splitting of Utotal into the
atomic and electronic contributions can be solved by
measuring the refractive index at different frequencies
and extrapolating to infinite wavelength using a
“dispersion formula such as equation (53).

In this manner the total polarisability can be
obtained by using frequencies below the lowest atomic
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polarisation absorption when the influence of the absorption
on n is not negligible, but when dipole absorption is
negligible. nZ obtained by extrapolation is then the
fictitious value the static dielectric constant would have
if tuere were no permanent dipoles. a is obtained by
substitution of nee in equation (51).

In the region of A = 5000 to 8000 A, the influence
of the atomic absorption is negligible and that of the
electronic absorption with frequencies in the violet and
ultra-violet small. The extrapolation of n measured in
the visible region to infinite wavelength then gives n§o
which is related to the electronic polarisability a, by the
Lorenz-TLorentz egquation. B8ttcher compares theoretically
extrapolated refractive indexes with experimental values at

various frequencies for some organic compounds and finds the

third decimal place obtained reliable. It is interesting to
note that the largest difference npy - ng, quoted (nD =
n sodiumA ) is 14% and usually this is much lower. Thus

& obtained from measurements at sodium light should at the
most deviate 1 to 3% from values obtained by using nis.

The above methods allow an accurate enough estimate
of the electronic polarisation from measurements in the
visible spectrum. The atomic polarisation can then be found
by the difference &g — n® in the case of non-polar compounds
and similarly when there is a constant & region between the
atomic and dipolar absorption regions in the polar case.

The latter is rare and an accurate estimate of the atomic
polarisation is then difficult. Only when the atomic
polarismﬂ%#y'is quite independent of temperature can Ctotal

of polar gases be determined by use of the Debye equation,
when this equation applies. The use of the Debye equation
for a polar compound in dilute solution in a non-polar solvent
and extrapolation to infinite dilution is also incorrect.
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Actual measurement of n in the long wave infra-red is

difficult and the extrapolation is inaccurate. BYttcher
suggests a comparison of the dipolar compound with a non-
polar one of related structure and assumption of the wame xq/xe

(99)

ratio.

Since density and refractive index of a substance
depend on temperature and pressure, attempts have been made
to find a constant function independent of these parameters,
the specific and molar refraction. B8ttcher has shown that
such an attempt is bound to fail. Nevertheless equations have
been set up and used. The molar refraction is supposed to
be additive in the case of mixtures, but Guggenheim 100)
considers this to be only a rough approximation, proved
neither by theory nor experiment. Thus the refractive index
of a mixture should be measured whenever possible. The
molar refraction of & compound is supposed to be additivély
built up from those of its constituent atoms, but this too
appears to be an approximation, and the molar refraction must
as a rule be considered to be a constitutive rather than an
additive quantity.

3.2.,7 Dielectric Loss and Relaxation Time.

The effect of the phase difference between D and E
in the optical frequency range was shown in the last chapter.
We now deal with high frequencies lower than the optical
region, in which dielectric loss occurs. Loss in these
regions is due to the relarwation effect of the permanent
dipoles and can be described by a dielectric characterised
by a relaxation time. This chapter deals mainly with
liguids, but the same arguments apply to solids.

Ps, the polarisation at zero frequency, can be
split into two parts, (PS)dip
Fpe. due to the polarisability, i.e.

due to permanent dipoles and

P, = Ppe + (P.) (55)

S s’dip
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E -1 Cpo— 1
P, = €s ~ - E (equation 10) and Pg, = X __ B where
S aw bw

oo = nZ, and Neo refers to the total polarisability.

The time required for the permanent dipoles to
reach an equilibrium distribution after application of the
external static field depends on temperature, chemical
composition and structure of the dielectric. It is of the
order of 107® to 10~*® seconds and may be more in the case
of solids. During this time () d1p is built up and P
increases from Pgy to P, since the time required %o
establish ng can be neglected relative to that required to

build up (P.) After time t during this interval

s’dip°®
Py = P * Py (56)

where Pdip is the part of (Pg) slaip Puilt up at time t. It
is now assumed that the increase d(Pdlp /dt is proportional to

the difference between the final value (P.) and the actual

s’dip
value Pdip’ i.e.
a(p,, ) ; .
dip 1/ ( 3
S —————————— = —— i P ) . had P » & (57)
it e { s’dip dlpj

v?‘which has the dimension of time is a measure of the time

lag, the relaxation time. At t = 0, (Pdip)t—o = 0 and
therefore integration of (57) gives:
_ ~t/7)
Pasp = (Pglgsp (1 - / (58)

From decay of the polarisation, on the field being taken
away, 1t 1is seen that * is the time in which the polarisation

decreases to l/eth part of its original value.

Two further assumptions are now made:

(1) the behaviour of the dielectric can be described by
only one relaxation time, and
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(2) equation (57) is also valid for an a.c. field.
Then (PS dip is a function of t, being the value (P)dip
would reach in a static field Ei, where Et 1s the magnitude
of the a.c. field at time *. Thus
o~ 65-1’\ éO’J—ll\

(P.) 4. = 2 B, - ee———— B (59)
s’dip 4T 1 4t t

o .
where Et = EoeJWt.

Equations (57) and (59) give

a? 1igs —€ ' - !
_“dip _ 1i€s "€eo EcedWT - Piip | (60)
at vl em P
The solution of which is
. - —é o *err.
]Pdip (e t/n R €s %Eoegwr (61)

4w 1+ jwr

Ce_t/'r decreases to an infinitely small value after a short
time and may be neglected.

Analogous to equation (55) we get

_|€ee- 1,1 €s "€om B, e ¥ (52)
: o
41 4n’ 1+ jwr i

Thus P is a sine function of the time with the same frequency
as the applied field and is retarded in phase with reagpect to
E.

From equations (31) and (62)

/\ —- P - :
g +&s "€ | Eced"T (83)
1 + jwr 4

A

Fa
D=8+ 4w P

T ———

and comparison with equation (33) shows that the complex
permittivity is:

é -
2 Tl t = _6,0&_
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Therefore é
. €s ~ €ao (65)
€ = € v —
and o
"o - ) (66)
¢ (€S €eo 1 + wor®

These equations can also be written as:

E_‘.:__—__E_@E_ = ___1'.__. (653)
és "éc:o 1+ szr‘z

€' ___w (662)
éS - & oo 1 + wor®

Plots of the left hand sides of equations (65a) and (66a)
against log(wr) give the symmetrical curves of Pigs. 14 and 15.

The maximum of the absorption curve 15 is at log(wt) = 0,
i.e. wi'= 1, Therefore the angular frequency at maximum
absorption is given by:
1
woo= = (67)
= *

Introducing wv = 1 into equations (65) and (66) gives the
corresponsing maximum values é'm and é"m:

+
é'm =és 2600__ (68)
and
K -_ .

The cyclic frequency f = wm/2w which corresponds to the
angular frequency w, 1s called the "eritical freguency'.

The corresponding wavelength Ac’ given by Ac = 2wec/w, = 2we™
where ¢ = velocity of light in vacue, is the critical
wavelength.
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Bquation (66) forecasts that &" approaches zero
for small and high values of w™. Physically that means that
at frequencies when wr { 1, i.e. well bel ow the absorption
maximum, equilibrium will be attained in a time which is
short compared with the field alternation. Therefore the
maximum permittivity is obtained and little cnergy is
absorbed. At a frequency corresponding to wr = 1, the field
reverses in a time comparable with 4, the polarisation has
no time to build vp to a maximum and the energy absorbed per
cycle is a maximum, At frequencies when WTQ»»I no
significant dipole orientation can occur and therefore &
contains no contribution due to this polarisation.

The curves of ¢' vs log w and &" vs log w (or
log f) derived from equations (65) and (66) (Pigs, 16 and 17)
are also symmetrical. These curves for a dielectric with
one relaxation time are called Debye curves, although Debye's
contribution was actually the intrinsic relaxation time, %o

be mentioned later, The dispersion range moves to a lower
frequency on lowering the temperature; €, and €gg are also
somewhat temperature dependent(lol).

A strong decrease of &' with decreasing temperature
indicates dipole relaxation since when w is in the central
part of the loss frequency region, &'

decreases strongly with
decreasing temperature. This is because ¥ and therefore wy
increases with decreasing temperature. In the absence of
dielectric loss & of a polar liquid increases with decreasing
temperature according to the térm.tiz/SKT in the molar
polarisation.

When €., €£¢q and W, can be determined, the
experimental curves can be compared with the theoretical ones
calculated from equations (65) and (66). Cole and Cole have
developed a method which does not require the knowledge of
these parameters to compare results. They construct an
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Argand diagram plotting ¢" against €' for a number of
frequencies in the dispersion region. Prom equations (65)
and (66) we obtain:

fes "€l 2

o/ L 2 7

. r + 1

(e' _€s €00 V2 | (gm)® (70)
Thus the Argand diagram describes a semicircle with radius
(€5 -€0a)/2, its centre on the abscissa being at (€  +é¢o)/2
from the origin (Fig. 18). The intersections with the

origin are at €' =€, and &' = €. respectively. The

relation between Figs. 16, 17 and818 is shown in PFig. 19.
The Cole-Cole plot does not depend on the frequency range

of the dispersion or the relaxation time when equations (65)
and 566) are valid but is completely defined by &€ _ and €.y
Cole 101) has suggested a treatment of experimental results
which does not require a knowledge of &, and €gp .
Multiplication of equation (64) by (1 + jwt) and separation
of real and imaginary parts gives:

€ = e, -1(we") (71)
o= g ’l_\gﬁﬁﬁ 72
€ €ar {.\_1"05& W/ (72)

These are linear in g', we" and ¢"/w and thus €., gy and +
can be obtained from the slopes and intercepts of their
graphs. Alternatively a plot of Cp against Gp (parallel
conductance) gives a straight line of slope (-T) because

C, and Gp are proportional to &' and w&" for a dielectric

with a single relaxation time, Systematic frequency
independent measurement errors do not cause errors in this
method, which is therefore better than the trial and error
fitting of the original equations.

Experimental results are usually expressed in
terms of tand., From equations (65) and (66)
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tand = {bs =€eo ) WY (73)
€s+ £”W21-2

The maximum of tand is obtained at a frequency

= 2 Ve; (74)
Wt = =Y
m ¥ 1 €op
and its value is given by:
_ &5 "€ go
(tang)max = == (75)
ZVésem
The maximum values of €' + and ¢" 1 at w1 are:
CEg €
'm' = -——.S;..‘f‘i_ (76)
€y t€ao
—éw - e A
and é" 1 ::-f.—si__._. 14‘; em (77)
= és +éw S

Wy, & v and g" « are different from W é'm and {;"m.

The tand, log w curve is plotted in Fig. 20,

In the case of dielectric loss, a complex molar

polarisation is defined by
/\

£-1
P (78)
L J a i‘+ 2
A relaxation time 1'® of the molar polarisation for a.c,
fields can be defined analogously to the definition of ¥,
1* is the intrinsic relaxation time of the individual
dipole molecules in the medium and 1s related to 4" the
characteristic relaxatjion time of the medium by
€. t 2
# £s ~ ”
T= T (79)
Egp + 2
1¢K is only useful when the molar polarisation can be
expressed in molecular quantities such as polarisability and
permanent dipole moment, as for instance when the Debye



64,

{eq. 15) or Onsager (eq. 16) equations are valid for a
pure compound at sufficiently low frequencies. In these
cases the complex molar polarisation is obtained from the
static molar polarisation by replacing the termrjz/(BkT)
in the latter by (2/3kT) (1ML + juwe" ).

(103) connected the intrinsic relaxation time

Debye
with the viscosity of a medium which hinders the rotary
Brownian motion of the particle. He uses a spherical model
with radius a and dipole}; at the centre, hindered by a
continuous environment with viscosityg . He excludes
saturation by supposing that FE((kT. The resulting
equation is:

1&55 = 44 fl a® (80)
kT

Thus the relaxation time of the dipole molecule
depends on its surroundings. Experiments with dilute
solutions of dipole molecules in a non-polar solvent suppor¥
this view, but show that{BQ}is only a rough approximation
as would be expected from the simplified model used. Both
¥ and T cause 7 to decrease with increasing temperature.
This is because the relative influence of the molecular
interaction energy decreases with respect to that of the
thermal energy as temperature increases. andc;/T have
a similar temperature dependence which is exponential, for
instance, for liquids,

PE = A eB/kT (81)
T
where A and B are constants which are different in the
equation for ¢ /T,

This exponential temperature dependence has led to
the consideration of dielectric relaxation as a chemical rate
process(104’105’106’107). It indicates that at some stage

in the relaxation process a particle needs a certain amount
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of energy in excess of the average thermal energy to overcone

a potential barrier. The particle acquires this energy by
thermal fluctuations and this causes the strong temperature
dependence of the relaxation time. The same applies to

the macroscopic viscosity coefficient , and both temperature
dependences are similar to that of a chemical rate process

in which the particle has to acquire a certain activation

free energy. Eyring obtained the expression:

%
&F
¥ _ _h o € /RT (82)
kT

and a similar one for the viscosity coefficient, which
however has a different activation energy, since trans-
lational energy is also involved. In equation (82), ﬁxFeX
is the free energy of activation for dipole relaxation, k is
Boltzmann's constant and h Planck's constant, The different
activation energies for = and!? show why equation (80)

is only approximate. ‘&Fﬁ‘at room temperature, calculated
from the slopes of experimental curves of 1og'rx vs 1/T for
condensed phases turns out to be of the order of 10 RT and
higher. Thus the dipoles change their direction by jumps.
The conversion of electrical energy to heat which accompanies
dielectric relaxation is similar to the change of chemical
energy into heat in a chemical reaction. According to
Debye's theory this electrical energy loss was due to inner
friction.,

The distribution of relazation times can be under-
stood by this theory. At a given moment thermal fluctuations
cause differences in the neighbourhood of some of the
molecules and thus the free energies of activation, which
the molecules require to cvercome the potential barrier, vary
and there is a distribution of these energies. Such a
distribution is symmetrical about the mean value, which, since
the relaxation rates depend exponentially on the free energy,
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accounts for the symmetrical curves of €' and g" vs log w.
Thus the dipoles have a number of positions of relatively
ninimum potential energy, separated by potential barriers.
When the rotational energy allows a sufficiently frequent
jumping of the barriers, the contribution of the dipoles to
the polarisation in the applied field may be the same as in
the case of free orientation.

(108) has improved Debye's viscosity theory,

Powles
by proposing a new value for the internal field. This leads

tozs
T= 7% 5¢,/(26, +&g) (83)

and results in better values of a than ~calculated from
equation (80). Powles' value of the internal field gives.

Cole~Cole plots in agreement with experiment for cases with .
two and more relaxation times.

At the end of this section it must be emphasised
that conformation of the observed frequency dependence to
equation (64) is not confirmation of = particular model,
since an equation of the same form arises for models of diverse
systems, for example, two phase suspensions, paramagnetic
relaxation and other effects.

3.2.,8. Distribution of Relaxation Times.

The experimental results for liguids and solids
usually do not agree with the forecasts of equations (65) and
(66) . Generally the dispersion curves (Fig. 16) are flatter
and extend over a wider frequency range, while the absorption
(Fig. 17) and tand vs log w curves (Fig. 20) are broader and
have a lower maximum value. The Cole-Cole curve (Pig. 18)

is mostly still a circular arc, but its centre now lies
below the abscissa(loz).

The deviaitions in liquids and solids arise because
the model used to derive equations (65) and (66) is too
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simple to describe such condensed phases. Here the
conditions of each molecule are variable; the magnitude of
the interaction forces, the directing force and the thermal
influence vary with position and time. Thus at any moment
each dipole has its own intrinsic relaxation time. Further-
more in long chain polar molecules, e.g. polymers, there are
many possibilities of internal bending, twisting and
rotation, each with a corresponding relaxation time.
Measurements represent an average over spatial conditions,
which will generally result in a spread of relaxation times
around the most probable wvalue.

For a spread of relsxation times, the complex
permittivity equation (64) must be extended to

1 + Jwr

G(7) is the distribution function of the relaxation times.
From the definition that@<s)d# is the fraction of the
molecules at a given instant with relaxation times between

4 and (y+ a¥) it follows that
o

}KG(?' =1 (85)

o]

Introduction of a distribution of relaxation times
transforms equations (65) and (66) to:
o

1 — é + (é - €. ) - G(’?")d‘f" (86)
& « s =% s’[ 1+ W

and ;a
£n ~ (Gs -‘M) ' wiG ( :")dr (87)

£
o 1 + Wa'i’?
respectively.

The formal theory of a distribution of relaxation

times was given by Von Schweidler(log). Wagner(llo)
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obtained a value for the distribution function G(z), by
assuming that an infinite number of independent causes
disturb an original relaxation time ¥,. This leads to a
Gaussian probability function:

-
Glrlar = —= ™ ¥ ay (88)
S

|
(1112 used

where b is a constant and y = log, (¥/ o). Yager
a similar function. Both deviate from the curves forecast

by equations (65) and (66) as found experimentally,

Work on the distribution of relaxation times is
mainly associated with the names of Fuoss and Kirkwood and
Cole and Cole. The work is empirical, and although there
is no satisfaciory general theory for the £' and ¢" dependence
on frequency and for G(J), the theoretical work of the above
authors, which is to some extent based on experimental results,
usually gives good agreement with the particular experimental
results used, and has been successfully invoked by many
authors,

Fuoss and Kirkwood worked with long chagin

polymers(llg). .They showed that G{(+) can be derived wheng¢ "

is given as g function of W(llS)‘ They suggested an
empirical relation, now often used, which fitted their

results well:

6” = ‘“m sech {jg 1ogn(w/wm)7 (89)

~d

where B_is a paramefer between O and 1 and w_ corresponds to

the maximum € " of g".

m

The relationship g" = & " sech [iogn(w/wmlj (90)

can be derived from equations (66), (67) and (69) for one
relaxation time. Introduction of B flattens the curves
given by equation (90), the lower the value of B the wider
being the distribution of relaxation times.
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HacDonald T1%) extended the Puoss-Kirkwood
treatment to a more general case by not using the modified
Onsager relationship 85), but solving the Kronig-Kramers

integral relations between the conjugate quantities &' and e".
He obtained analytical expressions for £', which only for
particular values of B' permit evaluation of the integral
involved, and with the aid of the analytical expressions,
tables of graphs for interpolation of ef against

log, (w/w_) and g' can be constructed.

Cole and 0016(102) empirically explained the

deviation found in the circular arc plot for ligquids and
solids. The experimental results indicated that equation
(64) must be modified to

& €y
€ fg = ——— (91)
1+ (jW’Vo)l_h
where T, and h are constants. This leads to the equation
of a circles
tg s | €.~ P ~_ . =
[ﬁ' _€s” €eol +;§" + 28 =% ootan AN =t§31¥§3? cosec ot |
2 U 2 2‘l L2 2
_ (92)
+ & -€ao Y
with centre at{é S éw;- 3 cotan 3-1-3} and radius
: 2 ' 2 2 /
& €
—E——~2?cosec l'l-‘—"!h\«vhere h=1- n. The circle 1s shown in
2 2

Fig, 21, The angle between the abscissa, and the line
jolning the centre of the circle to the left hand inter-
section point of the arc with the abscissa is hn/2, and
determines the value of h. h = 0 when there 1s only one
relaxation time, otherwise is between O and 1, the larger h
the larger is the extent of the distribution of relaxation
times. The equation for& " following from equation (91)
shows gﬁ is a maximum when the angular frequency equals 1/q%,.
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In the case of only one relaxation time 4o =7 (where
w, = 1/7). In the case of distribution of relaxation times
1o 1s the average around which the relaxation times are
spread. Thus the maximum taken from an experimental é",
log w curve in the case of a distribution of relaxation
times, by putting & = l/wm equalsT , calculated from the
Cole~Cole diagram. When h has been determined by measuring
the angle indicated, ¥, can be calculated. A point on the
£", €' curve at some frequency wy 1is chosen. The distances
up and vy from this point to the € pn and &s intersection
points of the curve with the abscissa respectively are then

related by

Vi = (yyrg) 1B (93)
Uy .
Stark(116) showed that a Cole-Cole cireular arc

plot is still obtained when frequency and temperature are
interchanged and equation (91) is obeyed both for a single
and for a distribution of relaxation times.

It can be shown mathematically(BS) that the Cole-
Cole and Fuoss-Kirkwood relationships are in agreement, a
constant value of B leading to qagonstant value of n. Using
. V4 .
equations (89) and an equation J " dw/w =T/2(&, -€ps) (which

was obtained from equation (66) to give the total area under
the g", log w curve and holds for a distribution of relaxation
times), the maximum of the Cole-Cole plot is derived as

£s T Con
e, = p——r=2% (94)
2
Comparing this with equation (69) we see that in the case of
a distribution of relaxation times, the centre of the semi-
circle is depressed, B being the mcasure of this

depression.
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Although the Cole-Cole relation often applies
well it has not been explained theoretically. Recently Cole
and Dav1dson(115) suggested a new empirical #", €' relation
in the case of glycerol, but it is doubtful whether this has
. any advantage over equation (91)(83). Cole and co—workers(lol)
have also attempted to explain the easymmetric dispersion

obtained with glycols by a function

F S .
£ =€q + (€ - €55 )/(1 + jwie)P (95)
where § is empirieal,()(fi(], however this is not entirely

satisfactory and might perhaps be cxplained by two
different processes taking place.

. Departure from the circular arc plot may be due to
cases with more than one absorption region or with an
asymmetric distribution of relaxation times.

Sometimes g" does not approach zero outside the
‘main absorption range, but remains at a small finite value
almost independent of frequency. Garton(117) suggested this
was due to a very wide distribution of relaxation times due
to the temporary formation of additional equilibrium
positions of the molecules caused by thermal fluctuations.
Frohllch(84) showed that the assumption of such small
potential energy wells does in fect lead S0 the experimentally

observed results.

In conclusion it must be emphasised that in order
to give a satisfactory test for a dispersion equation,
measurements must be made over a large frequencyerange (at
least two decades) and the temperature dependence oi?d? and
é@,must be established over a wide range, this temperature

dependence being the disadvantage when using the Cole-Cole
p104(101)
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3¢2¢9. Polarisation of Solids.

A The development of a quantitative theory of electric
polarisation of solids is not very advanced. The difficulties
encountered are based on the condensed and fixed nature of
solids, and the fact that a theory of the internal field
in solids is still lacking. The Lorentz formula of the internal
field applies to point particles in a cubic lattice, but in a
real crystal the idealisation of point-shaped particles
cannot be maintained, since the distances between the particles
are small, Also most crystals are not cubic and since the
particles are fixed, the structure of the crystal should not
be neglected as was done by Lorentz in the case of liquids
and gases. Kirkwood's theory(gz) of polar liquids, which
takes into account the structure of the immediate neighbourhood
of the particle and considers only the remaining dielectric
as a continuum, might be extended to the case of solids.

To a certain extent every solid has its own
dielectric behaviour which depends on its chemical structure,
type of lattice and degree of molecular freedom. Unlike
liquids and gases, a solid may for instance be polarised
without an external field (seignette or ferroelectrics).
'This in itself argues against the possibility of a general
theory for solids but suggests that development of a theory
may be possible, for series of closely related structures.

The dielectric behaviour of a solid made up of non-
polar molecules is similar to that of the correspondlng non-
polar llquld, since there is no qudlitative difference in the
atomic and electronic polarisations in the two cases. Due
to density differences in the two states such a material
shows a slight increase of polarisation, i.e. permittivity
at the freezing point. In ionic crystals however(118) the
atomic polarisation is much larger than is usual. This is
due to a large contribution caused by the displacement of the
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positive ions with respect to the negative ones.

Measurement of the atatic dielectric constant of
polar compounds as a function of temperature gives important
information about molecular freedom(lng. In some cases
the possibility of dipope orientation disappears on solidi-
fication and the dipoles become fixed in the 1attice(120’121).
In these cases£§S increases slightly on cooling the liquid,
but falls considerably at the freezing point. In hydrogen
chloride and sulphide(lzz’lzs) the dipole axes become fixed
at a solid transition point well below the freezing point,
the crystal symmetry being higher above than below this
transition point. This is therefore an order-disorder
transition, positive bé/bT coinciding with increasing, and
negative De/c)T with decreasing order. Free orientation
of dipoles may sometimes occur at very low temperatures
(e.g. 32°K in the case of AsHsz) and even in large molecules(%ggj
Spherical form of the molecules and a lattice of high '
symmetry, mostly cubic, are conducive to free orientation.

In such a lattice the energy of the molecule depends less
on its orientation than in a low symmetry lattice. In the

(122) the dielectric constant rises

case of hydrogen bromide
rapidly to a very high value at the lower transition point
and then decreases less sharply than in the former cases.
This 1is explained by assuming the occurence of spontaneous
polarisation, i.e, in the absence of the field the state of
lowest energy is that, with the dipoles in the same direction.
Then a relatively weak field will support the mutual parallel
orientation of the dipcles, probably in the direction of the
applied field, leading to a large polarisation and

dielectric constant. This phenomenon is called seignette

or ferroelectricity. This is a large subject and will not

be discussed here.
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In a sufficiently high frequency field a polar solid
with freely orientating dipoles will show relaxation effects.
Qualitatively these are similar to the effects in liquids,
but quantitatively the relaxation starts at much lower
frequencies, since the relaxation times are much larger than
in liquids. Since the relaxation occurs at low frequencies
€s can often not be measured directly, but can sometimes be
determined by extrapolating the dispersion curve 1o zero
frequency. Most solids show a wide distribution of relaxation
times, the Cole~Cole plots are circular arcs and there is
only one absorption region.

The simplest model for dipole relaxation in solids
is that of a dipole having two possible positions of equal
energy (Fig. 22a), different in direction and separated by an
energy barrier &E, or the jump of an ion from one position
to another of equal energy, in so doing altering its
position relative to another ion or charge of opposite sign,
which gives a similar result. Unequal potential minima and

more than two minima are also possible (Figs. 22b and c)(126).

The relaxation time for dielectric absorption in a

gystem with two positions of equal energy(84> is given by
T = _-__D_O_.__ exp é.:_E. (96)
(2f, D) RT

fo is the vibration frequency of the dipole or ion and there-
fore fo exp (-AE/RT) the probability of the ion or dipole
escaping from the potential trough in unit time, assuming
uniform density of states and4E3» RT.  The factor Di/De
accounts for the non-uniform density of sta%es, being the
relative density of states just above the top of the energy
barrier and in a region RT within the bottom of the trough.
The measured relaxation times differ from the above ionic or
molecular value by a factor which depends on the magnitude of
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the absorption and is given by

Y macroscopic

_ 1+ (E'S"élb) . (&'s-ééa)z (97)

! . 1 !
T molecular (2¢ s VT €Evo ) S€o0 & S

for &' /e', = 5/4 the factor is 1.09 and for &' /&4 = 3/2,
1.18.

When Tﬁoleoo = qyﬁaoro.
i 3 v
nax = 1 =££9-' .:D_lxi exp(_ &E) (98)
a o (/i Do) RT

Therefore plots of lognfmaX against 1/T give the value ofé&E.
The ratio D,/D, can be considered as an entropy term; we then
replace it by exp(@S/R), where HS is an entropy of activation,
and then

\ { - ' .
— (fo“\ exp _{ C&E TAS)) = :f;o_ exp{_éﬁx- (99)

max ) T;

T5:} L RT /

where AF = the Helmholtz free energy of activation. It has
already been mentioned (page 65) that some authors apply *he
absolute reaction rate theory to the dielectrie absorption
process and f, is replaced by kT/h. This is perhaps far-
fetched, since it is only based on the similarity of the
temperature coefficients of ¥ and the specific reaction rate.

Dryden and Meakins used a value of 102 for the
vibration frequencies of ions (correct for alkali halides and
of the right order for molecules in molecular crystals which
may have slightly lower vibration fraquencies) and using
equation (99), calculated fmax in the absorption curve at

20°C for different values of the free energy of activation
(Table 2).
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Table 2.
! 1
P, k.cal. 7 £ P,k.cal. | F | f
mc’yle"l eV c?%? méle“l eV onEX
18 0.78 10-1 8 | 0,36 10¢@
17 0.72 1 6.5 0.29 107
15 0.66 10 5.4 0.23 108
14 0.60 102 4,2 0.18 10°
13 0.54 102 2,8 0.12 10%°
11 ! 0348 3 104: 104 0006 1011
9.5 { O0.42 | 10° , 3

H

In the case of unequal energy positions (PFig. 22b):

. ) Wy L
o =f 1} &vexp{_aEl\; . exp{_A_Ea){ (100)
lefoi{ D)l Y RO ' ORI

where AB; refers to the smaller barrier. This does not have
to be much smaller than AEs before ¥ rsduces to

T =(_1_‘\‘, .{D_o) oxp (&\ (101)
l27 o/ | Dy RT/

Thus experimentally the fmax against 1/T variation gives the
value of the smaller barrier.

Hoffmann and Pfeiffer(i27)

have extended the trest-
ment to a larger number of equilibrium positions (Fig. 22c¢)
with different, i.e. asymmetric, energy barriers and minimum
levels. This leads experimentally and theoretically to
broadened asymmetric peaks and not to discrete absorption

regions.

The magnitude of the absorption can be approximated
to by using equation (22), replacing n® by e:x . Its
variation with temperature depends on the value of &F,

(Pig. 22b). When this is zero the magnitude will vary with
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1/T, WhenAFo» RT it varies in proportion to (1/T) exp(<E,/RT).
If AEo, which is the energy difference between

the equilibrium positions, is large enough, the magnitude

of the absorption may be too low to be detected.

In the case of a very wide distribution of relaxation
times the Cole-Cole plots are rather inaccurate and the '
empirical Fuoss-Kirkwood relation (89) is preferable.

It can be written:

"
€= = sech(p log, L) (102)
€ "

Plots of &"/&" against log(w/w,) give a series of curves for
different B values (Pig. 23) to which experimental results
can be fitted to determine B. For B of 0,50 to 1.00, which
is the narrow distribution of relaxation times, the curves
are too close and Cole-Cole plots are preferable.

For many insulating materials the distribution' of
relaxation times is very wide and in the radio-frequencies
tansfis almost independent of frequency (see also page 72).
Gevers(2’5’128) obtained an empirical relation between this
constant tand and H€ /AT

P .
1_0€_ .06 tand (103)
€' O
36¥ - : "
therefore 5—. = 0,06 ¢ (104)
7

The theoretical explanation of equation (104) was given in
the case of a very flat distribution of relaxation
times(128’129)' |

In solids the dielectric loss is often due to ioms,
particularly when present as impurities. Generally these
ions move across a potential barrier between positions of
minimum potential energy. This mechanism occurs when ions
.are missing in an ionic lattice, especially when these ions
~are adjacent positive and negative ones, Such open places
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may be due to the presence of an impurity of higher valency.
Ionic relaxation of this type nearly always leads to a
distribution of relaxation times, since there are local
differences in potential energy. It is equivalent to a
local conductivity increase, which can be considered as a
type of heterogeneity.

(330) " 4ne ionic mobility in

According to Gemant
dielectrics under a.c. stress makes a finite contribution
to the permittivity and loss factor. It is controlled by
viscosity, elasticity and solid friction and its contri-
bution to the loss factor is several orders higher than the
d.c. contribution. This contribution is of the same order
as for dipole relaxation, whereas the d.c. conductivity of
these ions is not large enough to explain the a.c. losses.

Suchow and Pond(lsl) measured the conductivity of

pressed samples of AggHgI, at 1 kec.s. Over the linear part
of the curve, interfacial polarisation effects were
negligible and ionic conductivity could be calculated from:

6 =6, o~ (YRT) (105)

where ® = specific conductivity at T° absolute, Q =
activation energy and §, = a constant. Since electronic
conductivity follows the same law, szmiso are weighted
averages when both ionic and electronic conductivity are
present. Ketelaar's results from d.c. measurements on
the same system were 33% lower.

(126) explained the increase of

Dryden and Meakins
the lowv frequency dielectric loss with decreasing frequency,
which is finally characterised by a region where €" is
proportional to 1/f'as due to d.c. conductivity. This
occurs in many materials (see also equation (41)).

Dryden and Meakins also point out that interfacial polarisation

could occur at the electrodes.
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In a heterogeneous material, an interfacial
polarisation arises from the accumulation of charges at the
interfaces of the phases which differ in permittivity and
conductance(152’135). This polarisation depends on the
geometric forms of the phases and the difference between
their conductances and permittivities. The classical work
in this field was done by Wagner(152’134). He showed that
for a system of spherical particles of conductivity Kg
sparsely distributed throughout a material of low dielectric

loss, the loss angle of the matrix is given by:

LN
tand = E- = KwT (106)
&' 1 + K + wRT=?
1
where K = 2981 (1072)
26, +&'
1 g 1
and T = 2& tE€gp (107b)
47K,

&,' and £;' are the dielectric constants of the continuous
and disperse media respectively, T is the time constant,

w the angular frequency and g the quantity of dispersed
material expressed as a fraction by volume. &' is the
dielectric constant and &" the loss factor of the matrix.

In the later paper Wagner extended this to larger concen-
trations of phase 2. Equations (106) and (107) give a
frequency dependence similar to (65) and (66)., However the
loss forecast by equations (106) and (107) occurs at
frequencies which are much lower than those of the anomalous
dispersion of normal liquids. The coexistence of two such
different phases may lead to sharp peaks in the apparent
value of the dielectric constant in the viecinity of the
freezing point.

(135)

Hirsch analyses the Wagner model, considering

a polycrystalline semi-conducting body as consisting of
conducting grains separated by high resistance boundary
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regions. In an a.c. field any two surfaces facing each
other on adjacent grains form a capacitor with the region of
high resistance as dielectric. The specimen can be
represented by a series-parallel array of resistors and
capacitors. Generally the equivalent parallel capacitance
Cp and conductance Gp of the array are frequency dependent,
i.e., show dispersion. If one associates a single time
constant with all grains and another with all boundaries,

the model becomes equivalent to the two-layer dielectrics

of Maxwell and Wagner and leads to similar results. This
mechanism has been applied to polycrystalline films and
sintered bodies of a variety of semiconductors (references
137 to 144 and many others). Billig and Plenner in particular,
present the model for this case, pointing out its equivalence
with the model of an inhomogeneous dielectric. The model

is shown in PFig. 24 and the equivalent circuit in PFig. 25,
where subscripts 'g' refer to grains and 'b' to barriers.

Rb is much greater than R_ due to the air gap which reduces

the grain contact area. gAt high frequencies the capacitance
and resistance measured are due to the grains and at low
frequencies due to the barriers. Bedause the boundaries are
much thinner than the grains, Cp is much larger than Cg. Thus
an abnormally high permittivity is obtained when the large
capacitance value measured at low frequencies is referred to
the total thickness of the sample. The measured permittivity
and loss angle vary with frequency in a similar way as in the
case of Debye dispersion. The expressions resulting for

this circuit are:

2 2 2

R, = Ry 1+ Wzgg Ch ] (108)
1 + w gRbe
1 + w2R =¢ C

c, =Gy g gh (109)

2 2 2
1l + w Rg Cb
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1 + w°R _R.C, %
g

tand = —=— = é x = 22 z (110)
A +
Rppr Ry W 1+ w g °cbp
\-.
since Ry R, and Cppy C,.
Owing to the power loss component (vvCRb)_1 due to

the d.c. conductivity, the value of tand first drops as the
frequency is increased, goes through a minimum

%
n = l/Cb(RbRg) (111)

1
v — 2
tanﬁmin = Z(Rg/Rb) at w_,

and then passes through a maximum value:

1 1
tandy ., = 3(0,/0,)% at wy. = 1/R,(0,0p)" (112)

na

- The a.c. component of tand s, i.e.

.WR C
S S zg 2 (113)
+ .
WR,Co  WRyC, 1+ woR 20,0y

is of the stgndard Debye form.

Fig., 26 shows the plots obtained for such a poly-
crystalline semijconductor, where ?' is the specific
resistivity.

Thus both an inhomogeneous semiconductor and a
dielectric may give rise to a set of Debye?equations. This
again emphasises that dielectfic measurements do not decide
the mechanism causing the dielectric dispersion. However
the magnitudes involvéd may point to the inhomogeneous
semiccnductor model as the most likely explanation of a
particularly high dielectric constant. Certainly the true
electrical parameters of the grains are measured at high
frequencies.

Hirsch pointed out that Rb arises from the actual
grain contact while C, is the capacitance of the air gap.
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For the circuit to be correct the boundary time constants
must be equal to, or be distributed over a narrow range
around, the most likely valueﬂfb. According to Hirsch,
C, and Ry in the 'air-gap' model are not directly related
to material constants and therefore this condition might not
hold. He shows that it might however apply in a well
sintered slab in which the boundaries are not gaps between
the grains which restrict current flow, but non-conducting
regions. Hirsch's equations for this case will not be
considered, since Billig and Plenner's view must be nearer
the truth with powder samples containing alr gaps, although
there may be a larger distribution of relaxation times than
originally considered by these authors. However considering
Hirsch's objection it must be pointed out that Plenner had .
actually considered such a distribution of 'varrier heights'(157)
MOrgan(l45) pointed out that for dipole relaxation
‘the changes of 4+ with temperature are largely due to viscosity
changes and the value of ¢".x increases with decreasing
temperature. In the case of Maxwell-Wagner polarisation
the value of ¥ depends on &' and the conditions of the
dielectric components, one of which has a greater conductance,

f . .
and g¢" . decreases with decreasing temperature.

| Pinally, MacDonald 146) nas explained single
relaxation time Debye dispersions as due to free charges
Which cause a space charge, and O'Konski(l47) considered
Debye type relaxation in dilute suspensions as due to
charge carrier mobility at the surface of the particles, a
distribution of particle sizes giving a distribution of

relaxation times.

3.2.10. The Dielectric Constant of Mixtures and Powders.

Badzioch and Cornford(l48) and Reynolds and Hough(149)
have summarised the formulae relating the measured permittivity
of a mixture to that of its constituents. Rayleigh(lso) and
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Breit(lsl) set up equations for regular arrangements of the

dispersed particles.

’ Wagner(152), equations

(98)

mentioned in different

The formulae by Lorentz
(106) and (107), and Sillars(155)
connections earlier, all come under this heading, and so do
equations by Ollendorf(lsg) and Niesel(lsz) which will not
be considered further. Polder and van Santeh(154), Reynolds
and Hough, and Higuchi(157)
require approximations of structural factors before use and

proposed general formulae which

reduce to some of the other equations.

(155) proposed an improvement on Rayleigh's

Wiener
formula which included all arrangements of rods and grains

embedded in a medium:

E-1 - 48 -1 (114)

& + u &o - U
where & is the measured dielectric constant, &, is the
dielectric constant of the particles, 4 1s the fraction of
the volume occupied by the microcrystals and u is a form
number, which is a function of the particle shape and of
the permittivity of the medium. Measurements on barium
titanate were well represented by this formula for 4 ¥ O
to 0.30 and 0.70 to 1,00. However, u varied with d and
particle sirze.

(186) elaborated Viener's method for

Brilggeman
regularly arranged aggregates of definite shape and derived

a formula for an arbitrary dielectric:
ol 6*
€o ~€ . (1 -3 )\/e (115)
éo "'1
This, too, is not exact.

BBttcher(lse)

continuous environment, theoretically derived a special form
of Wiener's equation, which applies to an irregular distri-

considering spherical particles with
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bution of particles. A number of authors showed this
equation to be practically very useful, particularly for
measurements on ionic crystal powders such as sodium

chloride.

(159) derived a formula for

Lichtenecker and Rother
a mixture of prisms and polyhedra, which has been used by a

number of authors:
log€ , = éi V. logé (116)
whemaénl= mean€ and Vi is the volume fraction of component i.

Polder and van Santen showed that for low values of
the permittivity, the influence of particle shape is only
of minor importance and BYttcher's equation is then a good
approximation even for non-~spherical particles, while with
large permittivity values, B8ttcher's equation applies only
to spherical particles.

(160) criticizes the existing formulae,

Poley
particularly those of Wiener, Brillggeman, Lichtenecker-Rother
and BYttcher for considering the particle surroundings as a
continuumn. He shows that in the overlapping region the same
results are not obtained for a mixture A and B, in the cases
where A and B respectively are the disperse phase. He
bases his objections on the non-interchangeability of the
particles due to the shape effect, and the particle-particle

interactions at high concentrations.

It is difficult to see how the first of these
objections can really apply to an equation such as B8ttcher's,
which is based on the irregular dispersion of a powder in a
continuous vhase, when the equation is used not for a mixture
of two solids, but for a powder dispersion in a continuous
phase such as air, vacuum or a ligquid. Poley's test does then
surely not apply and this may explain why, when BYttcher's
equation has been used in some cases, errors were found to be
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comparatively small, when the results were compared with

those from single crystals. Poley's second objection is the
0ld problem of the calculation of the correct internal field
in solids. The good results obtained with B8ttcher's equation

suggest either that the second effect is smaller than
expected, or that the two effects cancel each other which
seems unlikely if Poley's first objection does not apply.

Reynolds and Hough's general equations for randomly
arranged mixtures of isotropic particles and for particles
dispersed in a continuous phase, suffer from the difficulty
of arriving at the correct 'field factor'. By calculating
the field factor and using the respective authors'
assumptions and approximations, Reynolds and Hough show that
all the published formulae except that of Lichtenecker-Rother
are special cases of their own formula. They assume that
the theoretical assumptions made by Lichtenecker and Rother
are incorrect. They conclude that the earlier equations
(Lorentz, Wagner, Ollendorf and Sillars) ignored particle
interactions and only apply to low concentrations of the
disperse phase, while Brilggeman, BBttcher, Polder-van Santen
and Niesel made allowance for this interaction.

B8ttcher's equation which has given good results
for alkali halides, which like aluminosilicates (see results
later) show large atomic polarisations, will be discussed in
detail.

According to electrostatics, Egs the electric field
in a particle of dielectric constant &,, in a continuous
dielectric of permittivity € equals:
B = - o

s 2¢ + &, (117)

when E = field strength in the dielectric. The polarisation
of the dielectric is restricted to the powder particles and
per cm® 6f the dielectric is given by:
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p =&-1g = g E, (118)
4w 4n
From equations (117) and (118)
3 & &, + 2¢

which was first derived by Blttcher who averaged the internal
field over all the points of a dielectric, obtaining the

Lorentz expression ﬁ; - &+ 2 E. Therefore
(average) 3
g€, = 32¢d+ 2¢(e-1) (120)

3¢d - (& - 1)

It has already been mentioned that for low permittivities
the shape of the particles is of minor importance, but for
high permittivities equations (119) and (120) are only
correct in the case of spherical particles.

The derivation of equation (117) assumed the
dimensions of the particles to be neglibibly small compared
with those of the condenser. Van Vessem and Bijvoet(161)
showed that this condition is fulfilled for a grain size of
0.005 cm and a condenser of 500 cm®, Sodium chloride
permittivity values so obtained are constant and approximately
0.7% low between d = 0,485 and 0.561, whereas values obtained
by Brliggeman's equation are not constant and are on an
average 2.3% low. Measurements (162)
of B8ttcher's equation to tuose of Rayleigh and Brillggeman,

B8ttcher's and Briggeman's equations have been extended to

showed the superiority

suspensions, emulsions and colloidal solutions of near
spherical particles.

Sed, Dielectric Measurements on Some Aluminosilicates.

Table 3 summarises most of the results.



Table 3.

89.

