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ABSTRACT

Detailed investigations of thermal behaviour of potassium
acetate and some preliminary studies on rubidium and caesium
acetates have been described, Properties have been studied by
X~ray diffraction and other physical methods, Three crystallo-
graphically distinct but closely related polymorphs of potassium
acetate have been found:

Torm I ¢ From 15500 upwards ,,.,. orthorhombic

Form TI From 155°C to ~ 75°C ... monoclinic

1)

Form III ¢ From ~7500 to room temperature ,,, monoclinic with
a multiple cell,

The two solid-solid phase transitions have been studied.

X-ray diffraction photographs of single crystal and co-operative
pretransition-increase in dielectric and thermal properties have
shown that the transition I — II is of "displacive" (martensitie)
type whose structurazl basis has been established,

The transition IT —3 IIT which did not show up in dielectric
and thermal analysis measurements has been structurally characterised
by the appearance of additional layer lines, resembling superlattice
reflexions in an ordered structure, Intensity of these reflexions
has been used to study the hysteresis of this transition,

Thermal expansion of the lattice parameters has been studied,

Very high values of the thermal expansion along the a~axis and
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contraction along b and ¢ axes have been measured, In the dielectric
study, the relative permittivity and loss-factor rapidly increased

at higher temperature, starting from about the T, = 155°C of II — I
transition, This has been attributed to thermal activation of the
cations from lattice site to the vcid in the lattice,

The basic structures of form I and II have been established as
formed by ionic double layers parallel to {lOQ} of potassium ions
co-ordinated by six oxygen atoms from five different acetate ions, -
four from four different acetate ions of the same half of the layers
as the potassium ion and two from the same acetate ion of the other
half of the layer, Only probable models of form III have been
discussed,

For comparison, some crystallographic and dielectric work have

also been done with rubidium and caesium acetates,
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Chapter 1
GENERAL TNTRODUESTION

1.1, Introduction

l.1.1. Introduction to crystal forces. The forces of inter-
atomic interaction which play the dominating role in the
formation of crystal structures may be divided into four types:
(a) metallic, (b) covalent, (c) ionic (d) Van der Waals'.

(a) In the present work metallic forces are of no interest, so
the characteristic features of only the other three types will

be discussed.

(b) In covalent bonding, two or more atoms attain a stable inert
gas configuration by a sharing of pairs of electrons. For
examnle, the existence of the hydrogen molecule is due to this
type of bonding. A hydrogen atom has only one electrone. When
the two atoms come together to form a molecule, their two electrom
belony to both atoms and each can be assumed to attain helium atom
configuration. Thus, in the case of co-valent bonding, the
number of neighbours is limited by the number of available
electroné that can be shared. Another important feature of this
type of bonding is that in most cases, the bonds from the atoms
are directed. Thus, the covalent bonds of a carbon atom are
directed towards the corner of a regular tetrahedron. The
properties mentioned above/ restrict the number of types of
crystal structure formed with such bonds. The covalency fixes

the number of neighbours that an atom may have and because



co~valency is small, the number of structures bound entirely by
covalent Torces is small. In the majority of molecular crystals,
these forces generally operate within a single molecule and the
different molecules are held together by other forces, The well
known example of a crystal formed purely by co-valent forces is
the diamond structure, in which each carbon atom is surrounded by
four others and these neighbours are arranged at the corners of a
regular tetrahedron.

(c) The forces interacting between ions are electrostatic in
nature, varying inversely as the square of the distances between
then. This assumes that the electron distribution function of
an ion is spherically symmetrical, so that interactions between
ions are undirected and unsaturated. The unsaturated nature of
ionic foroces is shown by the fact that each ion tends to draw as
many opvositely charged ions as is geometrically possible, that
is, the co-ordination number is as large as possible. The
possible maximum value of the co-ordination number is determined
by the ratios of the ilonic radii. An increase in the ratio =
(radius cation/radius anion) is accompanied by an increase in
co—-ordination number. Although the number of co-ordinating ions
does not generally exceed the maximum allowed by the contact radii,
the number can be less. In the following table (Table 1) radius
ratios and the observed co-ordination numbers of soine alkali metals
with oxygen are used to illustrate the variation of co-ordination

numtber with radius ratio.



Co-ordination number for some

ion radius ratio
1i” 34
Na" .54
K" .75
cs” .96

cations with oxygen lon

co—ordination number

L
6, 8
6, 7, 8, 9, 10, 12

12

(1

10

Because of the high energy of the ionic bond, these crystals

have fairly high melting points,

melting points are given in Table 2.

Some crystals with their melting points

Material

Ionic:~ monoatomic anion
NaCl
LiBr

AgBr

Polyatomic anion
C 113 COONa

CH,COQIL
3

CH_COORD
3

CH,COCCs

3

melting,pointoc

80k
547
b3k
304

329
304
246
194

A few ionic crystals with their
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(d) Van der ‘jaals forces arise from the instantancous polarization
of the neighbouring atoms by the fluctuating ficlds of an atom.
The interaction energy in this case varies inversely as the sixth
pover of the distance between atoms. These forces are undirected,
so there are no restrictions as to the number of neighbours in a
crystal formed due to these forces. Hence they form close
packed structures as in ionic crystals. For instance, helium
gas at low temperature and high pressure (~+ 25 atm.) forms hex-
agonal—-close~packed crystals and other inert gases are cubic close
packed in the solid state.

From an analysis of the distribution of crystals according
to thelr space group symmetry, it was found that crystals in which
ionic or metallic forces predominate crystallise in more symmetrical
space groups within the cubic and hexagonal systems. Organic
molccular crystals, on the other hand, crystallise in less sym-
netrical s»ace groups within the monoclinic and orthorhombic

@),

systens In the organic structures the molecules can be

revrescnted by ellipsoids whose close packing leads to less
symmeirical space groups(B).

Although these are the basic types of chemical binding forces,
in rcality a large number of intermediate types of bonds are
possiblec. However, in indicating the type of a particular
crystal, only the predominant forces are mentioned. Thus,

potassium cyanide and sodium nitrate are referred to as ionic

crystals, because the forces forming these crystals are mainly



12

ionic although the forces forming the complex (CN) or (NOB)-are
covalent. There are many such groups in which the atoms in the
group are bound more tightly than with the rest of the structure.
These groups may, at sufficiently high temdicraturcs, execute
hindered or frce rotation. Such motions are likcly to take place
readily in groups of pseudo-spherical or pseudo-cylindrical forms
and in the latter case, motion is restricted to rotation about an
axls of nscudo-symmetry. For example, the (NO3)_ group can rotate
about the triad axis and as a consequence such a rotation can often
take place without any increase in the symmetry of the structure.
Thus, in NaNO;, the transition to the rotating form takcs place
gradually over an extended temperature range without alteration in
the structure, but with a small change in the angle of the rhombo-

@),

hedral unit cell On the other hand, a morc or less spherical
sroup such as NH4+ can rotate about any axis.

The packing of the organic crystal structures has alrcady been
mentioned. Lach organic substance has its own distinctive
molecular structure, and often the molecules in such a crystal
mipght have a distorted and complex shape. For example, they may
form shcets, or chains, or helices, or other shapes. Neverthe-
less, the crystal structures may be essentially ionic. Thus,
the metal salts of organic acids and certain other comjounds such
as amaonium halides or salts, form ionic structures, the component

ions of which arec held together by electrostatic forces. If the

complex ilon is small, these organic ionic crystals may form the
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same type of simple structures as inorganic ionic compounds.

Thus, in the sodium oxalate structure<5), cach sodium atom is
octahedrally co-ordinated by six oxygen atoms of adjacent (COO)EE-
ions. In this crystal, and in many others, no distinction can

be made between the two oxygen atoms of the sane plagér ion, which

suggests that complete resonance takes place between the two

equivalent configurations:

For this reason, the C-0 distance in these crystal structures
is intermcdiate between those of single and double bonds(6).

The relevance of the above description will be apnarcent when
the chemical represcntation of the acetate structures studied in
the nrescent work is considered. The carboxylic ion shown above
is the co-ordinating group around the alkali mctal ion. The

covalent bonding between the carbon of this ion and a mcthyl group

CH3 forms the acetate ion.

1.1.2. Introduction to the present work. Barlier it was mentioned
thiat the metal salts of organic acids form ionic structures.

During studics of the melting mechanism and melt propertices of the
alkali metal calts of various univalent organic acids, Hazlewood

et al.(7> have investigated some alkali metal acctates. Foew of
thece salts yield stable neclts, and of these, the most stable were

the acctates.
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Potassium acetate differs from other acetates in sevural
respectls. For instance, unlike sodium acctate, It has the rarc
property of a contraction in the speelfic volume on melting, it
is cxtremely deliquescent and does not form crystalline hydrates.

The dilatometric studies of potassium acetate by Hazlewood
¢t al. cstablished at least three irregularitices in the variation
of the molar volume with temperature. The irrcgularitics could
be interpreted as three changes in volume cxpansion cocf{ficlient
of the solid salt and were assumed to be duc to thrce solid state
phasce transformations. When discussing the possible structural
changes involved, it was suggested that these must involve an
increasc in the statistical symmetry of the molceccular anlon prior
to melting. Now, the contributions to the cntropy of melting
of th.sc crystals may be written as:

Sp = Spositiqnal * Sorientational

Positional randomisétion of the acetate lon will lcad to an
increasc in entropy; this is a common mechanism in thesc salts.
The molecular symmetry of the acetate lon is a function of the
methyl group and libration of the group about the C-C bond raises
the symmetry of this ion to mm2. An anion with such symmetry is
capable of various modes of motion. The methyl group may rotate
about the C~C bond, 1t may libratc, the wholc acetate ion may
rotate about the C~C bond, or from hecad-to-tail. 0f these,

Hazlewood et ale. considcred that rotation of the mcthyl group
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about C-C might be involved at least in one transformation because

the encrgy involved in such rotation is small. Another transforma-

tion may occur due to head-to-tail rotation of the acctate ion.

In such a case, becausec the acetate lon must carry a strong dipole,

marked change in diclectric properties would be observed. If

such a rotation of the ionic dipoles werc possible, they could

be aligned along an external field which might be the structural

basis ofa g§;2¥—¢ para electric transformation in the solid. The

prescent investigation is concerned mainly with the nature of the

structural changes, with tcomperaturc, of potassium acetate crystals.

Two techniques are used for the purpose:-

(i) X-ray diffraction: This was usced to obtain information on
the average structures.

(1i) Diclectric measurcments: For information on molecular
rclaxation.

Moreover, a qualitative observation on the heat capacity of
potassium acctate was made on the basis of a thermogram obtained
from its differential thermal analysis.

The acetates of rubidium and cesium have also been studied
althoupgh in less detail. The results provide an intercsting
comparison with those of potassium acetate and show the influence
of the increcase in sizc of the cations on the propertics of those

comnounds.
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1.2, Polymorphism : Thermodynamic Aspects

Iet us suppose that there are two distinct phases 1 and 2
of a crystal with free energies that vary with teuperature as
shown in the figure (Fig.l). At the transition teuperature Tc
the two vhases can remain in equilibrium, for the change in free
energy on passing from phase 1 to 2 at constant temperature and
pressure 1s zero, i.e.

dGl-}?_ = d(U - TS + pV)l_’2 = 0

This means that the Gibb's free energy for the assembly is
constant during the change, for, if the mass of one phase decreases
by dml, the mass of the other phase increases by the same amount.

Thug, the condition of equilibrium can be written as,

36 e _
" G p,r T G p,r = O

i.ce, the Gibb's functions per unit mass or chemical potentials
81y 8p for phases 1 and 2 are equal. There is no explicit
relation connecting G, p and T and indirect methods must be used.
Assumin; that g, = g, at the point (po, TO), the effect of a small

change in p, T can be found by the expansion,

d g1
g, (@sT) = 8, (g, T.) dp(g%-l)T + AP )

P’
s 2 2
(%)Eégl) L @D ey
3p° T 2 ¢ p

2
o g1
+ dp dT (dpéT> + eee

with a similar expression for gz(p,T).
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0

Fig.l. The nature of variation of free-—energies with
temperature, of two polymorphic phases 1 and 2.