F AN
k-cal {Speci-
Auth a mole fic
Substance uP or an Conditions stated £ (for |resis-
aper ionic |tance
migra-| d.c.
tion)
(Na) Int.Crit.
Analcite Tables 12
Liebisch + {10 o/s 6.7
Rubens (24)
 Weigel (19) {d/c 5,63~
6.35 X
10°
,-cm
Pairbanks | A =te; 31°C, 131
(25) lhydrated.
Rosenholtz 160 ¢/s, 220V, 20°C, | 6.44
+ Smith (26 )powder dried at -
110°C to get rid of
surface moisture.
Takubo (27, |A = 101.43 cms, 5.88
28} |25°C, natural 5.87
mineral
Beattie @1) [50-500 c¢/s) o 12.5
2-50 v/cm ) 900K to 13
synthetic
anhydrous.
Beattie (23) ganhydrous) : 13
hydrated)syntﬁxn ¢ 16
Leucite Rosenholtz |60 c/s, 220V, 20°C, | 6.78
+ Smith (2B) |powder dried at
110°C to get rid of
surface moisture.
' Takubo (27, [Natural mineral, 7.08
28) \= 101.45 oms, 25°C | 7.13
Also measured temp-|{ 7.18
erature dependence
Beattie (21) [K analcite, synthe- 17
tic, 50-500 c¢/s,
2-50 V/cm, 500°F,
anhydrous l .
i
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-5.64]
\

OH
k-cal | Speci-
4 mole fic
Substance A~ubhor an Conditions stated| & (for |resis-
Paper ionic | tance
migra-| d.c.
tion)
Rb Beattie (1) |Rb-analcite probab- 18
Analcite ly domain mixture :
as above for same
author
Pollucite Beattie (81l)|Cs-analcite. As i 24
' above for same author
Li Beattie (21) As above for same 17
Analcite author.
Ag Beattie (21) [As above for same 14
Anglcite author.
T1 Beattie (21) |As above for same 15
dnalcite author.
| Sodalite  Rosenholtz |As above for sawe | 6.8]
+ Smith (26)authors.
Chabazite= Rosenholtz |As above for same 8,70
+ Smith (26) | authors
Weigel (19)}{d.c., 21,3°C 2.17-
3.05 x
108 _
{o-cm™ 2
Pairbanks As above for same 1911
(25) |author.
Rabinowitch|Single crystal, 1.8-
+ Wood (20)|anhydrous, 100- 3.7 x
500 V d.c. 108
L —-cm—t
Wetzlar (29) |20°C, long waves 1 =-5
hydrated, 14-500 2.5 x
km (200 c/s. to : 10®seq
2 kc/s).
Albite Rosenholtz |As gbove for same 6,02
+ Smith (86) |authors,
Takubo (27, {As above for same 5,45
283 author.
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HH
k-cal |Speci-
Auth a mole fic
Substance uP or an Conditions stated (for |resis-
aper ionic |tance
migra-| d.c.
i tion)
Gmelinite | Fairbanks ‘As above for same
(25) lauthor.

Heulandite| Weigel (19) jd.c., 15.7°C 3.86-
7.86 x
lolo
LL -cm—t

Kaolinite [Keymeulen iNatural hydrated, 0.69

+ Dekeyser |Joutgassed 24 hrs. -0.83
(31l)at 200°C. 20 to eV
300°¢C
Lepidolite| Rosenholtz |As above for same
+ Smith (26 )authors.
Natrolite |Weigel (19) |[As above for same 1,52~
author 1.65 x
1012
L —cm™t
Fairbanks As above for same
(25) [author
Spodumene | Rosenholtz {As above for same
+ Smith (26 lauthors

Stilbite |Weigel (19 id.c. 2.5x10°

(1 cm—?

Fairbanks d
(25)

H

After heating at

100°C for 3 hours

Rosenholtz and Smith‘and Takubo used a measurement
technique based on the equivalence of the crystal permittivity

with that of a known liquid mixture.

The former authors state
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a reproducibility of 5-10% and indicate the state of hydration
but Takubo does not. Fairbanks states an accuracy of i'1,

but gives no experimental details. Fairbank's permittivity
results, where compariscn is possible, are invariably

higher than those of the other authors, whose results

are in fair agreement. The information available does

not allow us to explain the differences either in terms of the
frequency of the measurements or the state of hydration of
the materials. The d.c. measurements of Weigel and of
Rabinowitch and Wood have been discussed in an earlier

section.

Beattie bases his work on the assumption that
the conductivity is cationic. The conductivities of his

(81) gere 'normally’

compressed plugs of anhydfous materials
independent of frequency and voltage in the range 50-500 c¢/s
and 2-50 V/cm. The activation energies were calculated
from the straight line plots of log6 vs %, by Arrhenius'
equation. Byring's rate process theory identifies these
activation energies with the heat of activation, AH,

for ilonic migration, AH representing the height of the
potential barrier and the work necessary to form a

defect in the structure. HAH shows a large increase from
Na to K, a slight increase from K to Rb and another

sharp increase from Rb to Cs. Beattie suggests this is

due to structure differences. In his second paper(gg)
Beattie concludes that in mixed cation analcites,
conductivity is governed by the slower ion except at low
concentrations of the latter. In his last paper(BS) he
measures conductivity of Na-analcite as a function of
temperature and water content. At water contents up to
25% of theoretical 4H = 13 k.cals and Beattie suggests that

the main process is Na ion migration as in anhydrous Na-
analcite, while at higher water contents (AH = 16 k.cals)
the rate controlling process involves the energy barrier
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for migration of the water molecules. HDH calculated

from self-diffusion experiments by Beattie agrees well
with the high water content value. However Rees(163)
measured the diffusion coefficient of sodium analcite by a
radioactive tracer method, finding a AH value lower even
than 13 k.cal.

Beattie is correct in assuming that a frequency
independent conductivity at low frequencies may be equal to
the d.c. conductivity of the sample (see page 80), however
it may also be due to an interfacial polarisation effect
(Fig, 26). Beattie used compressed powders, which must
be porous, i.e. heterogeneous, and the presence of water
would then tend to favour Maxwell-Wagner loss. This
suggests that Beattie's low frequency measurements of
the hydrated material are representative of the state of
aggregation of the sample rather than its material.
Unfortunately, Beattie does not mention the variation of
the capacitance of his plugs with frequency, and in absence
of this the matter cannot be decided. o '

In addition to the above authors a number of
workers found relaxation peaks in dielectric measurements
on aluminosilicates.

Vodop'yanov found a tand maximum for mica
(composition not stated) in the acoustical frequency range,
and two maxima each for gypsum and talcum, the higher
frequency one being less distinct. The taned maxima are
attributed to the orientation of the crystalline water,
and activation energies which vary with temperature, due
to changes in water content, are calculated by

U = k(02T2/ (T2 - To)) (log, f1 - log, f2) (121)

where f, and f5 are the tangmax frequencies at temperatures
Ty, and Tg. For gypsum measurements at 293 and 243°K give
U =0.59 and 1.62 x 10-*® erg for the two maxima.
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Muir(165) studied the dielectric loss of water

adsorbed on kaolinite, halloysite, metahalloysite and talc
powders between 2.5 kc/s and 25 me/s. He attributes peaks
of constant magnitude * the frequency position of which
varies with change in water content (halloysite and meta-
halloysite) to a complete water layer adsorbed on OH groups,
and other peaks which change in magnitude but remain at the
same frequency (talc) to a first layer of water adsorbed
upon a surface of oxygen atoms. The first type of peak
shows a distribution of relaxation times. Muir expects
one maximum for each adsorbed water layer. Kaolinite
shows both type of peak.

Between 100 c¢/s and 100 kc¢/s Keymeulen and
Dekeyser also found tand peaks in powdered kaolinites at
various stages of hydration. The activation energies
were calculated from

2wy Vo = exp(-U/kT) (122)

where U = height of potential barrier, %, = time of
natural lattice vibration, and T = ° absolute, by plotting

log W .. against 1/T.

Anhydrous samples gave no maxima. The authors
attributed these results to structure defects due to
divalent impurities and not to heterogeneity.

In conclusion it might be noted that the peaks
of type one observed by Muir and Keymeulen and Dekeyser,
both suggest interfacial polarisation effects; insufficient
information is available to comment on the peaks found
by Vodep'yanov.



95.

4. EXPERIMENTAL SECTION.

4,1, Aluminosilicates.

4,1.1. General and Syntheses.

The following aluminosilicates were electrically

examined:
(a) Basic Sodalite, both hydrated and anhydrous.
(b) AgA(AgNOs), slightly hydrated and in the anhydrous state.
(¢) Caesium Analcite.
(d) Sintered Caesium Analcite.
(e) Rubidium Analcite, domain mixture.
(f) Rubidium Analcite B, the sintered 'e'.
(g) Leucite.
(n) Sintered Leucite.
(1) Sodium Analcite, both hydrated and anhydrous.

Only the general methods of synthesis and

identification will be given here, the details concerning

the individual samples being more conveniently left for

the ‘'results section'.

The minerals were prepared hydrothermally from

gels, under conditions based on the work of those mentioned

in section 2. 30 gm quantities were prepared, the
conditions being chosen to give 100% yields of the pure
materials. This required trial and error experiments in

the cases of basic scdalite and rubidium and caesium

analcite, and in the case of some of the sintered materials.

Basic sodalite was prepared by a low temperature

synthesis on the water bath and AgA(AgNOs) from the

zeolite sodium A by ion exchange followed by fusion at
atmospheric pressure. The analcite series was synthesised
at elevated temperatures in an electrically heated autoclave
of litre capacity supplied by Chas. W. Cook and Sons Ltd.,

the temperature of this autoclave being controlled by a
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platinum resistance thermometer, coupled with a furnace
control. Leucite was prepared by ion exchange from

aodium analcite, in wealced glass tubes rotated inside a
conventional thermostatically controlled oven. The trial
experiments were made in stainless steel autoclaves of about
20 ml capacity, sealed by copper washers between the

stopper and the bomb. The sintered materials were

obtained by heating the original species, contained in
alumina crucibles suspended by platinum wire inside a
concentric platinum wound furnace, at 1350%20°C for 2% days
or longer. Temperatures were measured by a Pt - (Pt + 13% Rh)
thermocouple.

After synthesis, the products and mother liquor
were cooled as quickly as possible, the containers opened
and the materials filtered off and washed free from mother
liquor with hot water. The final products were dried in
air or by washing with absolute alcohol and anhydrous ether.

The silica used in the preparations was supplied
by Monsante Chemicals Ltd., as a water clear stable
dispersion (Syton 2-X) which contained 30% by weight of
510z and had a specific gravity of 1.2.

A sodium aluminate, supplied under the trade name
"Alfloc' by I.C.I. Itd., was used in the sodium mineral
syntheses. It contained 87% NaAlO,, 13% NaOH and a trace
of iron which was filtered off as the hydroxide before
synthesis. In all other cases the alumina was prepared
from pure aluminium foil, which was cut into small pieces and
washed with distilled water. This was amalgamated with
3% mercuric chloride solution, washed thoroughly and allowed
to stand in ice-cooled, distilled water overnight. The
precipitated alumina was filtered off, washed with water
and alcohol and air dried; +the moisture content was
determined. The alumina had to be used soon after
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preparation, since it aged rapidly to bayerite on standing
in the cold.

The other alkali hydroxides were prepared from
'Analar' or 'Laboratory Reagent Quality' B.D.H. or pure
Johnson and Matthey alkalil sulphates, by reaction with
the equivalent quantity of 'Analar' barium hydroxide and
filtering off the barium sulphate produced,

In the case of sodlum minerals, alkali to give the
required base:alumina ratio and the necessary molar excess
of alkali, was added. to the ferric hydroxide free 'Alfloc'
solution, While stirring a suitable quantity of 'Syton'
was then added and stirring was continued for about 3 hour
afterwards. During this time, the silica which had
gelatinised in the presence of the cations, dispersed
evenly throughout the mixture. The resulting gel was then
put into the reaction vessel, which was brought to the
required temperature as quickly as possible. The strength
of the original solutions used was calculated to give the
desired water content. Where 'Alfloce' could not be used,
the alumina was added to the alkali solution in the reaction
vessel, and after a few minutes stirring 'Syton' was added
as before.

4,.1,2, Identification of Matcrials.

Powder X-rays of all materials were taken. A
'Nonius' Guinier camera fitted with a quartz monochromator
and a Debye-Scherrer 9 cm camera were used with CuKa radiation.
In case of the 9 cm camera a nickel filter had to be used to
cut off CuKpB radiation. The 9 cm camera was needed only -
for anhydrous samples which were then contained in sealed
thin-walled glass tubes.

On the films from the 9 cm camera, the distance T
between two equivalent powder lines was measured to 0.005 cm
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and a correction factor applied to these readings to account
for alterations in length during film processing, by
comparing the known distance between the knife edges on the
camera to the two shadows cast by the knife edges on the
film. From the Bragg equation:

A= 24 sin®- (123)

where d = the 'normal' distance between a set of equivalent
planes, A = the wave-length of the X—raYs and @& = the angle
between the incident beam and the reflecting plane, and

the geometry of the camera it is found that

A

—_—— (124)
2 cos T/4R

d =
From this, d spacings were calculated using plots of 4
against T for the particular camera used.

On the Guinier camera the & value of each
diffraction line could be obtained by dividing the distance
between the unreflected beam and the diffraction line by
four. Allowance for change in length of film was again
made, this time by comparing quartz lines obtained with the
same exposure, with the correct d spacings for quartz as
reproduced in the A.S.T.M. index of X-ray diffraction data
The corrected & values were then converted to 4 values by
Bragg's equation (accuracy 1 in 1000).

(166)

In both cases the intensities of the lines were
noted visually. Results of d spacings were then compared
with the X-ray data supplied by the A.S.T.HM. index and with
photographs of known minerals, a library of which had been
collected.

The crystal symmetry was in all cases known to be
tetragonal or cubic. The h,k,1 indices for each d value
were found by fitting the logarithm of the 4 spacings to the
;ines on a Bjurstrom chart. The unit cell parameters a and
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¢ were then calculated for each d line using the
equations(167):

a
dyoq = v — (125)
PRl mE T RE v 1%

for the cubic lattices, and

1
hkl +fh® + k= + E
aB 02
for the tetragonal lattices. Consistency of the results

showed that a correct fit had been obtained on the Bjurstrom
chart.

The observed unit cell parameters, in conjunction
with the known unit cell composition allowed calculation
of densities of the minerals using:

Weight of Avogadro Number of Unit Cells (127)

Density =
6.0247 x 1071 x a®
for the cubic crystals, and

Weight of Avogadro Number of Unit Cells

Density =
6.0247 x 107! x a® x ¢
for tetragonal crystals.

The refractive indexes of the crystals were
determined by the Becke method. When the crystal is
immersed in a liquid of different refractive index, then the
bright Becke line moves from the edge of the crystal into
the medium of lower refractive index on lowering the
objective of the microscope. The refractive indexes were
thus determined to 0,002, by using a series of liquids.

This procedure proved rather difficult in the case of very
small crystals. Sodium light was used in the experiments.

Electron micrographs of the crystals were obtained,
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on a Phillips electron microscope by Dr. I. S. Kerr of
Imperial College. These gave the following information:

1. crystal size;
2. crystal form;
3. absence of impurities or gel in amounts too
small to be detected by powder X-rays or under the microscope.

Basic sodalite was analysed by the conventional
method for silicates, to show the presence of the inter-
stitial NaOH. A gravimetric water loss curve was obtained
by suspending a weighed amount of the hydrated material,
contained in an alumina crucible, from the pan of a balance
into an electrically heated oven and taking to constant
weight at a number of temperatures. Baffle plates shielded

the balance pan from disturbing thermal effects. The
empty crucible showed no weight change over the temperature
range employed, Relative humiiities were determined at the

same time. The other materials did not require analysis,
the analcites because they have a fixed alumina:silica ratio,
i.e. are stoichiometric compounds, and AgA(AgNOs) because a
full analysis on the parent compound by Meier(so) in
conjunction with powder X-rays gave the required information.
However moisture determinations were made in all cases, by
heating in platinum crucibles over a Meker burner in case

of the analcites, on the thermogravimetric balance for Na

analcite and in an oven at 170°C in the case of AgA(AgNOa).

4,2, Dielectric Measurements.

4.2.1. Apparatus in General.

In order to obtain a maximum of information from
asc. measurements, it is desirable to cover as large a
frequency and temperature range as possible. A survey of
the literature revealed the best methods of measurement

over the frequency ranges indicated(96’168’169)
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1. 60 ¢/s to 100 ke/s - a bridge method.
2. 100 ke¢/s to 200 me/s - =& Tresonance method.
3. Above 200 me/s - a cavity or wave-guide method.

Methods 1 and 2 were used in this work, allowing frequencies
up to 100 me/s to be reached. Actually the lower frequency
limit depended mainly on the dielectric loss of the sample
and varied from 200 ¢/s to 5 ke/s. The upper frequency
limit was in the region of 3 to 8 me¢/s, since above this
frequency induction effects, which were due to the use of

an outside circuit on the Hartshorn-Ward dielectric test set,
became very noticeable. The literature survey revealed that
in the lower frequency range, the Schering type bridge is now
being supplanted by a bridge with 'inductively coupled ratio
arms'(168’170’171’172’173). This is a more versatile and
quicker reading instrument. It can be designed to cover

a large range of dielectric loss and capacitance, whereas the
Schering bridge is mainly designed for low loss measurements.
This type of bridge of our own design, which can be assembled
comparatively cheaply, was built in this laboratory and used
throughout this work. Its greatest advantage is that
unwanted leakages and impedances, such as between the
detector circuit and the bridge arms are reflected to the
other side of the bridge by the tightly coupled coils when
1:1 coupling is achieved and therefore do net affect the
bridge balance.

Above 50 ke¢/s a resonance method of measurement was
adopted. A Hartshorn-Ward radio-frequency dielectric test
set manufactured by Messrs. H. Tinsley and Co. Ltd., and a
Marconi Q-meter type TF 329 G were lent to us by the
Signals Research Station of the Ministry of Supply.

The Q-meter which is a quick reading instrument requiring
an external sample, has been used by a number of
workers(ms’lv‘}’175 and others)' It is not considered to

be very accurate. The Hartshorn-Ward apparatus which
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normally requires compressed disc samples to be inserted

in the main condenser, is much more cumbersome, but is an
accurate instrument. Since dielectric measurements on
aluminosilicate powders required an external cell sealed
into an air-tight container for dehydration purposes, i.e.

a comparatively large cutside circuit, it was assumed that
the Q-meter would prove more accurate and versatile in

this instance, This assumption was incorrect. The
Hartshorn-liard apparatus could be adapted for fairly
accurate measurements of widely varying tans values,

whereas the Q-meter proved useless except in the intermediate
tand range.,  Above 5 mc/s the use of the outside circuit on
the Hartshorn~Ward apparatus caused large inductance effects
and the Q-meter was used above this frequency in the case

of anhydrous basic sodalite, where the tand range of the
appraratus permitted measurements.

4.2.2, The Inductively Coupled Ratio Arm Bridge.

The design of the bridge is based on the HMullard
(175), but incorporates certain major modifications
to suilt our particular purposes. The essence of these

modifications is that:

(i) Ve measure shunt capacitance and resistance instead
of the series values measured by the Mullard bridge. This
simplifies the balance eguations and lowers the total
resistance in circuit for any given resistance measured.
Thus, the measurement of higher resistances is possible,
than would have been with the series arrangement,

(ii) Our measurements are by substitution.

ullard measured mainly capacitances above 1000 pF; our
capacitances are generally much lower. This reduction in
capacitance makes the eartl capacitances of the bridge
components more significant and a substitution method becomes
essential for accuracy.
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The circuit diagram of the inductively-coupled
ratio arm bridge is given in Fig. 27. The design of the
standard air condensers necessitated their movable plates
being earthed. Thus the mid-point of the inductively-coupled
ratio arms could not be earthed as is usual. The bridge
has been built into one box with three earthed compartments
containing (a) in the left one, C; and Cp; (b) in the
middle one, the carbon resistor switches of Ry, and (c¢) in
the right one, Rz, Cz and the inductively coupled ratio arms.

R1 consists of 4 ceramic 11 pole switches in
series, one with ten 10K Ohm carbon resistors in series;
the second with ten 100K Ohm, the third with ten 1 MMeg Ohm
and the fourth with two 5 Meg Ohm resistors.

The carbon resistors used were 1 Vatt high stability
types, 1%, which prior to use were measured to 0,12% on a
direct current Wheatstone bridge made up of Sullivan
resistance boxes. The a.c. impedance of the carbon
resistors is substantially the same as the d.c. resistance
up to 10 me/s. To take account of the comparatively large
negative temperature coefficient of the resistors all
measurements are corrected to 25°C. The values of the
resistors were checked periodically.

Ry leads to a terminal for a coaxial cable, for
connection of the 10 K Ohm resistor switch to a Sullivan
0.05% non-inductive resistance box with 1000, 100, 10 and 1
Ohm resistor switches. A box . with 10 x 0.18r resistors
could be agdded when required.

Re is the bvalancing switch. The values of the
resistances in it do not enter into the balance equations.
The switch contains the following 1% carbon resistors in
series: 1000 Ohm, 10000 Ohm, 100000 Ohm, 1 lMeg-Ohm and
four & leg-Ohms.
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¢, is a Sullivan variable air condenser of
0 =47 pF, accurate to 0,01 pF.

Cs is a Sullivan variable air condenser of 0 -
305 pF, accurate 0.40 pF.

Cz consists of a 500 pF wireless air condenser

in parallel with a similar condenser of 3000 pF. Both
have the moving plates earthed. Their values do not appear
in the balance equations. Fixed condensers may be added

if required.

The inductively coupled ratio arms (ICR in Fig.
27) were wound here in form of a toroid. They are a copy
of the 1:1 ratio arms used by Mullard:

Core: Two 1155 A 2 ferroxcube rings held together
with Araldite.

Windings: (From core outwards)
1 layer Empire tape.
Bifilar windings (I, and I,) 2 x 256 turns in
single layer, 36 swg enammelled single silk.
2 layers Empire tape.
Copper foill screen.
3 layers Empire tape.

Secondary (8): 696 turns, 36 swg enammelled single

silk in two Zayers of 348 turns each, with 1 layer of
Empire tape between the two layers.

2 layers of Empire tape.

Cu foil screen.

The oscillator is an Advance Audio Frequency
Generator type H.1l. In order to block off a constant
d.Cc. potential of 8 volt at the output socket, a O'lV B
condenser has been inserted in the output lead.

Separate amplification is used for the X and
Y plates of the oscilloscope (Solarscope type CD 513),
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the oscilloscope amplifiers being reinforced by a mains
stabilised amplifier giving up to 50 x amplification at the
X plate and up to 3000 x amplification at the Y plate.

The leads inside the bridge are all of rigid
thick copper wire, while the outside leads are of coaxial
cable with the sheathing earthed. All leads are as short
as possible and are rigidly fixed.

Four terminals allow the inductively coupled
ratio arms to be replaced by a radio push pull output
transformer, which might be useful at the lower frequencies,
or by 100:1 ratio arms. The connections to the dielectric
cell are screwed into Belling-ILee terminals (T), wkich are in
parallel with Ry, C; and Cs.

At balance the trace on the oscilloscope should
be a horizontal straight line, made into an ellipse by
resistance unbalance and tilted by capacitative unbalance.,

The balancing procedure and equations are quite
simple. Balancing procedure:

1. The bridge is balanced with the sample in circuit
at T. Only the readings of Cp, Cgz, Ry and of the bridge
temperature are of importance in the equations and are
noted.

2. The bridge is rebalanced without the sample,
altering only C,, Cs and R,. Ci'y, Co'y, Ry' 2nd 7' are
again noted.

. R1 and R,' are corrected for temperature giving
Ry and Ry'. Then

Ry '

R, = =i (129)
Ry = R,'
and C. = Ci' -0y (130)
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In order to get balance in both (1) and (2)
above, R;' must be smaller than Rp and C;' must be larger

-t C [ 2
han D

A large number of measurements have been made to
show that the bridge gives accurate results. Except at very
high resistances (above about 100 Meg-Ohm), resistance
measurements are to 1%. Capacitance measurements are
accurate to 1% provided small capacitances are measured
by C1 only. At values of resistances above 100 ileg-Ohm
the bridge still gave tand values reproducible to 0.0001 or
fz% whichever is the higher, and probably better. It was
found useful for sensitivity to keep the total resistance
in circuit at 111.1004: down to a frequency of 10 or
8 kc/s, the 1 Meg-Ohm resistors being only used at lower
frequencies.

4,2.3. The Hartshorn Ward Dielectric Test Set.

This is a commercial instrument, and its detailed

design will therefore not be reproduced. The apparatus
is fully described by Hartshorn and Ward(l76’177§. It
consists of a large (N.P.L.) calibrated air condenser
between which the specimen may be clamped, and a sensitive
valve voltmeter with a square law scale, which measures in
arbitrary units the voltage across the specimen. A
micrometer condenser, also calibrated (N.P.L.), with a range
of approximately 8 pF, serves to measure small changes of
capacitance required to decrease the deflections of the
volt-meter from the value at resonance to certain fractions
of that value. A set of inductance coils, one of which is
connected in parallel with the main condenser while a second
is made part of the loosely coupled radio-frequency
oscillator circuit, allow frequencies between 50 kc/s and
100 me/s to be obitained by correct choice of the coils.

Only these turning coils and the oscillator frequency have
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to be changed to proceed from one part to another of the
frequency scale. Electrostatic screens, which prevent
capacitative coupling between oscillator and measuring
circuit, are provided for use with the coils. The
voltmeter deflection is read at a distance of 1 meter on

a galvanometer scale and the micrometer condenser is
adjusted with a wooden rod from the same distance. The
apparatus is constructed to be very compact so as to reduce
to a minimum residual inductances and resistances, due

for example to the leads.

The apparatus is based on the method of capacitance
varigtion in a tuned circuit, both permittivity and power
factor being obtained as the ratio of capacitance readings;
frequency is not involved. This is advantageous since
capacitances are the only reliable standards at higher
frequencies. The frequency of the oscillator remains
constant and the condition of constant induced voltage in
the measuring circuit is therefore more likely to be
obtained than in the frequency-variation resonance method.
All the components in the measuring circuit are in parallel
and screening is therefore simple.

The essential elements of a resonance circuit are
shown in Fig. 28, The sample is placed between the plates
of Ci, V is the thermionic voltmeter, Cz the microcondenser.
This oscillating circuit is loosely (inductively) coupled to
the oscillator of angular frequency w. The circuit is
divided into two parts:

(i) +the coil system, L, R and its capacitance, and
(ii) the external circuit, C,, Cs and V.

(1) and (ii) are screened separately, the screens being
connected together at Tz, making the impedances of the two
parts independent. Ags a result of the magnetic coupling
between coil and oscillator, a potential difference Vpo
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will exist between the terminals of the coil in absence
of the external circuit. When the circuilt is completed a
current I will leave the coil system at T, and flow
through the external circuit:
I = oo (131)
R+ jlw + 1
G + jCw

R and L being the equivalent series resistance and
inductance of the coil system at the angular frequency w,
and G and C the equivalent shunt conductance and capacitance
of the external circuit including electrodes, sample,
condenser and volimeter.

Since the impedances of the two circuits are
independent of each other, the voltmeter indicates the
potential difference between the terminals of the external
circuit and this is given by:

Vee 1
vV = - (132)
R + JLW G o+ _R_ n JW(C - -I_J_)
2 Zz

where Z® = R?® + IL2w=2,

If C is varied the voltage will reach a maximum
when

L _o¢ (133)

C = s r

C, 1s the total capacitance corresponding to voltage resonance.
The ratio of the voltage V at any other capacitance C to the
value Vr at resonance is given by:

=2
v_? w2 (C - #7)
--1 = q¢~-1 = — (134)
v (G + &)

Zz
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Thus the capacitance C corresponding to any given value of
q = V,?/V® is given by

= R
(G + Uq -1
=L s T (135)
Z= W

R/7Z? is the equivalent shunt conductance of the coil so
that G + R/Z® is the total equivalent conductance G, of the

whole circuit, Thus the equation becomes
G, g - 1
T w

1f C, and Cy, are the two values of C on either side of the
peak of the resonance curve giving one value of V or of q,

we have
Op = 2(0, + Oy) (137)
and G, = w(Ca - Cb) _ wfC (138)
2q -1 ¢ -2

which means that the resonance curve PFig. 29 is strictly
symmetrical, The total conductance can be determined in
terms of the width /3C of the resonance curve measured on
the variable condenser at any ordinate q. In practice the
voltmeter deflection is proportional to V2 and q is there-
fore given directly as the ratio of the corresponding
deflections.

To determine the properties of the sample, Cr;{}r,
and /,C at a certain value of q are obtained with the sample
in position. The sample is removed and resonance is re-
established, a series of observations, similar to the first
being made (using the same value of q). Since equation
(133) is independent of the conductance, which is the only
factor which has beer varied, the total capacitance in the
two cases is the same and the value C; in the second case
with the sample out of circuit equals CS, the capacitance
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of the sample. GS of the sample is the difference of

the conductances with the sample in and out, i.e.
_ w(ACy =Cy)
Gy = r—— (139)
2 Vq -1
and
G AC. =AC
tand = —=— = = 2 (140)
C W 2Cg Va - 1

Thus the quantities required for the measurement of power
factor are independent of frequency. The apparatus is
stated (N.P.L.) to measure tane¢ to 0.00005, if used in the
way described.

As already mentioned an outside cell had to be used
in this work. The leads to this cell were kept as short
and simple as possible (they will be described later) and
were screwed to the plates of the main condenser. The
total capacitance of the sample is now given by (g " - Cl'),
the difference in the settings of the main condenser with
sample cell out of and in circuit. Allowance was made for
the capacitance of the leads and edge capacitance of the
cell, and the condenser settings were corrected for
temperature variation from that of calibration. The
corrected value of CS so obtained was then used in equaticn
(140) for tanc. Experience showed that tand measurements
were under those conditions $0.0001 to 0.0002 while the
capacitance results were 1% but usually better. For
larger values of tand (above about 0.02), the incremental
capacitance on the micrometer condenser was not large enough
to measure the width of the resonance curve, it was however
found that use of the main condenser for this purpose then
gave results of accuracy comparable to the above, For
this purpose the main condenser was also adjusted at 1 meter
distance, by means of a slow movement device attached to the

condenser and a 1 medter wooden rod.
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4.,2.4. The Q-meter.

The Q factor is given as the ratio of the energy
stored to the energy dissipated in the circuit:

i.e. Q = &/¢" = 1/tand (141)

The Q-meter is a well-known commercial instrument,
which is based on voltage resonance, discussed in the last
section. Its accuracy was found to be much worse than
that of the two types of apparatus mentioned earlier. The
tant range obtainable is quite limited and the instrument
was not generally used in this work. No further details
will therefore be given.

4.,2.5, Thermostats.

For measurements above room temperature the sample
holder was immersed in a round, well-lagged air oven, the
windings of which are enclosed by earthed metal sheets.
Temperature control of the oven is by Sunvic bi-metallic
strip coupled with a relay control which switches 20% of the
resistance in and out of circuit when required. A fan
circulates the air within the enclosure. Temperature
control is to 0.2°C up to about 100°C and to 0.4°C at
higher temperatures (up to 300°C), Temperature in this
range 1s measured by mercury in glass thermometers.

At lower temperatures measurements were made at
the temperatures of melting ice and liquid oxygen, and over
a range of temperatures down to about -140°C, by using a
crycstat built for the purpose (Fig. 30). In the latter
the sample holder is immersed in petroleum ether, which is
cooled by liquid nitrogen and can be heated by a small
heating bulb. Temperature control is again by Sunvic control
and relay, temperatures are measured by a standardised
copper-constantan thermocouple.
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4,2.,6, Dielectric Cells, Cell Holders and Connections.

The cell containing the sample is held in a glass
container, with two glass-metal (tungsten) scaled contacts.
In the case of the high loss materials (basic sodalite and
AgA(AgNOs), connection between this container and the
apparatus is made by a ceramic switch in a perspex 'cage',
which is clamped to the top of the oven 1lid. Contact
between the outside leads of the cell holder and the stout
leads from the switch are made by means of screw connectors.
Both plates of the cell can be switched in and out of circuit,
or the earthed side of the cell can be left in circuit all
the time. The latter arrangement was found to give good
results and was used. The position of the cell, cell
holder and switch relative to each other and to the measuring
apparatus are always reproducible, although changing their
positions caused no measurable effects. In the case of low
loss samples, the dielectric loss caused by the use of a
ceramic switch is too high. Since it was also found that
these switches become unreliable after frequent use, a new
very satisfactory type of connection was employed with
all other samples. This consists of a stout copper wire
connection rigidly held in a large bore copper tube by two
insulating spacers. The copper tube serves as an earth
connection and is always in circuit. The 'hot' side of the
cell is connected to the stout copper wire by a copper clip,
while a screw connector links the 'earth' side of the cell
and the firm lead from the copper tube.

The cell and cell holder are the items in the
arrangement which have caused most difficulties. All cells
are of the concentric type, consisting essentially of an
insulating disc to which a metal cylinder and concentric
metal plate are fixed. Three types of cell were cmployed:

(1) Brass cells wer: used for measurements involving
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hydrated basic sodalite and hydrated and anhydrouvs
Agh(AgNO5), since dehydration under vacuum was not necessary.
The insulating disc is of 'Micalex' into which the brass
plates are screwed. The terminals are copper wire scrcwed
into the top of the concentric plates and comnected to the
tungsten rods, which serve as the main leads, by brass

screw connectors. The cell is held in a 'Quickfit' comne
and socket closed at both ends and with the tungsten rods
sealed through the top as terminals. The arrangecment is

shown in Fig. 31.

(ii) PFor anhydrous basic sodalite, which had to be
dehydrated under vacuum, a cell made of 'nicosel' metal was
used. The cdoncentric metal plates are spaced by a glass
bottom sealed to the 'nicosel’. Nicosel leads are spot-
welded to the plates and connected by nickel or stainlecss
steel screw connectors to the tungsten leads. The cell
(Fig. 32) is now held in a sealed glass container with
side tube, the tungsten leads being sealed in as before.
This air-tight container is attached to a high vacuum
(approx. 6 x 10~° mm Hg) pumping system and is evacuated.
The container and cell are then heated to the predetermined
"outgassing' temperature of the sample and are kept at this
temperature until the sample is comnletely dehydrated.

Dry nitrogen is then admitted to 1 cm prcssure, to give
thermal contact and the side tube o the cell is sealed off
carcfully, so as not to allow any gases t0 enter during
sealing. This cell can be used for samples with compara-
tively large dielectric loss, such as anhydrous basic
sodalite. However the resistance of the cell was too low
for measurements on samples with low loss angles and
furthermore decreased with every 'outgassing'.  This
decrease was due both to the insulation of the cell and to
the deposition of metal and metal oxide from the cell and

the leads on the insulation between the cell plates and the
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terminals at the glass-metal seals.

(1iii) The third type of cell has tand values less than
0.0001 up to 50 kc¢/s, and slightly higher values at higher
frequencies (e.g. 0.00016 at 313 kc¢/s and 0.00049 at 2.07 mc/s)
This known constant and reproducible value was taken into
account in all calculations. The cell, two types of which
were made (Figs. 33 and 34) consists of concentric stainless
steel plates, screwed into a fused quartz spacer. A1l
screws and leads are of stainless steel except the tungsten
rods, which are now covered with glass down to the stainless
steel connectors. Thus no oxidation of tungsten takes place
during sealing the cell holder, which is done in a nitrogen
atmosphere. Cell holder and 'outgassing procedure' are
similar to case (ii). In order to preserve the rather
fragile guartz spacers, dehydration and measurement
temperatures were kept as near room temperature as possible.

Cells of type (i) and (iii) can be taken to pieces
for cleaning purposes, without changing their dielectric
properties. The powders were compressed intc the cells
by hand compression with the help of plungers. The amount
of material in the cell was determined in each case.

The capacitance and shunt resistance of each empty cell were
measured over the whole frequency and temperature range
under the same conditions in which the cell was later used.
The capacitance of the cells in pure, dry benzene and
sometimes also in chloroform was measured. For such a cell
at a given temperature:

C = gCo + n (142)
where C = measured capacitance of the cell in pF,
Co = real air capacitance of the cell,
€ = dielesctric constant of substance filling the cell,
and n = a constant which takes into account lead and

insulator capacitance effects of the cell. Yeasurements
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with air and dry benzene thus give C, and n. The values

of Hartshorn and Oliver(178) for 'AnalaR' benzene, i.e.

€ = 2.300 at 15°C and 9€/dt = -0.00205 were used. Since

in practice C did not change appreciably with temperature

or frequency, the volume and C, of the cells were considered
constant and the smgll changes in C were ascribed to n.

The volume of the nicosel cell was determined by weighing
with water and mercury, taking the meniscus of the liquids
into account, the volumes of the other cells were calculated
from the accurately known dimensions of the plates and
insulators. The shunt resistances of the brass and nicosel
cells, which changed with temperature and frequency were in
each case much lower than those of the samples measured with
these cells, and could thus be neglected. The shunt
resistance of the stainless steel cells was temperature
independent and its change with frequency was accurately
determined. These shunt resistances are in parallel with
the sample resistance and all resistance measurements were
corrected for their effect. Except in the cases of the
sintered rubidium and caesium analcites this correction was
very small, Detaills of all the cells used are given in
Table 4 and Fig. 35 is g diagram of the dielectric set-up
using the later type connection.
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Leucite.

Table 4.
Details of Dielectric Cells.
hType of cell Used for Co Volume Remarks
pF cm®
Brass, No.l |Hydrated 16,60 | 4.04 R, much larger
Basic tﬁan that of
Sodalite sample.

Brass, No.2 |[AgA(AgNOs) 15.85 | 4,04 R, much larger
than that of
sample.

Nicosel Anhydrous 12.00 | 1.143 R, much larger

Basic tﬁan that of
Sodalite sample.
| Large ) |Cs Analcite, 19.60 | 3.34 R, measured and
Stainless ) |Rb Analcite taken into
Steel (domain account.
mixture),
Rb Analcite B,
Leucite,
Na Analcite
hydrated and
anhydrous.

Small ) |NaCl, 10.15 |1.49 R, measured and

Stainless ) |Sintered Cs t8ken into

Steel ) Analcite, account

Cs Anaglcite,
Sintered

4.2.7. Use of B8ttcher's Powder Formula.

The density of the samples and the cell volunme

give 'd'

in formula (119).

An expanded form of this

equation was used to determine the dielectric properties

of the solid crystals from measurements made on powder

samples.
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The equation given by B8ttcher is:

€-1 - Bo-1 434 (119)
3¢ G, + 2¢
where € = measured dielectric constant = Gapp’
&, = dielectric constant of compact crystal,
d = part of the total volume occupied by the

microcrystals = packing fraction.

Replacing € and &, by the complex quantities
(¢' = je") and &'y - je'"o) respectively gives the following
three equations:
vo_(Sd-l)(Sd—z)(@'2+e"2)+(3d-1)(2e'5+2efe"2)+(3d-2kﬂ+2(e'2-e“

®)

€
- 2 t2 1ngs _ Wt
(8a-1)2(e'2+¢"?)+(8a-1)2¢" + 1 ()
_ 1K1 12, 0 ] _ 1n
g =(83-1) (2¢"%+2¢ c—z) * &'(3d-2) + 4e's (144)
(33-1)2(g'2+¢"") + (3d-1)2e' + 1
toam. = (33-1) (2¢"%+2€&'% ") + ¢"(3d-2) + 4¢'¢e"
. _
(3d-1)(3a-2) (€' ®+¢"?)+(3a-1) (2¢' P+2¢'¢"?)+(3a-2 )'+2 (¢'2-"”
(145)
. | S | noo_ ft
In these equations ¢ = g app and ¢ = g app

denote the measured or 'apparent' values. Quantities with
the subscript 'o'! denote the values for the massive
crystalline substance. d has the same meaning as in equation
(119) and is given by:

d = Volume occupied by the substance
Volume of cell
Amount (in gms) of substance filling the cell

Amount (in gms) of substance theoretically required to f£ill
the cell
(146)



121,

4,2,8, Reproducibility and Errors.

The measurements on hydrated samples are of
qualitative value only. Studies of change of dielectric
properties with water content require more elaborate
equipment and to obtain such results was not the purpose of
this research. In all other cases the samples were allowed
to come to equilibrium at a certain temperaturc (this never
required longer than three hours) and measurements over the
whole frequency range were then made. The results at each
temperature were checked at a number of selected frequencies,
the sample being brought to another temperature for at least
1 day between determinations at the same temperature.
Results (see later sections) indicated that this
"repeatability" was usually better than 1%, or 0.000lin the
case of +tand values below 0.0100. The voltage of the
bridge oscillator (2 to 22 Volts) had no effect on the results
The results thus obtained on the powder are the 'apparent
results' (subscript 'app')‘ Experience showed that this
consistency, which holds for all results obtained with one
'filling' of the cell, was maintained in the ¢ ', and tanf,
values (the subscript ',' refers to the 'real' crystal
values obtained by equations (143) to (145)\

In cell blank determinations it was surprisingly
found that there was no capacity difference between measure-
ments of the cell filled with benzene and completely immersed
in i%. The Co values thus obtained, forecast the capacitance
of the cells filled with, or immersed in chloroform %o 0.2%,
and can therefore be assumed to be correct. This also
means that the edge capacitance at the top of the cells is
negligible, and we can therefore consider the meniscus error
incurred in the cell blank determinations to be small.
Further there should be 1ittle error on this account when
the cell is filled with powder, provided the powder surface
is even with the top of the cell plates.
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The cell volume which is important in the use of
equations (143) to (145) can be determined by weighing the
cell filled with liquids, particularly mercury. This
involves a doubtful meniscus correction and the mercury
tends to amalgamate with the cell metal. The method was
used for the nicosel cell after completion of the basic
sodalite measurements, and this may have helped in rendering
this cell useless for further mecasurenents. Calculation
of the volume from C, and the gap between the plates,
involves accurate knowledge of a very small quantity and
assumes no irregularities in the gap. The latter depends
on the insulation, which cannot be manufactured with the
required accuracy. The cell plates were precision made,
and their dimensions were accurately known. Volume
calculations were thus generally made by using these
dimensions.

It remains to estimate how true the real values
obtained in these measurements are. Percentage crrors due
to an error in the volume of the cell, which is small
(1 to 3 cm®) and can therefore not be determined with great
percentage accuracy, due to the packing of the powder,
particularly at the top of the cell and due to the
approximate nature of the powder equation,are the same for

all values obtained with one 'filling' of the cell. Such
errors will thus not affect the consistency (i.e.
"repeatability") of the real results, The errors can
however be estimated by measurcements on materials of known
dielectric properties and by comparison of results of the
same material in two different cells. Different cells had
to be used, since the standardised packing method, which
was employed, gave fairly reproducible degrees of packing of
a given powder in the same cell. In any case the procedure
of using different cells determines the maximum possible

ETTOT,



Using the small stainless steel cell
£143) gave ¢'o = 5.39 independent of frequency

for 'AnalaR'

crystal measurements give 5.62.

sodium chloride.
had similarly obtained a value of 5.58 at 17°C
Qur error is

Van Vessem and

1

at 21.6
Bijvoet
and sin
approxi

23.

and equation

°Q
(161)

gle
mately

4%, which is reasonable considering that the sodium chloride
was of large crystal size (2 x 1072 40 9 x 1072 mm) and

van Vessem's condition (page 88) was not obeyed.

Thi

S

condition should be obeyed with the much smaller alumino-

silicate crystals.

Also volume and packing errors nust bhe

expected to be larger with the small, low cell than with

the higher, large stainless steel cell which was used in

most measurements.

Finally, the results on caesium analcite, obtained
with the large stainless steel cell at 30°C (Run 93) and
checked in Run 129A using the small stainless steel cell, are

compared in Table 5.
Table 5,
&', &' Approx. | tand, tand, jApprOX.‘
FPrequency |Run 93 |Run 129A 5diff-| Run 93 |Run 1294 | % diff-
(Table | (Table | erence. ercnce.
XCV) CVII)
5 7.28 7.04 36 0.0062 |0.0057 8
10 " " " 0,0056 {0.0050 11
16 " 6.98 4.1 0.0051 [0.0046 10
20 1 ] 1] 1" 1] i
40 1 ] I O 0047 ] 2

€' o values again agree to 4%.