Fig.2. ﬁiagrammatic representation of hybrid crys%ai '
‘( The dotted.rectangle represents the original teira-
gonal KHpPO4- crystal. Four equivalent monoclinic
options have developed within the original,; below Tg -
after Ubbelohde et al., see text )
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Since, gl(po,TO) = g2(po’To)’ it is possible Lo express the
ratio %%- in terms of changes in chemical potentlals with p and T.
Three different situations can arise:

(a2) There may be finite changes in

&) ana/or (35 .
O T T p

(b) The first order differentials for the two nhases
Eﬁl_ and i%g s igl and E%%
oT 8T dp op
may have the same values and be continuous at the transition.
(c) The above expansion of g may not be permissible in any phase.
Case (a): Since (%%0 = v = specific volume and
(bg/bT)p = g = entropyTper unit mass, discontinuity in v
means a finite change in density and that in s a finite
latent heat. Thus
s -

dp _ 1 e
ar = 081 syn = 085 sap) / (Ogl/ép ~ 985 /3p) = vy =V,

This gives the Clauslus Clapeyron's eguation:
8y = S,
Vi~ Y2

/.= - =
dp/yq = I/T(vl v2)
The transformation involves a discontinuocus change of volume,
and latent heat is involved. This is the thermodynamic first
order transformation.
Case (b): When there is no latent heat and no change of

volume dp/aT = 0/y is indeterminate and to find dp/ the

aT?

second derivatives must be used « ie.c.
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gy =0y = 0= (E)P—((a gl/ap p = (0%, /0000 %
(ﬁifl-(c‘z LR = @ ge/oT%p)V"
dpdT((é g,/0opdT) - Ch gZ/OPOT)) +oee
In this eguation
(a) (6 /op )T (6v/op)T is the isothermal compressibility.
) (dg/OT )p = —(6s/dT)p = =-cp/T is theé specific heat at constant
pressure.
(c) égg/dpoT = (dv/dT)p is coefficient of thermal expansion.
A discontinulty in any one of these derivatives can be
recognised by a discontinuity in the appropriate physical property.

(8> (9)

Some authors such as Ehrenfest y Von Laue and Justi

(10) have attempted to apply the thermodynamic clagsifi-

and others
cation of the different order transitions to transformations
taking place exclusively within the solid state. #lthough
relations involving the changes in the physical properties such

as specific heat and thermal expansion, which are represented by
second order terms of the Taylor expansion of g given above,
have been deduced, it is extremely difficult in practice to decide
whether a genuine discontinuity in the property really exists.

In addition to these difficulties, there is a possibility
that the Taylor expansion itself may not be valid ncar the
transition. It is possible that some of the derivatives of g
in one or both phases become infinite, indicating an infinite

specific heat or thermal expansion coefficient at a particular

temmeraturse or pressure. The existence of such infinite values
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would invalidate the Taylor expansion. This in itself suggests
that Bhrenfest's classifications of solidfsolid phase transforma-
tions are not complete.

The complexity of the problem arises from the fact that ih a
solid~solid transformation, the phases are not distinct. Hence,
it ig not correct to assume that the free energy of a phase has
the same significance at the transition point. The se make the
behaviour of solids undergoing structural transition variable;
in some cases the thermal, electrical magnetic and structuyral
propertics change continuously, in others, discontinuously.
Bhrenfest 's treatment does not account for the solid-solid
transforimat ions where there is anomalous change in propertie s
before anad after the transitions and where the changes in those
propertics are continuouse. Hysteresis of the properties still
further invalidates the classical treatments, because it indicates
that work is done during the transformation.

Hence, in order to avoid prejudging the situation,
the transitions in which the properties vary in a continuous manner
alonz a nath of similar form to the Greek letter Lambda, A, are

often referred to as Lambda point transitions.

There are numerous examples of such transitions. For instance
such transitions occur in,
(i) alloys, when an ordered atomic structure becomes disordered
(11) has

(sec section on order~disorder), ca.g. the alloy CuZn

an order-disorder transition at about A?OOC.
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(ii) inorganic salts when molecular or ionic~disorder takes

(12) the Lambda point transition

placey eege in KCN crystal

takes place at -106°c,
(iii) fLerroclectric crystals, when dipoles in the crystal

which arc aligned in the direction of an external field
become disordered at a critical temperature, eeg. BaTiOB(IB)

(1, = 120°C).

(iv) ferromagnetic crystals, when the permanent magnets are
suddenly demagnetised, cege iron (TC ~»1000°C),

(v) superconductors, when the resistivity of a matcrial vanishes

completely (@s it becomes superconducting), ce.g. mercury(l4)

(1, ~ 4e2°K).

An interpretation of the A-point phenomenon that links the
thermodynamics and structural arrangements has been presented by
Ubbelohde(15). He has pointed out that the premonitory range and
the tail of the specific heat curve camnot be accounted for by
classical thermodynamics. In these transformationg, instéad of
forming completely independent phases, the new phase must nuclcate
within the wmatrix of the original structure. This means that the
equilibrium surfaces for the two phases are not independent, but
their curvatures rapidly change as they approach the point of
intersection, thereby reducing the angle of intersecction of the

two surfaces. This range of anomalous behaviour is referred to

as a premonitory range.
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When the new crystal structure is a derivative of the

original, Ubbelohde(l6)

has proposed that the transformation be
called #continuous®. A structurally discontinuocus transforma-
tion only arises when the new structure is completely independent
of the original. In the continuous case, the finite change in
volume and heat content, which should occur at a single temperature
according to the classical first order transition then, is
replaced by anomalous maxima in the specific heat and thermal
expansion curves, for the transition is now spread over a range

of temperature.

Structurally, even in such a case, there is usually a small
discontinuity in the lattice parameters. But this misfit is
very small and can be accommodated within the original lattice
forming a “hybrid¥ crystal. The units or the domains of the new
structures arc oriented in a definite relationship to the original
structure (Fig.2). The regions of different structures {(domain)
in such a hybrid cannot be regarded as twins.

There have been other cases where the axes of the transformed
structure have beecn related to the original direction.  Tor

7)

examole, in the study of the thermal transformations of KNO3

(18)

and or nitrites and nitrates , persistence of crystal axes
have been observed.
Thus, although it is rather difficult to label a transforma-

tion thermodynamically as first or second order becausc of the

experimental uncertainties involved, it can be definitely decided
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on structural grounds whether a transformation is continuous.
Those transformat ions are continuous in which specific orientation
relations exist between the lattices ¢f the two structures.
Thus, the two lattices are "tied together" and can only appear
in this set orientation. In a discontinuous transformation, no
such orientation relationships exist. From this viewpoint, omne
of the transformations of thallous nitrate(l9), ~ from ortho-
rhombic to rhombohedral - has been stated to be structurally and
hence thermodynamically discontinuous.

Anothor phenomenon which cannot be explained on the basis of
the classical thermodynamics is the occurrence of "hysteresis?
in a continuous transition.

Hysteresis is due to the difficulties of nucleation of the
ncw nhase inside the matrix of the old. The composite crystal

contains both the phases in the "hybrid%® crystal (Ubbelohde(go)).

(21)

This is Buerger's composite crystal of “obversegtand "reversed!

positions. Hybrid formation and hysteresis have beoen studied in

(22a, b) (19)

.
K10, ) thallous nitrate 23) ote.

s potassium cyanide
In KCN(EB), the hysteresis which was 2.300 wide with a pure
sample narrowed to only 0.8°¢C when 1.2% of sodiun impurity was
introduced.

Ubbelohde(24) has discussed the difficultics and conditions
of nuclcation of one phase inside the other. Three cascs may
arisc: (1) The specific volumc of the new phase (proportional

to the unit cell volume) differs appreciably from that of the
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parcnt phasc so that the transformed crystal must break up into
a polycrystalline powder in which the crystallographic axes
occur at randon. (2) When the volume of the new phase differs
apprcciably, but can be nucleated on the surface or at dislocations.
In such cascs, although the crystallites have independent axes,
these maylggisome preferred orientation. (3) When the volume
difference is small cnough, domains of onc form may nucleabtec and
grow inside the parent phase, with the persistcnce of axcs even
after several cycles through the transformation temperaturc.
Generally speaking, the specific volume of the two phascs
arc not cxactly the samc and hence growth of domains of tThe other
phasc introduces strain. It is necessary thoercforce to modify
the ffec oncrgy expressions of the two phascs which must now

¥ (24):

include terms for the surface energy v and straln cnergy <

G

f]_ (p, T, (\11

2~

1 l)

Gy = T oy Ty mps &p)

(2%

The terms 7 and ¢ must have a rangc of valucs becausc

[§4

nucleation i1s a random processs § may vary within the original
single crystal, it will vary from crystal to crystal, and it will
depend on the thermal history offZ;mplo. Hence G is characteristic
of a small volume clement only. | This means that the frce energy
suwlfaces of the two phases of the singlc crystal do not interscct

sharply, thus producing smeared transitions. It has bcen shown

that because either or both of these arbitrary paramcters in the
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free encrgy equations are not equal for the two phases, nucleation
of one whase inside the other is opposed. This causes hysteresis
in transformations of this type.

The relative importance of the role of the energy of the
domain boundaries and the compression and tension energies appear
to vary from crystal to crystale. When the interfaces of the unit
cells of the structures of the two forms match closely, the
interface energy is negligible compared with the bulk energy.

In such cuases, the difference in specific volumes AVc indicates
the sprcad of the hysteresis. Ubbelohde(ZB) compared AVC and
ATC (soread of the hysteresis loop) for some amsionium salts.
He cautioned, however, that such comparison might not be a general
Teature.

he onset temperature of a Launbda point transition of the
same substance may vary from crystal to crystal. But the
temperatures lie inside the hysteresis loop. It is rather
difficult to detect the exact onset temperature of such a transi~-
tion because it is detectable only after an appreciable amount
of the co~operative process has proceeded. This is particularly
true for ¥-ray diffraction methods. Onset tenperatures of

@3) (2?),

potassiun cyanide s rochelle salt

(28)

acet ylene dicarboxylic
acid dihydrate etc, have been studied and show this variation

from crystal to crystal.
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1.3« Polymorphism : Structural Aspects

In the previous section, some thermodynamic asvects of
solid—-solid phase transitions have been described. Thermodynanic
treatments are fundamental to the understanding why specific
phases are stable and why transitions to other phases occur.

On the one hand it is an exact science with strict mathematical
apparatus, on the other it is flexible to cope with problems

of a widely varied nature. But it is so general that it provides
little insight into the mechanisms of phase transitions. This

is a serious limitation when considering how transitions take place.
In the solid state an examination of the crystal structure before
and after the transformation provides additional ways of classify-
ing such phase transformat ions.

In the following section it is proposed to discuss structural
aspects of solid state phase transformationse.

For a transformation to proceed certain energy barriers must
be overcone, so that the transformation requires an activation
cnergy . From the thermodynamic point of view, these energy
barriers may involve surface energy, strain energy etc. It is
necessary to investigate the structural nature of these energy
barriers.

A solid is formed’when atoms condense,under the influence
of forces in such a way that the arrangement exhibits long range
order. For convenience, these interactlons between atoms may be

described in terms of bonds. Now a bornd may be defined as
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a binding or attachment between two atams or groups of atoms
due to Torces acting between them in such a way as to lecad to the
formation of an apggregate. During wm solid solid phase transforma-
tion, changes in the bonding between atoms in the structure take
place which correspond to the change in the internal cnergy.
On heating, if there is heat absorption during a transformation,
the net bonding is weakened because the change is towards higher
energy bonding.

This wcakening may be effected by:

(1) reduction in bond energy or
(ii) complete change in bonding type.

Structurally, the reduction in bond energy means a reduction
of the internction between the neighbouring atoms. This weakening
may be limited to more distant neighbours or involve even the
nearest neighbours. Now, one convenient way of looking at a
crystal structure is to consider how the neighbouring atoms are
arranged around an atom, lee. from the standpoint of co~ordination.
Thus, solid state transformations may be classified on the basis
of co-ordination changes as was done by Buerger(29>:

1. Transformation of secondary co-ordination: Here the primary
co;ordination involving atoms in contact remains unchanged, so
the structural differences between the two phases are smallf It
occurs widely in inorganic crystals. The change in the co#ordina—
tion of non~nearest neighbours accounts for the energy change of
transformation. If it is assumed that the most importont con-

tribution to the totnl energy comes from nearest neighbour
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internctions, this type of transformation can be said to involve
a change in the residual co-ordination energy. Now, an assembly
of atoms may be arranged in several ways that satisfy a given
primary co-~ordination geometry. The energy differences betwecen
these differcnt ways is the energy contribution of secondary
co—~ordinatione.

It is possible to go frow one kind of secondary co-ordination
to another by two different re chanisms. One 1s the tdisplacive!
and the other 'reconstructive! type of transformation.

(2) Disnlacive transformat ion: In this type of transformation,
the nearest neighbour contacts of the atoms are maintained, and the
structure is distorted by the relative displacement of the non-
ncare st neighbours. An example of such a change is quartz

(Fise3) which can exist in two forms, &« and . The B~form

is stoble from 57300 to 87000 and the a~form is stable below

573°C.  The idenl (B) and distorted (o) forms arc shown in the
figure. Such transformations are rapild because the movement of
the atoms is limited.

(b) Reconstructive transformation: This involves the disruption
of the old structure, ie.e. the temporary breaking of primary bonds
which are subsequently rc-formed. The new network will be different
and yet the primary co-ordination will be the same after this
troausformat ione As an example, the transformation of Zincblende
structure to that of Wurtzite can be cited. Because the energy

barrier is high, the transformation rate is slow in this casc.
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Anothor type of transformation involving sccondary comordina~
tion is the order—disorder transformation, or transformation of
disorder. It is discussed in a separate scction because of its
importance in the present work. This type of transformation has
the characteristics of both the displacive and reconstructive
transformations discussed above.

The transformation involving first co-ordination will not be
discussed, because they are not relevant to the present investi-
gation.

As transformation of the displacive type is relevant to the
study of the transformations in the present work, a discussion of
its mechanism now will make it easier to explain things later.

Supnose there are two forms of the same plaéZr lattice
containing atoms of opposite type A and B (Fig.4). The high
temperature form may be called an open form and the low temperature
one, o collapsed fom. In both forms the atoms A and B have four
and two ncarest neighbours of the opposite kind of atoms respectively.
On exomining the next nearest neighbours of opposite type, it is
observed that they are ncarer in the collapsed forir than in the
onen forn. When A and B atoms are diffepent, they will have
different electronegativities. As a result, non-nearcst A's and
B's will attract cach other with a small force. The nearer they
are the less is their residual cenergy. The collapsed form has

lover residual energy and is therefore more stable,
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A risc of temperature in the collapsed form may ciffect the
structure in the foilowing way :

For simplicity, we assume that the atoms of the type A arve
fixed and those of the type B can vibrate. If, as a result of
acquisition of thermal energy, B, moves in the direction shown
in the fisure (Fige4) it comes nearer to B, and B3 which it
rapels. Because they are freec to move, Bl‘s motion will be
comaunicated to B, and B3 and they in their turn will force their
neighbours to move and so on, thus producing a "co-operative
distortion® of the whole neighbourhood. Hence, the rcsult of
thermal agitation is the comoperative rotation of the sguares
in this imaginary lattice.

If the thermal agitation is increased, at a certain temperature,
the vibrations would be so large, that B atoms will be able to
overcome the attractions of non nearest neighbours and swing
past to the reversed configuration shown in the figure. This
is the displacive transformation. After the transition, the
crystal vould be composed of mosailcs of small regions of fobversed"
and "reversed® configurations in equal amounts. The regions will
of course be continually changing. Now this new form is the open
form as shown in the figure (Fig.4b) because, as B vibrates
between the obverse and reverse configurations, the time average
of the positions of the B atoms would be the same as the position
of B in the static open form. In other words, B atoms oscillate

about positions which are statistically the smae as the positions
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of the oven form. This form can be regarded as the disordered
equivalent of the collapsed form. So it is the form of higher
entropy.

The above description indicates that the high temperaturc
form has the higher symmetry. The positions of the atoms in the
high temperaturc structure is only the statistical average of tho
obverscd and reversed configurations and that is a nosition higher
symmetry.

Because the high temperature form is o combination of both
“obvorséa and "reversé" oricntations, twinning takes place after

A .
the transformation to the low temperature form(BO}- This is
a macroscopic cxpression of a microscopic bechaviour.

Assyming Bucrger's theory on derivative structure(sl), the
low tempcrature structure should be a subgroup of the symmetry
of the high temperature basic structurc, the derivative being
formed by the suppression of symmetry eclements of the basic
structurec.

The above description presents the basic structural mechanism
of a displacive transformation. A phenomenological description
of the same 1s presented here to conplete the picturc. The
displacive transformations are designated as shear transformatkons

(32)

or martensitic transformations when they occur in nctals and
alloyse. The name martensitic transformation is derived from the
austenite-martensite transformation which occurs in steel.

Austenite is an iron capbide stable over about TOOOC. When



33

guenched it still contains only austenite, but controlled
hecating allows partial transformation to the stable form,
nartensite.

Martensitic transformations are shear-like. They entail
a co—opcrative movement of the atoms, so that the region under-
goes o cnange 1in shape. It has bocen postulated that the lattice
deformation arising from small atomic movements in a nmartensitic
transfornation is homogeneous only over a very small region and
that in between the parent crystal and the homogencously deformed
boundary a region of heterogeneous deformation must occur.

A transformed region in the body of the warcent crystal has
an interiace which connects the transformed reglon with the
uniransformed surroundingse. Hence it cannot be rotated and
disturbed when averaged over macroscopic distanhces. It must
also provide a link between the two phases, so that as the
interface moves forward, the atoms are systematically displaced
from one lattice to the other in the correct orientation.

The overall homogeneous displacement and heterogeneous
strain are accomplished at the interface as it wroceeds through

(33)

the parent nhase. Frank proposed that the interface has
dislocation arrays which travel along with the interface and
produce the heteropgeneous strain. This means that the two
lattices cannot be perfectly coherent.

It has been shown(BB) that the mobility of the interface

does not scem to depend on the thermal activation. The interface
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motion is wave-like and does not involve atom by atom transfer
across the interface, nor is a diffusion process involved, Actual
relative movements of the atoms are very much less than one lattice
spacing. It has been concluded that the activation energy for the
growth mechanism of martensite is effectively zero,

Supercooling and hysteresis:CBQ) Another characteristic
feature of the martensitic transformation is its hysteresis, This
has been discussed with reference to continuous transformations.
It is one of the features which identifies martensitic transformations
in metallurgy and displacive transformations in inorganic salts,
Hysteresis occurs because, in addition to the overall free energy,
the non-chemical factors such as interfacial energy T and strain energy
%7 must also be considered before the transformation may start(BS).
In other words,

e, ) >0 cal./mol.

.
torr * (porr + Spary

or

N ) cal./mole.

porr > (g * Sy
Hence ﬂ,g may be considered as the restraining force opposing
the driving force, when these forces become positive below the
critical point Tc‘ Thus, for the formation of the second phase
during cooling, the temperature must be decreased sufficiently to

make NG not only greater than zero, but greater than some finite

I-IT

quantity (ﬂILaI +
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l.3.1. Positional ordecr-disorder_in alloys. It has bcen
mentioned in the section on the structural aspects of polymorphic
transitions that order-disorder transformations involve secondary
co=-ordination. I is proposed to discuss here in what way the
secondary co-ordination is involved due to movement of the atoms
in a structure which undergocs an order disorder transition.

Insight into the origin of order~disorder phcnomcnon can best
be cxplainced with the help of an example. Lct a metal B be
dissolved in another metal A. The structure of the alloy AB
is essentially that of A, cxcept that some of the lattice sites
are nov occupied by atoms of B. Such an alloy AB is called a
'substitutional solid solution't. The atoms of I may not be
randomly arranged in the lattice of A, but may have particular
order in their arrangements, depending on the interactions between
them. If they do interact, one type of atom, A, may require
its neighbowr to be of the other type, By and the structure is
orderecd.

In an ordered structure, the lattice can be regarded as being
composcd of two interpenetrating sub-lattices, one of which contains
most of the A atoms and the other most of the B atonms. Such an
arrangement may give rise to a superlattice. A hypothetical
perfectly ordered two dimensional lattice is shown in Fig.5.

It is cvident from the figure that the orderecd structure defines

two types of lattice sites: a and b; A atoms arranging themsclves
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in the a sitec and B on the b gsite. With the idea of a
particular site for a particular atom, a paramcter tp, mcasuring
the amount of ordcr can be defined, starting from a perfectly
ordered lattice, when all A atoms arc in a sitc and B atoms in
b site. Two kinds of order can be considcred. The long range
order paramcter measures how many, on the averaze, A (or B) atonms
are occupying a (or b) sites. The short range oxder parameter
definecs how well, on the average, A (or B) atoms are surrounded
by nearcst neighbour B(or A) atoms.

The cffects of increcasc of temperature on a nerfectly ordered
structure, defined as above, can now be considered.

As the temperature of the alloy is incrcased there will be
an increasc in the amplitudes of thermal vibrations of the atoms.
As the temperature is incrceased higher and higher, pairs of atoms
or small group of atoms will acquire enough cnergy to break away
from their cquilibrium positions and exchange sitcs. The atoms
A (or B) occupying b (or a) sites may be called 'wrong® atoms.
This would ncan that like atoms are forced to be nearest ncigh-
bours contrary to their tendency. But this tendency still
operates. At a particular temperature, below a critical tempera-
ture, there will be an cquilibrium state, characterised by a
dofinite number of wrong atoms. The number of wrong atoms will
increcase with temperaturc, not only becausc of thermal vibrations
but from the co-operative effect arising as follows. In Fig.5(a)

thermal vibration produces a wrong pair (indicated as in the figurc).
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Kach of the wrong atoms has three like atoms as its ncarest
ne ighbours. This can be taken as a state of higher energy,
which 1s lowered by the interchange as shown by arrowhecads.
The interchange requires less energy than that which led to the
initial disorder. Thus, with increasing temperaturc, it will be
easilcr to create morc disorder as disorder incrcascs. This
decrcasc of order with increasing tempcrature leading to order-
digorder transition is discussed below.

Iet the same alloy AB be considercd with the two sites a and
b as beforee. If there are R atoms in the correct positions and
W atoms in the wrong positions, the order parametcr is defined by,

W= R=-W/M= ®R~T+R/N=(@2R=/N ... (a)

Here W + R = N = total number of atams, with N/2 atoms of
both A and B. When all atoms are in correct sites, R = N, so
that ¢/ = + 1, for complete order.  When R = 1i/2, W = O, which
is taken as complete disorder, so the range of 'Y is from O to 1.
At the absolute zero of temperature there would be camplete order,
so that the energy which must be supplied to create disorder is
always positive.

In the alloy AB, where the number of right and wrong atoms
arc R and W respectively, let an atom A in a go to b and an
atol B in b go to a, at a temperaturec TO absolute. Thus, onc
atom of A and one atom of B are put in wrong sitcs. If AR is
change in R and AW in W duc to the above cxchanrse,

AW = 2 = ~AR.
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The energy required to introduce the above exchange in
positions in a perfectly ordered crystal lattice has becn calcu—

(36)

lated by Bragg and Williams in the following manner.
Iet the encrgy required to produce the pair of wrong atoms
in the state R,W be V(R,W)e At thermal cquilibrium, the change
in freec cnergy AF associated with AW must vanish.
The configurational cntropy associated with the state (R,W)
is
Seon. = K (Wlog N =R log R~ W log W)
where k is Doltzmann constant.
The change Ascon. associated with AW is Ascon.: 2k log R/W.
In cquilibrium, thercfore,
R/W = exp (V(R,W)/2KT) ees (b)
Assuming only the interaction betwceen only the ncarest

neighbour pairs of atoms, the total potential energy (intcrnal)

in interchanging A and B atoms, is shown as,

V(R,W) = VO{P LN (C)

wherae VO = 2V -V, = VBB' Here VAA and VBB are the cnergics

AB AA
of interaction of an AA and BB pair of nearcst ncighbours and VAB
is that of an AB palr.

When ‘¥ =1, V = Vo is the energy required to produce a pair
of wrong atoms in a completely ordered latticc. Again, from this

equation it is seen that as order parameter ) decrcascs, V the

energy required to produce disorder decercascs.



From (a) using (b) and (c)

/VO{:,,
wjz tan h \-———-‘
4T
v )
putting ——— = x or W = AET X s (a)
4x v
o
and ‘-;;!.: tan X ese (C)

Thé oquation can be solved graphically. The solutions show
that ;zi;w a certain value of temperaturc T, callcd Tc’ order
disappears completclye.

Theorctical values ofty s when plotted against T gives curves
of the naturc as shown in the figure (Fig.6).

It is scen from the graph that in the vicinity of the transition
temperature Tc’ there is a rapid drop of order. Thus, as order
decrcascs the casier it is to increase disorder. This curve isg
characteristic of the order-disorder phenomenone. Thig suggests
that any order paramcter, such as intensity of reflexions of
X-rays produced by a superlattice of an ordered structure should
behave similarly (diffraction theory of formation of superlattice
reflexions will be given in Chapter 4).
1¢3424 Rotational disorder. In addition to positional disordering
described above, there may be rotational disordering, i.c. molecules
or groups Of atoms in some crystals can disorder by rotation.

If rotation sets in as the tcmperature rises, a number of transitions

rcvealed by specific heat measurements can be explained on the
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G7) (38)

basis of Pauling's treatnent. On the other hand, Fowlerts

* trecatment of molecular rotation using partition functions is
unablc to account for the smal ler range of temperaturc in the
gpeeific heat risc. Thus, although a large numbcr of crystals
have transformations of the order-disorder type, no theory can

bhavoauns
predict the observed lreaviour correctly. The e¢ffect of the molccu—
lar rotation on the structurc of the crystal can be considered
gencrally without the help of the above theories. As the molccular
rotation tends to lower the internal field, it raiscs the symmetry
of the structure. If the molecule is fairly symmetrical, the
rotation gives rise to a close packed cubic or hecxagonal structurc.
Some cxamples of transformations of this type will be discussed in
the scction on dielectric moasuremenfs. To visualise the onsct of
rotation in a crystal the following simplified picture is given.
Above the absolute zero of temperaturc, the molccules or

groups of atoms of all solids possess cnergy of translational and
rotational vibration about equilibrium positions. The amplitude
of the rotatiocnal vibrations depends on the way in which the
potential cnergy of the molecule or the group varics with orienta-
tion and the temperaturc. Now, the average energy of a classical
ogcillator ig kT. If the potential cnergy of the cquilibrium
position of the molecule is less than that of any other possible
oricntations by an amount which is much larger than kT, it will

cxccute oscillations of small amplitudce If, on the other hand,

the cnergy difference between the equilibrium vosition and other
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possible oricntation is small in comparison to kT, thc kinetic
energy of the molecule will be sufficient to overcome the notential
barricr, so that the molecule would move to this orientation,

and SO On. This is not a free rotation as is found in gascs

or liquids, but hindered rotation. The onset of such rotation

in a crystal contributes to the specific heat of the crystal.