The larger difference in the

I\ . A .
tane, values is not surprising since the tanéapp values from

which these 'real'

results are derived are of the order of
0.0020 and the stated accuracy of =0.0001, e.g. 5%, thus
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allows a difference of about 10% between two different
determinations. In terms of tand, an almost insignificant
error in the apparent results thus appears as a substantial
error (if translated into direct measurements) in the real
results,
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5, BASIC SODALITE.

5,1, Description of Sample.

The sample (sample II) used for dielectric
measurements was synthesised from a Nas0.A15;05.251i02 gel,
by heating this gel with 300% molar excess NaOH and a
minimum amount of water (3.8 gms water for 1 gm anhydrous
gel) for 33 days on a water bath at 95°C, The sample was
washed with hot distilled watcr until the pH of the wash
water reduced to approximately 9. At this stage further
washing of a test sample produced no further pH reduction
in progressive washings. The same effect had been shown
with an earlier sample and it is probable that the further
washing may here have caused the replacement of intercalated
NaOH molecules by water. The test sample was therefore
rejected and the bulk sample was ailr-dried.

The X~ray powder photograph (Guinier camera) shows
the sample to be cubic with a = 8.96 A. The 'd' spacings
and intensities of the lines in the powder X-ray are given
in Table I and are there compared with the values for a
sample of natural normal sodalite and with the values given

by Bultitude(vv). The powder X-ray reveals no impurities.

Under the microscope the sample is shown to consist
of spherulites. Sieving through a 240 mesh B.S. sieve
freed the sample from the small number of gel particles 1t
had originally contained and reduced the average particle size.
Electron migrographs on the sieved material confirm the
absence of gel particles and show the particle size to be
between 1 to 2,10~° cms. Thus Van Vessem's condition (p. 88)
is satisfied in brass cell No. 1 and approximated to in the
nicosel cell,

The density found by centrifugation with benzene-
methylene iodide mixtures is 2.195 gms/cm®. This gives
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BBttcher's packing fraction 'd' for hydrated basic sodalite
in brass cell No. 1, as 0.371,

Chemical analysis showed the feollowing composition:
Si0p = 35.34%, Al.0s = 29.93%, Nao0 = 18.11%, NaOH = 4.23%
and Hz0 = 12.39%. The NaOH result quoted, was arrived at
by difference, since the experimental Na determination
consistently gave a slightly lower result. On the basis
of this analysis the ratio Si05/A150s = 2.002 and the
formula is 3(Nas0,A1;05,251i05),7.04 H;0,1.08 NaOH.

The equilibrium water content of the sample at
each temperature was determined by thermogravimetric balance
(p. 100). Results are reproduced in Table 6.

Table 6,

Thermogravimetric Determination
Basic Sodalite (Sample II) 240 mesh.

Temp.| % Rel. [Rel. hum. ||Temp.) % Rel. Rel. hum.
°C  |Vater|humidity|deviation) °C |Water|humidity!deviation
loss from 53.3 loss from 53,3
23 NIL 55.4 +2,1 208 8.85 56.9 +3.6
29,31 0.31 52,1 ~-1.2 220 ¢.68 50.3 ~-3.,0
37 0.45 58.5 +5.2 234 :10.34 49,7 -3.6
ol 1.32 59.3 +6.0 249 110.86 58.4 +5.1
59 1.80 54.%9 +1.4 258 {10.97 60.5 +7.2
70 2.29| 57.6 +4,3 1270 |11.14} 57.8 | = +4.5
80 2.62 64.0 +10.7 284 111.32 58.4 +5.1
88.95] 3.19 55.8 +2,5 293 111.63 02,6 ~-0.,7
98.5| 3.40 58.0 +4.,7 324 (11.91 53.0 ~0.3
107 4,58 46,8 -6.5 349 |12.01 52.8 ~-0.5
130.5 5.45 50.9 -2.4 388 [12.22 49,7 ~3,.6
140 6.00 50.9 -2.4 428 [12.29 40.4 -12.9
156 6.70 47,7 -5.6 464 112.36 46,5 -6.8
175 | 7.22| 49.6 -3.7 492 |12.39| 46.0 ~7.3
194 | 8.286 51.3 ~-2.0 i |

Relative Humidities by interpolation from the 'Handbook of

Chemistry and Physics', 38th edition, 1956-57, Chemical Rubber
Publishing Co.  Average humidity = 53,3%.
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Plotting the dehydration curve in terms of the
"percent water loss' at each temperature, there are only
slight deviations from a straight line up to 240°C.
Comparison of the sense of these deviations with the deviation
of the relative humidity from its average value of 53.3% is
instructive, In general, positive humidity deviations are
accompanied by negative deviations from a straight line of
the 'percent water loss', while negative humidity deviations
correspond to small positive deviations of the 'percent
water loss', It can thus be assumed that at constant relative
humidity the water loss curve up to 240°C would be a straight
line., At higher temperatures the atmospheric humidity seems
to be of no importance. The water loss curve of basic
sodalite is shown in Fig. 36, the straight line up to 240°C
having been obtained by using only the points at which the
humidity curve crosses the abscissa of average relative
humdity. The dehydration curve obtained is of the type
given in PFig. 2c, which is characteristic of the robust
framework zeolites. The total water loss of the sample
at 500°C was 12.39%. The electrical measurements also
suggest that the water content of basic sodalite varies
noticeably with the relative humidity of the atmosphere.
In general basic sodalite behaves like a zeolite.

Immediately after the thermogravimetric experiment,
the X-ray powder photograph of some of the material sealed
into a capillary tube was taken by a 9 cm camera (Table I).
No crystalline change had taken place, but the unit cell had
expanded to a = 8,98 K, The result is only qualitative
since the sample had obviously picked up a certain amount of
water during the unavoidable cooling which took place while
dismantling the thermogravimetric apparatus and during the
filling of the capillary tube. An X-ray powder photograph
taken by a 9 cm camera, of the anhydrous material dehydrated
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in vacuum at 350°C also shows that no crystalline change had
taken place on dehydration but the unit cell of the sample
had expanded to a = 9.02 K.(Table 1), A similar expansion
has been observed in the case of other zeolites by

Bultitude' 7],

The density of the anhydrous material, determined
by calculation from the density of the hydrated sample and
from its water content is 1,923 gms/cm®,  Taking the unit
cell expansion into account, this density reduces to
1.885 gms/cm®,  This gives the packing fraction 'd' of
the anhydrous basic sodalite in the "nicosel" cell as 0.377.

The refractive indéces, determined with sodium
light, are 1,501 and 1.430 for the hydrated and anhydrous
samples respectively. Thus the electronic contributions to
the dielectric constant €.' are 2.25 for hydrated basic
sodalite and 2.04 for anhydrous.

5.2. Hydrated Basic Sodalite.

The resistance of the sample was so low that the
width of the resonance curve had to be measured with the main
condenser of the Hartshorn-Ward apparatus. Fixed condensers
had to be inserted in the bridge to measure some of the very
high capacitances. The oscillator voltage was 22 V. There

was no difference between results at this voltage and others
at 2 V. At 30° and 50°C no results could be obtained
between 50 and 216 kc¢/s. Measurements were made at 30, 50,
80 and 114.7°C. The results are given in Tables IT to IX

end € gppr b, up €' app Bp(app) 208 Rp(app))s €'apy

and tan app respectively are plotted against log(frequency)
in Figs. 37 to 43. Figs. 37 to 41 inclusive cover the whole
of the experimental frequency range, while Figs. 42 and 43
are larger scale plots at the higher frequencies of &'

app
and tan5

app’
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The following are the percentage water losses at

the temperatures of measurement (see Fig. 36):
30°C  0.33%; 50°C 1.26%; 80°C 2.62%; 114.7°C 4.867.

Judging by these figures and the compact arrangement of the
cell it seems unlikely that water equilibrium had been
obtained at the higher temperatures in spite of long pre-
heating periods. Only the 30° and possibly the 50°C results
may approximate to equilibrium conditions, and in general

the qualitative results are of main interest.

The élapp curves in Fig. 37 in each case sweep
up to a very high and still increasing value with decreasing
frequency and show no inflexion point. The 30° tanaapp
curve (Pig. 38) has only one maximum, the 80° curve two, the
higher frequency one already being indicated on the 50° curve.
At 114.7° there appears an indication of a second maximum
at the lowest frequencies of measurement. It can be
assumed that the maximum in the 30° curve corresponds to
the high frequency maxima at the other temperatures.
The change with temperature of the frequency position of
these maxima is then parallel to the change of é'app values
with temperature over the same frequency range. The high

frequency maximum in the tan& curves moves to a higher

frequency with increase in tegggrature from 30 to 80°C and
then drops to a lower frequency at 114.7°C; +the values of
ﬁ'app increase between 30 and 80° and then drop to a lower
value at 114.7°C. This suggests that both effects are due

to the same cause.

Since water equilibrium had obviously not been
reached except at the lower ftemperatures, the drop in tangapp
values with increasing temperature cannot be quantitatively
correlated with the corresponding water loss. However this
as well as the large &'app values at low frequencies, the

fact that while é'app increases from 30 to 80°C it shows a
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large drop at 114.7°, and the relative magnitude of the
shunt resistance curves can be explained qualitatively.
The explanation is based on the Maxwell-Wagner model of an
inhomogeneous semiconductor (pp. 80-84) as expanded by
Billig and Plenner. The effect giving rise to such
behaviour is commonly termed 'interfacial polarisation' or
the 'barrier layer effect'. The very high and increasing
values of the apparent permittivity at low frequencies,
point to this as the only feasible mechanism to explain
the results.

If, as an approximation, the particles are
considered as close packed spheres between the plates, there
will be many equivalent, parallel direct paths. Onec such
path is considered, keeping in mind that the real picture
must undoubtedly be complicated by:

(i) interaction between spheres in neighbouring paths;
(ii) +the variation in size of the particles and barriers;
(iii) non-uniform packing of the spheres; and

(iv) some of the particles not being perfect spheres.

The electrical behaviour of the material suggests that whereas
the inside of the spheres is conducting or semi-conducting by
some provess to be specified, there is a barrier to
conduction at the contact points between the spheres. If
the conduction within the particles is due to the actual
movement or drift of charge, we can imagine that at any

given instant a surplus of charge of opposite sign will

have accumulated at adjacent sides of contact making spheres,
provided the process is such that the resistance %o charge
transport across the contact point of the two particles 1is
large compared with the resistance to charge transport within
the particles themselves. Between particles X and Y with
barrier B this will produce the situation of Fig. 44, giving

the equivalent circuit of Fig. 45, where Cys Cy, RX, Ry,
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referring to the particles are small, while Cb and Rb
referring to the barrier are large. The fall of potential
for the whole path is indicated in Fig. 46, the equivalent
circuit being just a series arrangement of Fig. 45 for
every particle contact.

The total resistance and capacitance of such a

chain of particles would be

n n
1 =2 1 (147) R = Z R, (148)
C 71 Gy 1

where C, and R, include both Ry, and Cb and the corresponding
quantities for the particles.

The particles contain in their interstices both
Hz0 and NaOH, i.e. Na® and OH™ ions. Thus two processes
may be visualised:

1. Hydration giving Na’ ions increased mobility,
2. The process Hg0 + OH = QH  + Hz0.

EBither or probably both these processes may take place. It
1s easy to see that whereas this conduction process may take
place unhindered throughout the particle width within the
particle, the contact points (the nature of which on a
molecular scale it seems difficult to define) provide narrow
necks which will not allow the process to proceed unhindered.
Furthermore there nmust be repulsion between particles of the
same sign of charge trying to approach each other laterally,
as at the necks.
The conduction process explains the increase of
t

&,
pp
at the highest frequencies, change of polarity is so rapid,

with decreasing frequency. It can be imagined that

that the conduction process does not have time to build up a
space charge on both sides of the contact between particles and
so does not give a barrier capacitance which is appreciable
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conpared with the capacitance of the anhydrous crystals
themselves. This suggests constancy of E'app which is
approximated to in Pig. 37 for the highest frequencies. It
might be noted that even between 216 kc/s and 5.3 mc/s there
is always a slight decrease in élapp with increasing frequency
(Table 7 and Fig. 42). As the frequency decreases the
process of space charge formation takes place to an

increasing extent, giving the rise of é'app actually found. A%t
thelowest frequencies the values of Rp(app) in Pig. 40 would
not be expected to vary very much with frequency (Fig. 26).

In fact at 30 and 50°C almost straight lines of small slope

are found up to 50 and 300 kc/s respectively. It will

however later be shown that these constant values correspond

to the high rather than the low frequency constant part of‘?'

in Fig. 26. The decrease of Rp(app) with dincreasing frequency,
found at the high frequencies at 30 and 50°C is then shown

to be due to the waning influence of d.c. conductivity,

whereas the decrease in the 80 and 114.7°C curves suggests

that with increasing temperature and dehydration the
experimental Rp(app) values fall, as expected, into the

intermediate range of the ?' curve in Fig. 26.

From Figs. 37 to 41 it appears that two opposed and
simultaneous factors govern the effects produced by temperature
increases-

1. the mobility of the current carriers increases very
rapidly and probably exponentially with temperature. This
will tend to increase Cb and to decrease Rc, Rb and Cc;

2. water is lost. This loss causes a decrease in
the ease of charge transport by the two mechanisms given
on page 131. Thus Cc, Rc and Rb will increase and Cb
decrease.

Evidently to produce the observed behaviour the

changes of Cc are small compared with the changes of Cb‘
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Between 30 and 50°C water loss is small (see p. 129)
and the increase in the mobility of current carriers due to
temperature increase is the dominant factor (Figs. 37 and
40). Between 50 and 80°C water loss dominates the
resistance changes (Fig. 40), but increase in the mobility
of current carriers and water loss exercise rather similar
opposing influences upon capacitance (Fig. 37). Between
80 and 114.7°C a large water loss determines the over-all
effect upon both Rp(app) and g'app,
circuit for this case where some wabter is still present is

The equivalent

given in Fig., 47,

When no water is left, the Na' ions are held more
firmly in the lattice and also no proton jumps between Hz0

and OH arec possible.  Then Cos Rgs Gy and Ry will become

C’
characteristic of the anhydrous crystals and if Co 2} Cy, and

RC>> Rb the situation would approach that shown in Fig. 48,

- The high frequency curves of g'a p and tanéap
against frequency (Figs. 42 and 43, 63 kc/s to 5.3 mc/s? are
easily explained if it is assumed that the influence of the

water plays a smaller part here. tends to a more

élapp
and more constant value with frequency and temperaturec
increase (Table 7 and Fig. 42). Tand at first increases
with temperature (30 to 50°C), as would be expected if there
were no water loss, and then decreases for higher temperatures

pointing to the effect of water loss (Table 7 and Fig. 43).

Table 7.
Hydrated basic Sodalite.
(The variation of &'app and tanéapp over the linear part of
the curves in PFigs. 37 and 38).
¢! tand
Tenperature app app
°C 216 kc/s 5.3 mc/s 216 kc/s 5.3 mc/s
30 6.95 3.48 2.24 0.53
50 7.27 3,69 2.50 0.58
80 6,95 3.40 1.54 0.44
114.7 , 5.64 2.96 0.55 0.28
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A Cole-Cole plot is not obtainable for these
results. This means that there is a wide distribution of
boundary time constants, which is undoubtedly due to a
combination of the factors mentioned on page 130, which
complicate the simple model. The possibility of such a
wide distribution of time constants in a polycrystalline
material had been pointed out by Hirsch (p. 83). It must
be concluded that the picture of a barrier layer semi-
conductor given here is much over-simplified. Nevertheless
some semi—quantitative conclusions can be drawn.

The frequency independent capacitances and
resistances measured at the higher frequencies represent the
values for the grains (p. 81), and therefore ¢', and tand,
values were calculated from the 'apparent' values at the
flattest part of the curves (Figs. 37 and 38), namely at
5.3 mc/s, using equations (143) and (145). From consideration
of Tables II to IX it can be seen that, particularly in the
case of 5'0, these results should give an approximation of
the values for the massive crystalline substance. The
results are given in Table 8,

Table 8.
Hydrated Basic Sodalite.

T : - '
empggature E'app €'o tanbapp tan&o
30 3.48 12.62 0.53 l.21

50 3.69 13.62 0.£58 1.37

80 3.4:0 ’ 12.79 ‘ 0044’ ! 0095
114.7 2.96 | 10.56 0.28 | 0.22
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In the lower frequency range of the 30 and 50°C

curves of Fig. 39, log &" is proportional to log(l/f).

app
Dryden and Meakins 28}, Tesbitt ana Pink'17®) ang
Taylor(18o) obtained analegous results on different systems.

These workers showed that the low frequency dielectric loss
is due to d.c. conductance in the region where logg " is
porportional to log(l/f), the contribution due to a.c.

loss being negligible under these conditions. The specific
d.c. resistance can then be calculated from equation (41)
which gives:

log ¢" + log f = constant (149)

The theoretical dotted line in Fig. 39 and any curve parallel
to it satisfies equation (149) and indicates a dielectric
loss due to d.c. conductivity only. The 30 and 50°C

log €" curves of hydrated basic sodalite obey this condition
to about 50 kc/s, and the specific resistances calculated

by equation (41) are shown in Table 9.

Table 9.
Specific E Specific E
Frequency | Resistancef |k.,cal/||Frequency| Resistance k.cal/
mole o mole |
30°C | 50°C 30°C | 50°C
560 ¢/s  |724000{541000 2.824F:Z.O ke/s |701000}510000| 3.09
| 620 " 723000{540000] 2.84 || 5.0 " 698000505000} 3.15
700 " 7210001539000} 2.84 {| 6.3 " 1696000{499000| 3.24
800 "  |720000{536000 | 2.86 H 8.0 " {693000]492000] 3.32
ggo " 719000/536000} 2.85 |10.0 " 1693000{486000| 3.46
1,0 ke/s |718000(534000| 2.88 [{13.0 " [688000}|478000| 3.53
1.15 " 716000(532000 | 2.89 {16.0 " |685000(473000| 3.59
1.3 " 7150001531000 | 2.90 }|20.0 " 685000467000} 3.71
1.6 " 1712000 (527000 | 2.92 #25.0 " [680000{463000| 3.74
2.0 " 709000 |524000 | 2,94 i52.0 " 1675000457000 3.79
2.5 " 707000 {520000 | 2,98 ’40.0 " 1673000453000 | 3,84
3.2 " 704000}515000 ! 3,03 #50.0 " 669000 ]451000 | .84
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The results show a slight variation with frequency but
approximately straight line plots of specific resistance
against frequency are obtained between 560 c/s and 1.6 kc/s.
These, when produced to zero freguency give the specific
resistances as %3 x 10®° ohm at 30°C and 5.5 x 10% ohm at 50°C.

Similarly the low frequency Rp(app) results are
insensitive to frequency and correspond to d.c. resistances
The straight line Rp(app)/frequency plots give the resis-
tances at zero frequency az 3880 Ohm at 30°C and 2900 Ohn
at 50°C. By using the approximately known cell dimensions

(plate surface area = 27 cm®, plate gap = 0.15 cm), the

(179)

specific resistances were found to be 7.0 x 10° and 5.2 x 10°
Ohm at 30 and 50°C respectively. These results are of the
same order as the more accurate values obtained from equation
(41).

Since it is assumed that the conduction is purely
ionic (p. 130), that the 30 and 50°C results are equilibriunm
values (p. 129) and that the ionic conduction is not
affected by the comparatively small water loss (p. 129)
between the two temperatures, a free energy barrier against
the ionic movement can be calculated from the specific
resistances by using the Arrhenius equation:

log(Re/Ry) = (B/4.57) (1/T5 - 1/7) (150)

The results of this calculation at various
frequencies are given in Table 9. Extrapolating the 'B'
values to zero freguency, or calculation from the specific
resistances at zero frequency, gives the activation free
energy E = 2,77 k.cal/mole, while the more accurate value
obtained directly from Rp(app) at zero frequency is 2.83
k.cal/mole. Two types of energy barrier against ion
movenent are involved in the model on page 130, one within
the grains between favoured ion positions and one between

the grains which causes the interfacial polarisation.
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Obviously the latter must be the larger. Consideration

of Table 2 and the 30°C tanﬁapp curve (Fig. 38) indicates
that the relaxation peak corresponds to an activation energy
much larger than 2.8 k.cal/mole and is therefore associated
with the grain-grain barriers. Thus 2.8 k.cal/mole is the
activation energy characteristic of ion conductance within
the grains. This is supported by consideration of Fig. 26,
the Billig and Plenner model, which has two regions of
constant specific resistance. Comparison of the low
frequency experimental results at 30 and 50°C with Fig. 26
shows that'the frequency region used in the calculation of
activation energy corresponds to the higher frequency
constant resistance region of Plenner's model, i.e. gives
the grain Ry .  The activation energy of 2.8 k.cal/mole
within the grains is too small to be due to sodium ions.,

It is therefore probably due to conduction by protons by
the process:

HpQ + OH™

OH  + Hz0
The specific d.c. resistances for the solid

crystalline substance can be calculated by dividing the gero

frequency 'apparent' specific resistances obtained above,

by the BBttcher packing fraction. Then:

Specific resistance at 30°C = 1.96 meg-Ohm, and the

specific resistance at 50°C = 1.48 meg-Ohm, both for the

‘massive crystalline substance. The activation energy (see

equation 150) is not affected by this calculation, but it

must be kept in mind that it is only correct if the influence

of the water loss between 30 and 50°C on this calculation is

indeed negligible, as is anticipated.

The results obtained point to the possibility of
using the powder method of measurements as a means of
determining d.c. resistance by an a.c. method. Similar
successful attempts to make d.c. measurements on 'sandwich'
slabs of materials have in fact been carried out by Lewis and
Bickford(lsg), |
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5,3. Anhydrous Basic Sodalite.

Measurements were made in the nicosel cell using
the procedure described on page 114. The sample was vacuux
dehydrated for two days at 350°C. To avoid possible
pneumatolytic sintering of the compressed material due to
water vapour, the initial temperature increase to 350°C was
performed in small steps over two days, the temperature not
being increased as long as water loss continued at the
lower temperature. The final N, pressure in the cell
holder was adjusted to 30 cm of Hg at 100°C.

The weight of the anhydrous basic sodalite in
the cell was found by weighing the filled cell after equili=-
bration over saturated ammonium chloride solution and
determination of the water content of another sample
similarly equilibrated. This method gave the same result
as other procedures.

After completion of the measurements on anhydrous
basic sodalite it was found that the empty cell resistance
decreased with every outgassing (see page 116). This did
not affect these measurements since even after their
completion the cell resistance was still large enough to be
negligible when in parallel with the much lower resistance
of the sample. However the cell could not be used for
further samples.

Measurements at -183, 30 and 80°C cover the whole
available frequency range and are reproduced in Tables X
to XXV, Figs. 49 to 54 are the plots of g'app, tan@a
loge" R i

o8& app’ “p(app) up to 800 ke¢/s, Rp(app) at the high

frequencies and 1Og(Rp(app)) against log(frequency)
respectively, Measurements covering the temperature
range from -183 to 250°C were made at 5 and 32 kc/s
(Tables XXVI and XXVII) and are plotted in Figs. 55 to 60
N t :
in terms of é’app’ tanaapp on a small and larger scale,

pp’
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and log(R ) against °C.  All the

10g€" 3pp0 Rp(app) p(app)
curves in Figs. 49 to 54 were compounded from at least two
separate runs, the sample having been brought to a different
temperature for at least 12 hours between runs at the sane
temperature. Results repeated to -1%.

A different procedure was used in the temperature
runs (Tables XXVI and XXVII). At 30, 80 and -183°C, the
values obtained during the frequency runs were utilised;
the sample was then taken to 0°C until results at this
temperature were constant, the final constant value being
used in Figs. 55 to 60. The sample was then progressively
heated to 250°C, measurements at every temperature being
taken until constant at this temperature. The procedure
was repeated for a number of temperatures between 0 and
-183°C. Below room temperature, a constant stream of air
had to be passed across the exposed cell leads to avoid
water condensation on the leads and the top of the cell
holder.

Measurements made on the Hartshorn-Ward apparatus
showed a sharp interference peak in the 3.5 to 5.5 mc/s
region, which also appeared in cell blank measurements.
Results so affected have been rejected. The high frequency
determinations were repeated using a Q-meter; however the
results obtained showed a much larger spread in values than
the Hartshorn-Ward results, which they generally confirm.
The Hartshorn-Ward values have thus been retained except in
the region of the interference peak, while Q-meter values
bridge the gap in this region and at the highest frequencies
where no values could be obtained with the Hartshorn-Ward
apparatus.

The increase of €', , and tanBapp at 30 and 80°C
above 1 me/s (Figs. 49 and 50? and the corresponding change

of slope in the 1og(Rp(app)) curves (Fig. 54) at 1 me/s is
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caused by the onset of induction effects which, due to the
use of an outside circuit on the Hartshorn-Ward apparatus and

the Q-meter, become appreciable at this frequency.

At -183°C, elapp is constant to within 2% over the
whole frequency range, the same is true at 30°C up to
3.2 me/s and at 80°C between 3 ke/s and 4.2 me/s (Fig. 49).

However the 80°C curve shown an increase at the low

frequency end. Similarly the increase in the tansapU
values at the lower frequencies of Pig. 50 is small at
-183° and 30°C compared with their increase at 80°C, The

low frequency é‘app and tand increase at 80°C may be due

app
to either onset of interfacial polarisation effects due to
the interstitial anhydrous cations, or to a relaxation

effect of these cations or those of the framework.

The slopes of the éuapp curves of Fig. 51 show the
insulating character of the anhydrous sample as compared with
the hydrated sample of basic sodalite. Equations (143) and
(145) were used to calculate €', and tand,, the real values
for the massive crystalline substance, between 3 kc/s and
1 me/s. The values are compared with the 'apparent' values
in Table 10, FPigs. 61 and 62 are the plots of the results
and ¢", is plotted in Fig. 63.

o s
Between 30 and 80°C, the variation of log(Rp(app))

with temperature is approximately linear at both 5 and
32 kc/s and therefore activation energies 'E' have been
calculated between these temperatures by using the Arrhenius
equation (eqn. 150).  This has been done in two ways:~

(a) Values of R o have been calculated from the
corresponding tand, and €', values (Pigs. 61 and 62);
these are plotted in Pig. 64, Activation energies
calculated from the Rpo values are given in Table 11 and
are plotted as a function of frequency in Pig. 65a.



Table 10.

Anhydrous Basic Sodalite.

Density 1.885 gm/cm®,

150 L]

Packing fraction = 4 = 0.377.
Frequency e'app €' o tan&app tand,
A, 80°C 3 ke/s 1.850 | 4.21 | 0.0204 0.043
10 k¢/s 1.841 | 4.17 | 0.0159 0.034
30 keo/s 1.834 | 4,14 | 0.0125 | 0,027
100 kc¢/s 1.825 | 4.11 | 0.0098 0.021
300 kc/s 1.818 | 4.06 | 0.0077 | 0.016
1.0 me/s 1.817 | 4.06 | 0.0077 0.016
B.  30°C | 3 ke/s |1.822 |4.08 | 0.0085 | 0.018
10 kc/s 1.818 | 4.06 | 0.0070 0.015
30 kc/s 1.813 | 4.04 | 0.0060 0.013
100 kc/s 1.810 | 4.03 | 0.0052 0.011
300 kc/s 1.807 -] 4.01 | 0.0048 0.010
1.0 mc/s 1.807 | 4,01 | 0.0059 0,013
¢, =183°C 3 kc/s 1.774 | 3.86 | 0.0085 0.018
10 k¢/s 1.768 | 3.83 | 0.0065 0.014
30 kc/s 1.762 | 3.80 | 0.0051 0.011
100 kc/s 1.756 | 3.77 | 0.0041 0.,0088
300 kc/s 1,750 {3.75 | 0.0036 0.0077
1.0 nc/s 1.750 | 3.75 | 0.0035 0.0075




Activation Energies calculated from R

Table 11.

Anhydrous Basic Sodalite.

Activation energy

{

Frequency k.cal/mole

3 ke/s 3.83

10 ke/s 3.59

30 ke/s 3.21
100 ke¢/s 2.63
300 kefs 2.05
1.0 me/s 0.93
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po—

(b) Values of log(Rp(app)) (Fig. 54) were used to

calculate the activation energies directly.

The results

are given in Table 12 and are plotted in Fig. 65 b. There
was a certain spread of results and Fig. 65b is up to
216 kc/s the best straight line resulting.
Table 12.
Anhydrous Basic Sodalite.
Activation Energies calculated from Rp(app)i
‘ Activation Activation
Frequency energy Frequency energy
k.cal/mole k.cal/mole
1.3 ke/s 4.45 20,0 ke/s 3.25
1.6 ke/s 4.16 25.0 ke/s 3,26
2.0 ke/s 4,14 32.0 kefs 3.24
2.5 ke/s 4,21 40.0 ke/s 2,93
3.2 ke/s 3.90 50.0 ke/s 3.05
4.0 ke/s 3.67 151.0 ke¢/s 2.40
5.0 ke¢/s 3.68 216.0 ke/s 2,30
6.3 ke/s 3.50 313,0 ke/s 2.08
7.0 ke/s 3.32 1.1 me/s 1.32
10.0 ke/s 3.56 1.77 me/s 0.5%
13.0 ke/s i 3.51 2.07 mc/s 0.26
t 16,0 ke/s | 3.30 ,

[
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Tt is interesting to note that in Fig. 65D
between 4 and 32 ke/s, E = 3.4 * 0.3 k.cal/mole. Even
in this range however there is a definite change of Z with
frequency. The best straight line over this range alone

is indicated in Pig. 65c.

The values obtained by the two methods are in
fairly good agreement. In both cases the activation energy
is a function of frequency. Thus the process which has
this activation energy must depend on frequency over the
range of frequencies and tenmperatures of measurament,

The temperature runs provide 1little new
theoretical information. The increase of tanéapp, ¢! and

_ app
g" with temperature (Pigs. 55, 57 and 58) is parallel to

tthgncrease of these gquantities at the low frequencies of
the 80°C runs. The tanéapp and &", = minima and the
Rp(app) maximum at the low temperatures could only be
explained as due to the onset of some relaxation effect,
which at room temperature would give a peak at some very
high frequency. If this were true we would however expect
a fairly large temperature coefficient of ¢'o which is

not found. The values of g'o, tanb, and €", are given in

Table 13 and plotted in Figs. 66 to 68.

The significance of the activation energies and
their large variation with frequency must now be explained.
From graphs 91 and 63 and following the argument on page 135,
it transpires that d.c. conductivity plays only a very minor
part in the results, Furthermore the activation energies
were obtained from parallel log Rp curves which show a
large frequency variation and the changes with frequency
of the é'app values at low frequencies are of a much smaller
magnitude than in hydrated basic sodalite, i.e. interfacial
polarisation is not indicated. In all these respects the
anhydrous sanmple differs fundamentally from hydrated basic
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Table 13,
Anhydrous Basic Sodalite, Temperature Runs.
5 ke/s 32 ke/s
Tglélpa e, tanﬁo &“o Tglélpo g, tan«xo ",
-183.0 3.88 1| 0.0167 0,065 || -183.0 | 3.84 { 0,0141 | 0.054
~147.2 4,10 ] 0,0065 0,027 || =14737 { 4,08 { 0.0089 | 0,036
-121.9 4,101 0,0059 0.024 || -122.,1 1 4.08 | 0.0055 | 0.022
-100,3 4,08 } 0,0076 0.031 | -100.3 | 4.08 | 0.0057 | 0,023
-66,1 4,04 | 0.0084 0.034 -66.,1}4.06] 0.0065 | 0.026
30.0 4,12 1 0,0166 0.068 30,0 14.10} 0.0124 } 0,051
80.0 4,15 | 0.0391 0,1C2 39.4 1 4,02} 0.0145 {0.058
130.2 § 4.70= 0.114 0.54 49.9 14,061 0.0171 {0.069
171.0 5.67 10,311 1.76 59.0114.08 | 0,0193 {0.079
205.8 | 6.64 | 0,719 4,77 69.5 | 4,09 | 0.0227 {0.093
250,0 {11.58 | 1.47 17.0 80.0}14.12} 0.0268 | 0,110
130.2 t 4.44 | 0.0627 | 0,278
171.0 } 4.82 | 0,139 0.670
205.8 1 5,53 | 0.284 1.57
250,01 7.55 | 0.665 4,95

sodalite, and this suggests that a different mechanism is

responsible for the activation energies in the two cases.

Since the d.c. conductivity is negligible in the anhydrous

sample, the low frequency increase in the 80° &'
tan&app curves is probably due to the onset of a
effect due to the sodium ions, both interstitial and.
framework., ’

The fact that sodium analcite gives a

app
relaxation

and

relaxation peak in the frequency region of measurement

(see later) seems %o support this contention by analogy.

This means that the sodium ions in anhydrous basic sodalite
are not as mobile as in the hydrated sample, i.e. are fixed
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to definite lattice sites from which they can only move by
discrete jumps to similar positions. This view is in
agreement with the determined structure (see paged$ ).

In comparison, the cations in the hydrated material behave
as if they were in a viscous solution. We would expect tané
of the anhydrous sample to be zero outside the absorption
frequency region. That this is not so can be explained by
analogy with the suggestion made independently by Garton
(page 72) and Gevers (page 78), of a very wide distribution
of relaxation times due to the temporary formation of
additional equilibrium positions of the cations caused by
thermal fluctuations which occurs with some dielectrics.
The energy of activation obtained then becomes a measure

of the average small energy barrier involved. In the case
of anhydrous basic sodalite the additional equilibrium
positions (which may have barrier heights which vary from
large to small) are due to the varying cation environment
rather than to thermal fluctuations. As the frequency is
raised and moves away from the absorption region the
height and numbers of the additional energy barriers
gradually decrease and thus the activation energy measured
varies with frequency.

Since the ionic relaxation phenomenon in anhydrous
basic sodalite appears at the lowest frequencies of
measurenent, the constant value of £€'. obtained at the
highest frequencies (Table 10 and Fig. 61) is the dielectric
constant due to the polarisability of anhydrous basic
sodalite.  The electronic contribution (¢', = 2.04) 1is
known from refractive index measurements and the atomic
contributions can thus be calculated. The results which
surprisingly vary with temperature between -183 and 30°C,
are shown in Table 14.



Anhydrous Basic Sodalite.

Table 14.

155.

Dielectric Constants,

Tom g'c contributed |€', contributed |&', contributed
ocp' by total by atomic by electronic
polarisability. polarisation. polarisation.
80 4,06 2.02 2.04
30 4,01 1.97 2.04
~-183 3.75 ; 1.71 ’ 2.04
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6, THE SILVER NITRATE OCCLUSION COMPOUND OF THE ZEOLITE

SILVER 'A' AgA(AgNOs).

6.1l. Description of Sample.

The sample was synthesised from Silver A, the ion
exchange compound of Sodium A. All operations were
conducted in the dark, as far as possible. Silver A was
prepared by stirring 20 gms of Sodium A, washed free from
alkali, for one hour with excess silver nitrate solution.

The washed and acetone dried Silver A was then ground with
excess AgNOs and fused at 258°C for 24 hours. The product
was reground and fusion repeated. The product of the second
fusion was rapidly washed with distilled water to remove
excess AgNOsz, was dried with acetone and stored in the dark.

The final sample contains no gel and the particle
size of the spherulites which is 2f4 1s of the order
required by Van Vessem (p. 88). X-ray powder photographs
show the guperstructure %ines. The sample is tetragonal with
a = 24,6 A and ¢ = 12.3 A, After heating at 170°C there
is less than 1% change in unit cell size. The 'd' spacings
are reproduced in Table 15, The compound contains about
2% water; since on strong heating silver nitrate volatilises
this cannot be determined exactly. The cages of the occlusion
compound are theoretically completely filled and therefore
this water must be surface water (but see pageeS ).  The
density of the compound calculated on the assumption that all
13 sodiwm atoms have been exchanged, is 3.94 gms/cm®.
Experimentally it was shown to be larger than 3.3 gms/cm®.

The refractive index of the sample, determined with
sodium light is 1.678 and thus the electronic contribution
to the dielectric constant 2.82.
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The AgNOs; Occlusion Compound of Silver A - X-ray Data.

Prep. 16 Prep. 16 heated to 170°C
Compara- a Compara- a
a tive hkl o d tive hkl o
strength A strength A
12.13 VeVeWe 200 12.34 VeVeW, 200
10,07 VeVoW, 111 10,01 V.V.W 111
8.59 VeVeWe 201 8.70 VeV.W, 201
7.09 We 221 7.09 . 221
6.14 S. 002 6,16 S. 002
5.47 W 202 5.49 VeWo 202
4,85 VeVeWa
4.50 VeWo 511 4.50 VeVeWe 511
4,34 We 402 4,34 We 402
4,08 Se 003 4,11 Se 003
3.88 VoW, 203 3.91 VoV.W 203
3.70 VW, 223 3.72 VeWe 223
3.64 VeVeWo 303
3.54 VeV.We 442 ) 3.56 W 442
3.406 M. 403 |24.56 3.422 We 403| 24.68
3.283 Se 622 124,57 3.295 S. 662 24,66
3.140 VeVeWe 503 |24.52
3.071 We 004 |24.57 3.079 VeVeW. 004} 24.63
3.036 VeVaWa 114| 24.66
2.977 VeSe 204 |24.55 2.991 Se 204| 24.66
2,892 Mo 224 24,54 2,906 M. 224 24,66
2.813 w-nl. 623 |24.52 2.828 W 623 24.65
2,744 m., 404 |24.54 2.758 m, 4041 24,67
2,681 VoW, 424 124,57 2.690 W. 424 | 24,65
2,616 So 504 2,629 V.S, 504
2,506 We 444 124,55 2.516 VeVeW. 4441 24,65
2.456 Wo 005 |24.56 2.467 W, 005 24.67
2.404 W-1. 205 (24,52 2.420 W 205| 24.68
2.562 W=I. 225 (24,55 2.368 We 2251 24.61
2,293 VeWe 4051 24.70
2.234 V.We - 425 2.252 VeV.W. 425| 24,67
2.169 S. 804 |24.54 2.179 Se 804! 24,65
2.105 VoWe 2,113 Wo
2.075 VeWe 2.086 Wo
2.045 VoW, 2,054 We
2.017 VeVeWe 2.026 V.V.W
1,992 VoVeW, 1.999 VoW
1.962 V.W. 1.962 VeVaWo
1,917 w. 1.926 W.
! contd.s
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Table 15 (contd.)

Prep. 16 Prep. 16 heated to 170°C
Compara- a Compara- a
d tive hkl o a tive hkl o
strength A strength A
1.893 V.V.W, 1.902 VeWe
1.866 VeVoeWs
1,736 M. 1.744 W.
1.703 VeVaWe 1.708 VW
1.684 VeVeWo 1.693 VoW,
1,572 W 1.578 W
1.509 VoeWo 1.511 W
1.463 VeWo 1.476 | v.w,.
' 1.436 VeVeWs
1.413 We 1.416 | W,
1.384 VoVeWs 1,390 VW
1.342 VoeVeWa 1.347 V.We
1.310 VoVeWe | 1.314 VW i
. .a=24.55  Average of . .a=24,65 Average of
. .c=12.275 the 14 shown . .c=12,325 the 16 shown
results results.

Measurements were madeeﬁ? the slightly hydrated
sample and on a sample dehydrate@/170°0 for 7 days and then
sealed into the cell holder. The compound cannct be heated
to higher temperatures in vacuum without fear of breakdown
of the superstructure. Al]l measurements were made in the
brass cell, the identical sample and filling being used for
the hydrated and anhydrous measurements.

6.2, Slightly Hydrated AgA(AgNOga).

Although the sample was left at the temperatures
of measurement for several days, complete constancy of
electrical properties could not be obtained. This was
probably due to the small but variable amount of water
present., The results at 30° and 80°C are given in
Tables XXVIII to XXXI and are plotted in Figures 69 to 73
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. t "
in terms of & app’ log@ app)’ Rp(app)’ 1Og(Rp(app)) and

tan&app against log(frequency).

Pigure 70 shows that the dielectric loss below
100 ke¢/s is mainly due to d.c. conductivity, although the
influence of a.c. loss is seen in the fact that the curves
are not as steep as the experimental curve derived from
equation (149). In consequence the specific resistances
calculated from the values of ¢ p» Which are shown in

ap
Table 16, vary much more with frequency than in the case of
hydrated basic sodalite. Similarly the Rp(app) values

vary considerably with frequency (Figs. 71 and 72).
However the log(Rp(app)
and 50 ke/s and allow calculation of activation energies
which are given in Table 17. The results show only a

) curves are parallel between 1.3

very slight variation with frequency. If it 1s assumed,
as in the case of hydrated basic sodalite (page 136), that
the water loss between 30 and 80°C is of minor importance
to the comparative results and that the conductance is
purely ionic, then the results in Table 17 represent the
free energy of activation required to overcome the energy
barrier against the movement of both the interstitial and
framework Ag+ ions in the crystallites (see pages 136 and
137). In view of the difficulties of obtaining constant
measurements and because of the small amount of water
present, there must be some doubt about the accuracy of
these activation energies. It is however interesting to
note that Beattie obtained a value of 14 k.cal/mole for
the activation energy associated with cation migration

in silver analcite (Table 3) and 17 k.cal/mole in silver

chabazite(gl).

Due to the non-constancy of measurements the
remaining results are only of qualitative value. They
are discussed in conjunction with the reproducible results

of the anhydrous material.
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Table 1O,
Hydrated AgA(AgNOs). Specific Resistances Calculated
from £ "appl
Specific Specific
Resistance Resgistance
Frequency Frequency ,
30°C 80°C 30°Cc | 80°C
meg-{i Fg meg-f ;. &
400 c¢/s 13.4 - 5.0 ke/s 7.55 292000
530 ¢/s 11.8 - 8.3 ke/s 7.25 284000
620 c/s 11.2 - 8.0 kc/s 6.97 274000
| 800 ¢/s 10.3 - 110.0 ke¢/s 6.64 266000
1.0 ke/s 9.78 - 13.0 ke/s 6.30 255000
{ 1.3 ke/s 9.29 [329000 {|16.0 kc/s 6.02 245000
1.6 kc¢/s 8,93 1327000 ||20.0 ke¢/s 5.70 235000
2.0 ke/s 8.66 1321000 (|25.0 ke¢/s 5.33 225000
2.5 ke/s 8.37 |315000 {|32.0 kc/s 5.02 212000
3.2 ke/s 8.11 {306000 [{40.0 kc¢/s 4,65 203000
4.0 ke/s 7.81 |{298000 [}50.0 kc/s 4,29 193000
Table 17,
Hydrated AgA(AgNOg).
Activation Activation
Frequency Energy Frequency Energy
k.cal/mole k.cal/mole
1.3 kc/s 14.1 10.0 ke¢/s 13.7
1.6 ke/s 14.1 13.0 13.6
2.0 ke/s 14.0 16.0 13.6
2.5 kc/s 13.9 20.0 13.5
3.2 ke/s 13.9 25.0 13.5
4.0 ke/s 13.9 32.0 13.4
5.0 k¢/s 13.8 40.0 13.3
8.3 ke/s 13.8 50,0 13.2
8.0 ke/s 13,7
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6.3. Anhydrous AghA(AgNOs).