Confipgurational Specific Heat. The major part of the

specific heat of a crystal consists of contributions fram the

internal encrgy associated with thermal vibrations of the lattice,

(39)
(42)

given by the well known formula of Einstein This was

modified by Debye(4o), Blackman(41)

and others to take

account of the internal encrgy assoclated with the vibrational
spectrum of the lattice, instead of Einstein's single frequency
vibrations. When disordering takes place in a crystal, in
addition to usual vibrational specific heat, there also appears

an extra svecific heat contributed by the internal cnergy
assoclated with increasing disorder as the temperature is increasede
This excess specific heat is known as configurational specific

heat.

If the ontire change in energy takes place at a single
temperature, there will be latent heat instead of an extra
specific hecate But in order-disorder transition, the total
chango in cnergy dE on heating is gradually absorbed over a

range of tcemnerature. Above the critical temperaturc the long

range order vanishes. So the specific heat value drops, for,
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on further heating, the only change will be in the short range
order (Fig.7).
This cxcess specific heat can be calculated as follows:
The energy required to increase R by dR is dE = —VO§3dR/é

from (c).

1i

dR - dW = dR + dR = 2dR
Nd /2
=V oy (N W)/4 = -V N4 way

From (a) NdW

or dR

1

S0, di

Thus, the specific heat increase for disorder of an atom is

ACV = 1/4 (dB/4AT) = —¢O\y/l+. dy/d4T.

The nlot of this function is shown in Fig.7, with the dotlted
curvece

This thecoretical curve drops to zero at TC whereas in practice
the curve tails off, as can be seen from the CuiZn curve of
specific heat given in the same, figure. Howecver, the curves
agrec insofar as they both show the excess specific heat in the
form of a peak and a sudden drop. Apart from this, there are
disagrecments in detail. The range of temperature predicted
for the transition 1s much too large; actual order-disorder

tronsfornations take place in a narrower range of temperature.



Chapter 2

POTASSIUM ACETATE

2ele A Review of Previous work

The unusual thermal behaviour of potassium acetate was first

obscerved by Hazlewood et al.(?)

and has alreadsy been described
in the introduction. In this section a few further observations
will be discussed.

The values of molar volumes at differcnt temperatures of
polycrystalline acetates were obtained in the work referred to
above using dilatometric method of measurcement; the graphs and
lincar cquations of molar volume and temperature arc reproduced
from Hazlcwood et al.!s papere. (Fig. 8a,b and Table 2.1).

The anomalous cxpansions at the temperatures 800, 160° and 230°C
and contraction on pmelting at 30@3 which are obvious from these
graphs, werce attributed to polymorphic transitions occurring at

thosc temperatures.

Table 2,1
Molar volumes of polycrystalline potassium acctate
(Hazlewood et al.(7))
o 3 -1

Tcmps range C Molar vole., cm“mole
25 - 75 62,04 + 0.0281 (T - 25)

76 ~ 84 increcasc of 0.5 anmolo“l
85 ~ 155 64,26 + 0.0446 (T - 33)

156 = 216 6753 + 0.0196 (T - 156)

217 - 287 68420 + 0.0452 (T - 217).
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These equations give a density for potassium acetatc at 250C
of D = 1.60 and at 155°C of D = l.52.¢ om, ™,

The observation that the salt contracts on melting may be
significant from a structural point of view. It might wmean, for
example, below the melting point the crystal structure is looscly
packed, a point which could be checked by a study of thec cfystal
structurc at specified temperaturc. This was onc of the aims of
the nrescnt investigation.

The suggestion that the acetate ion and the methyl group
might be involved in the polymorphic transitions has al ready been
discussed bofore. Only crystal structurc determination can show
their rolce in the transformat ions. It should e mentioned hero
that practically nothing was known about the structural fcaburcs
of potassium acetate before this study began, since no precvious
work on Tthis structure has been reported-apart fraon a card for the
material in the ASTM X-ray Diffraction Data filc which lists the
first fivo prominent d spacings as:

13.68, 10.7 &, 9.2 &, 3.6 Rk, 3.47 L.

The only other property previously studied is the solubility

reported by Soidell(43).

The values found by differcnt workers
appear to bc consistent. The solubility of potassium acetate in
100 g of water is 217 g at 0°C and 396 g at 90°C.  The solubility
in methyl alcohol at 15°C is 2442 g of the acctate por 100 g of the
solvent. In cthyl azlcohol, the solubility is 33 g per 100 ge.

Liquid sulphur dioxide dissolves 0.006 at 0°C and liquid ammonia
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dissolves 1.026 g at ~33.9°C. The problems of recrystallisation
for crystallographic work arc closely connected with the range of
solvents and temperatures which are available. This is discussed

in detail in the section that follows.

242 Preliminary Experiments and Cohclusions

2e2els Introduction: Laboratory rcagent gradc polycrystalline
potassium acetate as supplied by M & B was used for making single
crystals, The nominal purity of the material was 99% (the main
impuritics were the chloride and sulphate).

Another laboratory rcagent grade potassium acctate of lower
nominal purity (98%) supplicd by B.D.H. was also tried, but the
crystals formed were less satisfactory. During the process of
growing crystals from the melt, crystals formed from this material
anpecarcd to be slightly charrecd. This behaviour is consistent

7)

with Hazlewood 's finding that in ionic acectates, the thermal
stability of the melts is sensitive to impurities capable of
promoting clectron transfer. In fact, the precsence of traces of
motal ions (Pb «001%, Fc «001%) was indicated in the composition

by the manufacturcrs. Hence the usc of this mabterial was subsce

quently abandoned.

2¢242¢ Recrystallisation : Preliminary. To stidy the properties
of potassium acetate by X-ray diffraction methods single crystals

were necded. Because practically nothing was known about how
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such crystals should be grown,various methods have bcen tricd and
techniques developed to overcome the difficulties encountered.
Oncc this was done, use of similar methods in the preparation of
crystals of rubidium and cesium acotates presented no difficulties.
Potassium acetate is highly solublc in water (sce review of
previous works) and very deliquescente. Even so, a saturated
aqueous solution covered by a thin film of silicone oil gave
crystals in the form of extromely thin flakes when sceded. These
crystals were, however, useless for X-ray diffraction studies.
Other solvents were considered for growing crystals from solution.
Potassium acetate dissolves in dry methyl alcoholy but the resulting
crystals are the alcoholates and not acetatos(éz). Dried ethyl
and propyl alcohols, methyl, ethyl and acetic csters, benzene,
acetone, and carbon tetrachloride were unsuccessfully tried.
Ligquid ammonia and liquid sulphur dieide should dissolve potassium
acetate(43) but at very low temperatures and the solubility in
them was very low. Hence they were not tried,

The method of sublimation on to a water cooled surface was
then tricd. No significant amount of matcerial cvavsorated on to
the cold surface even at temperatures where the original potassium
acetate began to decompose.

As many of the conventional methods of growing crystals had
failcd, attempts were made to grow crystals from melt ceven though

(7)

there was a danger of slight decomposition of the melt.

Potassium acctate powder was put into thin walled pyrex capillaries
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which had been sealed; the powder was subsequently melted in

a dry atmosphere by placing it on the hot stage of a polarising
microscopc which was totally enclosed by a plastic bag through
which dry nitrogen was passed. As an additional wrecaution
against the entry of moisturc, the microscope stood on a dish
containing silica gel.

The microscope used was a Swift "Model PD (DICK)™ in which
the stapge is fixed. The polariser, analyser and the cyepiece
rotate together, but the mechanical linkages allow focussing in
the normal way, ((Fige9) cg;rso focussing knob, K; polariscr/
analyscr rotation, knob fe) The main advantage of this type of
microscope is that ancillary equipment (in this casc an electrical
hot-stage ) can be mounted on the microscope stage without any
inconvenicnce.

The hot stagc consisted of an ebonite frame with a long
opening along its length. A microscope slidc over which was
wound & nichrome wirce, was clamped horizontally to the framc.
The heating current to the hot-stage was controlled by a Variac
Autotransformer.

Despnite these precautions, the experiments werc unsuccessful
when the melt was cooled slowlye X=ray diffraction photographs
of the samnle showed the formation of highly strained multinle
crystals and in one case, what appeared to bc a glasc.

ATter attempts to grow crystals inside the cylindrical

canillarics had proved unsuccessful, rccrystallisation on a flat
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microscope slide was tricd. 4 little of the powder was placed

on a glass slide over the hot stage, so that it was visible under
the microscopc. A cover slip was placed over the powder and

a sccond cover slip was placed beside the powder, so that when
the nowder meclted, a wedge was formed betwcen the upwver cover slip
and the microscope slide; capillary forces drew the melt inside
the wedge. On cooling, single crystal regions could be identified
by rotating the crosscd polariser and analyser of the microscope.
Where ncecessary, the sample was remelted and the process roneated
until satisfactory single crystal regions were formed. After
cooling to room temperature, the crystallinc block was removed
frow the slide by means of a razor blade, transferred to a petri
dish and covered by oil which had meviously becen carefully dricd.
The block was then manipulated under the oil and suitable single
crystals cxtracted which werce subsequently cut to the required
size and orientation.

Later, the facilities of the Crystal Growth Laboratory were
used to recerystallise a sample of potassium acetatc from the melt
using a variation of the Bridgman method. The dried material vas
scaled in a glass tube about half an inch in diameter and passed
slowly (2 mm/hour) through the furnace so that the crystals formed
were cooled slowly. Afterwards, onc cend of the glass tube was
cut and slices of crystals were chopped off on to the oil in a
beaker, all operations being done in dry atmosphere. Single

crystal regions were obtaincd as boefore.
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Mounting for X-ray work. Once the crystal had been cut to size

and shapc, it had to be mounted in a capillary for X-ray study.

At first the crystal was removed to a clecaner part of the dish by
a nc-dle and transferrcd to a glass slide mounted under the micro-
scopc, using a dry brush. Onc end of a glass capillary was then
brought up to the crystal which cntered the capillary together
with a swall gquantity of oil. This method was found to be
unsultable because of contamination with water on transfcre It
was found morc satisfactory to draw the crystal into the capillary
dircetly from the dish. When the crystal was well inside the
canillary, excess oil was withdrawn from it, and the ends ware
scaled with a micro coal gas flame, or for rcasons to be cxplained
later, by clectrical heating. In the later casc, a very small
loop of thin resistence wire whose diameter was slightly larger
than that of capillary diameter was passcd over the capillary
containing the crystal. An electric currcnt was passed through
the loop until the wire was white hot, and at the same time the
capillary vas slowly pulled out forming the seal. This method
avoided the production of water which appcars as a by-product in
gas sealing.

The scaled pyrex capillary containing the crystal was mounted
in a brass mount which could be fitted on to the tip of the arcs
as shown in the figure (Fig.10). A littlc paste of alumina cement
and vater glass diluted with water was placed on the brass head

and the c¢nd of the capillary was mounted in the paste so that it
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reigined verticals When the ceramic paste was dry the hecad was
baked in an oven at about 25000 for about 12 hours, and subse-
quently fitted to the goniometer arcs.

From the experience gained during these preliminary experiments
the following conclusions were drawn:
(1) Material as supplied must be properly dried before being
nelted in rccrystallisation experiments. Water vapour coming
out of the material during melting often condensed in the cooler
nart of the slide and subsequently attacked the ireshly prepared
crystals. Thus 1t became neccssary to construct a vacuum drying
systeme
(2) Any trace of moisture in the accessories — microspetulum,
razor blade, oil, petri dish, slides, cover slins, or even the
naked hands released moisture which subsequently attacked and
even destroyed the crystalse. This led to the construction of
a glove box in which all operations involved in preparing and
nounting the crystals could be performed from the outside.

'3 )

(3) Dricd silicone oil used as a confining fluid by previous

(7)

workers was not as effective in protecting the crystal from
attack by moisture as the light hydrocarbon oil (3 in 1 oil).
(&) During the trial sealing of the sample by micro-coal-gas
flame, water vapour often appeared inside the capillarics and
destroyed the crystal after a period of time which varied from

minttes to days. This might be due to vapour from the flame

or to improper sealing through charring of oil around the seal,
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The method of electrical sealing was found to lead to less
failures, but needed careful manipulation to avoid the risk of
breaking the capillaries.

(5) The linear absorption coefficient of potassium acctate for
CuK, radiation is high (@ = 102) and even a crystal 0.07 mm thick
absorbed about 50% of the characteristic radiation. Nevertheless,
although thick crystals ftransmit very little, they were found to
give strons surface reflexions,, even with a relatively short
exposure, which made such crystals useful in following the process
of transformations during subsequent X-ray studies. Very small
crystals were soft, however, and could not be handled without
damage, so that medium sized crystals (-~ «07 mm) have had to be
used for mcasurement of the diffraction intensities.

(6) The internal diamcter of the microthermostat used to control
the temperature of the crystal set an upper 1limit to the inclina-
tion of the capillary to the central axis of the micro;thermostat,
of about 8%, This meant that the crystals must be cut and mounted
very accurately, so that one of the crystallographic axes was
almost exactly parallel to the capillary axis. Otherwise, the
crystal could not be oriented, so that the layer lines were hori-
zontal. Although the crystal was not positively located in the
capillary, it remained in position because of a thin oil film
beltween the crystal and the capillary wall,

(7) The quality of the crystals grown could be influenced to some

extent by controlling the heating current of the hot-stage of the
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micrbsoopo. Very fast cooling gave samples in which crystals
were in multiple orientationse Thick crystals (~+4 .5 mn) did
not ecxtinguish completely under the crossed polariger and analyser
indicating that crystals in different orilentatlions overlap each
other.
(8) bpuring recrystallisation from the melt, it was noticed that
when a large single crystal plate was formed, it was invariably
traversed by a network of cleavage fissures as it cooled. The
tempcratures at which these cracks appeared varied widely and did
not correclate with any transformation temperaturc. Such cracks
might be duc to unequal thermal contraction of thc glass slide
and the crystal. The traces of the cleavage dircctions were
found to be oriented at fixed angles relative to the extinction
dircctions as shown in the figure (Figell).

X-ray photographs taken later showed that extinction dircctions
(1) and (2) coincided with the two axes having the reveat distances
23 A and &4 R regpectively. Examination of the birefringence by
a quartz wedge identified direction (1) with the greater refractive
index. Subsequently, the directions (1) and (2) werec identified
as the b and ¢ axes respectively.
(9) The carystals formed from the melt by the Bridgman method had
a characteristic appearance. The predominant crystal face (100)
was alwvays asproximately parallel to the circunference of glass
tube . Thus, the cross-section of the polycrystallinc mass

appeared as shown in the figure (Fig.l2). This bechaviour was
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found to be consistent with the structure of potassium acetate
and will be discussed later. The poor guality of crystals
grown within a capillary was probably due to the tendency of

(100) to lic parallel to a glass surface.

2+¢3. High vacuum drying system and handling of materials.

The first me asure taken in the light of the conclusions given
above to improve the experimental techniques of sample preparation
was to construct the vacuum drying system shown in Fige13. As
stated earlier, the potassium acetate supplied must be ﬁhoroughly
dricd before usec.

The vacuum drying system consisted of an oil diffusion pump B,
backed by a rotary pump C, with two vapour traps D and E, to
rerove the oill and moisture from the system. Pressure was
measurced by a Pirani gauge inserted into the system at F. The
samplc powder was placed in a pyrex tube A, connected to the
vacuunm system as shown in the figurec.

In order to facilitate relecase of any trace of watcr from
the crystallites, the powder was alternately heated electrically
through the transformations to about 1800C and then cooled down to
about 50°C. This was repeated several times a day for at lcast
72 hours before using the material for recrystallisation or for
nmeasuring any physical property. The pressure was kept at about
lo%%mloflﬁ.

Next, a glove box was made to provide a dry atmosphere during

sample vreparation from the dried powder.
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The Glove Box (Fig.l4). This was made from perspex panels, of

which the front one (T) could be removed. Bverything nceded
for a particular experiment (including the microscope where
necessary ) was arranged inside the box before the start of the
experimont. The front panel was then slid into position and the
edges scaled with Sellotape. Throughout an experiment, nitrogen
dried by the liquid nitrogen trap D entered the box at S and left
at A L dish containing phosphorous pentoxide was also kept
within the box to accelerate the initial removal of water vapour.
The polarising microscope could be focussed remotely from
outside the box by rotating the milled head H which was directly
linked to the ce;;se focussing control X of the microscope M.
Flectrical connections for the hot-stage were passed through
2 rubber bung inserted into the hole Ce A circular opening (E)
in the uw 'per nanel was closed by a clean transparent polythene
bag. This allowed the analyser to be inserted or removed and

the analyscr/polariser system to be rotated by the milled hecad P

of the microscope (Fig.9).

2.4. The Thermostat and the Temperature Control Unit

The design of the microthermostat used in the »rescnt work was
the same as that used in the earlier study of the thermal trans-—

sy

formations of potassium nitrite The initial exveriments
actually utilised the furnace constructed by Dr Ae. Schuyff, but
when this developed an electrical defect, the furnace had to be

I‘e‘.'fired (Figol5)o
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The microthermostat consisted of a beryllium tube (A),
about 2:; cm long, 1 cm diamcter and 1 mm wall thickness in
which two circular apertures were drilled (B) to allow the
incident beam to pass through without obstruction. A thin
mica shecet C was wrapped round the beryllium tube for electrical
insulation. On top of this a layer of Fiberfrax D was laid, to
prevent the movement of the platinum wire (E) wound round it as
a temperature sensing element. This 1 ohm platinum resistance
thermometer wvas made of two 2 ohm sections of themopurc (40 sevege)
wire connected in parallel and wound non-inductively. One sectiom
wvas wound above the main beam apertures B and the other below.
The camion leads (F) for external connections were constructed
of hcavier gauge platinum wire of negligible rcsistance and all
electrical connections were hard soldered.

A layer of paste made from glumina cement mixed with water—
glass diluted with wafer was placed over the platinum thermomcter
to insulate it electrically and to prevent movement of the wires.
On this cement layer, a 15 ohm nichrome heater (¥) was wound
non-inductively in three layers separated by alumina ccment and
distributed between upper and lower part of the thermostat.

Then the thermostat was built up with alumina cement naste to
a convenient external profile (S).

The platinum resistance wire terminals (F) projected out of

the furnace in a direction normal to the holes for the Xeray beam

and the furnace wire terminals (M) came out ncar the top of the
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furnacc. Thus, the beryllium tube was left uncovered over an
angular arc from about +180° to —90O with respect to the linc
of the beamn aperture (Figel6) in the diametral planc and about
A 20° in clevation. On one side the diffracted bcan could
pass unobstructed through the beryllium tube for all Bragg angles,
whercas on fho other side the high angle quadrant was obstructed
by cceramic which protected the platinum resistance thermomcter
leads and thce heater connections btctween the upper and lower
parts of the furnacc.
The completed furnace was fired for about 18 hours by raising
the teuncrature of the furnace very slowly till it was red hot.
The top end of the beryllium tube was closcd hy a copper
nlug (K) which could be screwed to one end of a perforated,
hollow stainless steel tube (H). This, in turn, was suspended
from a {ramec, attached to the X-ray goniometer, so that the furnace
could be raised or lowered by an adjusting screw. The frame from
which the furnace was suspended, was provided with a centering
adjustmcent allowing the furnace to be laterally adjusted on
the X-ray bcocam. It was nccessary to avoid the direct beanm
hitting the beryllium tube, for this gives rise to beryllium
povder lines on the diffraction photographs.
The furnace temperature was measured by a copper-constantan
thermocouple (T), calibrated at threc temperatures - room tempera-
ture (2200), the boiling point of water at normal prescsure (100°C)

and the uclting polint of naphthalene (2180C). The deviation
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from tabulated values was found to be negligibly small and the
standard values have been used for interpolation.

The thermocouple was lowered through the stainless steel
tube (I), so that the tip of the thermocouple was brought as near
the crystal as practicable. The bottom of the thermostat was
closed by aluminium foil to reduce the vertical gradient in the
furnace to around O.lOC/mm. The temperature was measured by a
potentiomecter (Pye, Cambridge) which was sensitive to Q:ivuv.

To kecew the temperature of the thermostat constant, the temperature
control unit described below was constructed by the electronics
workshop.

The Tcivcrature Control Unit The control unit is shown in Fig.l7.

ABCD ig a rcsistance ae.ce bridge, onec arm of which is the sensing
thermomcter (T) of the microthermostat (F). Any variation of
temnerature in F throws the bridge out of balance, the resulting
signal being amplified (X) and fed into the Proportional and Integral
Controller P. This varies the hcater current so as to rcduce the
out of balance signal. Thus, at a particular temperature an
optimunm steady value of current is maintaincd through the heater He
The temperature control appcared to improve as the temperature
was raiscd. From room temperaturc up to SOOC, the control was not
better than + 0.2°¢. at 200°c, the tcmperaturc could be maintained

at about = 0.1°¢C. The rangce of controlled temperatures uscd was

. o o O
nominally from room tempcrature to about 350 C.
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2.5. Recording of Diffraction Patterns

It was mentioned earlier that the »hotographic method was
uscd in the nresent work to record the diffraction pattern from
single crystals.

An accurate determination of a structure requires the
reciprocal lattice to be scanned as completely as possible in
order to have the maximum data available. In the case of a low
symnetry crystal this means that at least a half or a quarter of
the available reciprocal lattice must be covered t© record the
intensity of each independent reflexion. This requires data to
be recorded about at least three crystallographic axes. In moving
film techniques such as the Weissenberg camera cach layer line
along an axis is recorded in turn, cach reflexion being completely
resolved. Thus for purely structural work, it is usual to use
such a photographic method. The rotation nhotographs, on the
other hand, give data for all available layers simultaneéusly,
but reflexions overlap and the problem of measuring the intensity
becomes too complex.

Thus, for a room temperature structure determination, a moving
film technique is undoubtedly the best and was used in the present
work to obtain data for form III. For low temperature structural
wvork there are commercial Weissenberg cameras, but no cameras are
available for high temperature work.

However some attempts have been made to modify the standard

Welssenberg camera for high temperature work on the lines suggested
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(45)

by other workers. In one modification the main shaft is

reulaced by a hollow one, through which the electrical leads pass
to a miérofurnace of a few turns of platinum wire. In another(46)
a narrow jet of hot air is blown on to the crystal from a glass
nozzle clamped on the open side of the film holder. Because the
first modification required drastic changes, the second method was
tried. But in the absence of a cooling device, the film deteriorated
at high temperature. A more serious difficulty encountered with
thesc modifications was the large fluctuabtions of temperature
(of the order of i_lOOC), which may be negligible for some
structures with small thermal expansion but which are gquite
unacceptable for structures with large expansions (such as
potassium acetate - sce section on cell dimensions at different
tenperatures).

In principle ordinary oscillation photographs can alsc be
used for structural work, but considerable effort is rcquired to
identify every reflexion correctly, even for a relatively simple
crystal structure, since small oscillation angles must be used.
Moreover, two consecutive oscillation ranges must overlap to
record the reflexions at the extremities of a range. For a
complex structure with a very large real cell, the large number
of possible reflexions complicate the problem of uniquely assigning
hkl indices to a reflexion. Apart from thesc difficulties,
however, there are several good features of rotation and oscillatlion

cameras which were used with advantage in the prescnt work. The



problem was to record the maximum amount of data in the minimum

of timec because of difficulties regarding the control of temperature
and the thermal history of the sample (see section on thermal
expansion and hysteresis). The rotation photogranhs record
several laycrs in the same time as a Welssenberpg records one layer.
An oscillation photograph samples the reciprocal lattice in a
general way in a much shorter exposure time.

Therefore, for all high temperature diffraction photographs,
oscillation and rotation techniques werc used. The 3 em
cylindrical camera could not be used for high tempecrature work
because of the microthermostat and its support, so a hemicylin-
drical film holder of radius 5.73 cm was used, which did not
interfere with the heating arrangement for the crystal. This
film holder allowed reflcxions up to a maximum Bragg angle of 450
to be recorded.

For intensity measurements at high temperatures, rotation
photogranhs with the same filme~holder were taken, once it had Eeen
established that there would be no ambiguities in indexing. The
multiple film technique was used to cover the intensity range.

Fer oscillation photographs with large crystals about an
hour !'s exposure was sufficient under normal conditions. For
rotation photographs with smaller crystals, the exposure time
was ilncrcascd to two days.

Temperature fluctuations and overheating of the film proved

to be the main difficulties. Overheating incrcased the background
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while the temperature fluctuations caused by draughts were
minimiscd by surrounding the camera and thce furnace on all sides
with cardboards.

To get the structural data for room temperaturc phascs,
15O oscillation photographs werc taken at 12° intervals with the
3 en cylindrical camera. In addition, a few Weissenberg photo-
graphs werc taken to confirm the deductions bascd on oscillation

photographs.

2«6. Relative intensity and line profilc mecasurement

Introduction: To compare the intensities predicted on the
bagis of the different models of the crystal structurecs of
potassium accetate, the intensity of each available reflexion
was measured in the present work. The quality of the intensity
data required is determined in cach case by the naturc of the
study »ursued. Early workers determined simple crystal structures
by the photographic method, merely by estimating the intensitics
qualitativelye. Now it is usual for routine structural work
using photographic methods to estimate intensity visually by
comparing the diffraction intensities with a known graded intensity
scale. Sometimes microphotometers are used for the measurement
of integratcd or peak intensity. It is customary to cstimate
the relative intensity only, unless the absolute intensity is

required for special reasonse.
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Apparatus: In the present mecasurements data on the shape and
magnitude of the diffraction spots was obtained with a Joyce
Loebl Automatic rccording microdensitometer, lark III (Fig.l8).
This is a double beam null point instrument in which an optical
wedge of graded density is progressively inserted into one bean
to balance the absorption by the sample of the other beam. The
pen displacement is limited to the displacement of the density
wedge at the null positione

Light from a source S is split into two becams which are
switched alternately to a single photomultiplier P. If the two
beans have different intensities, a differcnce signal is produced
by the ohotomultiplicr which after amplification causes a servo
motor Lo move an optical attenuator so as to reduce the intensity
diffcrence to zero. In this way a continuously balancing systenm
is obtained in which the position of the attenuator is made to
record the optical density at any particular part of the specimen F.