Reproducible measurements, made at O, 30 and 50°C
are given in Appendix Tables XXXIT to XL. Figures 74 to
79 which are the plots of "app’ tanaapzﬂ e"app, log(R
and Rp(app) respect. against log(frequency) are each
compounded from at least two determinations, the sample
having been brought to a different temperature between
determinations at the same temperature. Figures 80 to 83
represent the results in Appendix tables XLI and XLII, which
were obtained at the constant frequencies of 5 and 32 ke/s
butcover a larger temperature range.

p(app))

The interfacial polarisation effect (barrier layer
effect), which has already been encountered in hydrated
Basic'Sodalite, is operative in both hydrated and anhydrous
AgA(AgNO5).  This and the comparatively small change of
S'app and tanéapp values on dehydration, compared with the
correspondingly large changes in the case of hydrated basic
sodalite (compare Figs, 74, 75, 69 and 73 with Pigs. 49, 50
37 and 38) suggest that the interfacial polarisation effect
in AgA(AgNOs) is due to only one process, which operates
in both states. This process is the mobility of the non-
hydrated Ag+ ions. These ions cannot be hydrated in the
completely filled occlusion compound, and hydration therefore
has comparatively little effect on the electrical properties.
The Ag+ ions in the zeolite Silver A are located at a number
of positions of lowest energy(gg), but since there are more
such positions of lowest energy than cations; there is a
possibility of cationic movement. In the AgNOz occlusion
compound of AgA, defects certain to be present in the
arrangement of the occluded Agll0s; molecules (see page%)

will thus allow the process:
Ag" + AgNOs =  AgNO, + ag’

between places of equal lowest energy in the framework.
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(Ag" ions in the framework are probably indistinguishable
from those in the AgNOg molecules). The effects produced

by temperature increase can thus only be governed by the
increase in the mobility of .the current carriers. The
barrier layer effect is active even at the highest frequencies

of measurement.
/ .
All further remarks concern only the anhydrous

compound.

The 50°C curves in particular are the typical
dispersion durves for the Maxwell-Wagner model of a poly-
crystalline semi—conductor(155), (Figs° 24 to 26 and 44 to 48).
The principal maximum in the tanéapp curves shows a temperature
coefficient of frequency, as does the secondary peak in the
high frequency region (Fig. 75). Only the 0°C curve gives
a region of constant &' at the higher frequencies, namely

app

between 3,22 and 7.6 me/s; at 30°C the 5'app value is the

same at 5.3 and 7.6 mc/s, but there is no constancy at 50°C.
The values are given in Table 18.

Table 18.
X ' !
?empggature | &'gpp 8% 3.22 me/ s £ app at 7.6 mc/s
0 . 3.4 5.4
30 : 5.2 4.6
50 7.0 ] 5.9

i g

Since the results obtained for AgA{AgNOs) depend
mainly on the state of aggregation of the crystallites, there
is no point in applying the BBttcher formula (equations 143
and 145) which under these circumstances would not give
the real grain properties. However it will be seen later
that an approximate value for the activation energy of Ag+
ion migration can be obtained. Since neither the maxima of
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the absorption curves (Fig. 76) nor ffs or ~'o were

obtained in the measurements, the activation energy in respect
of the Ag+ ion movement between crystallites cannot be
calculated directly. However consideration of the tand
maxima (Pig. 75), which theoreticallyappear at higher
frequencies than the corresponding &"maxima (Figs. 15 and 17)
and of Table 2 shows that these energy barriers must be in
excess of 13 k.cal/mole.

In order to obtain the electrical properties of the
grains and barriers separately, equations (151) and (152)
D with Rx and CX
of the grains and Rb and Cb of the barriers, were set up.
This was done on the basis of PFigs. 44 to 48 (Maxwell-Wagner
model), assuming shortest path packing between the plates of
the cell, absence of cross~linking paths between the particle
rows so produced and that Cb2> C, and szf R,.

connecting the measured quantities Rp and C

=[QRX+(n+1)Rglz + WPRy®R,® [nCy +(n+1)Cc | ?

Ry - -, (151)
2 2 2 !
nRy+(n+1)Ry + wRyR [ nC *R +(n+1)C *R_ |
2 2 2 2p 2 3
o PORSHOIICR P ¢ wAC,O R AR, [ﬁcb+(n+1)cxd(152)
P - ;
| nRy+(n+1)Ry® + wRy R, 2 [nC +(n+1)c 12

Theoretically substitution of four experimental
values in each of these equations should give four simultaneous
equations which allow calculation of Ry, Rb, C, and Cpe
Once these guantities are found at each temperature,
activation energies for Ag+ ion movement within the grairms
and across the barriers can be calculated. In setting up
equations (151) and (152), the contacts between the outermost
particles of a series row and the cell wall are considered to
be of the same nature as the particle contacts, and thus there
are n particles and (n+l) barriers per row. If n is assumed
to be large (n=750 for this sample), then effectively
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n=(n+1l) and the equations can be simplified. The simplified
equation (151) has been used to try and reproduce the
experimental Rp curves for the anhydrous sample at 0°C.

By substituting three experimental values at different
frequencies in the simplified equation (151) (which due to
the above simplification is only in terms of R, Ry and C,)
equations connecting Rp and the w (w = angular frequency = 2nf,
where f = frequency in c¢/s) were set up. The resulting
equations are found to be dependent on the points chosen for
the original substitution and when plotted as curves 2 to 9
in Pigure 84 do not reproduce the experimental curve 1.

In some of these calculations values for Rp at zero frequency
are assumed, since the experimental results do not reach the
region of constant Rp at low frequencies, which is forecast
by both the Maxwell-Wagner model and equation (151). The
details of the curves shown are as follows:-

Table 19.

Curves on Figure 84.

Curve Frequency of experimental Ry value assumed and
No. Rp values used its frequency
3 2.5 ke/s, 32 ke/s and 1.1 None
me/s
5 32 ke/s and 1.1 me/s 4.65 meg-Ohm at O c/s
6 400 ¢/s and 7.6 mc/s 3 meg-Ohm at O c¢/s
7 400 c¢/s and 7.6 me/s 1.8 meg-Ohm at 0 ¢/s
8 400 c¢/s and 7.6 mc/s 1.65 meg-Ohm at O c¢/s
9 770 ke/s and 7.6 mc/s 1.65 meg-Ohm at 0 ¢/s

Curve 10 is obtained from the average of the results in '8"
and '9', This assumes these two types of resistances to be
in parallel in the cell, i.e.
Ryo = 22e:Re (153)
Re * Rg
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Finally, curve 11 which coincides with curve 8 is plotted
by using the same Rp values as in curve 8 and equation 154,
which was set up assuming the two types of barriers RC and
Rgq where R,=2R; and CC=%Cd,

=2 - -
2p 2n 2 2_ ¢4p 2 4 4
(2R +3Ry) +wPRy2C4? | (4R, +3R4)%-8R | +4w*R R %C,

A (154)
—ar 2 2 % 4 &
(2R, +3Ry ) +WPR3®C3® (1R +BR4) + 2w R R3*C,4

R =
Y

wis

It is not surrrising that these theoretical treatments are
unsatisfactory. The equations for Rp and C_ forecast sigmoid
curves, in agreement with the experimental and theoretical
(139), who show that when

x and RX should
be equal to the experimental values at high frequencies, and
Cyp and Ry should be obtained at low fregquencies. The
measurements on anhydrous AgA(AgNOs) are in the intermediate

range and do not reach low enough freguencies to give frequency

results of Lewis and Bickford
interfacial polarisation dominates a system, C

independent Rp and Cp values., Furthermore there is obviously
a large distribution of barrier heights whereas only two

types of barrier at most have been considered in the above
theoretical itreatments. The methematical treatment involving
a distribution of barrier heights is lengthy and is not
attempted since it would only give accurate values of the
large Ry and Cy values which vary with sample packing, while
the much lower grain resistance and capacitance which are the
guantities of interest would only be obtained approximately.

The logg"app curves of Fig. 76 are parallel at the
lower frequencies and comparison with the theoretical curve
forecast by equation (149) (loge" + log f = constant) shows
that d.c. conductivity predominates although the a.c. influence
is appreciable. Comparison of the relative positions of the
&.app, tan:app and 1og(Rp(app)) curves (Figs. 74, 75 and 77)
with the theoretical figure 26 indicates that these low
frequency parallel "

app
frequency part of Fig., 26, i.e. the grain resistance range.

curves approximate to the high
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However the change with frequency of the log(Rp(app))

results again emphasises the a.c. influence on these
results. Activation energies calculated over the range of
the parallel log(Rp(app)
These R_ values are influenced by a.c. conductivity and the
activation energies calculated from them are therefore only
approximate. It follows from above that the activation
energies correspond to the movements within the grains of

Ag+ ions, of both the framework and the interstitial molecules.

) curves are given in Table 20,

Table 20.
Anhydrous AgA(AgNOs).

Frequency Activation energies, k.cal/mole calculated
between the temperatures of:
0-30°¢ 0-50°¢C 30-50°C Average
320 c/s - 10.8 - 10.8
400 10.8 10,9 11.0 10.9
500 - 10.8 ~ 10.8
620 11.1 10.9 10.7 10.9
800 10.9 10.8 10.7 10.8
1.0 ke¢/s 11.0 11.0 11.0 11,0
1.3 10.7 11.0 11.5 11,1
1.6 10,7 11.0 11.5 11.1
2.0 10.3 10.9 12.0 11.1
2.5 10.5 11.1 12.1 11.2
3.2 9.9 10.8 12.5 11.1
4.0 10.0 10.8 12.4 11.1
5.0 - - 12.6 -
6.3 - - 12.4 -
8.0 - - 12.5 -
{ 10.0 - - 12.1 -
1310 - - 12-1 -
16.0 - - 11.6 -
20.0 - - 11.6 -
25.0 - - 11.1 -
32,0 - - 11.0 -
40.0 - - . 10.4 i -
50.0 - - 10.3 i -
T
Average 10.6 A 10.9 11.6 11.0
! [ (to 4 ke/s 11.5) i

The average activation energy is therefore 11.2 k.cal/mole.
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The interfacial polarisation effects encountered
in basic sodalite and AgA(AgNOs) are fundamentally different.
In AgA(AgNOs) the effect is intrinsic and is caused by a
donductivity due either to structure defects or to the fact
that there are more cation positions than cations in the
molecule or to both. Thus hydration has little influence
on the interfacial polarisation effect in AgA(AgNOs). In
basic sodalite, inteffacial polarisation depends entirely on
hydration, i.e. on the water sorbed in the zeolite, One may
however look upon hydrated basic sodalite as the water
occlusion compound of the zeolite. Dryden and Meakins
explain that dielectric dispersion and loss in occlusion
compounds is due to dipole orientation of the occluded polar
molecules., However the magnitude of the é'app values at
low freguencies of both hydrated basic sodalite and
AgA(AgNOs) points in these instances to interfacial polarisation
effects rather than to the explanation given by Dryden and
Meakins.

(126)

The arrangement of intracrystalline AgNOs clusters
in AgA(AgNOs) suggested possible anti-ferroelectric
properties in this material (18), but these have not been

found in the behaviour of the crystalline powder.
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7. SODIUM ANALCITE.

7.1. Description of Samples.

The sample of sodium analcite (preparation 23)
was prepared by hydrothermal synthesis in the large autoclave.
The 1:1:4 gel, i.e. Naz0,A1,05,45i02, was heated for 2% days
at 210°C in the presence of a 50% molar excess of sodium
hydroxide(lg). The cubic unit cell parameter 'a' of the
product is 13,72 Z; the 'd' spacings are compared with those

given by Barrer and Baynham 8) in Table 21.

Table 21,

Powder X-rays of Sodium Analcite.

Sodium Analcite from

Preparation 23 Barrer and Baynham(8)

'a' I

: t t 1 t
spacing intensity hicl a a I
5,60 Se 112 13.71 5.959 S,
4,84 W 202 13.69 4,85 m,
3.66 VeWo 312 13.68 - -
3.43 V.8, 400 13,70 3.43 V.V.S,
2.92 So 223 13.71 2.93 S,
2,80 VeVeWo 224 13.72 - -
2.69 S W.—I, 413 13.72 - 2.69 m.
2.55 We =1, 4382 13.73 2.50 m.,
2.43 W 440= 13,73 2.42 Me=W,
2.23 Wo 325 13.73 2.28 m.
1.90 W 406 13.72 1,90 n.
1.87 VeWo 217 13,73 1.86 m.
1.74 Wo—1. 327 13,73 1.74 m.S,

The powder X-ray photograph and electron micro-
graphs establish the absence of impurities and gel particles.
The particle size of the spherulitic crystallites is
3.,10-% cm. Since the volume of the large stainless steel
cell, which was used for all these measurements, is 3.34 cm®,
van Vessem's condition (page8R ) is approached much more
closely than in the sodium chloride measurements which served
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to test the applicability of the BBttcher equation (page 123).
Consideration of these sodium chloride results thus shows
that results for sodium analcite obtained using the Bbttcher

equation are accurate.

The sample contains 8.49% water, which is of the
correct order for this material (see page 29. The moisture
content was determined at all temperatures by thermogravimetric
balance. These results can however not be used to determine
the water content of the hydrated sample at the temperatures
of measurement, since the dielectric measurements were
obtained with the cell in an anhydrous atmosphere. In order
to evaporate surface water prior to dielectric work, the
cell holder containing the hydrated sample was evacuated in
the high vacuum system for 2 hours (2.107¢ mm Hg), until the
Tessler coil showed that no further water was given off.

To obtain the anhydrous material the sample used
for hydrated measurements was 'outgassed' in the high vacuum
apparatus by heating for two days at 380°C. The correct
dehydration temperature had been determined by Beattie, Barrer

(21-23,66,65)  mpo densities

and Barrer and Ibbitson
calculated from X-ray data, refractive indices determined by
sodium light and the electronic contributions to the

dielectric constant determined from these refractive indéces

are shown in Table 22.

Table 22.
. . Density Refractive g' . Packing
Materigl gms/cmg Index € clectronic Fractign
Hydrated Na analcite 2.272 1.477 2,18 -

Anhydrous Na analcite 2.079 1,446 2.09 0.411
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7.2. Hydrated Scdium Analcite.

Measurements made at 30, 58 and 90°C in that order,
gave repeatable results reproduced in Tables XLIII fo XILV.
The measurements at 58 and 30°C were repeated after the 90°C
run and gave the results shown in Tables XILVI and XLVII, which
are different from those originally obtained. All the
results are plotted in Figures 85 to 88.

The order of the,éfapp values clearly shows that
the tand peaks are due to a relaxation effect rather than
to interfacial polarisation. The earlier discussions of sodium
analcite structure and earlier work (page?2 ) make it clear
that this relaxation effect is due to the cations neutralising
the zeolite framework, which in this cage are hydrated.
The &’app and tan&app curves are of the correct type
(Pigs. 16 and 20) for a relaxation effect, while, however, .
the E"app and 90° tand, .
that some interfacial polarisation occurs at these lowest
frequencies. In the repeat ruas 149 and 150 (58 and 30°C)

the tanSapp peaks move to a lower frequency than in the

curves at low frequencies indicate

original runs, thus indicating larger activation energies.
Activation energies referring to a relaxation effect should
really be calculated from Q"app peaks; the latter are only
roughly indicated in Fig. 87, but lead to the same con-
clusion as the tand peaks. The results of the calculations
of activation energy will be discussed with the results for
anhydrous sodium analcite, but the above observations
indicate that the cations were less hydrated in runs 149 and
150 than in runs 144 and 145. This is as expected from

the experimental procedure, since the water removed at 90°C
is unlikely to be returned to the zeolite on cooling under
the experimental conditions used. Runs 149 and 150 thus
represent a material in the same state of hydration as in
run 148, while runs 144 and 145 do not. The repeat runs
are therefore more reliable and the activation energies
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calculated from them are not affected by water loss.

The activation energies are therefore reliable, although
the state of hydration of the zeolite for which they are
calculated is not known.

The log (@"app) curves confirm that the dielectric
loss is due to an a.c. relaxation effect caused by sone
limited charge movement rather than by a d.c. conductivity
from electrode to electrode. The 'real' results for the
massive crystalline substance have not been calculated,
because the state of hydration of the material is not known
and the results would therefore be of no value. Furthermore,
activation energies calculated from the 'apparent' results

are the same as those calculated from the 'real' ones

(see tables 11 and 12 in the case of basic sodalite), when
calculations are made froﬁ/g%%%%%t%gc loss peaks (see
anhydrous sodium analcite results where the real and

apparent ¢ " peak values give the same activation energies)
and hence activation energy calculations do not require

'real' results.

~7.3. Anhydrous Sodium Analcite.

Results of measurements at 30, 45 and 60°C are given

in Appendix tables XLVIII to LIII and plotted in Pigs. 89 to
92 in terms of the apparent quantities. Runé 161 4o 163
shown in tables LIV to ILVI were obtained after completion of
run 160 (table L) as repeatability checks. Prom page 107

it follows that the maximum difference between repeat
results of e,app should be 2% and of tanéapp 4%,  Except
for one point the repeat results at 45 and 60°C are much
closer than required by these limits., At 30°C the maximun
g'app difference is 4% and the maximum tanéapp difference
7%, However this unexplained deviation is not serious since
the tanﬁapp maximg appear at the same frequency in the two 30°C
runs and activation energies and relaxation times are therefore

not effected by the inaccuracy of the values.
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The real ¢'o, tando and ¢'", values calculated by
use of the BY8ttcher equation are given in tables 23 to 25 and
plotted against log £ in PFigs. 93 to 95. Figures 89 to 95
are the typical curves associated with a relaxation
phenomenon, which will be discussed later. At the lowest
frequencies the onset of barrier layer behaviour is
indicated. By plotting ¢" against &', Cole-Cole circular
arc plots similar to those of Fig. 21 are obtained from
both the apparent and real results. A1l the curves are
very similar and indicate a distribution of relaxation times.
Figure 96 which is for the apparent results at 45°C is
typical of themn. They deviate slightly at the highest
frequencies and to a great extent at the lowest. At the
high frequency end the deviating points are very close and the
deviations small. These are probably due to the type of
effect described by Garton, i.e. the formation of additional
equilibrium positions with small potential energy differences
of the relaxing particles, caused by varying cation
environment (page 72). The very rapid increase of
e" with ¢! on lowering the frequency at the lowest
frequencies is the effect found both with hydrated basic
sodalite and AgA(AgNOs) and is associated with the onset of
interfacial polarisation at the lowest frequencies. This
has already been observed in the hydrated sample (page 174)

i

and is also apparent in the é', ¢ and tan§ against log f

curves.

The values of hy € > €q and the approximate

frequency Of‘é"maximum which is the frequency of the centre
of the Cole~Cole circle are listed in Table 26, The
frequencies at which the peak in the tand and ¢" against
log f curves appears are given in Table 27. These peak
frequencies were also calculated from the Cole-Cole plots
by using equation 93; the results are in Table 28.
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Table 25.

Anhydrous Sodium Analcite, real quantities:
Runs 155 and 156, 30°C.

Frequency ¢'o tand, &"o  Freguency 4o tando ¢'o
(320 ¢/s 69.1 0.214 14.8) 8.0 ke/s 43.0 0.454 19.5
(400 67.9 0,198 13.5) 10 39.1  0.497 19.4
500 67.2 0,191 12.8) 13- 35.1 0,541 19.0
630 66.5 0,184 12.3) 16 32,3 0.564 18.2
800 65.4 0,192 12.5) 20 29,5 (0.589 17.4
1.0 k¢/s 64.3 0,195 12.5) 25 26.8 0.604 16.2
(1.3 62,6 0,210 13.,1) 32 24,1 0.614 14.8
§1.6 61l.2 0,227 13.9) 40 22,1 0.614 13.6
2.0 59.7 0.249 14.9) 63 18,8 0.607 11.4
2.5 57,4 0.268 15,4 74 18.3 0.589 10.8
3.2 54,8 0.307 16.9 256 §12.9 0,459 5.92)
4,0 52,6 0.338 17.8 890 10,1 0.353 3.56)
5.0 49.7 0.375 18.6 2.54 me/s (8.72 0.271 2.36)
6.3 46,5 0,414 19.2

Table 24.

Anhydrous Sodium Analcite, real guantities:
Runs 159 and 160, 45°C.

Frequency ¢'o tand, ¢"o  Trequemey ¢€'o tanio ¢"o

~

320 ¢/s 70,9 0,313 22.2) 25 kc/s 40,6  0.458 18,6

NN

)

500 69.7 0,239 16.6) 32 37.2 0.493 18.3
2800 67.5 0,196 13.2) 40 34.2 0,525 18.0
1.0 ke/s 66.4 0.180 12.0) 50 31.6  0.544 17.2
gl.S 65.3 0,173 11.3) 63 27.6 0.608 16.7
1.6 64,8 0,172 11.1) 74 26,2 0.613 16.0
(2.0 63,9 0,174 11,1)101 20,7 0,625 14,2
(2.5 63.2 0,190 12.0)122 21,0 0.622 13.1
(3.2 61.9 0,193 12.0)151 19.5 0.612 11.9
4,0 60.6 0,207 12.5 216 17.6 0.582 10.2
5.0 59.0 0,225 13.3 313 15,6 0.543 8.45
13 49,5 0,353 17.5 890 12.2 0.439 5,37
16 46,8 0.385 18.0 2.54 me/s  (9.94 0.353 3.51

20 43,8 0,420 18.4
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Table 25.

Anhydrous Sodium Analcite, real quantities:
Runs 157 and 158, 60°(.

Frequency ¢'o  tand, ¢"o  Frequency ¢'o tand, €',

320 ¢/s 82.6 0.491 40.6) 50 ke/s 43.7 0.431 18.8

)
2800 72.1 0.297 21.4) 63 38,1 0.510 19.4
( 1.3 kehs 68.5 0,226 15.5) 74 36,1 0.531 19.2
2,0 67.1 0.187 12.5) 101 31.4 0.584 18.4
2,5 66.3% 0.177 11.7) 122 29,7 0.595 17.7
3,2 65.5 0.168 11.0) 216 22.8 0.641 14.6
4.0 64,7 0.165 10.7) 256 21.6 0,633 13.8
g 5.0 63.8 0.178 11.3) 313 19.6 0.639 12.5
6.3 62.9 0.183 11.5) 417 18.4 0,610 11.2
( 8.0 61.8 0.193 11.9) 509 17.1 0.594 10.1
(10 60.4 0.207 12.5) 770 15.3 0.550 8.43
20 54,6 0.287 15.7 1.77 mehk (12.3 0.468 5.74)
32 49,4 0,357 17.6 2.54 (11.4 0.43%7 4.,98)
40 46,5 0,396 18.4

Note to tables 23 to 25: The Cole~Cole plots show that the
results are influenced by interfacial polarisation at the
lowest frequencies and by other deviations at the highest
frequencies. The B8ttcher calculation exaggerates these
deviations and results so affected are bracketed. Thus
only the results between the broken lines give the -eorrect
grain values.
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Table 26.
Sodium Analcite. Values obtained from Cole-Cole Diagran.
Type of Freguency Fuoss Kirkwood
Cole-Cole ¢, . ¢4 h  of centre B at w/w, =
plet. « of Cole-
Cole circle
_ -1 +1
= £, ke/s.
Apparent Values. :
30°C 3.3 12,0 0.31 10 ~0.,48 > 0.50
45°C 3.0 11.9 0.34 30 ~ 0.48 7 0.50
60°C 3.1 11.6 0.29 69 Y 0.50 > 0,50
Real Values.,
30°C 2.9 72,8 0.30 9 = 0,46 J 0,50
45°C 9.0 71.8 0.32 25 5 0.48 > 0.50
60°C 10.1 68.9 0.26 60 == 0,50 >0.50
Table 27.

Sodium Analcite. Peak Freguencies in ke¢/s.

1. Hydrated Sodium Analcite.

Type of Curve

tan&app/log f

30°C 58°C 90°C

using runs
148 and 149 - 2.5 1z
144 and 145 1.0 4.5 14

tanéapp/log f using runs

é"app/log f

Peaks only roughly indicated
on Figure 87,

2. Anhydrous Sodium Analcite.

Type of Curve

tando/log T
e"s/log £
tﬁnéapp/log f
c app/log f

30°C 45°0 60°C
36 95 230
9 24 860
28 74 180
10 28 70
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Table 28,

Sodium Analcite. Peak Frequencies and Relaxation Times

from Cole-Cole Plots and Eguation 93.

Temperature Apparent Results Real Results
°C Thax. T Tax. T
ke/s ke/s
30 10.1 1.58 107° 8.63 | 1.84 10-°
45 29.8 5.34 10-° 24.7 6.44 1078
60 73.2 2,17 10~° 62.9 2.53 107°

The distribution of relaxation times is in the intermediate
range, but tends to the narrow. At W/Wm = 1 the Fuoss-
Kirkwood f is always bigger than 0.5 and at w/wm =-1, 8
equals or is just smaller than 0.5 in both the real and
apparent results (see Table 26). At the low frequencies
the slightly lower f may be due to the influence of the
barrier layer effect which was shown to give rather large
variations in the Cole-Cole diagramn. However the Fuoss-
Kirkwood curves in Fig. 26 are too close in the region
concerned to allow theoretical calculations. The Cole-
Cole circular arc plots fit the experimental points fairly
well and can be used.

Activation energies were calculated by using
equation (155) which is derived from equation (122)

£
E =k 2l 105 o= g 545 Daele 144, (155)
AT £ y-T,
Mg g

This was developed and used by a number of authors (e.g.
references 126, 181, 182; see also pages 75 to076). The
maximum frequencies fm were calculated by a number of
different methods, and these methods and the results of the
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activation free energy calculations are listed in Table 29.
Of these (a) to (f) suffer from the disadvantage that the

o, values have to be obtained by interpolations from graphs.
f, in (g) and (k) is also found graphically, but since 1%
depends on all the points of the Cole-Cole plot it is more
accurate than f in (i) and (j) which is calculated from
measurements on a limited number of points. Authors usually
use methods (f) and (h) to calculate activation energies;

in fact the values obtained by these methods are equal to the
average obtained from all other methods when the less

accurate values 1in (1) and (j) are neglected and are less
than 1% different from the general average. Thus the
activation energy found for anhydrous sodium analcite is

12.6 ¥ 0.3 keals/mole. The values obtained from the
apparent results in (c) and (d) appear to be lower than

those obtained from real results (e) and (f). This is not
borne out by results from the Cole-Cole plots and the
comparatively small deviation is obviously within experimental
error. Thus the apparent values fdr the powder material
will directly give the correct activation energy for the
solid material, which shows the power of the powder method

of measurement. Also activation energies obtained from
tand peaks are the same, within experimental error, as those
obtained from ¢" peaks.

The results in (b) of Table 29 in respect of
hydrated sodium analcite must be neglected, since in this
case the water loss between the temperatures of measurement
has caused an apparent decrease in the activation energy
values. 12.8 X 0.3 kcals/mole is thus the activation
free energy for hydrated sodium analcite and since the results
for the hydrated and anhydrous samples are within experimental
error, this shows that water has no influence on the
activation energy of sodium analcite.
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Table 29.

Activation Energies 'E' from Sodium Analcite Measurements.

Details of the method used Temperatures B Avérage
to derive the maximum used in the kcal/ E,
frequencies, f_ calculation mole kcal/
°C mole
(a) From the tan§app peaks 58 to 90 12.8
of hydrated sodium ana101te 20 to 58 - 12.8

using runs 149 and 150 which
have the same moisture level 30 to 90 -

(b) From the taniapp peaks 58 to 90 8.4
of hydrated sodium analcite
using runs 144 and 145, i.e. 30 to 58 10.6 9.5
complicated by water loss
effects, 30 to 90 9.5
(c) From the tandgpp peaks 45 to 60 12,4
of anhydrous sodium analcite 30 to 45 12.3 . 12.4
: 30 to 60 12,4
(d) From the tando peaks 45 to 60 12.3
of anhydrous sodium analcite 30 to 45 12.3 12.3
30 to 60 12.3
(e) From the € "app peaks of 45 to 60 12.8
anhydrous sodium analcite 30 to 45 13.1 12.9
30 to 60 12.9
(£f) Prom the e ", peaks of 45 to 60 12.8
anhydrous sodium analcite 30.to 45 12.4 12.6
30 to 60 12,6
(g) fy are the frequencies at 45 to 60 11.6
which the centres of the Cole-
Cole circles appear, derived 30 to 45 13.9 12.8
from the apparent results of
anhydrous sodium analcite 30 to 60 12.8
(h) fp are the frequencies at 45 to 60 12.2
which the centres of the Cole-
- Cole circles appear, derived 30 to 45 13.0 12.6
from the real results of an-
hydrous sodium analcite. 45 to 60 12.6
(1) By averaging the peak 45 to 60 12.5
frequencies obtained by eq.
93 from 3 points of the Cole- 30 to 45 13.7 13.1
Cole plots of the apparent
results. 30 to 60 13.1
(j) By averaging the peak 45 to 60 13.0
frequencies obtained by eq.
93 from 3 points of the Cole- 30 to 45 13.3 13.2

Cole plots of the real
results. 30 to 60 13.2
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Ta™e 29 (contd.) '

Averages of Activation Energy Results for Anhydrous Sodium
Analcife:

A1l results (c¢) to (J) 12.7 kcal/mole.
All apparent results 12.8 " "
A11 real results 12.7 " .
tan$ peaks 12,3 " .
c¢" peaks 12.8 " .
All Cole-Cole peaks 12,9 " .
Apparent Cole-Cole peaks 12.9 " !
Real Cole-Cole peaks 12,9 " "
Average results not using

(i) and () 12,6 " "

The explanation of the significance of these
activation energies is based on the structure of sodium
analcite as determined by Taylor (p. 16 to 20) in which the
cations occupy 16 of 24 energetically equivalent positions
on a time average basis. Conse%gengly these cations are
mobile and the activation energies/in the anhydrous sample
must be a measure of the barrier the ions have to overcome
in jumps into the vacant equivalent cation positions. In
the ‘absence of impurities, which is assumed, the structure
as set out on pages 16 to 20 does not allow any other relaxation
effect. This is in agreement with Beattie's assumption that
conductivity in anhydrous sodium analcite is purely ionic
(ref. 21 and page 99 and the activation energy of 12.6 kcal/
mole found, agrees well with Beattie's value of 12.5 to 13,0
kcal/mole. The above explanation is correct both if Taylor's
24 equivalent cation positions or the alternative suggestion
by Beattie (page 22), of 8 ions of lower energy per unit
cell with the other 8 averaging over 16 positions of
equivalent higher energy, represent the truth. The
following considerations show that the hydrated sample used
in these measurcments contained much more than 25% of its
total water content even though the surface water was removed
under vacuum and measurements were made at 90°C water content.
The percentage water losses, at various temperatures, of the
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sample under atmospheric conditions are: 0.15% at 90°¢C,
0.82% at 140°, 2.80% at 201°, 4.03% at 246°, 5.69% at 282°,
6.96% at 322° and 8.49% at 497°C. Hence under atmospheric
conditions the sample was reduced to 25% water content at
about 300°C, Little water will have been lost on out-
gassing at room temperature and any water subsequently given
off at 90°C still remained in contact with the sample, which
must thus have contained more than 25% of its water content.
Thus the activation energy of 12.8 kcal/mole found for the
hydrated sample is in respect of material containing more
than 25% of its water content and is the same as for anhydrous
sodium analcite. This disagrees with Beattie's conclusions
put forward to explain the activation energy of 16 kcal/mole
found by him in the samples of water contents above 25% of
the maximum, Beattie suggested that in this case the rate
controlling process in the cation migration involves the
energy barrier for the migration of the uncharged water
molecules which hinder the cation movement (p.92 ).
Beattie's own diffusion experiments agree with his higher
result. However more recent values obtained by Rees 163)
by a radio~active tracer method are in good agreement with
the value found in this work. Tt must he pointed out
however that Figs. 86 and 91 indicate a peak frequency shift
on dehydration, which on reference to table 2 should be
equivalent to an activation energy difference of 3 kcal/mole.
The reason for this has not been resolved, but probably
lies in the greater interference of the interfacial
polarisation effect on the results for hydrated crystals,
as can be evidenced by the broadening of the(&"app
results (compare Figs. 87 and 92) in the hydrated sample.
Since the activation energies are the same in the anhydrous
and hydrated samples it can be concluded that the water
molecules have no part in the migration process. This
can only be so if the water molecules in hydrated sodium

analcite are not in a position to hinder the moverment of

(23)
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the cations. The high value obtained by Beattie may be
connected with a barrier layer effect obtained by him at

the low frequencies of his measurements with the hydrated
sample. Such an effect is actually indicated in the

results presented here. It would involve particle-particle
energy barriers which must be higher than the intra-particle
barriers of the sodium ions, hence a value of 16 kcal/mole.

In fact the low frequency results of hydrated sodium analcite,
which show the interfacial polarisation effect, indicate

that a peak due to this effect may be obtained at a frequency,
which on considergtion of Table 2 is found to be of the
correct order to give an activation energy of 16 kcal/mole.

The activation energy - peak frequency relation
listed in Table 2 (from Dryden and Meakins) is well
reproduced by the results for the anhydrous crystals and is
thus a good guide for finding the frequency at which
relaxation peaks of aluminosilicates occur, when the
activation energy for the relaxation process is approximately
known.

It is interesting to compare the sodium analcite
results with those of basic sodalite. In sodium analcite
water has 1little influence on the order of the results and
the peak frequencies. On dehydration the tand peaks
become steeper and move to slightly higher frequencies and
both hydrated and anhydrous samples show the beginnings of
interfacial polarisation effects at the lower frequencies.
In basic sodalite water is seen to have a profound effect
on the electrical properties. Since the conductivity or
relaxation which determines the electrical properties, is
due to the cations in both samples, it appears that in basic
sodalite only are the water molecules associated with the
cations so as to influence their properties, The

difference between the two aluminosilicates may lie in the
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fact that some of the cations in basic sodalite are in the
form of interstitial sodium hydroxide and are not as strongly
bound as the framework cations. When the material is in the
hydrated state it then behaves almost as an aluminosilicate
framework, the cages of which are permeated by sodium
hydroxide solution.

The lowest values of €', obtained at the highest
frequencies do not reach a constant value (Fig. 93),
approximating to ¢ . In fact at 30°C the lowest ¢'o value
is even lower than ¢, obtained from Cole-Cole plots.

The difference is due to the deviation of the high frequency
results from the Cole~Cole circles, which was discussed
earlier (page 181). The Cole-Cole €, results were thus
used to calculate the atomic and dipole contributions to

the dielectric constant; the results are given in Table 30.

Table 30,
Tempggature €s €0 Eelectronic €atomic €ionic
30 72.8 9.9 2.1 7.8 62,9
45 71.8 9.0 2.1 6.9 62,8
60 68.9 10.1 2.1 8.0 58.8
Average - 9.7 2.1 7.6 -

Using €og = 9.7 throughout, the ionic contributions become
63.1 at 30°C, 62.1 at 45° and 59.2 at 60° respectively.

In 211 these results the fact that a graphical method had
to be used to determine e's and €'y accounts for
inaccuracies; however the experimental results could not
be used directly because of the low and high frequsncy
deviations discussed earlier. Agfeement between the
dielectric constants and those quoted in Table 3 (page 89)
is not good. It is obvious that all the workers quoted in
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Table 3 measured €,y , but both their samples and
conditions of measurement are not sufficiently defined to
add to the comments on pagel( . A liquid immersion method
of measurement at very high frequencies might be useful %o
determine the exact ¢,, values; the difficulty in such a
method is to keep the sample in an anhydrous state.
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8. LEUCITE.

8,1. Description of Sample.

Leucite was prepared by ion exchange from sodium
(10,11,12)

analcite, preparation 23 Three sealed glass

- tubes, each containing 5 gms sodium analcite, 10 gms
potassium chloride and 10 ml water were rotated for 2 days
in an oven thermostatically controlled at 140°C. The
product was filtered and washed free from chloride and the
whole exchange procedure including washing free of chloride
was twice repeated. The sample was dried successively by
alcohol, acetone and air. 7 gms of the dry exchange
product were sintered for 3 days at 1350°C and then quenched
gving the second sample. There was little contraction on
sintering and X-ray evidence shows the two samples to be
identical. The 'd' spacings of the materials obtained by
powder X-ray measurements are compared with the spacings
given by Barrer and Baynham(g) for a natural leucite and

a sample prepared hydrothermally in Table 31. The X-ray
powder photograph of the samples was identical with that

of a sample prepared by Dr. L. V. C. Rees(163),

The dimensions of the unit cells of the samples
used in this work are compared with those of other samples
in Table 32. The crystallites of the ion exchange sample
are irregular spheres of varying size from very small to a
maximum diameter of 4.10~% cm. The sintered sample consists
of spheres of up to 10.107% cm diameter. Considering
van Vessem's experiments and the sodium chloride results
on page t2% , the particle sizes of the samples are thus
small enough to give reliable results on applying the
B8ttcher equation. The electron microscope, optical
microscope and the powder X-rays show that the samples do
not contain gel, other aluminosilicate species or impurities.
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Powder X-rays of Leucite Samples.

192,

Leucite Exchange : Sintered Leucite Naray- Barrer and
Szabo(71)] Baynham(8)
'q' 1! "a' "1 Natural |Hydrothermally
spacing inten~ hkl |spacing inten- hkl {Leucite prepared
sity sity L  .peucite., ,
d I
9.40 VeVeWse — 9.52 V.vV.w. 101
.54 v.w. 1121} 5.55 W. 112
5.37 m. 211 | 5.39 S 211
4,76 VeV.W. 2021} 4,76 W 202
3.60 V.V.w 213 | 3.62 V.v.w 213
3.51 VeVeW, 321 3.53 VoeVeW. 321
Be44 s, 004 | 3.45 S. 004 345 3.42 V.S
3.27 v.s., 400} 3.28 V.S, 400 3.26 3.23 V.S,
3.15 VeV.W. 410 | 3,17 VeVewo, 410
3.09 VeVew. 411 ] 3.10 VeVew. 411
3.04: vvv.w. 204 ]| 3.05 VeV.wW. 204
2.92 W. 420 | 2.93 m., 420 2.91 2,89 S.
2.84 nm, 323 | 2.80 m, 323 283 S,
2.81 W 332 | 2.82 We 332 2.81
2,64 VeVewW. 314 | 2.65 We 314 2.64 2.64 m.
2.37 Wo 225 | 2.37 w.-m., 225 2.38 2,37 S
, 404 404
2.32 V.V.W, 440 | 2.32 VeV.Ws, 440 2.30 2.30 We
2.13 vV.w. 532 |2,13 We 532 2.14 2.14 m,s.
2.06 £2.06 MW,
1,73 V.V.w. 327 1 1,73 v.w. 327 1.72 1.72 m,
1.67 W. - 1.67 W - 1.66 1.66 S.
Table 32.

Tetragonal Unit Cell Sizes of Leucite Samples.

Origin and Type of Sample

Angstrom Units

a . e
Exchange sample used in this work 13.09 13,81
Sintered sample used in this work 13.09 13.76
Exchange sample ex Barrer and Ba nham(B) 12,92 13.70
Naray-Szabo's natural 1eucite(71¥ 13.01 13.82
Wyart's synthetic leucite 69 12.95  13.74
Wyart's natural leucite(®7+68) 12,95  13.65




193.

The large 'd' spacings found with the experimental samples
and Dr. Rees' exchange sample have no counterparts in

the comparison samples. This must be due to the use of

the Guinier camera in taking the powder X-rays of the
former. Undoubtedly this camera gives better resolution

at the low diffraction angles than the X-ray cameras which
were used to find the 'd' spacings of the comparison species.
The exchange material contains 0.30% surface water and loses
a further 0.48% at 500°C, while the sintered sample shows
0.14% loss at 500°C.  Theoretically surface dried leucite
produced from sodium analcite by 100% exchange should show

a loss, due to strongly held water, of 0.55% at 500°C,

Thus the sample of leucite used in this work, was 100%
exchanged.

The densities of fhe samples calculated from X-ray
data, the refractive indices determined by sodium light
and the electronic contributions to the dielectric constant
are given in Table 33,

Table 33.
Densitz Mean ' Packing
Sample gms/cm® Refractive € electronic Fraction
Index

Exchange sample

of Leucite 2,460 1.494 2.233 0.523
Sintered

Leucite 2.450 1.500 2.25 0.519

Prior to dielectric measurements the samples were
dehydrated, by heating for two days in vacuum at 170°C.

8.2. Leucite (Exchange Sample).

The results of a.c. measurements in the large
stainless stell cell made at 30, 60 and 90°C over the whole
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available frequency range, are given in Tables LVII to
LAIT. Tables ILXIIT to LAVIII are the results of repeat
measurements at a number of selected frequencies and of
measurements at 105, 74.8 and 45.2°C to determine the
temperature dependence of the electrical properties. The
results are plotted as a function of frequency in Figs. 97
to 100 and as a funcvion of temperature in Figs. 101 to
104. The 'real' results calculated by B8ttcher's equation
afe shown in Tables 34 to 42 and are plotted in Pigs. 105
and 112 both as a function of frequency and temperature.

Table 34.

Leucite, ex Run 130 at 30°C,

¢ 1

!

Frequency £ o tanve £ o megg8hm
400 ¢/s 6.45 0,054 0,346 58,7
800 6.36 0.039  0.245 41.4

1.3 kc/s 6.33 0.033 0.207 30,2

2.5 | 6.24 0,026 0,165 19,7

5.0 6.18 0.022 0,138 11.8
10.0 6.15 0.019 0,114 7.12
20.0 6.13 0.016 0.095 4,27
40.0 6,10 0.01¢ 0,085 2.39

Table 35.

Leucite, ex Run 131 at 30°C. 4 points on best straight line.

P 1 ‘ r 1" 1 il R
requency ¢ ', tan‘app € app € © tand, € o meggghm
87 kc/s 2.97 0,0079 0.0235 6.08 0.0115 0,070 1.33

226 2.96 0.0064 0.0189 6.05 0.0093 0.056 0.642

617 2.955 0.0052 0.015¢ 6,04 0.0076 0.046 0,286

2.01 mc/s 2.855 0.0042 0©.0124 6.04 0,0081 0,037 0,109
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Table 36.
Leucite, ex Run 132 at 60°C.
Frequency ¢ 'o tand, 6"o Rpo
meg-0hm
400 c¢/s 7.17 0.126  0.902 22,5
800 6,86 0.091 0.622 16.3
1.3 ke/s 6.71 0.075 0,503 12.4
2.5 6.57 0.057 0.376 8.64
5.0 6.45 0,045 0.29%2 5,56
10.0 6.36 0.036 0.227 3.58
20.0 6.28 0.029 0.180-= 2.26
40.0 6.24 0.024 0.150 1.35
Table 37,
Leucite, ex Run 133 at 60°C. 4 points on best straight line.
Frequency ¢ tand ¢" ¢'o tands e'o Rpo
app app - app meg-0hm
87 ke¢/s 3.00 0.0134 0,0402 6.17 0.0194 0.120 0,778
226 2.97 0,0105 0.0212 6.08 0.0152 0.092 0.391
617 2.97 0.0082 0,0244 6.,0” 0,0119 0.072 0,183
2.01 me/s 2.97 0.0064 0.0190 6.08 0.0093 0,056 0.0721
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Table 38.
Teucite, ex Run 135 at 90°C.
Frequency €'o tand . e"s Rpo
meg-0hm
400 ¢/s 8,72 0.271 2.36 8.60
800 7.98 0.208 1.66 6.11
1.3 ke/s 7.57 0,174 1.32 4.73
2.5 7,16 0,131 0.941 3.45
5.0 6.92 0.100 0.689 2.36
10.0 6.70 0.075 0.502 1.62
20.0 6.58 0,057 0.375 1.08
40,0 6.45 0.046 0.294 0.690
Table 39,
Leucite, ex Run 136 at 90°C. 4 points on best straight line.
! i ! " R
Frequency ¢ app tandapp .5 app g'o tand, € o meggghm
87 kec/s 3.06 0,0238 0,0728 6,35 0.034 0.217 0.430
226 3.03 0.0182 0.0551 6.26 0.026 0,165 0.218
61" 3.01 0,0133 0.,0400 6.20 0,019 0,119 0,111
2.01 me/s 3.02 0.0102 0.0308 6.25 0.015= 0.092 00,0439
Table 40.
Leucite, ex Run 137 at 105°C,
Frequency &'o tande e's Rpo
meg-0hm
1.3 ke/s 8.40 0,246 2,065 3.02
2.5 7.70 0.191 1.471 2.21
5.0 7.32 0.146 1.065 1,92
10,0 7.01 0.108 0.760 1.07
20,0 6.78 0,081 0.551 0,737
40.0 6.66, 0.064 0.425 0.478
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Table 41.