The advantage of this instrument is that the variation in
the source intensity is eliminated by using the sane source to
illuminate both the film and the wedge.
Theorctical: The degrec of blackening or density of a film

on exposure to any light is defined as

incident light

D= log
transmitted light

Exposure is defined as
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wherc I is the beam intensity and 1t 1s the time of exposurc.
When D was plotted against log E, the characteristic curve of the
film wvas obtained (Fig.19).

In the vresent case a graded intensity scale was preparcd
by allowing a collimated X-ray beam, reduced in intensity by
passing through a number of aluminium plates, to fall on a pack
of films for 1 sccond. The film was then displaced and again
exposed for 2 seconds. The process was repeated for the geomectri-
cal propression, 4, 8, 16 ctc seconds. The exposure was made at
normal tubc voltage and the photographs were processed under
controlled conditionse The intensity scale was then photometered.
The density (heights of the peaks) were found to be a linear
function of intensity (exposure) up to a maximum pcak height of
;5 nn from zero background (Fig.20). Within this limit the peak
heights were taken directly to represent rclative intensity.

In the multiple film technique, as each film in a pack acts
as a uniform absorber, the intensity transmitted to the film
beneath is reduced by a certain constant factor (transmission
factor)s This factor for the films uscd, é;;i found by comparing
the heiphts of the same reflexion on successive filus. The
average value of the transmission factor of x.42, obtaincd from

a nuaber of reflexions, was used to convert all intensities to

the same scale.
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2+7+ Preliminary Crystallographic work : Identification of phases

While the techniques of preparing crystals were still being
improved, preliminary crystallograsphic work was started.

Using crystals showing complete extinction under the crossed
polars and mounted as described previously, X-ray oscillation
rhotographs were recorded at room temperature on a 3 cu cylindri-
cal camera. The radiation used was CuKa (A = 1.54178R).

Photo raphs about an axis parallel to extinction direction (2)
showed layer lines indicating a lattice repeat distance in this
dircction of about 4 A. This was taken to e a unit cell axis
and labeclled c. Similarly, the oscillation photographs takon
about extinction direction (1) also showed layer lines and was
taken to be second unit cell axis b. Inspection of the photo-
graph showed zero, first, third, fourth, fifth, scventh ... layer
linecs, for which k = 0, 1, 3, 4, 5, 7 ese The repeat distance
along the b axis was about 23 A. Further, strong reflexion
Aintcnsities were found only on layer lines for which k = 4n.
Layer lines for which k was odd contained only the weaker
intensitics and no reflexion at all was visible on layer lines
for which k = 4n + 2.

This crystal was subsequently heated and 15° oscillation
photographs recorded on a flat plate film holder (the furnace
prevented the cylindrical film holder being used) at tcmporatures
of about 60°, 100°, 130°, 200° and 280°C, and finally at room

temperaturc, It was found that the layers with k odd, which as
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noted above, contained only wecak reflexion, became significantly
weaker at 50°C and were absent in the photograph recorded at 100°¢.
Thus, tho photographs taken at 100°C contained only those layer
lincs for which k = 4n, at room temperature, so that the b-axis
was rcduced to one quarter of its former valuc. The photographs
at 200°C and above were much clearer, for there was a reduction in
the number of reflexions within each layer, compared to photographs
taken at lower temperaturecs. Room temperature photographs taken
after the heating cycle showed that the weak layer lines had re-
appcared apparcntly with the same intensity as beforc.

Atteupts to take oscillation photographs about an axis
perpendicular to the plane of the crystal plate in order to
locatc the third axis of the crystal cell were unsuccessful.
Excessive cxposure times were rcquired because of the unsuitable
crystal shape and the higher absorption cocfficient. Neverthe-
less, some idea of the length of the a—axis was obtained by
identifying the hoo reflexions in the zero-layer lines of photo-
graphs taken about the b and c axes. These formed a sequence of
prominent rcflexions with g*values that were nultiples of «16, so

the interplancr spacing d was taken to be either A/0.16 or

100
some simale multiple of it, giving a minimum value for the a axis
of about 9.71k.

Some tentative conclusions, to be verified by more sophisti-

cated expcriments later, were drawn from the above observations.
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(i) At room temperaturc, the unit cell dimensions were approxi~
mately

am~9.7 K, b~23 Rk crvi i,
(ii) Potassium acetate has at least three crystal structurcs.
One form cxisted from room temperature to the temperaturc when
the weak layer lines disappeared. This temperature was pro--
visionally identified, with the phase transition at 80°¢ reported

by Hazlcwood et al.(7).

This new phase underwcnt a further
transformation between 1350 and QOOOC characterised by a rcduction
in the number of reflexions. This change was provisionally
identificd with the second phase transition reported to occur at
16OOC. No evidence of the third transition at 2300C was found
as there was no difference in the appearance of diffraction
photogranhs taken at 200°c and 280°C. Accordingly, the ovhases
were desiconated from room temperaturec upwards: form IIL —
form IT — form T.

(iii) During the heating cycle, the b and ¢ axes did not show
any observable change of orientatione. Crystals mounted about

thesec axes romained fiset" throughout both phase transitions.

243. Dotermination of Cell Dimensiong at Specific Tempcratures

Refercnce has already been made to the difficultics of
rccording diffraction patterns from crystals mounted about the
a--axis and to the abortive attempts at modifying the Weissenberg

camera for high temperature operation. Hence for most of this



(44

work it was neccessary to use oscillation photographs of crystals
about the b and ¢ axes, to establish the cell dimensions of the
different forms of potassium acetates. Improved cstimates of

b and ¢ for form III were casily obtained from measuring the
layer line separation of photographs recorded with a cylindrical
film holder by means of a travelling microscope, but nothing was
known about the values of the interaxial angles initially. As
there vere a large number of reflexions on the zero layer line
of the c—axils oscillation photographs of form III, a zZero layer
Weissenberg photograph was taken at room temperaturc. This
cstablished that the a*b* net was orthogonal with a* = ,0825

b* = 40054, and the photograph was subsequently indexed with a
standard Weissenberg chart. Thus, it was possible to assign
unambiguous indices to all the reflexions of the c-axis oscillation
photographs. Although in principle it would have bcen possible
to obtain all values of the cell angles from Weissenberg photo-
graphs, an attempt (which proved to be successful) was made to
solve the problem by oscillation photographs alone, in order to
gain experience for the interpretation of photographs at higher
temperaturcs, where the Weissenberg camera could not be used.

A close examination of the reflexions in the first layers of
cmaxis oscillation photographs taken at room temperature showed
that in one crystal, the diffraction intensities did not exhibit
the mmésymmctry commonly found when the crystal was oricented

parallel to X-ray beam along the b¥ axis. The intensities of
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palrs of recflexions in the first layer line on the uwwver half of
the film were in reverse order on the lower half (Fig.21).
Morcover, the stronger reflexions were relatively sharp whereas
the weak reflexions were badly arced along curves of constant 8.
Thus the diffraction photograph could not be that of an ortho-
rhombic single crystal but proved beyond doubt that this crystal
(and by inference all similar crystals) were twins with a mono-
clinic angle B, which could be roughly measured from the photograph.
Such a diffraction pattern requires the crystal to have the
folloving twin texturc (Fig.22).

The two orientations of the twin (1) and (2) have a comion
c axls aand a axes that diverge at an angle 2f8. Likuwise both

a*l and a*2 arc perpendicular to ¢ and therefore lic in the same

¥
stralght line whereas c*l and c*2 are inclined at an anglgiaégf )
In both couponents the b-axis must be parallel, for, otherwise,
the angle would be detectable on the b-axis oscillation photo-
graphs, which was not experimentally observed. Thus b*, which
is perpendicular to a¥* and c* must be perpendicular to the plane
of the paper in Fig.22. Tt is evident that (100) is the twinning
planc.

Thus, with ¢ as the oscillation axis, rcflexions of the type
hoo or hko in the zero layer are split into pairs of reflexions.
hol and hol or hkl and hkI in the first layer line. Although in

the prescnt case the two components of the twin were of uncqual

volunic so that the intensities of the pair of roflexions were
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uncqual, in general this is found not to be the casc.

The appropriate value of the monoclinic angle § was found
by mcasuring the scparation of the pairs of rceflections 701 and
70L, 611 and 61I, 501 and 50I, 30l and 301 on two separate
photographs.

Thus, the above arguments lead to the conclusion that the
room tcmnerature structurc is monoclinic and twinned, the twinning
plane being (100), a* = .085, b¥ = 0.0654, c* = .39, B = 92.3°.

Confirmation that this was a selfconsistcnt set of cell
parameteis was obtained by successfully indexing all reflexions
on a s¢t of b-axis photographs.

A more accurate mcthod used to determine the change of p
with temmoerature will be given later.

Having verified that it was possible to index the room
temperaturc photographs an attempt was made to index the b-axis
photographs at 20700, because here the diffraction natbterns
showed fcwer rofloxionss Bearing in mind that the lattice is
likely to gain symmetry clements as the temperature riscs, it was
thought possible that the lattice was now orthogonal. The
orientation of a¥* was found to be unchanged and a contral
rcecciprocal lattice row identified as the new ¢¥(I) was found
pervendicular to a*(I) (parenthescs refer to the threce forms).

Anp a¥*c¥* net was drawn on the basis of these two dimensiong and
it was soon cvident that all reflexions could be accounted for by

making:
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a*(I) = %a*(III).
Using the fact that b(I) Au% (III) from layer linc mcasurements,
it was concluded that the form I structurc belonged to the
orthorhombic system, with the appropriate cell dimensions:

a* = 0.160, b¥*¥ = 0.27, c* = 0.390.

The problem of indexing photographs taken at 107°c (about
the middle of the temperature range over which form II is
stable ) was next tackled.

The reflexions of the type hoo could be identificd from
their positions and overall similarity in intensity to those of
form I and IT. This helped to define the range of oscillations
to sweep those regions of reciprocal space which contained
reflexions of the types other than hoo. For a number of
reflexions in the zero layer line, the photographs about beaxis
were found to be more akin to those of form IIIL. Hence an
attempt was made to index the photographs on a twin rceiprocal
net of form IITL Soon it was apparent that if the form was
a monoclinic twin, the monoclinic angle must be larger than in
form ITIIL. After trial and error adjustments of B%*, finally
a non-orthogonal twin net was found on which all rcflexions on
the zero and first layer limes could be %QAGxed. The corres-
pondimg cecll dimensions werc: a¥* = 0.165, b¥* = 0.27, c* = 0.39,
B = 94.8°,

It was subscquently verified that the cell dimension

deduced for the forms IIT and II of potassium acetate could be
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used to index photographs taken about the c-axis. This provided
an independent check on the correctness of the cell dimensions )
quoted in Table 2.8 and justified the use of the indices of
observed reflexions to determine the translational elements of
symuetry present in the space groups.

The present axial systems involve an increase in the mono-
clinic angle B from 92.3° in form IIT to B = 9448° in form IT,
followed by a reduction in form I where this angle must be 900
by orthorhqmbic symmetry . Subsequent inspection of pholtogranhs
taken at different temperatures revealed that this discontinuity
in the f angle was not a real effect but due to the choice of
unit cell in forms II and IIT. To avoid this artificial change
in the unit cell, the orientation of reciprocal axes chosen for
indexing the monoclinic forms were transformed, to ensure that @
decrcases progressively through the transformations III —¥ Il — I,
This was done by defining the new axes an and o whose transe—
formation equations in terms of the original ay and cq are glven

by (Fig.23) (for both forms III and II)
2™
Bp =3 *tg
This leads to a similar fransformation in the Miller indices

h2=h

22 = "‘Ql
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After assigmment of new indices to all reflexions of the
photopgraphs taken for the three forms, the space proups from the
systematic reflexion conditions, relative to these new axes were
found to be as follows:

In form ITI, reflexions of the type,

hkl were present only for h+k = 2n
Thus, the allowed space groups are

Cm, C2/m or C2.

In addition, other reflexion conditions were found that were
not required by any monoclinic space group. These conditions
were

oko present only for k = 8n and hkl absent when k = 4n + 2.

The only reflexion condition in form IT is that

oko present only for k = 2n.

The space groups are, therefore,

P2, or PEl/m.