Leucite, ex Run 139 at 74.8°C.

]

Frequenc ¢! tand Rpo
1 v ° , ° € meg-Ohm

1.3 ke/s 7.0¢ 0.117 0,822 7.60

2.5 6.81 0.087 0.592 5.49
5.0 6.66 0.067 0.446 3.64
10.0 6,50 0.051 0.334 2.43
20.0 6.42 0.040 0.257 1.58
40.0 6.29 0.033 0.206 0.985

Table 42,

Leucite, ex Run 141 at 45.2°C,

Frequency ¢'o tand o "o Rpo
meg-0hm

1.3 ke/s 6.51 0.050 0.322 19.4

2.5 6.36 0.038 0.240 15.5
5.0 6.30 0.031 0.196 8.29
10.0 6,24 0.025 0.158 5.14
20.0 6.22 0.021 0.128 3.17
40.0 6.18 0.018 0.114 ..1.78

The results indicate a peak due to either cation
relaxation or a barrier layer effect at frequencies lower
than were obtained in the measurements. The qualitative
evidence, obtained from the frequency dependence of the
results, does not provide a firm distinction between these
two alternatives, although in general evidence is in favour
of the cation relaxation mechanism.

The similarity of Figs. 99 to 106 to the
corresponding figures of anhydrous basic sodalite and the
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high frequency results of sodium analcite would indicate
that leucite undergoes a relaxation effect at lower
frequencies. However there also exists a similarity to

the véry high frequency curves -obtained for samples showing
interfacial polarisation effects, i.e. hydrated basic
sodalite and the AgA(AgNO,) samples. This is not surprising
since relaxation and interfacial polarisation peaks are
indistinguishable except in the order of the €' and tand
values. Thus the low ¢' values obtained for leucite

again indicate that these values rise to a relaxation rather
than an interfacial polarisation peak on lowering the
frequency. The sameJeVidence is provided by Figs. 100

and 108 which show that conductance is predominantly by an
a.c. mechanism. Consideration of Beattie's results on

(1) 44 instructive. He finds 17 kecal/mole

activation energy
for the potassium ions in leucite and using Table 2 this

would indicate a cation relaxation peak in the region of

1 ¢/s at 20°C. Approximately the same peak frequency seems
indicated by the results obtained in this work. Further
evidence for relaxation rather than interfacial polarisation

in leucite is that so far only macroscopically heterogeneous
aluminosilicates, i.e. those containing guest molecules such

as water or silver nitrate, have given interfacial polarisation
phenomena. However, although all the evidence seems to

point to cation relaxation occurring at lower frequencies,

the two mechanisms are so closely related and give such

similar results, that a definite decision cannot be reached

in absence of the actual loss peak.

The curves of log Rp against temperature are
approximately linear and activation energies were calculated
by using equation (150). Values were obtained by averaging
all possible temperature combinations at a constant frequency
and also by averaging results for a particular temperature
interval over frequencies between 1.3 and 40 kc/s. The
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results from both Rp(app) and Rpo are given in Table 43,

and show very good agreement. The activation energies vary
considerably, increasing both with increase in measuring
temperatures and decrease in frequency. If, as happens
with anhydrous basic sodalite, and as suggested earlier,

it is assumed that the leucite results tend towards a
relaxation peak at lower frequencies, then the variation

of the activation energies can be explained in exactly the
same way as for anhydrous basic sodalite on pages 154 to 155.
The relaxation effect is due to the framework cations,

which have a wide distribution of relaxation times caused

by the existence of additional equilibrium positions of the
cations due to thelr varying environment within the alumino-
silicate framework, i.e. 1t can be imagined that a number

of energy barriers of different heights occur. As the
frequency is raised and moves away from the absorption region,
the barriers involved are increasingly those of smaller and
smaller heights and therefore in this region the activation
energies vary with frequency and temperature.

The dielectric measurements are in the region
between peaks due to ionic relaxation and atomic resonance
absorption, The constant permittivity values at the higher
frequencies of measurement are therefore independent of
these absorptions and equal the dielectric constant
gontribution due to the total polarisability. By use of
the refractive index values, this can be split into contri-
butions due to atomic and electronic polarisation, with the
results given in Table 44. These vary only slightly with
temperature.
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Table 43.

TLeucite, Activation Energies, kcals/mole.

A. Results from all temperature combinations averaged.

) Frequengy; ex Rp(app)'ex Rpo Frequency ex Rp(app) ex Rpo
400 c/s (1) 6.9 7.0 20 ke/s (2) 5.4 5.5
800 (1) 6.9 7.0 40.0 (2) 4.9 5.0
1.3ke/s (2) 7.0 7.1 87.0 (1) 4.1 4.1
2.5 (2) 6.7 6.8 226 (1) 3.9 4,0
5.0 (2) 6.3 6.4 617 (1) 3.3 3.5
10.0 (2) 5.8 5.9 2.01lme/s (1) 3.3 3.3

(1) only results at 3 temperatures were available and used;
(2) Results at 6 temperatures were used.

B. Results at 6 frequencies between 1.3 and 40 kc/s averaged.

ex R

Temperature ex R '
Interval, °C p(app) po
30 - 45.2 4.4 4.4
45.2 - 60 5.3 5.4
60 - 74.8 6.2 6.3
74.8 - 90 6.8 6.9
90 ~ 105 7.4 7.6
Table 44.
Permittivity of Leucite.
Temperature Constant ¢'. due &' due to €' due to
°C to total electron - atomic
polarisability polarisation polarisation
30 6.04 2.23 3.81
60 6.08 2.23 3.85
90 6.22 2.23 3.99

Average : 6.11 - 2,23 3.88
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8.3, Sintered Leucite,

Measurements cover the frequency range up to 50 kc¢/s
and were made at 30, 56 and 90°C. They are listed in Tables
LXIX to LXXIV and are plotted in Figs. 113 to 116. Results
c¢f the BYttcher calculations are in Tables 45 to 47 and are
plotted in Figs. 117 to 120. Comparison of Figs. 113 to
116 with Figs. 97 to 100 reveals a close similarity to
ordinary leucite and thus qualitatively all the remarks made
about leucite on pages 198 to 199 also apply to the sintered
sample. Since the measurements on the sintered sample were
made in the small stainless steel cell, only the real results
can be used for quantitative comparison, and these are again
qualitatively the same for the two species. Quantitatively
6’09 tanSO and.é”o of the sintered material at a given
frequency and temperature are respectively 10, 30 and 40%
higher than those of the ordinary leucite. Figs. 117 to
120 include the results at 30 and 90°C for the latter
sample, The comparison clearly shows that the curves are
identical, with those of the sintered material moved up the
frequency range, indicating a loss peak at a higher frequency
than in the ordinary sample. By reference to Table 2 it can
be seen that a smaller activation energy must be expected with
the sintered sample if there i®s really such a shift in peak
frequency. It seems however possible that the shift of
results is due to the peak of sintered leucite being broader
than that of the ordinary sample, with the maximum appearing
at the same frequency at the same temperature. This would
mean that there is a larger distribution of relaxeticn times
in the sintered sample, which is reasonable, since sintering
probably results in a material which has a greater disorder
in the framework structure. Again this camnot be decided
in the absence of the actual relaxation peaks. The
activation energies were calculated as for ordinary leucite
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Table 45.

Sintered Leucite, ex Run 164 at 30°C.

Frequenc ' tand " Ryo
1 Y € e ° € meg-0hm
630 ¢/s 6.97 0.052 0,362 68,7
2.5 ke/s 6.73 0,035 0.232 27.0
10.0 6.55 0.025 0.164 9.54
40.0 6.48 0.019 0.122 3.22
Table 46.

Sintered Leucite, ex Run 165 at 56°(,

f

Frequency ¢'o tar §, ¢"o Ry

meg-8hm
500 c¢/s 7.62 0.124 0.944 33.2
2.5 ke/s 7.10 0.066 0.4867 13,4
10.0 6,82 0.043 0.295 5.31
40.0 6.64 0,030 0.202 1.94
Table 47.

Sintered Leucite, ex Run 166 at 90°(C.

Prequency e's tand o &' Rpo
meg~0hm

500 c¢/s 9.66 0.337 3,253 9.64

1 ke/s 8.69 0.252 2.188 7.17

2.5 7.99 0.169 1.347 4,66

10.0 7.37 0.096 0.707 2.22

40.0 7.06 0.059 0.419 C.935
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and are given in Table 48 and are therc compared with the
equivalent calculation for the ordinary sample. The same
variation with frequency and temperature applies, but as

in the ordinary sample results from apparent and real RD
values are very close, as are those of ordinary and sintered

leucite.
Table 48.

Sintered Leucite, Activation Energies, kcals/mole.

The sintered leucitz results are calculatsd from the three
temperatures of measurement and the ordinary leucite results
are taken from Table 43.

A, Results from all- temperavure-combinations averaged.
Frequency Sintered Leucite Ordinary Leucite
ex Rp(app) ex Rpo ex Rp(app) ex Rpo
800 c¢/s 7.1 6.9 7.0
1.0 ke/s 6.9
1.3 6.7 7.0 7.1
2.5 6.3 6.4 6.7 6.8
5.0 5.7 6.3 6.4
10.0 9.2 5.3 5.8 o.
20.0 4.8 ' 5.4 5.
40.0 4.4 4.5 4.9 5.0

B. Results at a number of frequencies averaged.

Temperature Interval ex Rp(app) at ex Rpo at
°C 8 frequencies 3 frequencies,
between 800 c¢/s (2.5, 10 and
and 40 kc/s. 40 ke/s).
30 to 90 9.9 .4
30 to 56 5.0 4.9
56 to 90 6.8 6.2
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9. RUBIDIUM ANALCITE.

9.1. Description of Samples.

The original sample was prepared by hydrothermal
synthesis in the large autoclave. The 1:1:4 gel of RbgO,
A1:0p,451i0, was heated for 2% days at 278°C in the presence
of 30% molar excess rubidium hydroxide(g). The X-ray
powder photograph of the resultant material (Sample 20)
shows diffuse lines characteristic of rubidium analcite B,
and this together with its refractive index indicates a
domain mixture of rubidium analcites B and H with B
predominating£17). The lines were too diffuse for measure-
ment, but appear in exactly the same place as the sharp lines
obtained from rubidium analcite B, a sample of which was
prepared from the domain mixture by sintering. Thus the

'd' spacings must in general be identical.

Rubidium analcite H could not be obtained from the
domain mixture; heating at 870 to 1000°C for 14 days gave
no change in X-ray pattern or refractive index. Sintering
in an alumina crucible for 2% days at 1350°C produced a very
hard block of material by considerable volume contraction
of the powder. The sintered material (sample 20/1350)
gave the characteristic X-ray powder pattern of rubidium
analcite B, which is compared with the patterns given by
Barrer and McCallum(g) in Table 49. The tetragonal unit
cell sizes of these samples are compared in Table 50.

The differences between the powder X-rays of the rubidium
analcite B samples is due to the higher resolution obtainable
with the Guinier camera, since X-rays by 9 cm camera are

identical. Purthermore 'd' spacings appearing in sample
20/1350 with no coungperparts in the other sample, still give
the correct unit cell dimensions given in Table 50, This

and the electron microscope pictures of the two materials
show that the samples contain no gel or other species.
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Table 49.
Rubidium Analcite B, Barrer and McCallum (9)
Sample 20/1350 Rubidium Rubidium
Analcite B. Analcite H

d hkl I d I d I
4,79 202 V.V.W. - - 5.53 VW,
- - - - - 4,03 VeVeWs
3.64 213 m, 3.61 s. 3.63 m.
3.58 321 m. - - - -
3.44 004 S. 3.40 S. 3.39 V.S.
3.33 104 V.S. 3.31 V.S, - -
3.25 410) V.V.W. - - - -
3.18 ) and - - - -
3.17 330) diffuse 3.16 S.
2.98 214 M. 2.97 m, - -
2,88 323 S, 2.86 V.S 2.89 S.
2.86 3382 In. - - - -
2.67 314 We 2.65 S, 2.65 VeWe
2.43 521 VW, - - 2.51 MeWa
2.39 404 m. S, 2.38 S. 2.39 m.
2.36 414 W - - - -
- - - 2.29 VeVeWs - - -
2.21 325 VW, 2.25 VW, - -
2,168 206 M, 2.168 Se - 2.197 We
- - - 2.108 VeVeWe. - -
2.016 622 VeVeWa - - 1.999 VoW
1.975 613 VeVeW. 1.968 m, - -
1.964 007 VeVeWo - - 1.962 V.V.W.
1,942 326 We - - - -
1,892 406 VeVeWs - - - -
1.869 207 V.V.Ws - - - -
1.850 - V.V.W. 1.8585 W - -
1.818 227 W 1.815 m. 1.828 W
1.736 327 w. 1,733 Wa - -
1.723 - VeVaWe - - 1.702 M. W.
1.696 - m, 1.695 m. 1.695 VeV.We
1.664 - V.V.W. 1.658 V.W. - -
1.617 - W 1.616 m.w, - -

Note: (1) X-rays of sample 20/1350 were taken by Guinier camera
and those of other samples by 9 cm camera.

(2) The X-ray of sample 20/1350 by 9 cm camera is
identical to that of samples ex Barrer and McCallum.

(3) The 'd' spacings not appearing on the comparison
samples (f.i. 4.79, 3.58, 2.86, 2.43, 2.36, 2,016, 1.964) give
identical results to the 'd' spacings appearing in all samples
when used to calculate the tetra%onal unit cell sizes. Ilost
of these 'd' spacings belong to "twinned" lines which appear
in tetragonal samples with similar a and c¢ dimensions (leucite

and rubidium analcite). These twins are resolved by the
Guinier camera but not by the 9 cm camera.
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Table 50.
Sample a, K(Angstrom) c, A
Rubidium analcite B, sample 20/1350 13.34 13.77
Barrer and icCallum, sample B 13,2 13.6
Barrer and McCallum, sample H 13.64 13.32

The densities, refractive indices determined by
sodium light, the electronic contributions to the dielectric
constant, the packing fractions and the maximum particle
sizes of the samples are given in Table 51. The refractive
index value of the domain mixture again emphasises the
predominance of species B(lv)° The density of the domain
mixture taken by gravity bottle was so close to the value
obtalned for specles B by calculation from X-rays, that in
view of the greater accuracy of the latter method and the
large predominance of species B in the domain mixture the

X-ray density value could be used for both samples.
Table 51.

Physical Properties of Rubidium Analcite Samples.

Rubidium Maximum

S Den51ty Refractive &' Packing
Analcite Particle
Sample gm/cm® Index electronic Fracilon size, om.
Domain  2.866  1.506 2.27  0.278  2.25%10~%
Spegles  z.g66  1.522 2,32 0.372  2.4x10-%

The particles of the domainmixture are spherical, while
those of species (B' are of irregular outline stl1ll approxi-
mating to spheres. All measurements were made 1n the large
stalnless steel cell. Even with the largest crystallites
the crystal diameter-cell volume proporiion is thus only
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slightly larger than the proportion used by van Vessem for
the sodium chloride measurements, while for the bulk of the
crystallites this proportion is less than that used by van
Vessem. Thus calculations by B8ttcher's equation can be

relied upon.

The domain mixture contains 1.51% water and species
{(B' 0.15%. For dielectric measurements the samples were
dehydrated by heating for 2% days at 170°C in the high
vacuunm apparatus.

9.2, Rubidium Analcite, Domain Mixture.

The results of dielectric measurements at 30, 60
and 90°C are given in Tables LXXV to LXXX. Tables LXXXI to
LXXXVI represent the repeat runs at these temperatures and
the results at 105, 75 and 45°C at a number of selected
frequencies. Tan§ values in the 74 to 122 kc¢/s region
were non-reproducible and high. A similar effect was
obtained at these frequencies with caesium analcite. This
was due to outside interference, which is always critical
when measuring very small tans values on a loosely coupled
resonance circuit. The cause of the interference could not
be determined. Figures 121 to 123 are the plots of tan&app’
1°g(Rp(app)) and 1?g@"app against frequency and Figures

124 agnd 125 of tanﬁapp and log(Rr ) against temperature.

p(app)
The é'app results show so little change with
frequency or temperature that plotting is fruitless. The
f'app values from the bridge measurements are more accurate
and are taken as representative. Their averages are 1.88

at 30°C, 1.89 at 60°C and 1.90 at 90°C. Since this apparent
temperature variation is witlin the repeatability of the
measurcments (pagetqd? ), 1.89 is taken as the correct
temperature and frequency independent value of the apparent
dielectric constant. The increase of the tan6 values which

occurs at the very high frequency end has also been noticed
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with anhydrous basic sodalite (page 148) and is due to the
influence of induction effects above 2.07 mc/s, when using
an outside circuit with the conventional resonance apparatus.
Por the same reason the log(R p(app) ) and 1oge"app results

show deviations above 2,07 me/s. In the 30 and 60°C curves

of Pig. 121 (tan&app the best straight line has been used

for results between 63 kc/s and 3.22 and 2.54 mc/s respectively.
The 50 kc/s results are often out of line. This was

noticed with all measurements of low tan& samples and 1is

due to oscillator inaccuracy at its maximum Waﬁ&lng frequency.

The results of the BYttcher calculations are
given in Tables 52 to.#0.

Table 52.

Rubidium Analcite, Domain Mixture, ex Run 105 at 30°C.

Freguency ¢'o tand, Rpo ¢'o
meg-{)

1.3 ke/s 7.12  0.0055 159 0.0392
2.5 7.12 0.0052 87.8 0.0370
3.2 7.12 0.0049 72,7 0.0349
5.0 7.12 0.0045 50.3 0.0323
6.3 7.12 0.0045 40,5 0.0318
10.0 7.12 0.0042 27.2 0.0299
20.0 7.12 0.0038 15.0 0.0271
32.0 7.12 0.0037 9.65 0.0263

40.0 7,12 0.0037 7.72 0.0263




Rubidium Analcite, Domain Mixture,

Table 53.
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ex Run 106 at 30°C,

The best straight line between 63

ke/s and 3.22 mc/s.

Frequenc ! tand Rpo !
y ¢ o ° meg—f1 €.
179 ke/s 7.19 0.0032 1.97 0.0230
1.43 mc/s 7.33 0.0016 0.494 0.0115
Table 54.

Rubidium Analcite, Domain Mixture,

ex Run 107 at 60°q.

Frequency 6' o tand Rpo &Mo
' meg- L
1.3 ke/s 7.25 0.0100 86.2 0.0725
2.5 7.25 0.0085 52.7 0.0616
5.0 7.20 0.0075 30.1 0.0540
6.3 7.20 0.0071 25,2 0.05811
10.0 7.20 0.0065 17.4 0.0468
20.0 7.20 0.0057 9.90 0.0410
32,0 7.20 0.0054 6.53 0.0389
40.0 7.20 0.0053 5.31 0.0382
Table 55.

Rubidium Analcite, Domain Mixture, ex Run 108 at 60°C.

The best straight line between 63 ke/s and 2.54 me/s.

!

tanSo

R

Frequency ¢ o po )
meg- .

217 kec/s 7,25 0,0044 1.17 0.0519

1.22 me/s 7.35 0.0036 0.251 0.0265
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Table 56.

Rubidium Analcite, Domain Mixture, ex Run 109 at 90°C.

Frequency é'o tand o Rpo "o
meg-{L
1.3 kC/S 7.34 0.0184 46,2 0.1351
2.5 .31 0.0154 28.9 0.1126
5.0 7.25 0.0129 17.4 0.0935
10.0 7.25 0.0107 10.5 0.0776
20.0 7.25 0.0090 6.22 0.0653
40,0 7,20 0.0081 3.48 0.0583
Table 57.

Rubidium Analcite, Domain Mixture, ex Run 110 at 90°cC.

The best straight line between 63 kc¢/s and 2.07 mc/s.

Frequency o tanS, Rpo "o
meg-{1
164 ke¢/s 7.48 0.0060 1.10 0.0449
1.02 mc/s 7.61 0.0044 0.238 0.0335
Table 58.

Rubidium Anaglcite, Domain Mixture, ex Run 111 at 105°¢.

Frequency e'o tande Rpo "o
meg-1

1.3 ke/s 7.57 0.0270 30.6 0.204¢

2.5 7.51 0.0216 20.0 0.1622

5.0 7.46 0.0171 12,7 0.1276

10.0 7.40 0.0139 . 7.89 0.1029

20.0 7.29 0.0116 4.80 0.0846

40.0 7,25 0.0102 2.74 0.0740
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Table 59.

Rubidium Analcite, Domain Mixture, ex Run 113 at 75°C.

Frequency ¢'o tand o Rpo €'
meg-{L
1.3 ke/s 7.29 0.0138 62.1 0.1006
2.5 7.25 0.0111 40.3 0.0805
5.0 7.29 0.0094 23.7 0.0685
10.0 7.18 0.0081 14.0 0.0582
20.0 7.18 0.0070 8,07 0.0503
40.0. 7.23 0.0064 4.38 0.0463
Table 60.

Rubidium Analcite, Domain Mixture, ex Run 115 at 456°C.

Frequency &' o tand Rpo e"o
meg-{1
1.3 kc/s 7.25 0.0075 115 0.0544
2.5 7.25 0.0067 66.8 0.0486
5.0 7.20 0.0058 39.0 0.0418
10.0 7.18 0.0051 22.2 0.0366
20.0 7.09 0.0046 12.5 0.0326
40.0 7.09 0.0044 6.51 0.0312

The value of the real dielectric constant is 7.20,
calculated from the temperature and frequency independent
value of 1.89 (see pages 213 to 214). Figures 126 to 128
are the plots of tand,, 1og(Rpo) and log(é",) against frequency.

The results reveal that the sample is a much
better insulator than anhydrous basic sodalite, although
not being outstanding in this respect. The logé " curves
show that d.c. conductivity is gquite negligible. The
change of the tand values at the low frequencies of the
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higher temperature curves suggests the onset of interfacial
polarisation of relaxation effects, but the actual tand
values are smaller by a factor of 10 (compare Fig. 106

with 126) than in the case of leucite where the latter
explanation is probably correct. However the relative
frequency variations of the tany values of leucite and of
the domain mixture of rubidium analcite are the same.
According to Table 2 and Beattie's cation activation energy
result of 18 kcal/mole (page 89), the cation relaxation
peak of the domain mixsure of rubidium analcite would be
expected at 0,1 c¢/s. Comparison with leucite, where

this peak is expected at 1 c¢/s, would explain both the
frequency dependance and smaller value of the tand results
of the domain mixture of rubidium analcite, if the
explanation of the frequency dependance of the domain
mixture results is really a low frequency relaxation peak
due to the cations. However the €' results indicate no
effect with frequency, such as noticeable with the

leucite samples and gonsideration of the rubidium analcite
B results (see later) suggests that a different phenomenon
is the cause of the indicated relaxation peak.

Activation energies calculated from the Rp values
are given in Table 61. These were calculated in the same
manner as for leucite (page 199). The activation energies
are smaller than those of leucite, but decrease in the same
manner both with temperature decrease and frequency
increase. Results from Rp(app) and Rpo are in good
agreement. The results fit in well with the relaxation
effect explanation given earlier and thus the activation
energies can be explained in the same way as for leucite
(pages 198 and 199), Since measurements are farther away

from the relaxation peak in case of the domain mixture of

rubidium analcite, activation energies would be expected to
be smaller than with leucite and this is found. However,



A. Results from all temperature combinations averaged.

Table

61.

Rubidium Analcite, Domain Mixture.

Activation Energies, kcal/mole.

219.

Frequency ex Rp(app) ex Rpo Frequency ex Rp(app) ex Rpo
1.0 ke/s (1) 5.0 - 32.0 ke/s (1) 3.0 -
1.3 (2) 4.9 5.0 40.0 (2) 3.1 3.2
1.6 (1) - 50,0 (1) 2,6 -
2.0 (1) 4.2 - 63.0 (1) 3.0 -
2.5 (2) 4.4 4,5 151.0 (1) 2.1 -
3.2 (1) 4,0 - 216.0 (1) 2.0 -
4.0 (1) 3.8 - 256.0 (1) 2.1 -
5.0 (2) 4.1 4.2 313.0 (1) 1.6 -
6.3 (1) 3.7 - 417.0 (1) 1.5
8.0 (1) 3.5 - 509.0 (1) 1.9 -
10.0 (2) 3.8 3.8  770.0 (1) 1.7 -
13.0 (1) 3.4 - 890 (1) 1.8 -
16.0 (1) 3.4 - 1.1 me/s (1) 1.5 -
20.0 (2) 3.5 3.5 1.32 (1) 1.6 -
25.0 (1) 2.9 -

(1) Only results at 3 temperatures were available and used.

(2) Results at 6 temperatures were used.

B. Results at 6 frequencies (1.3,2.5,5.0,10, 20 and 40 kc/s)

averaged.

Temperature

Interval, °C ex Rp(app) ex Rpo
30 - 45 3.0 3.0
45 - 60 3.3 3.4
60 - 75 3.6 3.7
75 - 90 4.8 4,8
80 - 105 5.4 5.7
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as already mentioned, another explanation for both the cause
of the relaxation peak and the activation energies is given in the
discussion of the rubidium analcite B results.

Since permittivity is constant, the region of
measurement is independent of ionic relaxation which must occur
at much lower frequencies and of the region of atomic resonance
absorption at higher frequencies. The contributions to the
permittivity of the various polarisations are therefore as
follows:

&' due to the total polarisability 7.20
€', due to electron polarisation 2.27
¢'o due to atomic polarisation 4,93,

9.3. Rubidium Analcite B.

Results of measurements at 30, 60 and 90°C are given
in Appendix Tables LXXXVII to XCIV. The variatien with
frequency and temperature of the apparent and real results is
too small to allow comparative plotting. The tanﬁapp values
obtained are of the order of repeatability and sensitivity
of the apparatus (0.0001 for the bridge and 0.0002 for the
Hartshorn-Ward apparatus) and therefore the resistance results
are in themselves quite inaccurate without however causing
an equivalent inaccuracy of tand values. Thus activation
energiles cannot be calculated. However the minuteness of the
tand values indicates that no process causing dielectric loss
occurs.

The remarks made about the tan&app values are of
importance when considering the real results, calculated by
Bottcher's equation and given in Tables 62 to 67. Since the
sensitivity of the apparatus and repeatability of tan&app
results are the same as the value of the results in most
instances, there may be large percentage errors, which will be

multiplied by the B8ttcher equation. In all cases the correct
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Table 62.

Rubidium Analcite B, ex Run 121 at 30°C.

Frequency tand o tande  €&"o

1] ,_‘H
€ app app € app

&' between 1

and 50 kc/s, o o
tand 5 1o 50  2-207 0.00010 0.00022 6.20 0.0002 0.001

ke/s.

Table 63.

Rubidium Analcite B, ex Run 122 at 30°C,
Best straight Iine between 65 kc¢/s and 3.22 mc/S, using only

the points at which tand results were obtained.

1 " ! i

Frequency e app tan&app ¢ app & o tanSo G o
288 kc¢/s 2.219 0.00028 0.00062 6.27 0.0006 0.0036
1.56 mc/s 2.234 0.,00036 0.00080 6.36 0.0007 0.0046

Table 64,
Rubidium Analcite B, ex Run 123 at 60°C.
1 T} 1 il
Frequency & app tanSapp & app & o tan&o & o

tangd between

6.3 and 50 kc/s,
&' between 1 and
50 kc/s

2,217 0.00008 0.00018 6.26 0.0002 0.0011

Table 65.
Rubidium Analcite B, ex Run 124 at 60°C.

Best straight line between 151 kec/s and 3.22 mc/s, using only
the points at which tand results were obtained.

Frequency tand tando e"s

1 1] 1
€ app app € app € o

287 kec/s 2.233 0.00031 0.00069 6.35 0,0006 0.0040
1.71 me/s 2.250 0,00042 0.00095 6.45 00,0009 0.0055




Table 66.
Rubidium Analcite B, ex Run 125 at 90°C.
Frequency E'app tanjapp E‘"app €'o tand, é¢'o
1-2 kc/s 2,222 - - 6.29 - -
2.5 2,222 0.00043 0.00096 6.29 0,00088 0.0055
3.2 2,222 0.00039 0,00087 6,29 0.00080 0,0050
4.0 2,222 0.00037 0.00082 6.29 0,00075 0.0047
5.0 2,222 0,00035 0,00078 6.29 0.00072 0.0045
6.3 2,222 0,00034 0.00076 6.29 0,00070 0,0044
8.0 2.222 0.00031 0.00069 6.29 0,00063 0,0040
10.0 2.222 0,00027 0.00060 6.29 0.00055 00,0036
13.0 2.222 0.00026 0,00058. 6.29 0.00053 0,0033
16.0 2.222 0.00023 0,00051 6.29 0.00047 0.0030
20.0 2.222 0,00024 0,00053 6.29 0.00049 0.0031
25.0 2.222 0.00022 0.00049 6.29 0.00045 0.0028
32,0 2.222 0,00023 0.00051 6.29 0.00047 0.0030
40,0 2,222 0,00019 0.00042 6.29 0.00039 0,0025
50.0 2.222 0,00020 0,00044 6.29 0.0004Q 0.0025
Table 67,

Rubidium Analcite B, ex Run 126 at 90°C.

Best straight line using 63 kc¢/s and between 151 kc/s and
3.22 me/s.

1 1

tand [ app £ o tand, ey

Frequency ¢' app

€ app

231 kc/s
1.56 me/s

2.242 0,00029 0.00065 6,41 0,00059 0.0038
2.268 0.00052 0,00117 6.50 0.00105 0.0068
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apparent tan6 and g" results are probably much smaller than
shown (see bracket values in Tables LXXVII to XCIV) and thus
the BBttcher equation gives the possible maximum tan&o and
¢", values. To obtain the exact values, measurements on

a compressed sample with specially designed apparatus are

required.

This sample is an excellent insulator. The
constant ', value is 6.25 (average at the three temperatures
below 50 ke¢/s), which is due to ths +total polarisability.
Therefore splitting the permittivity gives:

&', due to the total polarisability 6.25

¢'s due to the electronic polarisation 2.32

€', due to the atomic polarisation 3.93.
The difference between the results obtained with the domain
mixture and species B is curious. Since the former consists
mainly of domains of type B, little difference can be
expected unless domain changes take place under a.c. stress.
This cannot happen since the domain change involves a change
of the framework structure. The framework is rigid (see
Tables 49 and 50) and would not be expected to change under
the electrical conditions involved. If the domain mixture
results indicate cation relaxation at much lower frequencies
with accompanying dielectric loss at the higher freguencies
due to varying equilibrium positions of the cations as in
leucite, then the same effect would occur in rubidium analcite
B. That this is not so indicates that a different process
is responsible for the results obtained with the domain
mixture. It is therefore suggested than on sintering
terminal OH bonds are driven off. This OH loss gives the
sample better insulating properties. In the domain mixture
the dielectric loss is due to the OH substituents which show
a relaxation peak at a lower frequency than that of measure-
ments. The activation energy too can then be explained as
a function of the OH substituents, which are also responsible
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for a pernittivity contribution of £'c = 1.00 to the
permittivity contribution of the atomic polarisation. No
such loss occurs in species B. The OH substituent effect

is of a much lesser order of magnitude than cation relaxation
effects. The same mechanism probably alsoc takes place in
ordinary leucite, but cannot be detected due to the larger
and screening effect of catiown relaxation at the lower
frequencies. In rubidium analcite the relaxation peak
occurs at a much lower frequency than in leucite and can
therefore not be detected, nor cause, at the frequencies

of measurement, the screening of the dielectric loss due to
the OH-substituents in the domain mixture. The explanation
of the dielectric properties of the rubidium analcite samples
by the OH substitution effect cannot be proved,'but it is

the only explanation which fits all the experimental and
known facts.
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10. POLLUCITE.

10,1, Description of Sample.

The caesium analcite, pollucite was prepared by
hydrothermal synthesis in the large autoclave. The
resultant material will be called ordinary pollucite to
distinguish it from the sintered material. The 1:1:4 gel
of Cs20,4A1305,4510; was heated for 1% days at 280°C in the
presence of 20% molar excess caesium hydroxide(g). The
sintered sample was produced by sintering ordinary pollucite
at 1350°C for 2 days. This was accompanied by considerable
volume contraction. The d-spacings of the powder X-rays
and the cubic unit cell sizes of the two samples are compared
with those of §ollucite prepared hydrothermally by Barrer
and McCallum(9 in Table 68, which reveals that no
crystalline change occurred on sintering. The X~-rays and
electron microscope pictures alsoc show that there is no
gel or other impurity. The densities,; refractive indices
determined by sodium light, electronic contributions to
the dielectric constant, packing fractions, particle sizes
and water contents of the samples are given in Table 69,

The particles of ordinary pollucite are spherical,
those of the sintered material are irregular spheres.
The particle dimensions are such that the BYttcher equation
will give reliable results. Before measurements, the samples
were dehydrated by heating in the high vacuum apparatus for
2% days at 170°C. Measurements on ordinary pollucite were
made in the large and those on the sintered material in
the small stainless steel cell.
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Table 68,

Ordinary pollucite Sintered pollucite DPollucite of Barrer
and McCallum (9)

d T hkl d T hkl d I hkl
5,61 VeWo 112 5,59 We 211 b5.64 We
3.67 s. 312 3.66 S, 312 3.65 Se

3.43 V.S 400 3.43 VeSoe 400 3.43 V.S,
3.05 V.V.Ww. 402 3,06 VeWo 402 3.05 VeWe

2.93 S 332 2.92 S. 332 2.91 S.
2.68 V.V.W. 510 2,69 V.W. 431 2.68 VeWe
2.50 We 521 2,50 - m, 521 2.49 I,
2,42 m. 440 2,42 Soe 440 2.41 Se
2,225 m. 532 2.221 m.-s. 532 2.219 S.
2.019 VeWo 631 2.018 W. 631 2.013 MoW,
1.970 v.v.w., 444 1,995 VW, - 1.976 We
1.865= m. 721 1.861 m.-s. 721 1.862 S
1,742 il 732 1.738 n.-s. 732 1.737 S.
1.705 v.vV.Ww, - 1.710 W - 1.710 V.W.
- - - 1.684 vV.V.W. - 1,681 v.v.w.
- - - - - - - 1.659 v.v.w.
1.634 vV.V.W. - 1.634 Wo - 1.634 VoW
- - - 1.590 v.v.w. - 1.591 VeWo
1.545 v.v.w. - 1.547 Wo - '1.550 We
1.525 VeWa - - - - 1.529 D.W.
1.473 v.V.Ww. - - - - 1.475 W
1.410 v.w. - - - - 1.411 W
- - - - - - 1.396 VoW,
1,355 VeWo - - - - 1.354 MeWe
}.302 W - - - - 1.305 il

The cubic unit cell sizes are:-

o (o]
a = 13.71 A, a = 13.69 A, a 13.7 A.
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Table 69.
Sample Densitg Refrac- Water €' Packing Mag.
gms/cm® tive  Content elect- Fraction Particle
Index % Tonic Size
' cm.
Ordinaly = 5 216 1.525 1,09  2.55  0.234 2.6x107°

Sintered —a
Pollucite 3.230 1.525 0.13 2.33 0.454 1.3x10

10.2. Ordinary Pollucite.

Dielectric measurements were made at 30, 60 and
90°C and are given in Tables XCV to C, and the check runs and
measurements at a number of selected frequencies at 45, 75
and 105°C in Tables CI to CVI. The tan{ and R, values in the
101 to 216 kc/s region show the same interference effect as
in the domain mixture of rubidium analcite (see p. 213).
These values are neglected in all calculations, although
shown in the tables. The neglected values are: 122 kc¢/s
at 30°C, 101 and 122 kc¢/s at 60°C and 151 and 216 kc/s
at 90°C.

The e'app values show little wvariation with
frequency and temperature and therefoggyggﬁveniently be
plotted. As with rubidium analcite the temperature and
frequency independent value can be taken from the more
accurate bridge results; it is 1.705, Tan&apﬁ log(R
and log &”app are plottig against frequency in Figures
129 to 131; 1in the tand curves the best straight line is
used between 63 kc/s and 3.22 mc/s at 30°C, besween 63 kc/s
and 2.54 mc/s at 60°C and between 256 kc/s and 2.54 mc/s
at 90°¢C, Above that, the usual deviation due to induction
effects occurs and this is also reflected in the log(R

and loge"app curves., The real results calculated by

p(app))

p(app))
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B8ttcher's equation are given in Tables 70 to 78 and plotted
in Pigures 132 to 134. Figures 135 to 138 are the
temperature plots of the Rp and tand results.

Table 70.

Ordinary Pollucite, ex Run 93 at 30°C.

1 " ot {1 R
Frequency & app tanéapp ¢ app & o tand, e's meggfl

1.3 ke/s 1,707 0.0020 0.0034 7.35 0,0073 0.054 116

2.5 1.704 0.0018 0.0031 7.30 0.,0066 0.048 67.7
5.0 1.702 0,0017 0.0029 7.28 0,0062 0.045 36.1
10.0 1.702 0.0015 0.0026 7.28 0.0056 0.041 19.8
16.0 1.702 0.0014 0.0024 7.28 0.0051 0.037 13.7
20.0 1.702 0,0014 0.0024 7,28 0,0051 0,037 11.0
40.0 1.702 0.0013 0.0022 7.28 0,0047 0.034 5,97

Table 71.

Ordinary Pollucite, ex Run 94 at 30°C.

Best straight line between 63 kc¢/s and 3.22 me/s.

tand, &', Rpo,
meg=-LL

Frequency é|app tanSapp é"app ' o

163 kc/s 1.690 0,00115 0.001%4 7.09 0.0042 0.030 1,68
1.45 me/s 1.687 0,00109 0.0018 7.04 0.0040 0.028 0.200
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Table 72.

Ordinary Pcllucite ex Run 95 at 60°C.

1 " ! tand = ! Rpo
Frequency & app tansapp & app <) o [P meg—ﬂ

1.3 ke/s 1.712 0.0034 0.0058 7.43 0,0124 0,092 67.9

2.5 1.709 0.0029 0.0050 7.38 0.0107 0.079 41.1

5.0 1.707 0,0025 0.0043 7,35 0.0092 0.068 23.9

10.0 1.705 0.0022 0,0038 7.32 0.0081 0.059 13.8

20,0 1.704 0,0019 0,0032 7.30 0.,0068 0.050 8.1%2

40.0 1.704 0.0018 0.0031 7,30 0.0066 0.048 4.23
Table 73.

Ordinary Pollucite, ex Run 96 at 60°C.

Best straight line between 63 kc/s and 2.54 me/s.

) t » " ’| ] R
Frequency-¢& app tanSapp € app Eo tanéo € o meEQ{L

151 ke/s 1.696 0.00156 0.00265 7.18 0.0057 0.041 1,31
1.20 me/s 1.701 0.00133 0.00226 7.26 0,0049 0.036 0.188

Table 74.
Ordinary Pollucite, ex Run 97 at 90°C.

Frequency'@'app tanJapp é"app e'c tand, &", migg{}
1.3 ke/s 1.714 0.0062 0.0106 7,46 0.0226 0.169 37.0
2.5 1.709 0.,0050 0.0085 7.38 0,0182 0.134 24,2
5.0 1,707 0.0042 0.0072 7.35 0.0154 0.113 14,3

10.0 1,704 0.0035 0,0060 7.30 0.0128 0.0934 8,70

20.0 1.704 0.0030 0.0051 7.30 0.0109 0.0796 5.10

32.0 1.702 0.0028 0.0048 7.28 0.0103 0.0750

40,0 1.702 0.0027 0,0046 7.28 0.0089 0.0721 2.82
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Table 75.
Ordinary Pollucite, ex Run 98 at 90°C.

The best straight line between 256 kc/s and 2.54 mc/s.

3 ! " 1 " R
a tan & 0
Frequency &', tanJapp Capp €Eo ta So €' meg—fL

63 ke/s 1,702 0.0024 0.0041 7.28 0.0088 0.0641 2.01

74 1.694 0,0023 0.0039 7,15 0.0084 0.0601 1.83
101 1.704 0.0021 0.0036 7.30 0,0077 ,0562 1.43
122 1,704 0.0020 0.0034 7.30 0.0073 0.0533 1.25

Best straight line is:
421 ke/s 1,700 0,00178 0.00303 7.24 0.0065 0.0471 0.410
1.70 me/s 1.707 0.00165 0.00282 7.35 0.0060 0.0441 0,108

Table 76.

Ordindry Pollucite, ex Run 99 at 105°C.

's tand, ¢"o Bpo

Frequency €'gpp band,pp € app  €'o .
meg-

1.3 ke/s 1.724 0,0090 0.0155 7.62 0,0329 0.251 24.9

2.5 1.719 0,0069 0.0119 7.54 0.0253 0,191 17.0
5.0 1.712 0,0087 0,0098 7.43 0,0209 0.155 10.5
10,0 1.709 0.0046 0.0079 .7.38 0.0169 0.125 6.51
20.0 1.707 00,0039 0.0067 7.35 0.0143 0.105 5.86

40.0 1,704 0.0033 0.0056 7.30 0.0120 0.088 2.32
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Table 77.
Ordinary Pollucite, ex Run 101 at 75°C.
1 i ! + 6 N Rpo
Frequency & app tansapp € app & o and, G o meg—jl
1.3 ke/s 1.709 0.0047 0.0080 7.38 0.0171 0.126 48.5
2.5 1,709 0.0038 0.,0065 7.38 0.0138 0.103 31.7
5.0 1,707 0.0033 0.0056 7.35 0.,0120 0.082 19.8
10.0 1.704 0.0028 0.0048 7.30 0.0103 0.075 10.8
20.0 1,704 0.0024 0.0041 7,30 0,0088 0,064 6.32
40.0 1.704 00,0025 0.0039 7.30 0.0083 0.061 3.34
Table 78,
Ordinary Pollucite, ex Run 103 at 45°(C.
ot ] ! 1" R
Frequency ¢ app tanJapp & app & o tand, € o meéi{l
1.3 ke/s 1.707 0.0026 0.0044 7.35 0.0094 0.0691 90.4
2.5 1,707 0.0023 0.0039 7.35 0.0083 0.0610 53.3
5.0 1.704 0.0020 0.0034 7.30 0,0073 0.0533 30.5
10,0 1.702 0,0018 0,0031 7.28 0.0066 0.0480 16.9
20.0 1.702 0.0016 0.0027 7.28 0.0058 0.0422 9.62
40.0 1.702 0,0015 0.,0026 7.28 0.0056 0.0408 4.98
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Table 79.

Ordinary Pollucite, Activation Energies, kcal/mole.

A. Results from all temperature combinations averaged.

Frequency ex Rp(app) ex Rpo Frequency ex Rp(app) ex Rpo
1.0 ke/s (1) 4.5 - 20.0 ke/s (2) 3.2 3.3
1.3 (2) 4,6 4.7 25,0 (1) 2.8 -
1.6 (1) 4.0 - 32.0 (1) 2.7 -
2.0 (1) 4.2 - 40130 (2) 2.9 2.9
2.5 (2) 4,2 4.2  63.0 (1) 2.5 -
3.2 (1) 3.8 - 74.0 (1) 2.6 -
4.0 (1) 3.6 - 313,0 (1) 1.6 -
5.0 (2) 3.8 3.8  509.0 (1) 1.4 -
6.3 (1) 3.3 - 890.0 (1) 1.7 -
8.0 (1) 3.3 - 1.77 me/s (1) 1.7 -
10.0 (2) 3.5 3.5  2.07 (1) 2.2 -
13.0 (1) 3.0 - 2.54 (1) 0.90 -
16.0 (1) 2.9 -

B. Results at 6 frequencies (1.3%,2.5,5.0,10.0,20.0 and 40.0
ke/s) averaged.

Temperature

Interval, °C ex Rp(app) ex Rpe
30 - 45 2.6 2.4
45 - 60 2.9 Sel
60 - 75 4.0 3.8
75 - 90 3.9 4,1
90 - 105 5.3 5.5

(1) Only results at 3 temperatures were available.
(2) Results at 6 temperatures were used.
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The value of the real dielectric constant
independent of temperature and frequency, calculated from the
corresponding apparent value of 1,705 is 7.3%2. In general,
the €', values are slightly higher than those of the domain
mixture of rubidium analcite, but the two are equal within
experimental error. Ordinary pollucite has higher tand
values than the domain mixture of rubidium analcite, showing
it to be not quite as good an insulator, but the shapes of
the plots of the dielectric properties are exactly the same
as those of the corresponding plots of the domain mixture of
rubidium analeite. Again the log €" curves show that d.c.
conductivity is quite negligible. Relaxation effects are
again indicated, as with the domain mixture of rubidium
analcite (pages 217 to 218), with the tand values much
smaller than in the case of leucite. According fo Beattie(zl)
the activation energy for cation jumps in synthetic pellucite
is 24 kcal/mole which according to Table 2 means a relaxation
peak, at 20°C, at a much lower frequency than in the case of
leucite or even rubidium analcite. It is thus obvious that
the relaxation indicated is not due to the cations. Also
as with the domain mixture of rubidium analcite, the constancy
of ¢' indicates that interfacial polarisation plays no part.
The phenomenon responsible for the dielectric loss in ordinary
pollucite has already been suggested for the domain mixture
of rubidium analcite. For convenience this phenomenon will
be discussed in connection with the sintered sample. The
aqtivation energies, calculated from the Rp values as with
earlier samples are given in Table 79. Splitting the
permittivity value into the contributions due to the various
- polarisations gives:
€', due to the total polarisability 7.32
€', due to the electronic polarisation  2.33
&', due to the atomic polarisation 4,99,



Tandepp
[’og é " 0007
Q,
i PoLLUCITE I PoLLuciTE
Fic.13/. FiGc.129.
0005 -
i ‘\L< Cog e"+Cog F =constant . 75°C
N 07004 602
‘ N
J05 o _
Qsoc»\\_ 90°C 60°C -}//’ 0002 - 30°C\ //:/‘
30%¢ < Z. gy
N - Lo
-3 N ; ; ' 000 s Wefs | 10k 100he/s  Imefilogf
[00cfs lke/e 10kcf Ioo/q/‘fogﬁ Ime/c
CogRpcapp) 45°CAN30°¢
Tand, 105 9 7593
003 PoLLyctTE
Fia./132.
q90°¢ g -
002 - .
[N PocLvciTE
60°c - FiG.130-
oo A 459
%0 °C¥
AN
6 \\\:\“
° ' ' ' ' . . . .3
100 /1 Iheefs 10 4cfs /00&5/;[b9£ Y/ 10073 Thcls 10hfs 100k A

“9€l



oF 30°%
S T TS 807 60%
S S §8° wop
'g pu -— o Q:g 9 Po
75
oy 7°0 -
o 105°¢
oo
~g PorLycITE
~ _ ;9 60
S ~ FiG./133.
.
H
S- as
r§ T T H
§ N 100¢/s lhefs 1Oke/s 100k /s Imefs Cog .
&Q?P("PP) .y POLL UCITE
. s
o sk toge” FiG.|34
10&/s \ 0 -
—w/«/;\
E T 4ok 105°C
}\ 90°
PoLLuCITE _/ - 752 \
60‘@\
7 1 T T T T | T T 30
20 30 4o 60O &0 TWO S0 Y0 /oo
OC -2 T T T T
100c)c  Ihefs 10ke/c  100kfc Imcss COGF

LET



238.

fan s, I3 kefs
003 L PorLuciTe
FiG.]37. 25 kefs
002 4 50ke/s
10Ac/s
20k</s
HOke/s
001 -
o [] | 1 1 T t 1 1 T N
20 30 40 50 60 70 & 9o o o C
509/?,0 o Porucire
Fig.138.
g0 -
\/'31«/5
\ 2°5kefs
y 50kefs
70 -  @«4
\20/«./5
$04c/s
60 l. T T T T T T T T A
20 30 40 50 60 70 30 90 ‘oo 1o °C




239.

10.3. Sintered Pollucite.

Results of the dielectric measurements at 30 and
90°C are given in Appendix tables CVIII to CXI. The
temperature coefficient of the dielectric properties is so
that measurements at only two temperatures were
A1l the remarks made about rubidium analcite

small,
sufficient.
on page 220 apply. Plotting of results is again unfruitful,
and again the tan$ values are of the order of repeatability
and reproducibility of the results, making it impossible to
calculate activation energies sensibly. No process causing
dielectric loss is indicated. The results of the BYttcher

calculations are given in Tables 80 and 81.

Table 80.

Sintered Pollucite, ex Runs 143 and 152 at 30°C.

Results are constant between 1 and 50 k¢/s and are as follows:

&'app = 2,635, tanSapp = 0.00009, e"app = 0,00024, €', = 6.25,
tand, = 0.0002 and &", = 0.0009.
Table 81.
Sintered Pollucite, ex Run 153 at 90°C.
Frequency &'app tanﬁapp &"app & o tand, c'o
1.0-
3.2 ke/s 2.631 - - 6.23 - -
4.0 2.631 0,00043 0.00113 6.23 0,0007 0.,0044
5.0 2,631 0.00036 0.00095 6.23 0.0006 0.0037
6.3 2.631 0.00031 0.00082 6.23 0.0005 0,0032
8.0 2.631 0.00026 0.00068 6,23 00,0004 0.0027
10.0 2.631 0.00023 0.00061 6.23 0.0004 0.0024
13.0 2.631 0.00019 0.00050 6.23 0.0003 0,0019
16.0 2.631 0.00017- 0.00045 6.23 0.0003 0.0017
20.0 2,631 0.00014 0.00037 6.23 0.0002 0.0014
25,0 2.631 0.00012 0,00032 6.23 0,0002 0.0013
32,0 2,631 0.00011 0.00029 6.23 0.0002 0.0011
40.0 2.631= 0.00009 0.00024 6.83 0.0002 0.00G9
50.0 2.631 0,00009 0,00024 6,25 0,000 0,0009
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In view of the remarks on the accuracy of the
results (page 220), the dielectric losses of the samples of
rubidium analcite B and sintered caesium analcite are the sanme,
those of the latter sample, if anything, being the lower.
Both materials are excellent insulators, buvt work on compressed
samples with an apparatus more sensitive to very low losses,
would be interesting. Splitting the permittivity into its
various components gives:—

&', due to total polarisability 6.24
€', due to electron polarisation 2.33
&', due to atomic polarisation 3.91.

It is beyond doubt that the dielectric loss in the
ordinary sample is due to a cause other than cation relaxation,
since sintering does not change the crystal structure of

(17)but removes the cause of the dielectric loss.

polliucite
The slight crystalline difference between the rubidium

analcive samples does not allow the same certainty in their
case, without using the pollucite analogy. The dielectric

loss in ordinary pollucite is simply explained as due to
terminal OH substituents which are lost on sintering. The
telaxation peak of these OH substituents occurs at a frequency
lower than those of measurement, but not as low as the frequency
at which the cations relaxation peak would be expected.

The tailing off of the dielectric loss with increasing

frequency and decreasing temperature and the parallel decrease
of the activation energies shows that the OH substituents

have a wide distribution of relaxation times, caused by the
formation of additional equilibrium positions due to their
varying eivironment (see page 154 where a similar effect is
explained in basic sodalite). As the frequency is raised

and moves away from the main absorption region, the heights

and numbers of the encrgy barriers against OH relaxation
gradually decreasc and the activation energy which is a measure
of these barriers, decreases with frequency increase. The
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relaxation of the OH substituents is numerically a much
smaller effect than cation relaxation, the peak of which
ocecurs at a much lower frequency in pollucite and thus does
not screen the dielectric loss due to the OH substituents.
The type of relaxation is probably similar to that described
by Dryden and Meakins(lzs) for aliphatic secondary alcohols
which show a wide distribution of relaxation times due to

the rotation of the OH groups around the C-0 bonds. In this
case the absorption frequency is independent of the molecular
weight of the alcohol, just as in rubidium analcite (domain
mixture) and pollucite where it seems to appear at the same
frequency.

Comparison of the two pollucite samples reveals
that the OH groups contribute 1.00 units to the permittivity
caused by atomic polarisation.

The results obtained with the rubidium analcites,
in particular the dielectric loss and the change which occurs
on sintering, are almost the same as in the pollucite samples.
It has already been pointed out that the crystalline change
which accompanies the sintering of the domain mixture of
rubidium analcite, does not allow a definite statement to be
made about the cause of the dielectric loss in the domain
mixture; however comparison with pollucite shows beyond
reasonable doubt that it must also be due to the OH groups.
The similarities cf the two materials which allow this
deduction are summarised here:-

1. The shapes of the dielectric curves and their change on
sintering are very similar.

2o The numerical values of the dielectric properties and their
changes on sintering are almost identical.
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3o The contributions to the permittivities are as follows:
Permittivity Contribution Rubidium Analcite Pollucite
due to: Domain Mixt. B Ordinary Sintered

Total polarisability 7.20 .25 7.32 6.24
Electron polarisation 2,27 2.32 2.33 2.33
Atomic polarisation 4,93 3.93 4,99 3.91
Change of atomic

polarisation on 1.00 1.08

sintering
4, The average activation energies of the non sintered

samples are equal within experimental and calculation error.

I+ is thus clear that the dielectric loss in the
domain mixture of rubidium analcite is alse due to terminal
OH groups which are lost on sintering.
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11. Comparative Discussion of Results.

A wide variety of interesting dielectric properties
have been revealed in synthetic powdered aluminosilicates.
In order to obtain full details of all the aspects of this
electrical information, the frequency and temperature range
of the measurements will have to be increased. At the
beginning of this researdh the choice lay between building
all the apparatus for this wide temperature and frequency
range and leaving only time for the detailed examination of
one system, or to assemble the apparatus covering only the
main practical temperature and frequency range and to examine
a larger variety of materials. Both the money and time
available dictated the latter course, but it is hoped that
future workers in this team will be able to extend the range
of the apparatus. After proving the apparatus, the aim of
this work has been to determine the range of dielectric
properties which can be expected of three-dimensional alumino-
silicates, in the hope of being able to forecast species with
good insulating or interesting dielectric properties. To
the latter end occlusion compounds were investigated and in
order tc help in systematic forecasting of dielectric
properties, the influence of the cation on the dielectrio
properties of the analcite series were determined.

The materials examined can be divided into three
classes:
(a) +those showing interfacial polarisation;
(b) those showing dielectric loss due tc a relaxation
phenomencon, and
(¢c) szmples showing no dielectric loss,

The phenomenon of interfacial polarisation has its
cause in elther a special structursl feature of the alumino-
silicate or is due té?%onduction combined with the powder
method of measurement. The latter, which must be classed as
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unwanted interference with the method used to determine
dielectric properties, is indicated only at the lower frequencies

for sodium analcite, and is discussed first.

In three-dimensional aluminosilicates interfacial
polarisation, due to the cations neutralising the framework
charge, will occur when the barriers preventing movement of
cations from one crystallite to the next are much larger whan
the barriers against cation jumps between caticn positions
in the framework. Consideration of Table 2 reveals that at -
a given temperature the relaxation peak due to interfacial
polarisation should therefore occur at a lower frequency
than the corresponding cation relaxation peak. Since in the
series of ion exchanged analcites a frequency lower than that
of the cation relaxation peak is obtained only with the sodium
form, the other samples cannot show effects due to interfacial
polarisation. Consideration of Beattie's activation energies
in cohjunction with Table 2 shows that at ordinary temperatures
the interfacial polarisation peak of these samples occurs at
extremely low frequencies and therefore this polarisation for
these particular powdered aluminosilicates is of 1little
practical significance.,

When interfacial polarisation is due to a special
structural feature, the material may well be of practical
interest. Barrier layer dielectrics are now being investigated
as a means of obtaining large capacitances with very small
condensers. This type of dielectric usually shows a compara-
tively large dielectric loss and investigations are aimed at
improving this property. The aluminosilicates with interfacial
polarisation peaks in the frequency and temperature range of
our measuresents are all materials with occluded molecules, e.g.
hydrated basic sodalite, hydrated and anhydrous AgA(AgNOgz).

They are all very lossy.
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In basic sodalite the interfacial polarisation
disappears on dehydration, showing that in the hydrated sample
the effect is caused by the water molecules which, possibly in
conjunction with the interstitial sodium hydroxide molecules,
behave as occluded rather than sorbed molecules. In sodium
analcite the chemisorbed water molecules are held by a
stronger binding force than in basic sodalite and the
comparatively small change of dielectric properties on
dehydration shows that these water molecules are much
less conducting and their only effect is to modify slightly
the dielectric behaviour of the sample including the inter-
facial polarisation, caused principally %he cations. In
the AgA(AgNOs) compounds the interfacial polarisation is
caused by the Ag+ ions of the framework and the AgNOz molecules,
in conjunction with the unavoidable defeats in the structure
of the occluded molecules. |

In anhydrous basic sodalite the dielectric loss
encountered is due to a cation relaxation phenomenon with a
very wide distribution of relaxation times, characteristic
of which is an activation energy which decreases with frequency
increase.

The properties of the analcite series are governed
by the frequency at which the cation relaxation peak appears
at the temperatures of measurement. The mobility of the
cation decreases with increasing ca%ion size and therefore the
barrier between equivalent cation positions and the activation
energy required to surmount this barrier also increases with
cation size. In agreement with Table 2 the frequency at
which the relaxation peak due to the cations neutralising the
framework appears at any temperature, therefore decreases
with increasing cation size. In sodium analcite this pezk
appears in the range of the measurements and interfacial
polarisation is shown at even lower freguencies. The material
shows a wide distribution of relaxation times. In leucite the
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cation relaxation moves to a lower frequency and due to the
very wide distribution of relaxation times is just indicated
at the lowest frzquencies. This relaxation phenomenon is
characterised by an activation energy which decreases with
increase in frequency and decrease in temperature. The
domain mixture of rubidium analcite and ordinary pollucite

do not show any relaxation due to the cations but a lesser
relaxation pheilomenon due to terminal OH bonds is indicated
at the lcwest frequencies. This relaxation phenomenon
shows a similar variation of activation energies with frequency
and temperature as do basic sodalite and the leucite samples.
The sintered rubidium analcite B and sintered pollucite do
not show any dielectric loss at all since the OH substituents
have been driven off. A summary of the activation energies
is found in Table 81.

The phenomenon of activation energies which vary
linearly with frequency and temperature occurs with anhydrous
basic sodalite, probakly with sodigm analcite, with the leucite
samples, the domain mixtﬁre of rubbdium analcite and wish
ordinary pollucite. It suggests a range of environments for
one relaxing species or else less probably a range of relaxing
species. A continuous variation in the heights of the
potential barriers measured by the activation energies is
unlikely. Instead one expects a limited number of energy
barriers of varying height (see Pig. 139) which the relaxing
species must overcome in transitions between positions. The
linear relation between apparent activation energies and
frequency may then be caused by interaction of two factors:

(a) the lower the barrier the higher is the frequency at which
the relaxation peak due to this energy barrier occurs;

(b) the distribution function for the relaxation times nay be
of the type shown in Fig. 140, where the number of barriers

of a particular kind decreases with decrease in the energy of
the barrier. Pigure 140 shows a maximum activation energy
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Table 81l.

Summary of Activation Energies of Aluminosilicates.

-Sample Activation Remarks
Energy
kcal/mole
Hydrated Basic o 8 Constant over a large frequ-

Sodalite

Anhydrous Basic
Sodalite

Hydrated
Agh(AgNO5)

Anhydrous
Agh(AgNO5)

Hydrated Sodium
Analcite

Anhydrous Sodium
Anslcite

Leucite,
Exchange Sample

Sintered Leucite

ency range. Due to d.c. eon-
ductivity within the grains,
caused by the process:

Hz0 + OH = QH + HzO0.

4.5 at 1.3 kc/s Due to cation relaxation with

decreasing to
0.26 at 2,07
me/s.

14,1 at
1.3 ke¢/s,
13.6 at
13 ke/s.

1l.2

12.8 £ 0.3

12.6 £ 0.3

7.1(1.3 kc/s),
5.8(10 ke¢/s),

3.3(2.01 me/s).

6.721.5 ke/s),
5.3(10 kc/s).

a peak below the frequencies
of measurement. Gradual
decrease with frequency in-
crease due to a wide dilestr-
ibution of relaxation times
caused by the varying envir-
onment of the cations.

Slight variation with frequ-
ency. Due to a d.c. eondu-
ction effect within the
grains by the Ag dions.

Due to a d.c. conduction
effect within the grains
caused by the Ag* ions.

a.c. effect due to cation
jumps within the crystallites.
The change on dehydration
suggests that water has little
influence. ILarge distribution
of relaxation times.

Cation relaxation peak at
about 1 c¢/s (30°C). Variation
with frequency and temperature
because of wide distribution
of relaxation times, caused by
the varying environment of the
cations in the framework.

As for ordinary leucite.
Distribution of relaxation
times may be larger, because
of greater disorder in the
framework structure; or a
loss peak at slightly higher
frequency.
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Table 81 (contd.)

Sample

Activation
Energy
kcal/mole

Remarks

Domain Mixioure
of Rubidium
Analcite

Rubidium
Analcite B

Pollucite

Sintered
Pollucite

5.0&1.3 ke/s)
3.8(10 kc/s)

4.7(1.3 kc/s)
3.5(10 ke/s)

Due to relaxation peak at very
low frequencies, caused by
terminal OH bonds which are
c¢xiven off on sintering. The
consequent activation energies
vary for the same reason as
those in leucite.

No process causing dielectric
loss takes place.

Due to relaxation peak at very
low frequencies, caused by
terminal OH bonds which are
driven off on sintering. The
consequent activation energies
vary for the same reason as
those in leucite.

No process causing dielectric
loss takes place.

above which the distribution function Gnor) is zero. This

maximnum corresponds with the activation energy calculated

from the dielecturic loss peak.

Comparison of the results

for sodium analecite in this work with the activation energies
obtained by Beavtie and by Rees shows that this activation

energy renmnains consiant at frequencies below the maximum

loss frequency and equals the activation energy obtained from
d.c. measurements and by ionic self-diffusion. In the case

of sodium analcite this corresponds to sodium ion transitions

between minimum potential energy positions via the

maxinvn barrier of zero potential energy.

Equation 75 shows that the smaller the number of
relaxing particles the lower is the value of their loss peak,

Thus as the frequency increases, loss peaks of decreasing
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height overlap giving the smooth, decreasing tand and e
. curves found experimentally. This is really a restatement
of the concept of the distribution of relaxation times.
Activation energies calculated from the resistance values
by equation 150 will therefore also vary linearly with
frequency and temperature. Figure 141 is the plot of the
activation energies averaged over the temperatures of
measurement, against frequency; the broken lines indicate
theoretical values not actually obtained in measurements.
Since the frequency at which the maximum activation
energy appears depends on temperature, Fig. 141 is only
qualitative.

A variation of energy barriers as visualised above
may arise in two ways:

(a) The relaxing species jump across barriers between
positions of equal minimum potential energy. Due to the
varying environment of these positions the heights of the
barriers between equivalent positions vary up to a maximum
barrier of maximum probability. This situation is shown
in Figure 142 and is representative of the cation relaxation
in aluminosilicates, where the cations are all in equivalent
minimum potential energy positions.

(b) The relaxing species can occupy a number of
different energy levels down to the one of minimum potential
energy as shown in Fig. 143. This type of behaviour can
be expected from dipole orientation and may occur in the
domain mixture of rubidiuwm analcite and in ordinary pollucite
with the terminal OH substituentis acting as the orientating
dipoles.

Decrease 1in temperature which moves the relaxation
peaks to a lower frequency has obviously the same effect on

the activation energies as increase in frequency.
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The pernittivities of the samples are compared in
Table 82. It is seen that the atomic polarisation contri-
butions to the permitfivity of the leucite exchange samrple,
of rubidium analcite B and sintered pollucite are equal
and that the contributions due to electronic polarisation
to the permittivity of these materials are also almost
equal. This bears out that the three materials have the same
structure. It is difficult to see why sodium analcite does
not give the same result. It is possible that in this case
the calculation of the total polarisation contribution to
the dielectric constant is in error, which may be due to the
devigtions of the Cole-Cole plot at the lowest and highest

frequencies.
Table 82,
Sample Permittivities (Averages between all the

temperatures of measurement)

€'o €' €'
(atomic) (electronic) (Total
polarisation)
Anhydrous Basic
Sodalite, 30 to 2.00 2.04 4,04
80°C.
Sodium Analcite,
anhydrous 7.6 2.10 9,7
Leucite, exchange
sample 3.88 2.23 6,11
Rubidium Analcite,
domain mixture 4,93 2.27 7.20
Rubidium Analcite B 3.93 2.32 6.25
Pollucite= 4.99 2.33 7.32

Sintered Pollucite 3.91 2.33 6,24
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The domain mixture of rubidium analcite and
ordinary pollucite show an atomic polarisation contribution
of 1.0, which is due to the OH substituents, to the
permitfivity. This is not found in the leucite e=mchange
sample although it would be expected by analogy, which shows
that, contrary to an earlier suggestion, relaxation due to
OH substituents does not exist in this compound.

Since AghA(AgNOz), anhydrous basic sodalite and
anhydrous sodium analcite show unusual electrical properties
in the range of the measurements, no conclusions can be
drawn about the systematic change in dielectric properties
with decréasing size of intra-crystalline cavities.



N,

Potential —> ENERGY
T Energy

FI1G.142 .

—
—

O Cevel

FONVLSIT €—

Minimum

—

N

Position

b€l D14

Rytential ;Q
E""Q”I FiG. 143. —3

O Cevel

vz
H.

e e e e e - ﬁfpwg
0%/ 914

M 'nimum
po'f'. E .
Level

xow 3

'

Posittion

TST







13,

14,

15.

16.
17.

18.

19,
20,

21,

254.

References.

L., Massey, Trans., Inst. Rubber Ind., 16, 325, (1941).
I, Gevers, Phil, Res. Rep., 1, 279, (1946).
1. Gevers, Phil, Res, Rep., 1, 447, (1946).

. M. Barrer, Trans., Cer. Soc.;'ég, 155, (1957).

=

Barrer and E. A. D, White, J.C,S., 1167, (1949).
M, Barrer and E. A. D, White, J,.,C.S., 1561, (1952),

[
=
L]

Barrer and F. W. Bultitude, In press.

Barrer and J. W. Baynham, J.C.S., 2882, (1956).

L 3
=i
(==
L]

Barrer and N, McCallum, J,C,S5., 4029, (1953).

-«
=
*

Barrer, J.C.S., 2342, (1950),
Barrer and L, Hinds, J.C.S,, 1879, (1953).

WoE W R M oR W OE R
= =

. M, Barrer, L, Hinds and E. A. D, White, J.C.S., 1466,
(1953).

‘R. M., Barrer and J, D. Falconer, Proc, Roy. Soc., A,236,

227, (1956),

R. M. Barrer and W. M, Meier, Trans. Faraday Soc., 54,
1074, (1958). o

R. M, Barrer and D. W. Riley, Trans. Faraday Soc., 46,
853, (1950),.

R. M., Barrer and W, M., Meier, J,C.S., 299, (1958),

R. M. Barrer, J. W. Baynham And N, McCallum, J,C.S.,
4035, (1953),

R. M. Berrer and W. M. Meier, Helv, Phys, Acta, 29, 230,
(1956).

0. Weigel, Z. Kryst., 58, 183, (1923),

Rabinowitch and Wood, Z . Electrochem., 39, 562, (1933).
I. R, Beattie, Trans. Faraday Soc., 50, 581, (1954).



22,
23,

24,

25.

26,

7.

28,

29,
30,

31,

32.
33,
o4,
35.
56.
7.
38,
39,
40,
41,
42,

43,

255.

I, R. Beattie, Trans. Faraday Soc., 51, 712, (1955),

I, R. Beattie, Trans. Faraday Soc,, 53, 61, (1957).
Liebisch and Rubens, Int. Crit,., Tables, Vol, VI, p., 99;
Sitzungsberichte der Preussischen Akademie der
Wissenschaften, 876, (1919).

E. E. Fairbanks, Amer, Mineralogist, 11, 249, (1926).

R. L, Rosenholtz and D. T. Smith, Amer, Mineralogist, 21,
115, (1936),

J, Takubo, Mem, Coll, Sci., Kyoto Imp, Univ,, Ser, B.,
16, 95, (1941).

J, Takubo, Y, Ukai and Katitani, Min, Journal, Min. Soc.,
Japan, 1, 3, (1953).

K. Wetzlar, Zeit, flir angew, Mineralogie, 1, 125, (1938).
0. Glemser, %Z. anorg. Chemie., 252, 305, (1944).

J. v. Keymeulen and W. Dekeyser, J, Chem, Phys., 27,
173, (1957).

Bragg, Atomic Structure of ilinerals, Cornell Univ, Press.
L. Pauling, The Structure of the Chemical Bond,

W, Lowenstein, Amer. Mineralogist, 39, 92, (1954).
L. Pauling, J. Amer. Chem, Soc., 51, 1010, (1929),.
Hey, Min. Mag., 22, 422, (1929),

Taylor, Proc. Roy. Soc., A.145, 80, (1934).
Hendricks, Ind. Eng. Chem., 37, 625, (1945).
Winchell, Amer. Mineralogist, 10, 88, (1925).
Naray-Szabo, Z., Krist., 99, 277, (1938),

I. R, Beattie, Acte.Cryst., 7, 857, (1954),

I.'R. Beattie, Wature, 172, 999, (1953).

Taylor, Z. Krist., 74, 1, (1930).



256,
44, Taylor and Jackson, Z. Krist., 86, 53, (1933).
45, Barrer and Raitt, J.C.S., 4641, (1954).
46. Barrer and Sammon, J.C.S., 2838, (1955).
47, Veiser and Milligan, J. Phys. Chem., 41, 1029, (1937).
48.  Beutell and Blaschke, Central Min., 14, 4, (1915).
49.  Stoklossa, Neues Jab. Min., 1 (1917).
50.  Beutell, Central Min., 694, 721, (1921).
51. Wyart, Compt. Rend., 191, 1342, (1930).
52, Weigel, Naturwiss., (Marburg), Oct. 5, 1919.
53.  Tamman, Z%. Phys. Chem., 252, 305, (1944).
4. Hartwig, Z. Krist., 78, 173, (1931).
55.  Lengyel, Z. Physik., 77, 133, (1932).
56. Koigumi, Min. J. (Min. Soe, Japan), 1, 36, (1953).
57. R. M. Barrer and D. Langley, private communication.

58. Weigel, Central Miner. Geol. Palaantologie, Abt. A,
164, 201, (1922).

59, Jacger, Trans. Faraday Soc., 25, 334, (1929),.

60. W. Hartwig, Fortschritte. Krist Petrog., 13, 38, (1929).
Naturwiss., 18, 600, (1930).

61. E. Schiebold, Naturwiss., 18, 705, (1930).

62. L. Pauling, Proc. Nat. Acad. Sci., 16, 4053, (1930).

63. T. W. Gruner, Z. Krist., 68, 363, (1928).

64.  Bernal and Fowler, J. Chem. Phys., 1, 315, (1933),

65. R. M. Barrer and D. A. Ibbitson, Trans. Faraday Soc.,
40, 195, 1944.

66, R. M. Barrer, Proc. Roy. Soc., A.167, 392, (1938).



257,
67. J. Wyart, Compt. remd., 203, 938, (1936).
68. J. Wyart, Compt. rend., 205, 1077, (1937).

69. J. Wyart, Bull. Soc. franc. minéral, 63, 5, (1940).
Compt. rend., 212, 356, (1941).
Chem. Zentr., I, 3063, (1941).

70. E%tel,)Bowen and Scherrer, Amer. J. Sci., 5, 18, 305,
1929).

71. Naray Szabo, Z. Krist., 104, 39, (1942).

72. H. Strunz, Z. Krist., 95, 1, (1936).

73. R. M. Barrer and N. McCallum, Nature, 167, 1071, (1951).
74,  Barrer and Sammon, J. C. S., 675, (1956).

75. W. H. Taylor, Z. Krist., 99, 283, (1938).

76. T. Barth, Z. Krist., 83, 405, (1932).

77, F. W, Bultitude, Thesis (London), pp. 100 and 176, (1957).

78. R. M. Barrer and W. M. Meier, Helv. Phys. Acta., 29,
229, (1956).

79, Gossner and Reindl, Centr. Mineral Geol., A., 330, (1932).
80. W. M, Meier, Thesis (London), (1957).

81. D. W. Breck, W. G. Eversole, R. M. Milton, T. B. Reed
and T. L. Thomas, J. Amer. Chem. Soc., 78, 5963, (1956).

82, T. B. Reed and D. W. Breck., J. Amer. Chem. Soc., 78,
5972, (1956). ' -

83. C. J. F. BYttcher, Theory of Electric Polarisation,
Elsevier Publishing Company, (1952).

84. H. Pr8hlich, Theory of Dielectrics, Clarendon Press,
Oxford, (1958).

85. L. Onsager, J. Amer. Chem. Soc., 58, 1486, (1936).

86. HZ A, %orentz, Theory of Electrons, Leipzig, 138, 306,
1909).

87. P. Debye, Phys. Z., 13, 97, (1912).



2908.

88, A. D. Buckingham, Proc. Roy. Soc., A.238, 235, (1956).

89. R. Clau81us, Die mechanische WHrmetheorie, Braunschweig,
62, (1879).

90. 0. PF. Mosottl, Mem. dimathem. e fisico liodena, 24, II,
49, (1850).

91. Bell, Trans. PFaraday Soc., 27, 797, (1931).

22, J. G. Kirkwood, J. Chem. Phys., 592, 51936);

4,

7, 911, (1939).

93. H. Pr8nlich, Trans. Faraday Soc., 44, 238, (1948).

94. J. G. Powles, Trans. Faraday Soc., 51, 377, (1955).

95, Mansel Davies, Quart Rev., 8, 250, (1954).

96, J. G. Powles and C. P. Smyth, Weissberger, Technique of
Organic Chemistry, 1. Phys. Methods and Organic Chemistry.
2nd ed.;’ Part 3, 2279, (1954).

97, . A. Lorentz, Wied. Ann. Phys., 9, 641, (1880).

98. . V. Iorenz, Wied. Ann. Phys., 11, 70, (1880).

99, J. P. B8ttcher, Thesis, Leiden, 1940,

101.

H
L
C
100.  E. A. Guggenheim, Trans. Faraday Soc., 45, 714, (1949).
R. H. Cole, J. Chem. Phys., 23, 493, (1955).

R

102. . H. Cole and K. S. Cole, J. Chem. Phys., 9, 341, (1941).
103. D. Debye, Polar Molecules, New York, Chapter V, (1929).
104.  H. Eyring, J. Chem. Phys., 14, 283, (1936).

105. A. E. Stearn and H. Eyring, J. Chem. Phys., 113, 5, (1937).

106. 3. Glasstone, K. J. Laidler and H. Eyring, The Theory of
Rate Processes, New York and London, 5&4, (1941).

107.  W. Kaugmann, Rev. Mod. Phys., 14, 12, (1942).
108. J. G. Powles, J. Chem. Phys., 21, 633, (1953).
109.  E. von Schweidler, Ann. Physik. (4), 24, 711, (1907).

110. K. W. Wagner, Anh. Physik (4), 40, 817, (1913).



111.
1iz.

113.

114 L]
115.

116.
117,
118.
119,

120.
121,

122,
123.
124,
125.
126,
127,

128,
129,

259,
W. A. Yager, Physies, 7, 434, (1936).

J. G. XKirkwood and R. M. Fuoss, J. Chem. Phys., 9,
329, (1941).

R. M. Fuoss and J. G. Kirkwood, J. Amer. Chem. Soc.,
63, 385, (1941). _

J. Ross MacDonald, J. Chem. Phys., 20, 1107, (1952).

D. W. Davidson and R. H. Cole, J. Chem. Phys., 18,
1417, (1950).

K. H. Stark, Nature, 166, 436, (1950).
¢. G. Garton, Trans. Faraday Soc., 424, 56, (1946).
Y. J. Errera and H. Brasseur, Physik. Z., 34, 368, (1933).

C. P. Smyth, Chem. Revs., 19, 329, (1936).
Trans. Paraday Soc., 424, 175, (1946).

C. P. Smyth and W. S. Wallis, J. Chem. Phys., 3, 557, (1935

C. P. Smyth and C. S. Hitchcock, J. Amer. Chem. Soc.,
54, 4621, (1932).

C. P. Smyth and C. S. Hitchcock, J. Amer. Chem. Soc.,
55, 1830, (1933).

C. P. Smyth and C. S. Hitchcock, J. Amer. Chem. Soc.,
55, 296, (1933).

C. P. Smyth and S. A. McNeight, J. Amer. Chem. Soc.,
58, 723, (1936).

A. H. White and S. 0. Morgan, J. Amer. Chem. Soc.,
57, 2078, (1935).

J. 8. Dryden and R. J. Meakins, Revs. Pure Appl Chen.,
Australia, 7, 15, (1957).

J. D. Hoffmann and H. G. Pfeiffer, J. Chem. Phys.,
22, 132, 1144, (1954).

M. Gevers, Philips Research Reports, 1, 298, (1946).

M. Gevers and F. K. Du Pré, Trans. Faraday Soc., 424,
47, (1946). -



130.
1315

132.

133.
134.

135.

1360

137.

138.
139.

140.
141.

142.
143,

144.
145.
146.
147.
148,

149.

260,

A. Gemant, J. Appl. Physics, 10, 508, (1939).

L. Suchow and G. R. Pond, J. Amer. Chem. Soc., 75,
5242, (1953).

K. W. Wagner, Archiv. Elektrotech., 2, 371; 3, 100,
(1914).

R. W. Sillars, J. Inst. Elec. Eng., 80, 378, (1937).

KE W. ?agner, Elektrotechn. Z., 36, 111, 121, 135, 163,
1915).

J. Hirsch, The electrical properties of WOz, The
British Electrical and Allied Industries Research
Association Report, Section I, Ref. L/T, 326 and
/T, 351.

R. P. Chasmar, Nature, 161, 281, (1948).

E. Billig and K. W. Plenner, Proc. Phys. Soc.,
B64, 361, (1951).

K. W. Plenner, Proc. Phys. Soc., B64, 671, 681, (1951).

R. T. Lewis and L. R. Bickford jr., J. Amer. Cer. Soc.,
Cer. Abstr., 3, 9, 6, 222, (1956).

R. M., Fuoss, J. Amer. Chem. Soc., 59, 1703, (1937).

L. Sosnowski, J. Starkrevicz and O, Simpson, Nature,
159, 818, (1947).

0. Simpson, Nature, 160, 791, (1947).

A. C. Jason and J. L. Wood, Proc. Phys.Soc., B.,
Vol. IXVITII, 1105, (1955).

B. V. Hamon, Aust. J. Phys., 16, 304, (1953).

S. 0. Morgan, Trans. Electrochem. Soc., 65, (1934).
J. Ross MacDonald, Phys. Rev., 91, 412, (1953).

C. T. 0'Konski, J. Chem. Phys., 23, 1559, (1955).

S. Badzioch and G. B. Cornford, Bull. Brit. Coal
Utilisation Res. Assoc., 16, 77, (1952).

J. A, Reynolds and J. M. Hough, Proc. Phys. Soc.,
70B, 769, (1957).



150.
151.
152.
153.
154.
155.

156.
157,
158,

159.
160.
161,

162.

163.
164.

165.
166.

167.
168,

169.

170.

261,
J. W. Rayleigh, Phil. Mag. (5} 3,481, (1892).

G. Breit, Proc. Acad. Sci. Amgterdam, 25, 293, (1922).
F. Ollendorf, Arch. Elektrochem., 25, 436, (1931).

W. Niesel, Ann. Phys. Ipz., 10, 336, (1952).

D. Polder and J. H. van Santen, Physica, 12, 257, (1946).

0. Wiener, Abh. math. phys. K1. Sdchs. Akad. Wiss.
Ipz., 32, 509, (1912).

D. A. G. Brlggeman, Ann. Physik, (5),24,636, (1935).
W. I. Higuchi, J. Phys. Chem., 62, 649, (1958).

C. J. F. B8ttcher, Rec. trav. chim., 64, 47, (1945);
Physica, 2, 937, (Toa2).

Lichtenecker and Rother, Phys. Z., 32, 255, (1931).
J. P. Poley, Physica, 19, 298, (1953).

J. C, Van Vessem and J. M., Bijvoet, Rec. trav. chim.,
67, 191, (1948).

A. Hélaine, S. Le Montagner and J. Le Bot, C.R. Acad.
Sci. Paris, 232, 403, (1951).

L. V. C. Rees, Private communication.

K. A. Vodop'yanov, Doklady Akad. Nauk. S.S.S.R., 84,
919, 1952; Abs. 93594, (1952).

J. Muir, Trans. Faraday Soc., 50, 249, (1954).

Alphabetical Index of X-ray Diffraction Data (American
Society for Testing Materials).

Bunn, Chemical Crystallography, Clarendon Press, Oxford.

B. Hague, Alternating Current Bridge Methods, Pitman
and Sons, (1945).

L. Hartshorn, Radiofrequency Measurements, Chapman and
Hall, (1940).

C. T. 0'Konski, J. Amer. Chem. Soc., 73, 5093, (1951).



262,

171. Harris, Haycock and Alder, J. Chem. Phys., 21, (1943).

172, R. H. Cole and R. M. Gross jr., Rev. Sci. Instr., 20,
252, (1949).

173, Mullard Maferial Research Laboratories Report MR762.

174. R. J. Meakins, Austr. J. Sci. Res., A2, 405, (1949);
Trans. Faraday Soc., 51, 371, (1955).

R. J. Meakins and R. A. Sack, fustr. J. Sci. Res.,
A4, 213, (1951).

175. 8. Kurosaki, J. Phys. Chem., 58, 320, (1954).

176. Lz Har?shorn and Ward, J. Inst. Elec. Eng., 79, 597,
1936) . _ T

177. L. H. Hartshorn, Radiofrequency Measurements, Chapman
and Hall, (1940).

178. Hartshorn and Oliver, J.C.S., 1234, 664, (1929).

179. J. Nesbitt and R. C. Pink, Electrical Phenomena and
S01id/Liquid Interface, Proc. second Int. Congress
of Surface Activity, Butterworth,pl6, (1957).

180. H. E. Taylor, Trans. Faraday Soc., 52, 873, (1956).

181.  Breckenridge, J. Chem, Phys., 16, 959, (1948).

182, Volger, Disc. Faraday Soc., 125, (1957).



263,

TABLE I.
Natural | Compound T Sample II sample II Sample II |
Sodalite |{ex Bultitude Hydrated o Anhydrous o |sealed into
(ex Cubic a=8,94 Cubic a=8.96 A |Cubic a=9,02 A tube after
A.S.T.M,) thermogravi-
metric
determinatio
Cubic a=8, 98!
d I {hkl I d hkl I d {hkl I d {hkl I d
6.3 | 171110{ v.s. |6.36{110| v.s. |6,34}110{ v.s, | 6,31]110] 8.]6,25
4,42 31200 w., |4.43|200] v.w. |{4.48 \
_ 210 w. 4,04
3,631100{211} v.s. |3.671211] Vv.s8. |3,66|211] v.s. | 3.67]211 S.] 3.63
2201 w. 3,151220 w, 3,17
2.81 51301 S, 2,831310 s, 2,841310 m, 2.861310 m.} 2.85
2.56] 131222 v.s.. |2.98]|222 s, 2,58)222 S, 2.61}] 222 s, 2,59
2,371 17312 We. 2,39 1321 We 2,40i321 We 2,41
2.081 331|303 Se. 2.,11}1411 S. 2.111400 m, 2,25
1.98 2402 v.w, 2,01 411 S, 2.121411 8.1 2.12
1,88 21332 v.w. [|1.901332|v.v.W.|1.88]|332|v,Vv.W,]1.93
1.80 21224 We. 1.83 1422 W 1.83 | '
1,73 21314 m.s. {1.751431 m, {1,76{510{ m. 1.774510 m,|1.76
1,61 11215 W, 1.63(521|v.v.w.}1l.64}521 W. 1,65
1,561 10{404| m.,s., {1.59 {440 m, 1.591440}( m, 1.60{ 440 m,|1.59
1,52 51334 o, 1.541530! w,m., |1.541433 W, 1.55]1433 (w,0n..1,54
1,48 7 1600 m, 1,49 442 W. 1.50(442{ v.w, {1,51}442w.m,{1,50
1.43 8 {611 m, 1.45({611| w. 1.45(611) w, 1.,471611 jw.m,{ 1,46
1,40 11620{v.,v.w. {1.42
1.37 21541 w. 1,38 (541 W, 1.38
1,33 21622 m, 1.35622 m, 1,35(622 m, 1.371622) w., |1.35
1.31 21631 W. 1,32(631| vew, |1.31|63L|v.v.w.|1.33
1,28 1 {444 We 1.29 (444 v, v.W. |1.281444} v.w. {1.31
4531V, V. W, |1.26{453 v.v.w.|1.28
1,20 7 721 W, 1,221721 w., |1l.231721{ w., |1.,22
1,12 3 ) !
i —




TABIE II,

Hydrated Basic Sodalite, Run 24, 30°C, Bridge.

264.

Frequency |CP(app) | € app RP(app) tand,op
pF .
500 c¢/s 2539 153 3863 3245
560 2201 133 3854 3345
620 1963 118 3848 340
700 1722 104 3843 3le ks
800 1496 90.1 3834 3le7
890 1378 83.0 3828 3349
l.0kc/s 1210 7249 3824 3hely
1.15 106L 6lre L 3816 3hel
1.3 966.8 58. 2 3810 3342
1.6 79k 2 1478 3793 33,0
2.0 65947 3947 3778 31.9
2¢5 54540 3248 3765 31.0
3.2 45040 27.1 3747 295
lre O 385.0 23.2 3734 27.7 |
5.0 332.1 20.0 3719 25.8
6e3 28647 17.3 3707 23,8
840 24943 15.0 3689 21.6
10 2214l 13.3 3678 1945
13 197.1 11.9 3663 17.0
16 181.5 10.9 3650 15.0
20 16843 - 10.1 3645 13.0
25 16143 9,72 3623 10.9
32 152.6 9.19 3599 9,06
40 14345 84 6L 3581 7o Tk
50 137.7 8. 30 3567 648




TABIE III,

265.

Hydrated Basic Sodalite, Run 2B, 30°C, He-W. apparatus.

c

Frequency Pé;pp) € opp Rg&%Pp) tand
216 ke/s | 115.3 695 2859 2424
256 112.3 6.77 2754 2.01
313 110.8 667 2795 1.6k
417 103. 2 6422 257.2 Lo 47
509 99.9 6402 2470 1,27
621 930 4 5.63 2296 1.20
770 91.9 5.54 2144 1.05
890 8843 5e32 1991 1.02
1.1 me/s 83,8 5.05 1861 0.928
1,317 795 Le79 1803 0. 8L3
l.77 738 Lelt5 1584 0.769
2,07 71.0 L4a 28 1461 0. 741
24 5L 67+ 3 4e 05 1336 0. 697
3.22 62,9 3,79 1243 0632
Le3 59.0 355 1071 0. 586
5.3 57+8 3,48 988 0. 526
6e 52 5665 3. 40 882 0. 490
7.6 55.9 36 37 811 0. 462
8.8 550 2 3633 726 0. 451

10,9 5503 3633 626 Qe 422

12,97 5846 3453 518 0. 40k
16.0 656 3 3493 409 0« 372




TABIE IV,

Hydrated Basic Sodalite, Run 34, 50°C, Bridge.