The reflexion conditions for form I are okl prescnt only
for k + 1 = 2ne

These are the conditions for the space groups

Pnmn, PnElm or an2l.
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Table 23

Summary of crystallographic data of Potassium Acetate

(Transformed)
Form temp. a* b* c*¥ p* ak bﬁ ch QO
IIT 22% .0825 0654 439 79.6° 18,38 23.65 4,00 100.4

(o]
1T 107°c .165 .27 .39 82.6 9.38  5.72 3.99 97.4

o

I 207°%C .160 .27 .39 90° 9.71  5.90 3.96 90

(I1II) Reflexion condition Space groups
hkl present only for ht+k = 2n Cm, C2/m or C2
(oké present only for k = 8n
hkl absent when k = 4n+2)

(ID)
oko nresent only for k = 2n P21 or P21/m

(1)

okl present only for k+l = 2n anm,PnZlm or anZl
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2¢9. Deternination of Cell Dimensions at a Series of Temperatures

In the foregoing section, the cell dimensions of the threc
forms were determined only at three specific temperatures. But
the following observations led to the study of the cell dimensions
at different temperatures.

ffhile identifying the changes in the b-axis diffraction
pattern due to the phase transformation, it was found that,

(i) reflexions of the type hoo moved noticeably towards low
8 with increasing temperature, indicating large thermal expansion

of dlooo

(ii) Pairs of zero layer reflexions identified as the type hol
and hol, with onec from each orientation of the twin, moved
towards cach other with incrcasing temperature and coalesced
petween 136°C and 200°C (Fig.24). This phenomenon was investi-
gated further by taking a series of b=axis oscillation photographs
with the hemicylindrical camera at different temperatures.

The positions of these two reflexions are related to the
monoclinic angle in the following way:

From the geometry of the Fig.25,

r . *
G iol = cv“2 + (ha*)2 + 2ha*c* cos @
2 _ -
“ hol = 0*2 + (ha*)2 - 2ha¥*c* cos p*
so that,
é iol - ioT = 4+ h. a*c* cos B¥ ()

For all zcro layer reflexions é = 2 sin &
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Hence cos B¥ = (sin2G - sinEGhOI)/ha*c* )

hol
Thus, to find § at a particular temperaturc three photo-
graphs vere taken, one to obtain ghol and Qhoi and the other two
to obtain g* and c*.
The reflexions used for measurement and thelr approximate
Bragg angles are shown in the Table 2.9.

Table 249

Approximate Bragg angles for lattice parameter determination

Reflexion Indices Approxs. Bragg angle Q°
400 (800) 20
01024 23

301 - 301 (601, 60I) 20

040 (0, 16, 0) 32

The indices in parentheses are those for form IIT.

Near the transitions, photographs were taken at frequent
temperature intervals and a few photographs were taken above
IT —> T transition temperature, to see if therc wasany detectable
change in the diffraction pattern.

Once it had been verified that it was possible to obtain
neaningful measurements of B and therefore of a and ¢, another
crystal was mounted about the c-axis in order to rcecord the oko
reflexion from which the remaining cell dimension b could be

obtaincd.
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The variation with temperature of the cell parameters that

were measurca directly, namely, d d = b, and dOOl are

100? “010
shown in Fig., 26, 27, 28, Using the relations,

2

?
dOOl

éf = A/4. E% =

100? g = 180 - B¥

in equation (2), the variation of f with temperature was derived

and is nlotted in Fig.29. Values of a and c werc calculated

4100 4501
n and ¢ = —;
sinf = sinp

from the equations a = and plotted (¥Fig.30,28).

The Bragg angles of the reflexions chosen werc considerably
lower than are desirable for accurate masurement, but this is
partly counteracted by the large change in the parameters to be
measured. Neverthcless, to obtain a self consistent set of
rcsultls, cortain prcecautions were necessarye. The reproducibility
of measurements in the travelling miproscope was quite satis-
factory, an average of 1l readings having a standard deviatipn
of + 0.002 cm. Given the camera radius of 5.73 cm, this
corrgshonds to an error in the Bragg angle A8 of 0.02° and a
precision of spacing measurement ég-z ~ cot ©. A of about 0.1%.
This nrecision was not achieved in photographs repeated under
identical conditions. No correction for film shrinkage was
possible but random variations in the shrinkage were minimised
by processing films under identical conditions and measuring the
films without delaye. Thus, film shrinkage will change the
absolute valuc of the spacing, but the random error in the

relative value is probably less significant. The most likely
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cause of the irreproducibility was thought to Dbe slight differences
in the positioning of the film within the film holder leading to
an uncertainty in the value of the effective camera radius. On
the basis of all available evidence, the relative accuracy of
these results appears to be about 0.005 Ain a spacing of 4 .
The absgolute accuracy is unknown but is unlikely to be better
than 1%.

From the graphs of cgll dimensions (Fig. 26, 27, 28 and 29),
valucs of leO’ dOlO’ dOOl and B were intrapolated at regular

intervals of temperature. Then the cell volumes V = (& obec)

100
were determined over the temperature range 230C - 160°C. For
comparison with the dilatometric data of Hazlewood et al. thesec
unit cell volumes were converted to molar volumes by multiplying
by N/2. The two curves are shown in Fig.3l, where it can be
seen that the only point of detailed agreement is the density
of form I at 160°C.

It should be noted that dilatometric graph is an average one
of the heating and cooling cycles of two samples whereas the
present data were obtained only while the crystal was being
cooled, so a comparison is not justified. Nevertheless studles
of the structural hysteresis (next Section) suggest that an average
X-ray curve of heating and cooling cycles might follow a different
path, narrowing the differences between the two curves. Of greater
significance probably is that the dilatometric measurements give

the macroscopic expansion of polycrystalline samples having a mass
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of about 3 g whereas the present measurement relates to the

lattice parameters of a single crystal of mass (~- 8 x 10—6g).

But it is not clear why the macroscopic volumes should be smaller
than those found using X-rays. While Schottky defect formation

on heating, will effect the thermal expansion(qg), it would predict
that the macroscopic volumes should be larger than the microscopic
valuese Further commegnt on the origin of this discrepancy is
deferred to Chapter 6.

From these graphs it is evident that the a-axis expands
rather rapidly from room temperature to 15500, but the rate of
increase is less when the crystal has undergone the transformation
IT — L The diffraction photograph taken at 247°C shows that
a = 9.553 A an increase of 0,109 A from its value at 155°C giving
an estimafcd thermal expansion between these tempcoratures of
o, (average) 1559 = 247°C - 150 x 1070 ¢ deg .

It is apparent that no such average figurc can be given for
the expansion of the a-axis over the entire temperature range from
EBOC to 1550C. The overall thecrmal expansion can bo wepresented
only graphically (Fig.32).

Rather surprisingly, the two other axes contract on heating.
The slight c—axis contraction acfﬁi—ho X lO_6 C deg.”l remained
approximately constant up to 1550C, but the value at 2470C indicated
that o, becomes positive between 1550 and 2470C.

The variation of b is more complex (Fig.33). From room

temperature to about 6800, the axis contracted with an average
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coefficient a = -10 x 1070 c deg.u;. Then at the transformation
III — II, there is a rapid but continuous cxpansion followed by

a contraction after about 750C. This contraction continucs up
to 200°C and shows no discontinulty at transition II ;j TI. The
average coefficient of expansion in this temperature range is
@~ =100 x 107° ¢ geg.”L.

The monoclinic angle B determined by the method given above
decreascs continuously with increasing temperature up to 150.30C.
Above this temperature the B angle is increasing very rapidly;
the observations are reported in the next section. Above this
tenperaturc, B was estimated by plotting the separation of the
doublet from room temperature to 150.30C against the values of B

subsequently deduced and extrapolating the resulting straight

line to 90° (Fig. 34).

2+10. Transition Temperatures, Hysteresis gnd Persistence of /Axes

As has becen stated only three polymorphs (involving two
gs0lid~so0lid transitions) have been detected by the present X-ray
methods, compared to the four polymorphs proposed from the dil-

@),

atometric study Once the characteristic features in the
changes in the diffraction patterns for the two transitions were
understood, it became possible to explore the crystallographic
behaviour in the vieinity of the transition termperatures by taking

diffraction photographs at small temperature intervals. Using

a crystal of dimensions 045 x 0l x O¢l mm, the transformations
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form II —2 form I, from monoclinic (twinned) to orthorhombic
(single crystal) diffraction pattern was followed during a thermal
cycle .foym II 923352&5 form I, by noting the scparation of 401
and 40 and 301 aﬁgOBE%gdoublets obtained from the two orientat ions
of the twin in the zero layer of the b-axis photographse. On
heating, the doublets coalesced, at 154.3°C to form the 401 and
301 reflexions of the orthorhombic form I. On cooling, the single
reflexion split into two components at 153.100. Thus, there was
hystercsis of about a degree wide in the transformation. The
co-cxistence of the two forms at a single temperature could not
be verificd because of the temperature gradient (about O.loC/mm)
between different parts of the crystal, the upper part being
always hotter than the lower. There was no doubt, however, that
the two forms could co-exist within one hybrid crystal, for, the
scparation of the hol and hol was variable through the composite
diffraction spot (Fig.24), some one or two degrccs beforc the
transition. The inclination of the two reflexions defining the
B anglc in form II suggests that in this temperature range the
angle is continuously variable in one part of the crystal and is
co~cxisting with anot her part of the crystal that has alrcady
conmpleted its transformation to form I. For practical rcasons
the minimum observable separation of hol and hol corresnonded to
ap of 93,1° but there was no indication of any discontinuity

. . o
in B as it approached 90 .
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The progress of the transition III —3 II could be followed
by obscrving the weak layer lines with k odd, obtained at room
temperature b—axis photographs. These grow weaker in intensity
with risc of temperature and finally disappear at the transition
temperaturc. Using the same crystal, the reduction in the
intensity of the reflegxions f?lO?III and ESlO}lII, which were
relatively strong in relation to other reflexions in the layer
linc, was observed. On heating, these could not be observed at
75°¢ and reappeared on cooling at about 68°C. With another
smaller crystal (~ 08 mm2), the reflexions disappcared betwecn
850C and 950C on heating, but did not appear even at 6500 on
coolinr,. Thus, the transition III —3 II probably has no well
defined transition temperaturce, but depends on the particular
crystal usod. Size and perfection of the crystal is likely to
be important, for, with the smaller and more pcrfecct crystal,
the hystercsis in the transition temperature was very much greater
than that found with the bigger crystal. Defcects may also play
some part. The greater perfection of the small crystal was
indicated by the absence of slight @-arcing of the reflexions in
some oricntations. The thermal history of both crystals was
effecctively the same, both having passed through several thermal
cycles.

The similarity in the appearance of thesc additional reflexions
with the superlattice reflexions in ordered alloys (mentioned in

Chapter 1 and discussed in detail in Chapter 4) suggests that two
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featurcs rclating to the degree of arder (if any) in the structure
deserve further study. These are the integrated intensity and
linc profile of the additional reflexions. These two quantitios.
may be taken to indicate the physical state of the sample.
Photographic recording can only give relative intensity data.
The intensity of the 710 reflexion was therefore placed on a
comparative scalc by comparing its intensity with that of the CuK%
reflexion from 400 which occurrcd at roughly the same Bragg angle
and was of a convenient Intensity. Although there was no justie-
fication for assuming that the intensity of 400 remained constant
the intensity ratio must still be characteristic of the state of
thoe sample.

Valu 5 of this ratio I(710)/I(4009) werc plotted against
temperature during both heating and cooling (Fig.35). The
integrated intensity was taoken as the product of the half wiéths
and the heights of the photometer traces through the rcflexions.
The curve rclating the half brcadth of the line profile with
temperature is also plotted in Fig.35. It is 6f intercst to note
that there is a significant change in intensity before therc is any
chansze in the breadth of the reflexion.

The following points can be made from these graophs:

(1) The progressive broadening means that the transformat ion
tenperature will be impossible to detect by X-ray diffraction
alone.

(2) The intensity and profile do not change together as in the

order disordcr transformation in alloys.
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(3) The intensity curve differs fundamentally from that found
in order-disorder in alloys.

(&) The moximum width of the hysteresis loop was gbout lSOC.