Frequency | CP(sgp) | €app | FP(app) | " apy
pF el
560 c/s 4112 248 2882 2440
620 3726 225 2874 2440
700 3339 201 2868 23¢7
800 2979 179 2855 2344
890 2755 166 2853 22,8
1.0 ke/s | 2509 151 2843 2243
1415 2271 137 2832 21.5
1.3 2069 125 2825 21.0
1.6 1802 109 2809 19.7
2.0 1571 9%4e6 2790 1842
2.5 1374 8248 2769 16,7
342 1202 72t 2743 15.1
4eO 1060 638 2718 13.8
5.0 916.0 55 2 2690 12.9
6e3 79342 4748 2657 12,0
8.0 64842 39.1 2622 11.7
10.0 5416 32,6 2588 11.4
13.0 43846 264 4 2546 11.0
1640 37363 2245 2520 10.6
2040 31548 19.0 2487 10.1
2540 269.3 1642 2463 9« 60
32,0 226.7 137 2436 9.01
40.0 199.0 12,0 2416 8428
5040 182,0 11.0 240l 7.28

266,



267,

TABLIE V.

Hydrated Basic Sodalite, Run 3B, 5000, He~W. apparatus.

Frequency | “P(app) | € app | *P(app) ban® o
DF L

216 ke/s | 120.6 727 2446 2450
256 123,1 Tek2 2377 2.13
313 113.6 6. 84 2351 1.90
417 109.6 6 60 2197 1.59
509 107.3 6o 16 2076 1.40
621 100« 4 6. 05 1968 1.30
770 96.8 5.83 1870 l.14
890 93¢k 5463 1788 1.07
1.1 me/s 88.3 5632 1639 1.000
1.317 83.8 5.05 1592 0. 906
le77 TTek Le 66 1422 0.817
2.07 7he8 451 1325 0. 776
2e 5L Tlel ke 30 1224 0.717
3.22 672 405 1096 0. 671
be3 63.1 3480 927 0. 633
53 61.3 34 69 843 0. 581
6.52 5946 3459 758 0. 540
746 58e 3e 52 687 0. 522
8.8 58.1 3450 629 04495
10.9 58.1 3650 561 Oull8
12.97 60.9 34 67 426 0e 473
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TABIE VI,
Hydrated Basic Sodalite, Run LA, 80°C, Bridge.

Frequency | CP(app) | €*app | FP(app) | "™ app
pr S
320 ¢/s 8386 505 7348 8.07
1.00 6686 403 7272 8.18
500 5439 328 7162 8417
560 L4955 299 7091 8.09
620 4588 276 7000 7499
700 4161 251 6971 7o 8L
800 3762 227 6963 760
890 3497 211 6905 Telil
1.0 ke/s | 3223 194 6845 7.21
1.15 2936 177 6762 6497
1.3 2726 161 6681 6472
le6 2395 14k 6533 6e 36
2.0 2085 126 6369 5099
2.5 1825 110 6204 5¢ 62
342 1581 95, 2 6018 5e 23
L0 I 1373 82.7 5819 L4.98
5.0 1191 71l.7 5622 Le75
6e 3 1015 611 5430 Le 59
8.0 833.0 5042 5185 Le61
10.0 670e7 LO« L 4993 Le75
13 532.9 3241 4787 L. 80
16 L3546 2662 L4633 Le93
20 35543 21l. 4 4501 L.98
25 285.3 17.2 LA 5.06
32 24307 | 1ke7 | L340 Le 70
1.0 209, 3 12.6 1,288 Lelk3 |
50 | 182.3 11.0 4243 hel2
|




TABLE VIL,

269,

Hydrated Basic Sodalite, Run 4B, 80°C, H.-W. apparatus.

Frequency CP(SPP) € app % RP(gpp) | P¥app
P e
63 ke/s 163.9 9.87 - -
7L 164.2 8.89 4036 3e25
101.2 151.5 9.13 3979 2.61
122 14244 8. 58 3988 2430
151 13547 8.17 3826 2.03
216 115.3 6.95 4161 1. 54
256 114.8 6092 3874 1.40
313 1043 6.28 3824 1.28
417 103.2 Ge 22 3473 1,07
509 9542 5¢73 3298 0. 996
621 91.8 5¢53 3021 Oe 924
770 87.3 526 2832 04836
890 83.0 5600 2667 0. 808
le1l me/s 7843 Le72 2477 Oe 746
1,317 7547 e 56 2324, 04687
le77 70.8 Le27 2079 0.611
2407 68.1 ke 10 1907 0. 592
24 5l 6.8 3.90 1771 O« 546
3,22 62.5 377 1554 0. 509
Le3 5842 3651 1309 0. 486
5¢3 56e L 3. 40 1218 Oe 437
Be 52 566 3, 40 1085 0. 399
7.6 55 6 3435 999 06377
8.8 5549 36 37 896 Oe 361
10.9 5640 3e 37 751 Qe 347
12.97 59.5 3e 58 616 0. 335
16.0 6644 e 00 504 0. 297
19,85 The 2 Lo 7 307
2340 Ol 8 5¢71 178




Hydrated Basic Sodalite, Run 54, 114.7°C, Bridge.

TABIE VIII,.

Frequency | P(epp)l € app | *P(app) | ¥ Capp
pF oN
320 c/s 2637 159 97880 1.93
400 233l 141 90380 1.89
500 2095 126 83790 1.81
560 1974 119 80540 1.79
620 1860 112 77390 1.78
700 1739 105 73570 1.78
800 1587 95.6 69820 1.80
890 1468 8845 66880 1,82
1.0 kc/s 1261 76,0 63800 1.98
1.15 1105 6606 60670 2.06
1.8 7404k | Lh4o© 53220 2e 2L
2.0 618.3 | 37.3 50810 2.53
262 589:7 | 3545 49740 26 47
2¢5 567.0 | 3Le2 48950 2.29
2.8 505.4 | 30.5 L7790 2435
342 4LL0.6 | 26,5 46060 2e 45
L4oO 3643 | 22.0 L4330 2. 46
540 306,0 | 18k 42980 2442
603 266,7 | 16.1 41800 2.27
840 237.6 | 1ho3 40610 2.06
10 217.2 | 13.1 39430 1.86
13 198,91 12.0 37950 1,62
16 187.7 11.3 36600 1e45
20 176,81 10,7 35020 1.29
25 166.7 | 100 33130 1.15
32 157.9| 9.51 31060 1,01
40 150.3 | 9.05 28890 0,92
50 145.5! 8.77 26660 0.82

270,



271,
TABIE IX,

Hydrated Basic Sodalite, Run 5B, 114.700, He-¥., apparatus.

Frequency |CP(app)| € app RP(app) | P2 app
pF el '
63 kc/s 128.4 | 773 24380 0. 807
7h 12644 | 7461 22630 0e752
101.2 116.0 | 6099 19910 0. 681
122 107.9 | 6450 17960 06673
151 103.6 | 6424 17330 0. 587
216 93¢6 | 5¢6L 14240 04553
256 89,1 | 5.37 12870 0. 542
313 84e9 | 5.11 11580 0. 517
417 79.3 | Le78 9883 0. 487
509 7606 | L6l 8874 04 460
621 73¢9 | Lol 7829 Os 443
770 70e2 Le23 7078 Oe 4116
890 6842 | Lell 6458 0. 406
l.1 mc/s 6Le7 | 3490 5719 0. 391
1.317 62.9 | 3.79 5165 0¢372
1e77 5942 | 3457 L377 Oa 347
2,07 576 3ol 3949 0. 338
2¢ 54 5660 | 3437 3508 0. 319
3,22 S54e7 | 3430 2982 0. 303
Le3 51.8 | 3.12 2358 0. 303
5.3 49.1 | 2.96 2200 0.278
652 50.8 | 3.06 1907 0. 252
7.6 5040 | 3.01 1724 0e 243
8.8 49.8 3400 1539 0.236
10.9 51.1 | 3.08 1264 00226
12,92 S5he3 | 3427 986 0.230
16,0 6l.1 | 3.68 664 0 245
19.85 6848 | Lell L7 0. 261
2340 87.1 | 5.25 266 0¢299




TABLE X.

272,

Anhydrous Basic Sodalite, Run 16A, -183°C, Bridge,

Frequency Cp%app) élapp
b
500 c/s 21.25 1,77
800 21,30 1,78
1,3 ke/s 2l.25 1,77
2.0 21,25 1,77
b2 21,25 1,77
5,0 21,15 1,76
7.0 21,25 1.77
13 21.15 1.76
20 21,10 1,76
32 21,05 1,75
50 21.05 1.75
TABIE XI.

Anhydrous Basic Sodalite, Run 18, -183°C, Bridge.

Frequency Cpﬁapp) €'app Rp(app) tanéapp
b meg £
1.6 kc/s 21.35 1.78 473 0.0099
2.5 21,30 1.78 354 0.,0085
4,0 21,30 1,78 232 0,0081
6,5 21,25 1,77 144 0, 0082
10 21,15 1.76 116 00,0065
16 21,15 1.76 8l.9 0,0057
25 21.15 1.76 56,4 0, 0053
40 21,10 1.76 37.2 0,0051




TABLE XIT.

273,

Anhydrous Basic Sodalite, Run 29, -183°C, Bridge.

Frequency CP(app) e‘app RP(app) ‘tanSapp
pF meg. L+

2,0 ke/s 21,40 | 1,78 402 0.0093
2.5 21,40 1.78 344 0, 0087
3,2 21.35 1.78 279 0.,0084
4,0 21,35 1.78 236 0.0079
5.0 21.35 1,78 190 0,0078
8.0 21,30 1.78 137 0,.0068

10 21,35 1.78 120 0,0062

13 21,30 1,78 88.5 0,0065

16 21,25 1,77 82,7 0,005%7
20 21,85 1.77 65.1 0,0058
25 21.25 '} 1,77 51.7 0,0058

32 21,25 1.77 - -

40 21,25 1,77 - -

50 21,25 1.77 - -




274,
TABLE XIIT,
Anhydrous Basic Sodalite, Run 16B, -183°C, H.-W, apparatus.

Frequency Cgﬁapp} 5 o Riég‘p}%} tanéapp
74 ke /s 21,15 1,76 21.8 0.0047
122 21,00 1.75 14,4 0.0043
216 21,00 1.75 9.15 0,0038
313 21,00 1.75 6,74 00,0036
509 21,00 1.75 4,17 00,0036
770 21.05 1.75 2,68 0,0037
1.10 mc/s 21,00 1.75 2.00 00,0035
1,77 21,05 1.75 1.17 0.0036
2,54 ‘ 21.20 1,77 0.841 00,0035
3.70 21,25 1.77 0,584 0.0035
5,30 21,15 1.76 0,313 -
TABIE XIV,

Anhydrous Basic Sodalite, Run 17, -183°C, H.,-W. apparatus

Frequency CP(app) £ 2pp Rp(app) tané’app
pF meg, 42
63 ke /s 20,95 1.75 25.6 0,0047
101 21.00 1,75 19.1 0,0039
151 21.00 1,75 13,4 0.,0037
256 20,95 1,75 - -
2,07 me/s 21,15 1.76 1,09 0,0033




TABLE XV,

275,

Anhydrous Basic Sodalite, Run 12A, 30°C, Bridge.

Frequency CP(app) €’app RD(app) tangapp
PE meg. Ly
320 ¢/s 22,15 1.85 - -
500 22,15 1.85 - -
800 22,05 1.84 - -
1.3 kc/s 21.95 1.83 591 0.0094
2.0 22.00 1.83 397 0.0091
3,2 21,90 1.83 274 0.0083
5.0 21,95 1.83 186 0.0078
7.0 21,95 1.83 131 0.0079
13 21,90 1.83 83.8 0.0067
20 21,80 1.82 56,6 0.0064
32 21,90 1.83 38,6 0,0059
50 21.85 1.82 23,8 0.00861




TABIE XVI,

276,

Anhydrous Basic Sodalite, Run 20, 30°C, Bridge.

Prequency CP(app) €lapp RP(app) tanSapp
pF meg. LX

620 c/s 21,75 1,81 - -
1.0 ke/s 21,85 1.82 - -
1.6 21,85 1.82 - -
2,5 21,75 1,81 - -
4,0 21,70 1.81 227 0,0081
6.3 21,75 1.81 151 0.0077

10 21,70 1.81 104 0, 0070

16 21.70 1.81 68.9 0.0067
25 21.70 1.81 47,2 0,0062
40 21,65 1.80 29,1 0,0063

TABIE XVII.

Anhydrous Basic Sodalite, Run 28, 30°C, Bridge.

Prequency CP(app) Eiapp RP(app) tanSapp
pF meg. Sk

1.3 ke/s 21.80 1.82 - -

1.6 21,85 1,82 479 00,0095

2.0 21,90 1.83 431 0.0085

2.5 21,90 1.83 361 0.0080

3.2 21,80 1.82 282 0,0081




TABIE XVIII,

2717,

Anhydrous Basic Sodalite, Run 12B, 30°C, H.-W. apparatus

Frequency CP(app) Efapp RDP(app) tanégpp
pF meg. - N
74 kc/s 21,60 1.80 18,2 0.0055
122 21,75 1.81 11.0 0.0054
216 21.75 1.81 6,92 0.0049
313 21.65 1.80 4,73 0,0050
509 21,75 1.81 3.02 0,0048
770 21,75 1.81 .35 0.0066
1.32 mc/s 21.95 1.83 0,798 0.0069
2,07 21,90 1.82 0.338 0,0080
3.22 22,05 1.84 - -
5,30 22.45 1.87 0,0726 -
8.80 22,80 1,90 - -
TABLE XIX,

Anhydrous Basic Sodalite, Run 21, 30°C, H,-W. apparatus.,

t
FPrequency Cp(app) € app Rp(app) tanéépp
PR meg. Q).
151 kc/s 21,55 1.80 9.58 0,0051
1,10 mo/s 21.55 1.80 1,07 0.0063
1,77 21,70 1.81 0.482 00,0086




TABIE XX,

278,

Anhydrous Basic Sodalite, Run 27, 30°C, Q-meter,

Frequency CP(a e' Rp(gq tan§
P PP) arp mégfgg aPp
10 me/s 22,80 1.90 - -
13 23,20 1.93 - -
16 24,45 2.04 - -
20 26,15 2.18 - -
25 34,55 2.88 - -
TABLE XXI.

Anhydrous Basic Sodalite, Run 144, 80°C, Bridge.

Frequency CP(app) E'app Rp(app) tanéépp
pP meg. ).

320 c/s 22,80 1.90 - -
400 22,95 1.91 - -
620 22.70 1.89 326 0,0347
1.0 ke/s 22,60 1.88 246 0.0286
1.6 22,45 1.87 180 0.02486
2.5 22.35 1.86 134 0.0213
4,0 22.25 1.85 95.7 0.,018%7
6.5 22,25 1.85 66.2 00,0172
10 22,20 1.85 45,0 0,0159
16 22,10 1l.84 31,7 0,0142
25 22,15 1.85 21.9 0.,0131
40 22,15 1.85 14,6 0,0123




279,
TABIE XXII,

Anhydrous Basic Sodalite, Run 23, 80°C, Bridge.

Frequency CP(app) Gfapp RD(app) tanéapp
pF meg. £)_

1.3 kC/S 22,30 1.86 207 0.0265
2,0 22,25 1.85 156 0.0230
3.2 22,15 1.85 111 0.0203
5.0 22.05 1,84 78.2 0.0185
7.0 22,05 1.84 60.0 0,0172
13 22.00 1.83 36,7 0,0152
20 21,95 1.83 26,3 0,0138
32 21,95 1,83 18.0 0,0126
50 21,90 1.83 11.6 0,0126

TABLE XXIII,

Anhydrous Basic Sodalite, Run 14B, 80°C, H.,-W. apparatus.

Frequency Cp(app) e' app Rp(app) tancga D
pF meg -

63 kc/s 21,80 1.82 10.5 0,0110
101 21,90 1.82 7,44 0.0096
151 21,80 1.82 5,44 0, 0089
256 21.85 1.82 3.77 0.0076
417 21.80 1.82 2.24 10,0078
739 21,90 1,82 1.%8 0.0071
1,10 me/s 22,00 1.83 0,785 040084
1.77 22,05 1.84 0.422 0,0097
2.54 22,20 1.85 0.275 0,0103
4,30 21,80 1.82 - -
7.60 22,60 1,88 0.0668 00,0137




280,
TABLE ZXXIV,

Anhydrous Basic Sodalite, Run 22, 80°C, H,-W, apparatus.

1
Frequency Cp(app) € app Rp(app) tanégpp
ok meg.
216 kc/s 21.70 1.81 4,03 0,0084
313 21.65 1.80 2,90 0,0081
890 21.80 1.82 1.15 0,0072
1.58 mc/s 22,00 1.83 0.506 0.0091
2.07 21.80 1.82 0.365 0,0097
TABLE XXV,

Anhydrous Basic Sodalite, Run 25, 80°C, Q-meter,

Frequency Cgﬁapp) eiapp Rﬁégf@g tan§app
4,25 me/s - - 0,177 -
5.0 22,10 1.84 0.114 0.0127
6.30 - - 0.,0873 -
8,00 22,70 1.89 0.0874 -

10.0 22,85 1,90 - -
10,5 23,10 1.93 - -
16.0 24,80 2.07 0.0340 -
20.0 26,45 2.20 0.0215 -
25,0 31.20 2.60 0.011s -
32,0 59.00 4,92 - -




281,

TABLE X¥®VI,
Anhydrous Basic Sodalite, Run 31, Bridge.
Constant Frequency: 5 kc/s.
1
Tempggamre (T__:o;: gome) Cp(p%\pp) € app anIe)é?ﬁ) tang,
-183.0 11.09 21,35 1.78 190 0.0078
-147,2 7.94 21,90 1.82 470 0.0031
-121.9 6.61 21,90 1.82 ol5 0, 0028
-100.,3 5,79 21.85 1.82 402 0,0036
-66,1 4,83 21.75 1.81 369 0,.0040
30.0 3,30 21.95 1.83 186 0.0078
80.0 2,83 22,05 1.84 78,2 0.0185
130,.2 2,48 23,40 1,95 24,9 0,0546
171.0 2425 25,85 2.15 B.23 0.150
205,8 2,09 28,90 2.41 SRS 0.331
250,0 1.91 41,85 3,49 1.24 0.616




TABLE XXVII,

Anhyirous Basic Sodalite, Run 19, Bridge.
Cons*ant Frequency: 32 kc/s, '

282,

Tempggature (Tzoiézolute) Cié?PP) €'app ﬁigapp) tandpp
-183,0 11,09 21,25 | 1.77 35,7 0.0066
~147,7 7,97 21,85 | 1.82 54,3 0.0042
-122,1 6,62 21.85 | 1.82 | 86,8 0.0026
-100.3 5,79 21,85 | 1.82 83,6 0,0027

-66,1 4,83 21,80 | 1.82 74,8 0,0031
0.0 3,66 21,80 | 1.82 - -
30,0 3,30 21,90 | 1.82 38.6 0.0059
39 .4 3,20 21,70 | 1.81 33,5 0.0068
49,9 3.10 21,80 | 1.82 28,5 0.0080
59,0 3,01 21.85 | 1.82 25,0 0.0091
69.5 2,92 21.90 | 1.82 21,1 0,0107
80.0 2.83 21,95 | 1.83 | 18,0 0.0126
130,2 2,48 22,75 | 1,90 7.34 | 0,0298
171.0 2,25 23.70 | 1.98 3,15 | 0,0666
205.8 2,09 25,45 | 2,12 1.3 | 0,137
250,0 1,91 30,65 2.55 0.£18 ] 0,314




Hydrated AgA(AgNOz), Run 8A, 30°C, Bridge.

TABLE XXVIII,

285,

Prequency CP(app) elapp RP(app) tan&app
PF QN
400 C/S 3663 231 74440 1.46
530 2710 171 65700 1.69
620 2274 143 61990 1,82
800 1683 106 57250 2.06
1.0 kc/s 1318 83.1 54440 2.22
1.3 1033 65.2 51720 2.29
1,6 847,6 53,5 49930 2,35
2.0 697.8 44,0 48310 2.56
2.5 598,0 7.7 46760 2.28
3,2 507.4 32.0 45080 2,17
4,0 451, 4 28.95 43610 2.02
5,0 409,1 25.8 42150 1.85
6.3 37349 25,6 40550 1,67
8,0 344,0 21.7 38860 1,48
10 320,8 20,2 37150 1,34
13 292,8 18.95 35220 1.19
16 _277.9 17.5 35580 1,07
20 262,.8 16.6 31760 0,953
25 249,7 15.8 29920 0,852
32 256,7 14,9 27860 0.754
40 226,9 14,3 25900 0,677
50 2lg8.2 13.8 24020 0.608




TABLE XXIX,

284,

Hydrated AgA(AgH0Os;), Run 8B, 30°C, H.-W, apparatus.

Frequency CP(app) e'app RP(app) tanéépp
pF Ao
74 ke/s 203,3 12.8 21700 0.487
101 194,.4 12,3 18630 0,434
151 182.7 11.5 15410 0,374
216 175,7 11.1 - -
256 172,5 10.9 11050 0.326
313 1e8.2 10.6 9595 0,315
417 161,0 10.2 7825 0,303
509 156.9 9.90 6830 0,292
621 152,7 9.64 5597 0,300
770 149,3 9.42 4649 0.298
1,10 me/s 139.4 8.80 5356 0,311
1,32 136,1 8,59 2861 0,310
1,77 127.5 8.04 2136 0,331
2,07 124,1 7.83 1814 0,341
2,54 119.6 7.55 1547 0,339
3.22 114,2 7.20 1218 0,356
4,30 107.8 6,80 934 0,368
5.30 104,.3 6.58 785 0,367
6.52 96.90 6.24 601 0,410
7.60 97.65 6.16 507 0,423
8.80 98.95 6.24 452 0.405
10.9 101.9 6,43 357 0,402




TABLE XXX,

28R,

Hydrated AgA(AgNOz), Run 104, 80°C, Bridge.

Frequency CP(app) Gfapp RP(app) tanégpp
PF -
1,3 kc/s 10680 674 1856 6,24
1.6 0387 592 1824 5.81
2,0 8070 509 1789 5.51
245 6992 441 1754 5.19
3.2 5976 377 1710 4,87
4.0 5120 323 1664 4,67
5.0 4505 284 1626 4,35
6.5 3945 249 1584 4,04
8,0 3435 217 1527 3.79
10 3033 191 1478 3.55
13 2596 164 1419 3432
16 2299 145 1387 317
20 2000 126 1310 3,04
25 1728 109 1252 2,94
32 1466 92,5 1187 2.86
40 1246 78,6 1128 2,83
50 995 62.8 1076 2,97
TABIE ZXXI.

Hydrated AgA(AgiiOz), Run 10B, 80°C, H,W.-apparatus.

Frequency Cpﬁapp) E}app Rp(app) tanﬁapp
b EON

1.77 mec/s 192.9 12.2 - -

2.07 1686.4 11,6 - -

2.54 182,4 11.5 462 0,743

3422 174,.8 11.0 398 0,711

4,30 167,.,4 10,6 523 0,686




Anhydrous AgA(AgNOz), Run 41, 0°C, Bridge.

TABLE XXXII,

286,

Frequency Cp(app) e‘app Rp(app) tan&app
p¥ .
320 c¢/s 206, 2 18,7 1550000 1,083
500 251,8 15,9 1377000 0,916
800 223, 4 14,1 1185000 0.751
1.3 ke/s 200,7 12.7 1015000 0,601
2,0 184,3 11,6 863600 0.500
3.2 170,3 10,7 714600 0.409
5.0 160.0 10,1 581800 0,342
8,0 151,1 9,53 452200 0.291
13 143.5 9.05 329500 0.259
20 134,7 8,50 239600 0,247
32 127,.2 8.03 153100 0,255
50 119.2 7.52 97970 0,273

Anhydrous AgA(AgNOz), Run 43, 0°C, Bridge.

TABLE XXXIIT,

Frequency CP(app) Q}app RD(app) tané%pp
pF el
400 c¢/s 267,6 16.9 1482000 1.003
620 236.1 14,9 1322000 0.822
1.0 ke/s 210,7 13.3 1131000 0,668
1.6 191.2 12,1 957100 0.544
2,5 176,53 11.1 831800 0,454
4,0 164.,1 10.4 673000 0,360
6.3 155.0 9.78 524500 0,311
10 147.1 9,28 398100 0.272
16 137.1 8.65 289800 0,250
25 131,.,2 8.28 193800 0.250
40 122.9 7.75 122900 0.263




TABLE XXXIV,

287,

Anhydrous AgA(AgNOgz), Run 42, 0°C, H.W.-apparatus.

Frequency CP(app) €lapp Rp app) tanéépp
PF .

74 ke /s 110.8 6,99 63830 0.304
122 98.6 6.22 39490 0,335
216 86. 4 5,45 23710 0.360
313 78.5 4,95 17830 0.363
509 69.7 4,40 12940 0,347
770 64,2 4,05 10110 0.319
1.10 mc/s 60.2 3.80 8417 0,286
2,07 55,7 3,51 6090 0.277
3,22 53,9 3.40 5393 0,170
5.30 53,6 3,38 - -
7.60 54,1 3,41 2746 0.141

TABLE XXXV,

Anhydrous AgA(AgliOz), Run 33, 30°C, Bridge,

Frequency Cifapp) efapp R%&%?p) tanégpp
320 c/s - - 219500 -
500 - - 187900 -
800 750.0 47,3 161800 1.64
1.3 ke/s 512.7 32,4 144700 1.65
2.0 400.7 25,3 131500 1.51
3.2 326.2 20.5 117800 1.30
5.0 279.3 17.6 105500 1.08
8,0 242.6 15.3 92500 0.887
13 214.8 13.6 79540 0.717
20 195,9 12,4 68720 0.591
32 179.2 11.3 57370 0,484
50 166.8 10.5 47250 0.404




Anhydrous AgA(AgNOsz), Run 35, 30°C, Bridge.

TABIE XXXVI,

288,

Frequency C2(app) & app RP(app) tand, oy
pF e
400 c/s 1288 81. 2 205000 1.51
620 925,1 58. 4 175100 1.58
1.0 kc/s 634,1 40,0 151800 1.65
1.6 462.9 29,2 135100 1.59
2,5 370.2 23.4 122200 1,41
4,0 305.3 19.53 108900 1,20
6.3 265.3 16.6 96690 0,992
10 231.1 14.6 84400 0.816
16 206.9 15.1 72590 0,662
25 188.8 11.9 61840 0,545
40 173.6 11.0 51090 0.449

TABIE XXXVII.

Anhydrous AgA(AgNOz), Run 34, 30°C, H.W.-apparatus.

Frequency CP(app) elapp RP(app) tanéépp
PE _gl

74 ke /s 156.3 9.86 37370 0.368
122 143,4 9.05 28570 0.318
216 134,3 8.47 18190 0,302
313 127,95 8,04 13930 0,286
509 119.2 7.52 8812 0.298
770 110,9 7,00 5939 0,314
1.32 mc/s 98,5 6.21 3549 0,346
2,07 89,5 5.63 2843 0,367
5.22 g2.1 5.18 1603 0,376
5,30 72,17 4,59 1048 0.394
7.60 72,2 4,56 806 0,360




TABLE XXXVIII,

289.

Anhydrous AgA(AgNOs), Run 37, 50°C, Bridge.

Frequency Cgﬁapp) ﬁ‘app RP(app) tan5épp
320 c/s 5090 195 71170 2,26
500 2654 167 63700 1,88
800 2244 142 53580 1,65
1.3 kC/S 1727 109 44410 1,60
2.0 1302 82.1 38290 1.60
3,2 9i2,.2 57.6 32570 1,67
5,0 652,2 41,2 28690 1.70
8.0 475.8 30.0 25610 1,63
13 362,93 22.9 22970 1,47
20 303.8 19.2 20830 1.26
32 260, 5 16,4 18500 1,03
50 227.,6 14,4 16370 0.854

TABIE XXXIX.

Anhydrous AgA(Agl0z), Run 39, 50°C, Bridge,

Frequency Cgéapp>
400 c¢/s 2817
620 2400
1.0 ke/s 1933
1.6 1497
2.5 1088
4,0 751.5
6.5 553,93
10 418,%2
16 330,565
25 280.8
40 240,8

' Rp tand
€ app ~g_pp) app
178 66210 2.13
151 58430 1.83
125 49040 1,64

94,5 41160 1.61

68,7 35280 1.66

47,4 30430 1.74

34.9 27080 1.69

26. 4 24370 1,56

20,9 21960 1,37

17.7 19720 1.15

15.2 17450 0,947




TABLE L.

290,

Anhydrous Agh(AgNOg), Run 38, 50°¢, H.-W. apparatus.

Prequency Cp(app) E}app Rp(%{P) tan5;p§j
pr £
74 ke/s 199.8 12.6 - -
122 182,2 11,5 12010 0,596
216 161.6 10.2 9659 0,472
313 153,7 9,70 8046 0.411
509 142,4 8,98 6010 0,365
770 134,5 8.49 4517 0,340
1,32 mc/s 125,8 7.94 2986 0,322
2.07 114,7 7.24 1975 0.339
3.22 110,58 6,97 1284 0,348
6,52 99,7 6,29 600 0, 408
7.60 94,3 5,95 475 0.467




291,

TABLE XLI,
Anhydrous Agh(AglOz), Run 47, Bridge.
Constant Frequency: 5 kc/s.
Temggrature (T=%é%solute) Ciéapp) € app R?éiPP) tanéépp
0 3,66 164,4 10.4 | 523500 | 0,370
10 3453 193,4 12.2 303800 0,542
30 3,30 295.,1 18,6 106400 1,01
40 3,19 408, 5 25.8 62220 1.25
50 3,09 6335,8 40,0 37740 1.33
60 3,00 1061 $56.9 25290 1.1¢
70 2,91 1598 101 18420 1.C8
80 2.83 2310 146 14840 0.929
20 2.75 3020 191 12110 0.870
100 2.68 3583 227 9677 0.915
109.9 2,61 4076 257 7372 1.06
120.2 2,54 4419 279 4904 | 1.47
130.2 2.48 4720 298 3115 2.17
140.4 2.42 5086 321 2246 279




TABLE XLII,

Anhydrous AgA(Agl0Oz), Run 46, Bridge.

292,

Constant Frequency: 32 kc/s,
el
Tempgéawre (T=°a%églu'b e) Ci}g app) | * app RPEPP) . J“an&app
0] 3466 131.3 8.28| 161100 0,235
10 b DB 144,8 9,14} 128000 0.268
30 3,30 182,7 11.5 56840 | 0,480
40 3.19 215,8 13.6 35290 0,653
50 3,09 258,9 16,3 21750 0.883
60 3.00 329,7 20,8 13660 1.10
70 2,91 432,0 27 .5 8676 1,33
80 2,835 611,6 58,6 5837 1,39
90 2.75 891.1 06,2 4180 1,34
100 2,68 1265 79.8 3159 1.25
109.9 2.61 1734 109 2028 1,14
120,2 2.54 2287 144 2075 1.06
130,.2 2.48 2703 174 1713 1.06
140,4 2,42 3199 202 1458 1.07




293,

TABLE XLIII.

Hydrated Sodium Analcite, Run 144, 30°C, Bridge.

Frequancy Cp(app) Q;app RP(app) ' tanéapp
pF meg.=-<
250 ¢/s 161.4 8.23 9.89 0.399
320 151,5 7.73 7.96 0.412
400 142.5 7.27 6.57 0.425
500 133, 9 6,83 5,48 0,434
630 124,7 6,06 - -
800 _ 116.5 5,94 3,77 0.453
1.0 ke/s 108.6 5,54 - -
1.3 100,0 5,10 2,72 0.450
1.6 94,0 4,80 2,36 0. 449
2.0 88.8 4,53 2,06 0.434
2.5 83,3 4,25 1,85 0,414
3.2 78.5 4,01 1,97 0,403
4,0 74.8 3.82 1,39 0,382
5.0 71.3 3,64 1.24 0. 359
6,3 68.4 3,49 1,11 0,333
8,0 65.9 3,36 0,989 0,305
10 63,4 3.23 0,903 0.278
13 6l.35 3.13 0.803 0.249
16 60.0 3.06 0,734 0,226
20 58.8 3,00 0,665 0,203
25 57.9 2,95 0.602 0.183
32 57.0 2,91 0,538 0.162
40 56,0 2,86 0.484 0,147
50 i 55.4 P 2,83 0.433 0.133
Check after 1 day without temperature change between
15 ke/s 3 61.3 3.13 0.792 0.252
32 l 57.0 2,91 0,581 ‘ 0,164




TABLE

XLIV.,

204,

Hydrated Sodium Analcite, Run 145, 58°¢, Bridge.

|

Frequency CP(app) é;app Rp(app) tanaappi
pF meg.~ =)
250 c/s 217.3 11,09 7,45 0,393
320 209.8 10.70 6.27 0,378
400 202,8 10.35 5,32 0,369
500 125.4 9.97 4,45 0,368
630 185.. 9,44 3,52 0,388
800 , 1777 9.07 2.90 0,386
1.0 ke/s 168.3 8,59 2.45 0,387
1.3 575 8.04 1,91 0.4086
1.6 148,8 7.59 1.58 0. 423
2,0 140,4 7.16 1,32 0,428
2,5 150.4 6.65 - -
5.2 121.2 6.18 0.909 0.451
4,0 113.7 5.80 0,769 0,455
5.0 106.2 5,42 0,656 0,457
6.5 99.6 5.08 0.561 0,452
8,0 93,3 4,76 0,481 0,443
10 88.2 4.50 0.419 0,431
13 82.95 4,21 0,360 0,413
16 78,9 4,05 0,320 0,394
20 72.8 3.71 0,291 0.376
25 69.6 3495 0,258 0.354
32 66,7 3.40 0,227 0.329
40 65.8 5.26 0.206 0,305
50 ! 62.5 3.19 0.188 0.271
Check after 2 days without temperature change in betweeni
2.5 kc/s 126.7 | 6.46 - - |
25 £8.2 3.48 0,272 0,343

!




TABLE XLV,

295,

Hydrated Sodium Analcite, Run 148, 90°C, Bridge.

Frequency Cp(app) Efapp Rp(appl tanéépp
pF meg,—= L1
250 c/s 250,7 12,79 - -
320 241,5 12,32 3,61 0,571
400 233.6 11.92 3431 0,515
500 226,9 11,58 3,00 0.467
630 220.6 11,26 2,69 0,427
800 213,.4 10,89 24380 0,406
1.0 ke¢/s 204.,7 10,44 2.01 0,386
1.3 195,0 9.95 l1.64 0.383
1.6 188.6 9.62 . 1,37 0,385
2.0 180.4 9,20 1,14 0,387
2.5 171.1 8.73 0,977 0,385
3.2 l61.8 8.26 - 0,753 0,408
4.0 153.7 7.84 0,622 0.41l6
5,0 144,5 7,37 0,513 0,429
6,3 135,6 6.92 0,424 0,439
8.0 126,5 6,45 0,351 0. 448
10 116.7 5,95 0,296 0,461
13 107.4 5,48 0,246 0,484
16 100.6 5,13 0,214 0,463
20 94,2 4,81 0.185 0.456
25 88.6 4,52 0,161 0,446
32 82.9 4,23 0,140 0,429
40 78.5 4,01 0,123 0.411
50 74,7 3.81 0,110 0,388
Check on day before without altering the temperature in
| between, ‘
13 kc/s 107.0 5.46 0,247 0.463
25 89.2 i 4,55 i_ 0.160 ; 0,447




296.

TABIE XIVI.

Hydrated Sodium Analcite, Run 149, 58°C, Bridge.

!
Frequency CP(app) < app RP(app) tancsapp
p¥ meg.= (o

320 c/s 191.5 9,77 5,78 0,450
400 183, 6 9,37 4,97 0,436
500 175,8 8,97 4,20 0.431
630 168,8 8.61 3. 56 0,421
800 158,53 8,08 2,86 0,440

1.0 ke/s 149,0 7,60 2,46 0,435

1.3 137.7 7,03 1.98 0,450

1.6 129.6 6,61 1.66 0.461

2.0 120.8 6.16 1,42 0.464

2,5 112.9 5,76 - -

4,0 99,0 5,05 0,883 0,455
10 3.9 4,03 0,514 0,392
25 67.1 3,42 0,322 0. 295
40 60,8 3,10 0,262 0.250




TABIE XLVIL,

297,

Hydrated Sodium Analeite, Run 150, 30°C, Bridge.

Frequency Cp(app) Efapp Rp(app) ' tanéapp
pF meg.= ¢
250 c¢/s 144.6 7.38 -~ -
320 135,2 6,90 7.69 0.478
400 126.9 6.47 6.58 0.476
500 119,2 6.08 5,61 0.476
630 110,4 5,63 4,83 0.474
800 104.1 5,31 4,07 0.470
1.0 ke/s 97.5 4.97 3,60 0. 454
1.3 90,3 4,61 3,04 0.4 47
‘1.6 85,7 4,37 2,68 0,433
2.0 8l.4:. 4,15 2,38 0.412
2.5 77.0 3,93 2,15 0.384
6.9 65,4 3,34 1.33 0,292
16 58,7 2,99 0,856 0.198
40 55.6 2,84 0. 547 0.131




TABIE £IVIII,

298,

Anhydrous Sodium Analcite, Run 155, 30°C, Bridge.

I}

Frequency CP( app) Gjapp RP(app) i tanéépp
PE meg.— Sy
250 ¢/s 227.6 11,61 - -
320 224.8 11.47 13.6 0,163
400 221,9 11.32 11,9 0,151
500 220,0 11.22 9.95 0.145
630 218, 4 11,14 B.26 0,140
800 215,.5 10,99 6,38 0,145
1.0 kC/S 212,97 10.85 5,11 0,147
1.3 208,6 10.64 3.72 0.158
1.6 205,53 10,47 2.85 0,170
2.0 201.2 10,27 2,13 0.186
2.5 195,8 9.99 1.64 0,199
3.2 189.4 9,66 1.16 0.226
4,0 183,6 9.37 0,877 0.247
5,0 176.4 9.00 0,667 0,271
6.3 168,3 8.959 0,509 0,295
8.0 159.5 8.14 0,391 0,319
10 149.4 7.62 0.310 0,343
13 139.0 7.09 0.241 0,366
16 131.6 6,71 0.201 0,376
20 123.6 6,31 0,167 0.386
25 116.2 5,93 0,141 0,3894
32 108,.6 5.54 0,118 0,389
40 102.6 5,23 0,101 0.383
50 97.7 4,98 - -




299,

TABIE XLIX,

Anhydrous Sodium fAnalecite, Run 156, 30°C, H,W.-apparatus.

Frequency Cpﬁ?%pp) C“ app Rp(ipp) Il tan épp
. ol

63 kc/s 92,5 4,72 73800 0,370

74 90.7 4,63 66200 0,358
101 84,45 4,31 55600 0,335
122 81,0 4,13 50400 0,320
151 79,45 4,05 44100 0,301
216 74,0 3,78 35500 0,280
2b6 72,8 3.71 31800 0.269
313 70,75 3.61 28300 0,254
437 67.8 3,46 23400 0.241
509 66,45 339 20700 0,228
770 63,95 3.26 15400 0.209
890 62.5 3.19 14200 0,202
1.10 me/s 61.05 3.11 12900 0,184
1,77 58.05 2.96 9100 0.170
2.C7 o7.4 2,93 8140 0,165
2.04 57.15 2.92 7180 0,153
3.22 55,5 2.83 6300 0,141




TABIE L,

300,

Anhydrous Sodium Analeite, Run 160, 45°C, Bridge.

Frequency CP(app) G'app RP(4pp) tan&épp
PP mneg.=_Cy..
320 c¢/s 233,1 11.89 9,09 0.235
400 229,6 11.71 8,38 0.207
500 226,35 11.55 7.73 0.182
630 223,6 11,41 6,99 0,162
800 , 220,7 11.26 6,086 0.149
1,0 ke/s 218,0 11,12 5,33 0,137
1,3 215,3 10,98 4434 0.131
1,6 214,0 10,92 3459 0.130
2,0 211.,7 10,80 2,88 0.131
2.5 210,2 10.72 2.12 0,143
0.2 206.8 10,55 1,66 0.145
4,0 203, 4 10.38 1.26 0.155
5.0 199.6 10.18 0,947 0,168
643 195.4 9,97 0,698 0.185
8,0 190,7 9,73 0,509 0,205
10 183,7 8,37 0,381 0,227
13 175.8 B8.97 0,274 0,255
16 169.0 8,62 0.214 0.275
20 161.4 B8.23 0,166 0,297
25 153.1 7.81 0,131 0.319
32 l44,2 7.56 0,102 0.338
4 136,4 6,96 0,0825 0,354
o0 129,4 6,60 - -




TABIE LI,

301,

Anhydrous Sodium Analcite, Run 159, 45°C, H,W.-apparatus.

| Frequency Cpé %pp) c app | Rpf?{p) tand, -
63 kc/s 116,45 6,04 54200 0,393
74 114,45 5,84 47800 0,393
101 104,25 5,32 38600 0,391
122 99,4 5,07 34100 0.385
151 94,6 4,83 29700 0,375
216 88,55 4,52 23700 0,352
256 85,45 4,36 21400 0, 341
313 82,0 4,18 19100 0,324
417 78.93 3.99 16000 0,305
509 76.8 3.92 14300 0.286
770 70,75 3.61 10900 0.269
890 70.3 3,59 9920 0,256
1,10 mc/s 67.85 3, 46 8640 0,247
1.77 64,4 3,29 6350 0,220
2,07 63,05 3.22 5690 0.214
2.54 61.9 3.16 5010 0.202
%5.22 59.85 3,06 4280 0,193
l




TABLE III,

302,

Anhydrous Sodium Analcite, Run 157, 60°C, Bridge.

Prequency Cp(app) éﬁapp ’vRP(app) tanéépp
PF meg.= |
320 c/s 259,5 13,24 5,05 0.380
400 251,1 12.81 4,69 0, 338
500 244,2 12.46 4,39 0.297
630 2377 12,13 4,09 0,260
800 , 232,4 11.86 3,77 0,227
1.0 ke/s 227,6 11,61 3,52 0,199
1,3 223,2 11.39 3,19 0.172
1.6 221.,4 11,30 2,80 0.160
2.0 219,8 11,2 2,55 0,142
2.5 217.8 11,11 2.18 0,134
3.2 215,8 11,01 1.81 0.127
4,0 213,6 10,90 1,49 0,125
5.0 211.4 10.79 1,12 0.134
6.3 209, 2 10,67 0.879 0,138
8.0 206, 5 10. 54 0,663 0.145
10 203,0 10,36 0,507 0,155
13 198,53 10.12 0.355 0.174
16 194.0 9,90 0,269 0.190
20 188.8 9,63 0. 200 0.211
25 182.8 9.33 0,150 0,233
32 175,6 8,96 0.110 0,258
40 168,4 8.59 0, 0836 0,283
50 161.4 8,23 0,0650 0.304
Check pointg 2 days later without temperature change in
between,
16 ke/s 194,0 9,90 n,271 0.189
32 175.3 8.94 0,110 0,258




TABIE LIII.

Anhydrous Sodium Analcite, Run 158,

303,

60°C, H.W,-apparatus,

Frequency CP(app) G;app RD(app) tan&épp
pE S

63 kC/S 146,75 7 .49 49100 0,350

74 141, &5 7.22 42100 0,361
101 129.2 6,59 31400 0,387
122 124,5 6,35 26900 0.390
151 114,85 5,86 - -
216 104,85 5,35 17500 0.401
256 101.3 5,17 15500 (/, 396
313 95.1 4,85 13700 0.390
417 91.1 4,65 11300 0.370
509 87,05 4,44 10100 0,357
770 81.1 4,14 7790 0,327
890 79.0 4,03 7020 0.320
1,10 me/s 75,9 3,87 6260 0,305
1,77 70.5 3. 60 4690 0.272
2.07 68,7 5.51 4190 0,267
2,54 67,45 3.44 3690 0.252
3,22 65,2 3433 3150 0,241




TABLE LIV,

304,

Anhydrous Sodium Analcite, Run 161, 30°C, Bridge.

Frequency CP(app) 9 éjapp RDP(app) tanSapp
PR \ meg .- ).

4 ke/s 183, 2 9.35 0.944 0.230
13 141,6 7.22 0,253 0.342
20 126,7 6,46 0,173 0,382
25 119.5 6.10 0.145 0,368

32 112,1 5,72 0,121 0. 368
40 106,4 5,43 0,103 0,364
50 101.6 5.18 0,0885 0.354

TARLE 1LV,

Anhydrous Sodium Analcite, Run 162, 45°C, Bridge.

Frequency Cp(app) C’!app Rp(app) tanSapp

pF meg,—

400 c/s 228.8 11.67 8,49 0,205
1,3 kC/S 214.,8 10,96 4,41 0.129
4,0 202,8 10,35 1.27 G,154

13 175,6 8,96 0,277 0,252

40 136,.6 6,97 | 0,0833 0,350




TABLE 1IVI,

305,

Anhydrous Sodium Analcite, Run 163, 80°C, Bridge.

Frequency CP(app) E!app RP(app) tanqsdpp
p meg .- L2
400 C/S 249,3 12,72 4,82 0,331
1.3 ke/s 220,5 11.25 3,30 0,169
4,0 211.9 10,81 1,40 0,134
13 197.3 10,07 0,367 0,169
40 158,5 8.60 0,0857 0,276




TABLE IVII.

Leucite, Run 130, 30°C, Bridge,

306,

Frequency CP%%PP) . égapp ggé?? tanéépp
400 ¢/s 680.65 3.09 176 0.,0373
500 60,45 3,08 154 0,0341
630 60,25 3,07 140 0,0299
800 60, 05 3,06 124 0, 0268
1.0 kc/s 59,95 3,06 110 0,0242
1,3 59,85 3,05 90,0 0,0227
1.6 59,65 3,04 76,9 0,0217
2.0 59,45 3,03 66,8 0, 0200
2.5 59,25 3,02 58,9 0,0183
3.2 59,05 3.01 48,1 0,0175
4,0 58,95 3,01 41,2 0,0164
5.0 58.85 3.00 35,1 0.0154
6.3 58,85 " 29.7 0,0144
8.0 58,75 3,00 25,0 0,0136
10 58.65 2,99 21,2 0,0128
13 58, 55 2,99 17,4 0.0120
16 58,55 " 14,9 0.0114
20 58.55 " 12,7 0, 0107
25 58,35 2,98 10,6 0,0102
32 " " 8.66 0,0098
40 " " 7.11 0,0096
50 t ! 5,67 0,0096




TLeucite, Run 131, 30°C, H,W.,-apparatus.

TABLE LVIII,

307,

Frequency CP(app) '€fapp Rp(aggzh tanqapp
pF meg,—-h L

63 kc/s 58,05 2,96 5,03 0.0087
74 58,35 2,98 4,60 0,0079
101 58,20 2,97 3,54 0, 0076
122 58,30 2.97 3,05 0,0073
151 58,15 2,97 2,65 0,0068
216 58.15 2,97 1,97 0,0064
256 57,80 2,95 1,75 0,0062
313 58,10 2.96 1.42 0,0062
417 58,30 2.97 1.15 0, 00567
509 57.85 2,95 0,979 0,0055
770 57,60 2.94 0,715 0,0050
890 58,10 2,96 0.6562 0, 0047
1,10 mc/s 57,85 2,95 0,514 0,0048
1,77 57,90 2,95 0,378 0,0041
2,07 58,056 2,96 0,326 0,0041
2,54 58,15 2,97 0.268 0,.0040
3,22 57.60 2,94 0.210 0, 0041




308,

TABLE LIX,

Leucite, Run 132, 60°C, Bridge.

Frequency | CP(app) €‘app RP(app) ‘tanSapp
pF meg .- L
320 C/S 65,45 3,34 82,2 0,0924
400 65,35 3,33 68,6 0,0888
500 64,75 3,30 61,8 0.0796
630 63.895 3.26 55,7 0,0710
800 65,35 3,23 49,4 0,0636
1.0 kC/S 62.85 3,21 43,4 0,0583
1.3 62,55 3.18 37,5 0.0524
1.6 62,15 3,17 32,6 0,0491
2.0 61,85 3.16 28,8 0, 0447
2.5 81,45 3.14 26,0 0.,0399
3.2 61.15 3,12 22,0 0.0370
4,0 60.85 3.10 19.2 0, 0340
5.0 60,65 3,09 16.7 00,0315
6.5 60,45 3,08 14,4 0,0290
10 60,05 3,06 10,7 0.,0248
13 59,85 3,05 8.99 0,0228
16 59.75 3.05 7.82 0,0213
20 59,55 3.04 6,73 0,0199
25 59.45 3,03 5.74 0,0186
32 59,35 3.03 e.76 0.0176
40 59,256 3,02 4,06 00,0166
50 59,15 5,02 3.45 0.01586




TABLE IX,

309.

Leucite, Run 133, 60°C, H,W.,-apparatus.

Frequency CP(app) ¢'app RP(app) tanégpp
pF meg.—_)_

63 ke /s 53,85 3.00 2,96 0.0145

74 59,05 3.01 2,68 0.0136
101 58.75 3,00 2,05 0, 0130
122 58.70 2,99 1,80 0.0124
151 58,25 2,97 1.60 0.0112
216 58,20 2,97 1.20 0.0106
256 58,30 2,97 1,01 0,0105
313 57.95 2.96 0,909 0, 0097
417 58,35 2,98 0,750 0, 0087
509 57.90 2.95 0.624 0.0087
770 56,15 2,97 0,452 0.0079
890 58.05 2,96 0.420 0.0073
1,10 me/s 58,15 2,97 0,399 0.0062
1,77 58.05 2.96 0,248 0, 0063
2,07 58, 20 2,97 0,206 0.0064
2,54 58.75 3. 00 0,169 0,0063
3,22 58,15 2,97 0.128 0.0066




Leucite, Run 135, 90°C, Bridge.

TABIE LXI,

310,

Frequency CP(app) Elapp RP(app) tanfgpp
pF meg.— <L)
320 c/s 77,9 3.97 31.7 0.202
400 75,4 3.85 26,9 0.196
500 73,4 3,74 24,3 0,179
630 72.1 5.68 21,6 0,162
800 70.6 3.60 18,9 0.149
1.0 ke/s 69.4 3.54 16.8 0.136
1.3 68.0 3,47 14,5 0.124
1.6 67.2 3. 43 12,9 0,114
2.0 66.3 3.38 11.5 0,104
2.9 65,3 3,33 10,5 0.,0928
3.2 64,7 3.30 9,07 0.0848
4,0 64,2 3,28 8.10 0.0765
5.0 63,7 5,25 7.15 0.0699
6.5 63,1 5.22 6,31 0.0635
8.0 62,6 3.19 95.93 00,0575
10 62,3 3.18 4,88 0.0524
13 62.0 5.16 4,19 0.0471
16 8l.6 5.14 3,70 0.0436
20 61l.5 5.14 3.25 0.0398
25 6l.4 3.13 2.84 0,0366
32 61.0 3.11 2,39 0.0341
40 60,6 5,09 2,07 0.0317
50 60,4 3.08 1.76 0.0300




311,

TABLE IXIT,

Teucite, Run 136, 90°C, H,W,-apparatus.

Frequency CP(app) E}app Rp(app) | tanéépp
pF meg.—<2

63.kc/s 60.25 3.07 1.61 0,0260
74 60,10 3,07 1.40 0,0255
101 60,15 3,07 1,20 0,0218
122 59.60 5.04 0.995 0.0220
151 59,90 3.06 0.868 0, 0203
216 59,55 3.04 0,676 0,0183
256 59.05 3.01 0,603 0.0175
313 59,40 3,03 0,517 00,0165
417 59,10 3.02 0.407 00,0159
509 59.45 3,03 0,383 0,0137
770 58.85 3.00 0,297 0,0118
890 58,75 3,00 0,259 0,0118
1,10 mc/s 59.10 3,02 0.214 0,0114
1,77 58.85 3,00 0.144 0,0106
2,07 59.05 3.01 0,129 0,0101
2,54 59,60 3,04 0,110 0, 0096
3,22 58,90 ] 3.01 0,0892 0, 0094




312,

TABLE LXIIL,

Leucite, Run 137, 105°C, Bridge.

: : :
Frequency CD(app) ¢ app RP(app) tanSapp
PP meg .~ _{2.
1.3 kc/s 73.3 3.74 9,43 0,177
2.5 68.8 3.51 6,80 0.136
5.0 66,3 3,38 4,66 0.103
10 64,53 5,28 3.24 0,0763
20 62.8 3.20 2.22 00,0570
40 62,0 3,16 1,44 | 0.0446
TABILE LXIV,

Leucite, Run 138, 90°C, Bridge.

Frequency | Cp(app) 6' app RP(app) tangapp
pF meg.- <
1.3 ko/s 68.0 3, 47 14.4 0.125
2.9 65.3 .85 10,6 0.0921
5.0 63.7 3.20 7.19 0.0695
10 62.3 3.18 4,90 0.0522
20 61.4 3,13 3.27 0.0396
40 60,6 ’ 3.09 2.08 0.0315




Teucite, Run 139, 74.,8°C, Bridge.

TABLE LXV,

313,

1
Frequency Cp(app) € app Rp(app) tan(gapp
p¥ meg.— Q)
1.3 ke/s 64.5 3.29 23.1 0,0822
2.5 65,0 5,21 16,6 0.0610
5.0 62,0 5.16 11,0 0, 0468
10 61,0 5,11 7.28 0.0358
20 60,4 5,08 4,72 0,0279
40 59,6 3,04 2,94 0, 0227
TABLE IXVI,
TIeucite, Run 140, 60°C, Bridge.
Frequency Cp( \ €'y Rb(app) tané;
(aop) PP nog T PP
1.3 ke¢/s 62.35 3.18 37.0 0,0531
2.5 61,45 3,14 26.2 0,0396
5,0 60,65 3,09 16,7 0.0314
10 60,05 3,06 10,7 0.0248
20 59.55 3.04 6,72 0.0199
40 52.25 5.02 4,07 0,0165




TABLE LXVII,

314,

Leucite, Run 141, 45,2°C, Bridge.

t
Frequency Cp(app) € app Rp(app) tangapp
pF meg.,~SL :
1.3 ke/s 61,05 3.11 58,2 0, 0345
2eD 60,05 35,06 40,3 0,0263
5,0 59,65 3.04 24,8 0,0216
10 59,25 3.02 15.3 0,0175
20 59,05 5,01 Q.40 0,0143
40 58,85 3,00 5,32 00,0127
TABLE LXVIII,
Leucite, Run 142, 30°C, Bridge.
Frequency Co( g ! Rp tand
pp) < a (app) a
oF < app meg o5h pp
1.3 kc/s 59.85 3.05 90.2 0. 0227
2.5 59,25 3,02 60,1 0,01%79
5.0 58.85 3.00 35,8 00,0151
10 58,65 2,99 21,6 00,0126
20 58,9595 2,99 12,8 0.0106
40 58.25 2,97 7.14 0, 0096




315,
TABLE IXIX,

Sintered Leucite, Run 164, 30°C, Bridge.

, Frequency CP(app) € app RP(app) tand, o,
PF meg.—_ .

650 c/s 32,9 3.24 211 0, 0364
800 32,6 3.21 178 0,0342
1.0 ke /s 32.5 3.20 154 0,0317
1.3 32,4 3.19 128 0,0295
1.6 32,3 3.18 110 0, 0279
2.0 32,2 3,17 94,9 0,0260
2.5 32,1 3.16 82.8 C.0240
3.2 32,1 " 67.5 0, 0230
4,0 32,0 3,15 57.4 0,0217
5,0 31,8 3.13 48,6 0,0206
6.3 31,7 3,12 41,1 0,0194
8.0 31,5 3.10 34,2 0,0185
10 " " 29,0 0,0174
13 " " 23,7 0,0164
16 1314 3,09 20.4 0,0155
20 " " 17.2 0,0147
25 ; " 14,4 0, 0141
32 31.53 3,08 11.7 0,0136
40 " " 9,79 0.0130
50 | " " 8,03 0,0127




TABIE IXX,

316,

Sintered Leucite, Run 165, 56°C, Bridge.

Frequency CP(app) é,!app R2( 5 pp) tanSapp
pF meg.~ L
500 c/s 35,0 3.45 104 0, 0877
630 34,7 3,42 93,7 0.0777
800 34.4 3,39 80,0 0.0723
1.0 ke/s 34,1 3.36 71.1 0,0657
1.3 33,9 3,54 60.9 0.0593
1.6 33,7 3,52 53.1 0.0556
2.0 33.5 3.30 46,6 0.0510
2.5 33,3 3.28 41,4 0. 0461
3.2 33,2 3,27 34,7 0.0432
4,0 33.0 3.25 30,1 0. 0401
5,0 32.8 3,23 25,9 D, 0374
6.3 32,7 3.22 22,2 0.0348
8.0 32.6 3.21 19.0 0.0322
10 32,4 3.19 16.53 0.0302
13 32,2 3,17 13.6 0.0281
16 32,1 3.16 11.8 0.0263
20 32,1 " 10,1 0.0247
25 32.0 3.15 8.50 0.0234
32 32,0 " 6.94 0,0224
40 31.8 3,153 5,92 0.0211
50 31.8 . 4,86 0, 0206




TABLZE

LXXT,

317.

Sintered Leucite, Run 166, 90°C, Bridge.

Frequency CP(app) <€fapp RP(app) tanéépp
pF meg,--L1
500 ¢ /s 41.7 4,11 31.1 0,245
630 40.4 3,98 28,1 0,223
800 39,5 3.89 25,0 0,202
1.0 ke¢/s 38.6 3,80 22,7 0.181
1.3 37,8 3.72 20,0 0.162
1,6 37,4 5,68 18,0 0.148
2.0 36,8 3.6 16.2 0.134
2,5 36,2 3,57 14,7 0.120
3.2 35,8 3,03 12,8 0,109
4,0 35.5 5.50 11,3 0,0988
5.0 35,1 3,46 10,1 0,0901
6,3 34,8 3,43 8,89 0.0840
8.0 54,4 5,39 7.80 00,0742
10 34,2 5.387 6.89 0.0676
13 34,1 3,36 5,90 0,0609
16 33.7 3.32 5,23 0.0564
20 33.5 3.30 4,56 00,0521
25 33.5 " 3.93 0.0483
32 33.4 3,29 3,35 0.0444
40 33.2 3.27 2,88 0.0416
50 33,0 3,25 2,38 0,0405




518,

TABIE LXXII.

Sintered Leucite, Run 167, 56°C, Bridge.

t
Frequency Cp%%pp) & app ?ﬂgsgi%_ tangapp
1.3 kec/s 33,9 3.34 60.6 0.0596
4,0 33,0 3,29 29,9 0,0404
13 32,2 3.17 13,5 0,0281
40 31,7 3.12 5,91 00,0212

TABIE IXXIII,

Sintered ILeucite, Run 168, 90°C, Bridge.

1
Frequency CP(app) £ app RP(app) tangépp
pr meg.~ {3 |
1,3 ke/s 37,8 3,22 20,0 0.162
4,0 35.3 5,48 11.4 0,.096c |
13 33,9 3.34 5,91 0.0611
40 33.2 3,27 2.87 0,0418
TABIE LXXIV,

Sintered Leucite, Run 169, 30°C, Bridge.

Frequency Cp(app) éilapp Rp(app) tan&épp
pF meg.=_O_

.3 ko/s 32,4 3.19 127 0,028

4,0 31,8 3,13 56.6 0.0221

13 31,5 3,10 23.6 0.0164

40 31,1 3.06 10.2 0,0126




319 aud 320,

TABIE IXXV,

Rubidium Analcite (Domain Mixture), Run 105, 30°C, Bridge.

Frequency ngapp) G‘ app ﬁggiﬁ) tan 6app
1.0 k¢/s 36,90 1.88 2300 0,0019
1.3 " " 1770 0.0019
1.6 " " 1460 0.0019
2.0 : " 1160 0,0019
2,5 " " 965 0,0018
3,2 " " 792 0.0017
4,0 : " 642 0,0017
5,0 " " 552 0,0016
6,3 " : 445 0,0015
8.0 L n 361 0.0015

10 ; " 299 0,0014

13 " t, 238 0.0014

18 " " 202 0,0013

20 n u 166 0.0013

25 " " 127 0,0014

32 " " 106 0,0013

40 " " 83.8 0.0013

50 : “ 63.4 0.0014




TABLE IXXVI,

321,

Rubidium Analcite (Domain Mixture), Run 106, 30°C,

H.W.--apparatus,

Frequency Cp(app) ¢! app Rp(app) tanSapp
pEF meg. )

63 ko /s 36,80 1.88 60,2 0.0011

74 36,90 1.88 59,7 0.0010
101 37.15 1.90 - -
1e2 37.00 1.89 34,3 0,0010
151 37,05 1.89 24,5 0.0012
216 36,65 1.87 18.2 0.0011
256 37.15 1.90 16.3 0,0010
313 36,95 1.89 11.3 0.0012
417 37.65 1.92 8,97 0.0011
509 37.15 1,90 T2 0.0011
770 37.15 1.90 5,51 0.0010
890 37.50 1.91 5,11 0.0009
1.10 mc/s 37.30 1.90 3.91 0.0010
1.3%2 37.35 1.91 3,386 0.0010
1.77 37,35 1.91 2,69 0.0009
2.07 37,40 1,91 2.03 0.0010
2.54 37.25 1.90 1,38 0,001L2
3,22 36,95 1.89 1.13 0,0012
4,30 37.60 1.92 0.655 0,0015
5,30 37,15 1.90 0,404 0.0020




322,

TABLE LXXVII,

Rubidium Analcite (Domain Mixture), Run 107, 60°C, Bridge.

Prequency CP(app) -":’-!app RP(app) tan 6app
pF meg. _.
1.0 ke/s 37.15 1,90 1140 0,0038
1.3 " " 957 0.0034
1.6 " " 819 0,0033
2,0 " " 703 0,0031
2.5 " " 585 0,0029
3.2 37,05 1.89 478 0, 0028
4,0 " " 3%8 0,0027
5.0 u " 333 0.0026
6.3 " " 279 0,0024
8.0 : " 231 0,0023
10 " : 194 0.0022
13 ; ! 155 0.,0021
16 " " 131 0.0021
20 " ! 109 0, 0020
25 " | " 90,9 0.0019
32 " " 72,0 0.0019
40 " " 58.3 0,0018
50 " " 43,8 0, 0020




TABLE LXXVIII,

323,

Rubidium Ana’cite (Domain Mixture), Run 108, 60°C,

H.W.-apparatus.

Frequency C2(app) ¢ - RP(2pp) tan&app
oF meg._
63 ke /s 37,20 1.90 40,8 0, 0017
74 37,10 1.89 - -
101 37.20 1.90 - -
122 37,30 1.90 - -
151 37.35 1.91 18,0 0,0016
216 37,00 1.89 13.3 0,0015
256 37.05 1.89 11,5 0,0015
313 37,30 1.90 2.78 0,0014
417 36.30 1,88 6.58 0,0016
509 37.45 1.91 5,85 00,0014
770 37.05 1.89 4,18 0, 0013
890 37.30 1,90 3,65 0.00153
1,10 mc/s 37,35 1,91 3,15 0,0012
1.32 37.35 1.91 3,00 0, 0011
1.77 37,23 1.90 - -
2.07 37.35 1.91 1.86 0.0011
2,54 37.45 1.91 1.34 0.00153
3.22 35,90 1.89 1.01 0.0013
4,30 37,55 1,92 0,607 0.001s
5.30 37.85 1,93 0,424 0.0019




324,

TABIE LXXIX.

Rubidium Analcite (Domain Mixture), Run 109, 90°C, Bridge.

Frequency CP(app) €lapp Rp(app) tané;pp
pF meg., o
1.0 ke/s 37,30 1.90 590 0, 0072
1.3 " " 517 0.0063
1.6 " " 429 0,0062
2.0 37,25 " 367 0.0058
2.5 : " 321 0,0053
3,2 " " 268 0.0050
4,0 37,20 " 228 0.0047
5.0 37,15 " 193 0, 0044
6,3 " . ; 163 0,0042
8.0 " " 138 0. 0039
10 " " 117 0.0037
13 " " 95.3 0. 0035
16 . ! 81,1 0.0033
20 " : 69,2 0.0031
25 37,05 1,89 57,7 0.0030
32 " " 46,7 0.0029
40 " oo 3.4 0.0028
50 " " 31.1 0.0028




325,

TABLE ILXXX,

Rubidium Analcite (Domain Mixture), Run 110, 90°C,
H,W.-apparatus,

Frequency Cp(app) €rapp Rp(app) tanégpp
j95 meg.,. <2
63 kc/s 37,55 1.92 26,5 0.0025
74 37.70 1.92 - -

101 37,30 1,90 18,4 0,0023
122 37.85 1,93 15,8 0,0022
151 37,55 1,92 13,9 0. 0020
216 37,30 1,90 10,5 0,0019
256 37,65 1.92 9,20 0,0018
313 37,35 1.91 7,32 0,0019
417 37,75 1,93 5,83 0, 0017
509 37,40 1.91 4,70 0,0018
770 37,65 1.92 3,45 0,0016
890 , 37,35 1,93 3,11 0.0015
1.10 me/s 37.55 1,92 2,57 0, 0015
1,32 37,80 1,93 2,17 0,0015
1,77 38,05 1.94 1.73 0,0014
2,07 38,10 1.94 1,44 0,0014
2,54 37,60 1.92 1,01 0.0017
3,22 37,35 1.91 0,696 0,0019
4,30 38,20 1.95 0,518 0,0019
| 5,30 38,20 1,95 0,305 0,0026




526,

TABLE LXLXI,

Rubidium Analcite (Domain Mixture), Run 111, 105°C, Bridge.

Frequency Cp(app) Elapp Rp(app) tan 5app
pF meg. oy
1.3 kc/s 37.70 1,92 350 0.0093
245 37.60 1,82 228 00,0074
5.0 37.50 1,91 144 0,0059
10 37,40 1,91 88,4 0.0048
20 37,20 1.90 53,5 0,0040
40 37.15 1.90 30,6 0.,0035

TABLE LXXXII,

Rubidium Analcite (Domain Mixture), Run 112, 90°C, Bridge.

Frequency ¢p(app) E'app Rp(app) tan.éapp
pF meg, -SL
1.3 k¢/s 37,35 1.91 507 0, 0065
2.5 37,30 1,90 330 0:0052
5,0 37,20 1.90 197 0.0043
10 37,15 1,90 119 0,0036
20 37,15 1,90 70,3 0, 0031
40 37.15 1.90 39.2 0,0027




TABLE LXXXIII.

327,

Rubidium Analcite (Domain Mixture), Run 113, 75°C, Bridge,

Frequency Cp(app) 5Iapp Rp(app) tan CSapp
pF meg. £,
1.3 kc/s 37,20 1.90 691 0,0048
2,5 37.15 1.90 | 449 0. 0038
5.0 37.20 1,90 265 0,0032
10 &7.00 1.89 165 0.0028
20 37.00 1.89 89,4 0.0024
40 37.10 1.89 48.7 0,0022

TABLE IXXXIV,

Rubidium Analcite (Domain Mixture), Run 114, 60°C, Bridge,

Frequency Cp(app) €lapp Rp(app) tancsapp
pr meg. <y
1.3 ke /s 37.15 1.90 951 0,0035
2.5 " " 586 0,0029
5,0 " " 348 0,0025
10 " " 201 0,0021
20 " " 113 0.0019
40 " " 60,1 0.0018




328,

TABLE IXXXV,

Rubidjum Analcite (Domain IMixture), Run 115, 45°C, Bridge.

Frequency Cp(app) e' app Rp(app) tan § app
PR meg, &)
1,3 kC/S 37,15 1.90 1270 0,0026
2.5 37.15 1.90 742 0.0023
5.0 37,05 1.89 429 0.0020
10 37.00 1.89 246 0,0018
20 56.85 1.88 136 0.0016
40 56.85 1.88 71,2 0.0015

TABLE LXXXVI,

Rubidium Analcite (Domain Mixture), Run 116, 30°C, Bridge.

Frequency CP(app) Elapp Rp(app) tan aapp
pF meg. <)
1.3 kc/s 37.10 1.89 1750 0,0019
2.5 37.00 1.89 942 0.0018
5,0 36.85 1.88 549 0.0016
10 36,95 1.89 297 0.0015
20 36.85 1.88 163 0,0013
40 37.00 1.89 81.7 0.,0013




TABIE LXXXVII,

Rubidium Analcite B, Run 121, 30°C, Bridge.

329,

Frequency CP(app) €|app Rp(app) tanégpp
pF meg .~

1.0 ke/s 43,25 2,21 - -

l. 3 1 t - -

2° O ] )] - -

3. 2 1 1 - -

4° O 11} }] - -

5.0 : " 19300 0, 00004

6.3 " " 8540 0,0001 (0,00007)
8. O n 1 - -

10 " " 3480 0,0001 (0,00011)
13 . " 2500 0.0001 (0,00011)
16 " " 1870 0,0001 (0.00012)
20 " " 1940 0,0001 (0,00010)
25 " . 1560 0.0001 (0,00009)
32 : " 1260 0,0001 (0.00009)
40 " " 903 0,0001 (0.00010)
50 " " 496 0,0001 (0,00015)




TABLE IXXXVIII,

330,

Rubidium Analcite B, Run 122, 30°C, H,W.-apparatus,

Frequency Cp(app) G'app Rp(app) tané;pp
pF mneg,—<x,

63 ke/s 43,55 2,22 - -

74 43,70 2,23 - -
122 43,90 2,24 119 0,0002 (0,00024)
151 43,50 2,22 | 123 0,0002 (0,00020)
216 43,60 2,22 98,2 0,0002 (0,00017)
256 43,65 2.23 - -

313 43, 55 2,22 53,5 0,0002 (0,00022)
417 43,55 2.22 28,2 0.0003 (0,00031)
509 43,65 2,23 18,4 0,0004 (0,00039)
621 42,75 2.18 14,5 0.0004 (0,00041)
770 43,85 2,24 15,9 0,0003 (0,00030)
890 43,90 2,24 12,3 0,0003 (0,00033)
1.10 mc/s 43,65 2,23 15,2 0,0002 (0,00022)
1.77 43,80 2.23 8.18 0,0003 (0,00025)
2.07 43,90 2,24 6.19 0,0003 (0,00028)
2,54 43,95 2,24 2,33 0.0006 (0,00061)
3,82 43, 50 2,22 2,15 0.0005 (0.00053)




TABIE LXXXIX.

Rubidium Analcite B, Run 123, 60°C, Bridge.

381,

Frequency Cp(app) e app Rp(app) tansapp
ol meg .,=<y

1.0 ke/s 43,45 2.22 - -

1.3 n n - -

1. 6 it ] - -

2. O 1 n - -

2. 5 11 1 — -

3. 2 11 1n - -

4. O n 1t - -

5. O n 1t - -

6.3 " " 11400 0.0001 (0,00005)
8,0 " " 9410 0.0001 (0.,00005)
10 " " 4830 0.0001 (0.00008)
13 " " 5100 0.0001 (0.00006)
16 " " 1980 0,0001 (0,00012)
20 " " 1540 0,0001 (0,00012)
25 " " 2740 0.0001 (0.00005)
32 i " 1560 0.0001 (0,00007)
40 " " 1210 0.0001 (0.00008)
50 i " 783 0.0001 (0,00009)




TABIE

i,

332,

Rubidium Analcite B, Run 124, 60°C, H,W.-apparatus.

Frequency Cpﬁapp) E‘l app Rp(app) tanSapp
P meg,.~- )

63 kc/s 43,90 2.24 - -

74 44,00 2.24 - -
122 44.10 2,25 - -
151 43,80 2,23 83.8 0.0003  (0,00029)
216 43,80 2,23 56,7 0.0003  (0,00030)
256 43,80 2,253 68,6 0,0002  (0,00021)
313 43,65 2,23 26,1 0.0004  (0,00044)
417 43,70 2.23 17,7 0,0005 (0.,00049)
509 43,80 2,23 62,5 0,0001  (0,00011)
770 44,00 2,24 10,3 0.0005  (0,00045)
1.10 me/s 43,85 2.24 15,2 0.,0002  (0.00022)
1.77 44,00 2.24 12.0 0,0002 (0,00017)
2,07 44,55 2,27 4,41 0,0004 (0,000:¢}
2,54 44,25 2.26 2,29 0.0006  (0.00062)
3,22 43,90 2,24 1,73 0.0007  (0.00065)




333,

TABLE XCI,
Rubidium Analcite B, Run 125, 90°C, Bridge.
Prequency CP(app) E’app RD(app) tanSapp
pF meg .=

1.0 ke 43,55 2.22 - -

1 ..3 n 1] - -

1.6 " " - - -

2 . O 1t it - -

2.5 " " 3360 0.0004 (0,00043)

3.2 " " 2950 0,0004 (0,00039)

4,0 " ; 2470 00004 (0,00037)

5.0 " " 2100 0,0004 (0.00035)

6.3 . " 1730 0,0003 (0,00034)
8.0 " ¥ 1500 0.,0003 (0,00031)
10 . " " 1330 0,0003 (0,00027)
13 " " 1090 0,0003 (0.00026)
16 " " 997 0,0002 (0,00023)
20 " " 747 0.0002 (0,00024)
25 ; " 666 0.0002 (0,00022)
32 " " 499 0,0002 (0,00023)
40 : ; 476 0.0002 (0,00019)
50 " " 365 0.0002 (0.,00020)

Rubidium Analcite B, Run 127, 90°C, Bridge.

Check points at 10, 20 and 40 kc/s give the
in Run 125,

same result as




TABLE XCII.

334,

Rubidium Analcite,B, Run 126, 90°C, H,W.-apparatus.

Frequency | Cpgoyny | Elapp | BP(app) | T@Repp
pF .28 =L

63 kc/s 43,75 2,23 459 0,0001 (0,00013)

74 44,45 2,27 252 0,0002 (0,00019)
122 43,95 2,24 - -
151 43,85 2.24 95,2 0,0003 (0.00025)
216 43,95 2.24 38,8 0.0004 (0,00043)
256 44,00 2,24 49,5 0.0003 (0,00029)
313 44,05 2,25 40,7 0.0003 (0.00028)
417 44.10 2,25 27,3 0.0003 (0,00032)
509 43,90 2.24 23,2 0,0003 (0,00031)
770 43,90 2,24 10,6 0,0004 (0,00044)
890 44,15 2.25 8,32 0.0005 (0,00049)
1,10 me/s 43,90 2,24 6.89 0.0005 (0,00049)
1.77 44,45 2,27 4,09 0.0005 (0,00050)
2,07 44,35 2.26 4,06 0,0004 (0,00043)
2,54 44,35 2,26 2,63 0,0005 (0.,00054)
3.22 2,28 1.54 0.0007 (0.00072)

44,70




TABLE XCIII,

Rubidium Analcite B, Run 128, 60°C, Bridge.

335,

———— > p————

0,0001

4 - - ! A
Frequency Cp(app) € app Rp(app) tanqapp

pr meg,— )
10 ke/s 43,45 2.22 3780 0,0001 (0,00010)
20 . " 1380 0.0001 (0,0C013)
40 ! | " 737 0,0001 (0.,00012)

TABLE XcIv,
Rubidiwa Analcite 3, Run 129, 30°C, Bridge.
1 o T ! 4

Frequency Cp(app) € app Rp(app) uanégpp

pF meg.—;
10 ke/s 43,25 2.21 3780 0,0001 (0.00010)
20 " " 1360 0.0001 (0,00013
4an " ! 8€6 (0.0001.0)

-—




TABIE XCV.

336,

Caegsium Analcite, Run 93, 30°C, Bridge.-

Frequency Cp(app) e‘app RP(app) tan 88.pp
pF meg.-
500 c/s 33,45 1.71 - -
650 {] n - -
800 i )] - -
1.0 ke/s " " 2240 0.0021
1.3 " " 1840 0.0020
1.6 " ; 1570 0,0019
2.0 33,40 1.70 1320 0,0018
2.5 : " 1060 0,0018
3.2 " " 851 0.0017
4,0 33,35 . 711 0.0017
5.0 " " 572 0,0017
6.3 " " 473 0.0016
8.0 " " 389 0., 0015
10.0 " " 319 0.0015
13 ! " 252 0,0015
16 " " 210 0,0014
20 " " 172 0.0014
25 " " 143 0.0013
32 " " 111 0,0013
40 " " 90,7 0:0013




TABLE XCVI,

337.

Caesium Analcite, Run 94, 30°C, H.-W, apparatus.

Frequency Cgﬁapp) e}app igé?BEQ_ tanéépp
63 ke/s 33,15 1.69 63,2 0.0012
74 33,15 1,69 57.3 0.0011

101 33,25 1.70 40,5 0,0012

122 33,15 1,69 28,1 0,0014

151 33,05 1.69 28.5 00,0011

216 33,00 1,68 20.5 0.0011

256 33,30 1,70 15,9 0,0012

313 33,15 1,69 13.4 00,0011

417 33, 00 1.68 9.79 0,0012

509 33,05 1,69 8.23 0,0011

890 32,95 1,68 4,90 0,0011

1.10 me/s 33,00 1.68 3.86 0.0011

1,32 32,90 1,68 3,32 0,0011

1.77 33,25 1,70 2.75 0.0010

2,07 35,10 1,69 2,43 0,0010

2.54 33,25 1.70 1.55 0.0012

3.22 33,10 1.69 1.37 0.0011

4,30 33,40 1,70 0,881 0,0013

5.30 33,65 1.72 Q.476 0,0019




TABLE XCVII,

338.

Caesium Analcite, Run 95, 60°C, Bridge.

<

Frequency Cpé‘app) G'app Rp(appﬁ) tanoapp
P neg,— <Ly
1.0 ke/s 33.60 1.71 1230 0, 0039
1.3 33,55 ! 1070 0.0034
1.6 " i, 889 0,0033
2,0 33,50 " 770 0,0031
2.5 " " 654 0,0029
3.2 " ; 551 0,0027
4,0 " " 455 0,0026
5,0 335,45 " 378 0,0028
6.3 " " 319 0.0024
8.0 " " 262 0, 0023
10 " i 217 0,0022
13 33,40 1.70 178 0.,0021
16 " " 150 0.0020
20 . . 125 0,0019
25 “ L 101 0.001¢
32 " " 82,0 0,0018
40 ! " 65,2 0.0018




TABLE XZCVIII,

339.

Caesium Analecite, Run 96, 60°C, i.W.-apparatus,

Fregquency CP(app) E‘app RP(app) tanf%pp
pF meg. .S o

63 kc/s 33,30 1,70 50,5 0,0015
74 33,30 " 39,1 0,0017
101 33,30 " 20,0 0,0024
122 33,05 1.69 16.8 0,0023
151 33,20 " 20,2 0,0016
216 33,20 " 14,3 0,0016
313 33,20 " 10.4 0.,0015
417 33,20 " 8,39 0.0014
509 33,05 " 6.58 0,0014
621 33,15 " - -
770 33,20 " - -
890 33,35 1,70 3,89 0,0014
1.10 mc/s 33,20 1,69 - -
1,77 33,55 1,71 1.99 0,0013
2,07 33.45 1.71 1,99 0,0012
2,54 33,35 1,70 1,48 0.0013
4,30 33,95 1,73 0.507 0,0021
5,30 33,75 1.72 0.413 0.0022




TABLE XCIX,

340,

Caesium Analcite, Run 97, 90°C, Bridge,

Frequency CP(app) elapp Rp(app) tané‘app
PP meg.—-Lx
1.0 kc/s 33.65 1.72 652 0,0073
1.3 33,60 1.71 592 0,0062
1,6 " " 519 0.0057
2.0 33,55 " 424 0.0066
2.5 33,50 " 380 0,0050
3.2 ; " 308 0,0048
4,0 33,45 " 265 0.0045
5,0 " " 227 0,0042
6.3 " " 191 0,0040
8.0 33,40 1.70 160 0, 0037
10 " " 136 0, 0035
13 " " 111 0,0033
16 " " 95,1 0, 0031
20 " " 79.2 0.0030
25 ; . 66,4 0, 0029
32 33,35 " 54,1 0.,0028
40 " " 44,2 0,0027




TABIE C.

341,

Caesium Analcite, Run 98, 90°C, H.W.-apparatus.

Frequency Cpé,app) G—!app RD(app) tand, o
j meg.—L)

63 ke /s 53,55 1.70 32.2 0.0024
74 33,20 1.69 28.1 0,0023
101 33,40 1.70 22.8 0,0021
122 33,40 1.70 19.2 0.0020
151 33,15 1.69 14,9 0.0021
216 33,20 1.69 g9.82 0,0023
256 33,50 1.71 10.4 0.0018
313 33,30 1.70 8.69 0,0018
- 509 33,10 1,69 5,58 0,001
770 33,40 1,70 3,085 0.0018
890 33,75 1.72 3.07 0.0017
1.77 mc/s 33, 30 1.70 1.71 0.0016
2,07 33,45 1.71 1,34 0,0017
2.04 33,30 1.70 1.21 0.0016
3,22 33,380 1,70 0,696 0.0021
4,30 33,95 1.73 0,525 0.0021
5,30 33,65 1,72 0,372 0.0024




TABLE CI.

342,

Caesium Analcite, Run 99, 105°C, Bridge.

t
Frequency CP(app) G—app Rp(app) tanégpp
. PpF meg.<{0
1.3 ke/s 33.80 1,72 401 0,0090
2,5 33.70 1.72 272 0,0069
5.0 33, 55 1,71 167 0. 0057
10 33,980 1,71 103 0,0046
20 33 .45 1.71 61l.5 00,0039
40 33,40 1.70 36,0 0.0033
TABLE CII,

Caesium Analcite, Run 100, 90°C, Bridge.

Frequency CP(app) Efapp Rp(aﬂg? tanégpp
pr meg,
1.3 ke/s 35,60 1.71 578 0.0063
245 33,50 1.71 369 00,0052
5,0 33450 1,71 222 00,0043
10 33.45 1.71 134 0.0036
20 33.40 1.70 78.6 0,0030
40 35,35 1,70 42,5 0.0028




TABIE CIII,

343,

Caesium Analcite, Run 101, 75°C, Bridge.

1
Frequency Cp(app) € app RP(app) tanégpp
pF meg. )
1,3 ke/s 33.50 1,71 777 0.0047
2.5 33.50 1.71 502 0,0038
5,0 33,45 1,71 288 0.0033
10 33,40 1.70 170 00,0028
20 33,40 1.70 98,4 0,0024
40 33,40 1,70 92.2 0,0023
TABLE CIV,

Caesium Analcite, Run 102, 60°C, Bridge.

Frequency Cp(%pp) Eﬁapp Rp(app) tané;pp
D meg. ¢y
1.3 ke/s 33.55 1.71 1070 0,0034
2.5 33,45 1.71 650 0,0029
5,0 335,45 1,71 378 0, 0025
10 33.40 k.70 215 0.0022
20 33,40 1.70 122 0.0020
40 33,40 1.70 65.2 0,0018




TABLE CV,

34

Caesium Analcite, Run 103, 45°C, Bridge.

1

1
Prequency CP(app) €' app RD(app) tanéépp
o neg. AL
1.5 ke/s 53,45 1.71 | 1390 0.0026
2.5 33,45 1.71 840 0.0023
5,0 33,40 1,70 469 0,0020
10 53,35 1,70 264 0,0018
20 33,35 1.70 1486 0.0016
40 33.35 1,70 77,7 0,0015
TABLE CVI,

Caesium Analcite, Run 104,

30°C, Bridge.

Frequency Cp(ipp) Elapp RD(app) tanéépp
pe meg.,ix :
1.5 ke/s 33, 40 1.70 1860 0. 0020
2.5 35,40 1.70 1090 0.0018
5.0 33,35 1.70 609 0.0016
10 33,39 1.70 358 0.0014
20 33,50 1.70 187 0.0013
40 33,30 1.70 92.1 0.0013




TABLE CVII,
Caesium Analcite, Run 1294, 30°C, Bridge.
Sample in small stainless steel cell to

compare with Runs 93 and 104 in large
stainless steel cell,

Frequency CP(app) | € app ED(app) tand, pp
PF meg,~ <)
2.0 ke/s 17,80 1.75 2480 0,0018
2.5 " " 2080 0.0017
3.2 " " 1590 0.0018
4,0 " b 1300 0,0017
5.0 17,75 " 1070 0.0017
6.3 " " 911 0.0016
10 " . 613 0,0015
13 " " 473 0.0015
16 17.70 1,74 402 0,0014
20 " . 332 0,0014
25 " " 277 0.0013
32 " v 205 0,0014
40 " " 163 0.0014




TABLE CVIIT,

346,

Sintered Caesium Analcite, Run 143, 30°C, Bridge.

Frequency | CP(znny  |¢'app | RP(app) | *bapp
pF meg,— £L
1,0-3.2 kc/s| 26,75 2,64 - -
4,0 ke/s " " 19800 0.0001 (0.00008)
5,0 " " 12000 0,0001 (0,00010)
6,53 " " 9550 0.,0001 (0.00010)
8,0 " " 5930 0.0001 (0,00013)
10 " " 4840 0.0001 (0,00012)
13 " " 7070 0,0001 (0.00007)
16 " " 4650 0.0001 (0.00008)
20 " ! 3840 0.0001 (0.00008)
25 " : 2930 0.0001 (0,00008)
32 " . 2290 0.0001 (0,00008)
40 L " 1980 0.0001 (0.000n8)
50 " " 1110 0.0001 (0.00011{J
TABLE (IX.

Sintered Caesium Analcite, Run 152, 30°C, Bridge.

Frequency Cpl()%pp) C—',Iapp lrﬁgéa.t;ﬁ%_ tangapp

13 kec/s 26,70 2,63 3550 0.0001 (0,00013)
16 " v 3590 0,0001 (0,00010)
20 u L 4020 0.0001 (0.00007)
25 " " 5230 0.0001 (0.00005)
32 26,75 2,64 4850 0.00004

40 " " 3180 0.0001 (0,00005)
50 26,70 2,63 2100 0.0001 (0,00007)




347,

TABIE CX,

Sintered Caesium Analcite, Run 154, 31°C, Bridge.

Check shows between 20 and 50 kc/s:-

a = 2.
< app o8

£ = 0, to 0,00004,
tan DD 00001 to 0,000
P = 0,00003 to 0,00011,
~ .app ° 1

TABLE CXI.

Sintered Caesium Analcite, Run 153, 90°C, Bridge.

Frequency Cpé%pp) &japp ﬁﬁé?ﬁ?éL tangapp
1.0-3.2 ke/s 26,70 2.63 - -
4.0 ke/s " " 3500 0.0004 (0.00043)
5,0 : " 3290 0.0004 (0.00036)
6.3 " " 3010 0.0003 (0,00031)
8.0 " " 2820 0.0003 (0,00026)
10 " " 2600 0,0002 (0,00023)
13 " . 2370 0.0002 (0,00019)
16 " " 2230 0.0002 (0,0001L7)
20 " " 2090 0,0001 (0.00014)
25 " " 1980 0.0001 (0.00012)
32 " " 1760 0.0001 (0,00011)
40 " " 1670 0.0001 (0,00009)
50 " . 1340 0.0001 (0.,00009)
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