Thus, in neither of the transformations were any discontinuities
in the diffraction patterns observed. Intensity and positional

changes of diffraction spots, all occur smoothly and continuously.
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Chapter 3

A, DIELECTRIC FPROPERTIES OF POTASSIUM ACETATE

3,1, Introduction

3,1.1, Polarisation in homogeneous materials, Measurements of the
dielectric properties of a material give information about the
structural behaviour of the dielectric, The electrons in a dielectric
cannot generally leave the atoms or molecules to which they are bound,
An external electric field applied to the material by means of condenser
plates can, however,‘cause relative displacements of the electrons and
atomic nuclei, thus polarising the atoms,

In addition to electronic polarisation, the external field tends
to orient molecules having permanent dipole moments so that the dipole
is aligned along the field direction, The field may also change the
interatomic or interionic distances and bond angles, Thus, with
molecules with permanent dipole moments,

total polarisation P = Pelectronic * Patomic + pbrientational°

Polarisation is related to the static (or lew frequency)
dielectric constant through the equation:

€ -1 .M LnN Ll 112
73 3=P=5a=—3 (o + )

where: € is the static dielectric constant; M is the molecular weighty
d is the density, N is Avogadro's number; o is the polarizability of
electronic and atomic distortion; yu is the permanent dipole moment,

k, the Boltzmann constant snd T, the absolute temperature,
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Fig.36. Schematic diagram showing the contributions of
different polarisation to the total polarization
( reproduced from Dekkar's "Solid State Physics")
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Fig.37.sghematic representation of Debye relaxation
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From this equation, it is evident that the total polarization
P decreases with increasing temperature because of the decrease in
the orientation of molscules along the field,

When a low-frequency alternating electric field is applied, the
polarigation of electrons, atoms, ions or dipoles tend to follow the
field and contribute to the total polarization, As the frequency
becomes higher, the polarigation cannot follow the field and there
is an observable lag in attaining equilibrium, This lag in response
to the stimulus (here, the field) is known as relaxation, Generally,
up to about 10lo Hz, the electronic, atomic or orientation effects,
21l contribute to the total polarization, With increasing frequency

14

the orientation contribution ceases, Between 1012—10 Hz the

15

atomic coutribution also ceases, Up to about 10~ Hz the only con-

tributibn is from the electronic polarization, Contributions
for different sources are shown in Fig,36, where total
polarisation is plotted against log frequency,

In a real dielectric placed in an alternating field, some energy
is always absorbed and dissipated as heat, The displacement current
of a condenser with an alternating field has therefore two components,
One is the loss or ohmic current which is in phase with the field and
given by ELMG"CO and the other component is 90o out of phase with the
alternating potential charging current and is given by EudE'Co- These
two components form the complex dieleciric constant éx = €' - i ¢
giving rise to two dielectric constants ¢' and €", This complex
dielectric constant is (90 - 6)° out of phase with the field, where 6,

the loss angle is given by tan~ T £1/€', The two dielectric constants



vary with frequency according to the Debye eguations,

€ - ¢
€ =€+ =
1 +L}‘?T2
o - (6, - € wor
1 +(w@T2

Here w is the angular frequency and 600 and éo are the dielectric
constants at high gnd low frequency respectively, T is defined by
the equation,

al(t) = afo) e~t/T
where a(t) represents the decay (or rise) of polarigation after a
sudden removal (or application) of a field with steady polarismation
(o) (or with zero polarimation), When time t = 7 olt)/a(o) = %
i,e, T is the period of time during which the polarization changes
to /e of its initial value, T is known as the relaxation time,
The variation of €' and €" with frequency predicted by the Debye
equations is shown schematically in Fig,37, The eguation of ¢"
shows that €' —3 O for large and small values of (T and is meximum
for wT=1or T = lﬂi)max.
orientation about different axes should require different relaxation
times(49),
In solids, the orientational or rotational freedom is normally

small and the value of the dielectric constant is around 2 or 3,

Losses are also generally small, In some solids, however, polar

107

In the case of non spherical molecules,
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molecules can acquire rotational freedom, i,e, they possess sufficient
energy to overcome the potential barriers and move from one equilibrium
position to another, Examples are known of molecules showing rota-
tional freedom on or before melting and during orientational order-
disorder transformation in solids, The onset of rotation of a sym-
metrical group in a crystal should not effect the dielectric constant

values apart from that due to the slight change in density(5o).

3,1.,2, Interfacial polarization in Heterogeneous materials,
In addition to the contributions to the total polarization from the
sources given above, there is another type of polarization; this is

interfacial or Maxwell-Wagner polarisation heterogeneous
dielectrics with more than one phase, For such polarization to take
place, the phases must have different dielectric constants and D.C,
electrical conductivities, It is commonly associated with the
presence of conducting impurities, dislocations, vacant sites etc,
which form interfaces, If there are free charge carriers (electrons,
ions) migrating through the crystal, they may pile up against a defect
or be trapped by it, This localised accumulation of charge will
induce opposite charges on the electrodes and contribute to the total
polarization, This accumulation of charge requires flow of current
through the dielectric which may require a very short time if one phase
has high conductivity, or may require seconds or minutes, Therefore,

this polarization is observable generally in the very low frequency

range, but may also occur at even radio frequencies,
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The variation of €' of a two phase dielectric with frequency

follows precisely the same relaxation equation as before, but the

(52 44

variation of ¢" is different, For a simple two phase model
is given by:
a2
gv( 63'_) 6T

e . =
265. + G"2 1+ w T

where v is the volume fraction of conducting impurity present in the
mixture, Gi is the real part of the relative permittivity of the
material and €é is the real part of the relative permittivity of

the impurity phase, L

(53)

Hamon dispersed some copper Bthalocyanine and liquid
n-primary alcohols in paraffin wax and obtained the graphs shown in
Fig.37a, from measurement of the loss factor ¢, It will be seen

that as the frequency decreases the d,c, conductance increases,

3,1.3, Ferroelectrics, There is a special class of crystals, whose
permittivity increases to very high values because of the distortion

of the atoms of particular molecwlar groups, These are polar crystals
within the pyroelectric class of crystals, the direction of the
spontaneous polarisation of which can be reversed under the influence

of a sufficiently strong applied field, In these crystals the
permittivity increases with increasing temperature and at the transition
from a ferro to a para electric phase, there is a large increase

followed by a fall to a lower value,
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Spontaneous polariZation in ferroelectrics leads to domain
formation, In these domains all the dipoles are parallel to each
other, An external field applied to such a crystal tends to align
the domains along the field, With increasing temperature, domains
grow co-operatively and the ferro-para electric transition is the
culmination of this growth process, when the crystal is on the point
of moving out of the region of spontaneous polarigation due to
thermal agitation, The applied field at that temperature is able

to produce relatively large shifts with big changes in permittivity,

3.2, The Measurement of Capacity and Conductance

3,2,1, Theoretical, It is usual to use alternating fields for the
measurement of dielectric properties, The most convenient frequency

7

range for such measurements lies between 10_2 Hz to 10° Hz, because
the impedance of the condenser containing the dielectric can be
balanced against known combination of discrete capacitances, resis-
tances etc, TFor higher frequencies, a circuit can no longer be
represented by discrete circuit elements and the connecting wires
cannot be considered as free of inductance and capacitance, so they
are considered as distributed impedances and complicated circuits
have to be devised for measurements in that range,

With increasing frequency, sources of error in the measurement
also increase, Imperfectly clean electrodes, imperfect contacts,

voids in the dielectric etc become increasingly important with

increasing frequency, Imperfect contact and unclean electrodes act
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as series resistances on the circuit and introduce errors in the
neasured values of conductance, At very high frequencies, the
shapes of the specimen also effect the measurement,

For reasons stated above, the measurements were restricted to
a frequency range 500 - 20,000 Hz, The equipment comprised

(1) An A,C, Bridge

(2) A generator

(3) A detector,

(1) The working principle of the ratio-arm bridge can be explained
by reference to the simple Wheatstone bridge (Fig.,38),

The four arms of the bridge consist of two standard impedances
Z, and Z, whose ratio Z,/7Z, can be varied in decade steps, the unknown
impedance Zu which is to be measured and a variable standard impedance
Zs which can be adjusted to balance the bridge,

In the commercial bridge employed (Wayne Kerr Model B221), the
source and detector were isolated from the bridge circuit by the use
of transformers (Fig,39). In practice, the impedances are divided
into their resistive and reactive components as indicated in the figure,

The bridge measures directly capacitance Cp and conductance Gp
as a parallel combination,

The range of measurement of the bridge was

Cp, 0,002 pF - 11,1 uF
Gp, 0,00002 pmho - 10 mmho,

The nominal accuracy of the measurements of the bridge was + 0,1%,



114

To minimise the effect of external connections, a low capacity
cable was used to link the experimental condenser cell to the bridge,
Care was taken to ensure that the disposition of the cables remained
unchanged during a series of measurements, Even a small movement of
these leads changed the measured capacity to some extent,

(2) The frequency of the internal generator of the bridge was fixed
at 1592 H3 so that angular frequency w = 2nf = 10 rad st

For other frequencies, an oscillator generating frequencies in
the range 200 Hz - 30 kHz, was used, Below 500 Hz the output wave form
was significantly distorted, The upper frequency limit of 20 kHz was
imposed by the design of the bridge.

(3 When using the internal generator, the detector system consisted
of a two stage amplifier circuit, A double-shadow 'magic eye' is
connected to each stage, Balance was indicated by meximum shadow,
These were tuned to the generated frequency and for other frequencies
were replaced by a cathode ray oscilloscope in which was displayed

the off-balance voltage of the bridge. The amplitude of this display
was minimised at the balance point, This detector imposed a lower
limit of 1% on the accuracy with which low values of the conductance

could be measured,

3.2,2, Preliminary experimental work and Dielectric cells,
Initially dried powdered potassium acetate was melted between two small
circular brass plates which were connected to the equipment described

in the previous section, When the condenser was placed on a small
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heater, both the capacity and conductance of the condenser were found
to increase very rapidly when the temperature rose to about 150°C,
The temperature fluctuations of this heater were high and moisture
attacked the sample as soon as it was cooled, It was, therefore,
decided to design dielectric cells which could be evacuated,

Dielectric cell No,1, This was in the form of a glass tube G closed

at both ends (Fig. 40a). A socket joint K was inserted into the
middle of the tube which could be sealed by a mating cone-joint S and
vacuum gfap, For measurement of sample temperature, a thermocouple Th
was inserted through a small hole on the cone S, so that the thermo-
couple junction was as close to the condenser plates as possible, The
hole was later sealed by a paste of alumina cement with waterglass,
Two brass electrodes were welded on to the tungsten rods Tl and T2
which passed through the glass and formed the electrical connectiouns,
The cell was thoroughly cleaned beforg use, Dry powder was packed
into the tube, through the socket which was then closed by the cone
and the far end of the vacuum tap connected to the vacuum system by
pressure tubing, The tungsten rods were connected to the bridge via
the low capacity leads, A flexible heater wire was wound round the
cell and connected to a Variac, The dielectric behaviour of the
sample was observed as before,

This cell has two disadvantages: the temperature of the sample
fluctuated by several degrees and the values of the measured capacity
and conductance were sensitive to the positions of the heating coil

round the cell, To overcome the temperature fluctuations it was
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decided to use a thermostatically controlled oil bath, This meant

that the design of the cell had to be changed so that it could be

submerged under oil without contaminating the sample, Two further

cells were therefore designed,

Cell No,2 This was constructed in the form of a cylinder Sl sealed

at one end with a side tube S2, bent at right angles which is then

connected to the vacuum system (Fig, 40b), The sealed end was drawn

to form an elongated bulb B, The open end was closed by a cone-stopper

Ce through which a small glass tube G closed at one end was inserted

and joined so that a thermocouple could be introduced as near to the

sample as practicable, Tl was the tungsten rod sealed vertically

through the bulb B, Around Tl was a platinum tube P1 which together

with T1 form$da co-axial cylindrical condenser, Pl was connected to

a horizontal tungsten rod T2 with a short piece of platimum wire P2,

by fusing the ends, T1 and T2 were at right angles, so their con-

tribution to the capacity is nil, Thick copper leads were screwed to

T1 and T2 for connections to the low capacity cables of the A,C, bridge,
This cell has the advantage that it could be submerged in the

oil to keep the temperature steady, There was a slight lag in

reaching thermal equilibrium across the cell: this took less than

10 seconds at the highest temperature of measurement and the maximum

temperature difference between the inside of the condenser and the oil

outside was not more than one degree, With the increase in temperature

the drift of the balance point could be followed and the maximum value

of eapacity and conductance was always recorded when the sample had

attained thermal equilibrium with the bath,
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Cell No,3 The third cell was specially constructed to allow the
sample to be dried to constant weight while still allowing the capaci-
tance and conductance to be measured, This was also in theAform of
a cylindrical condenser but the central electrode was hollow allowing
a thermocouple to be inserted, For ease of construction, the cell
was made of glass and subsequently silvered to provide the electrodes,
Accurate dielectric measurements were made as before in the oil bath
but the cell could be removed and a separate electric heater used for
the drying experiments: the relative changes in the capacity and
conductance could still be monitored during these drying experiments,

A small bore (2 mm) glass tube K sealed at one end forms the inner
cylinder of the condenser, The outer cylinder C was a glass tube of
about half an inch diameter, K was fixed concentrically to C by
fusing at the bottom end as shown in Fig,4Oc, The open end of C
was a cone on to which was fitted a socket S, joined to a tap F through
which the cell was connected to the vacuum system, Two platinum
wires Pl and P2 passed through the wall of the tube C, one near the
bottom and the other some 5 cm above, served as electrical connections
to the electrodes, The inside ends of the wires were bent to proper
shape so that Pl connected to the inner cylinder and P2 to the inside
wall of the outer cylinder firmly,

Pieces of wax were introduced into C and melted at the bottom
so that the level of molten wax was below the end of platinum wire PI1,
Tube K was covered by a cellophane tube so that except a gap of about

a cm on the surface of K, above the level of wax, the whole surface
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of K was kept covered, Solutions for silvering were poured down up
to a level where P2 contacts the tube, After silvering, the cellophane
was removed and the wax was dissolved away by solvents and the cell was
properly cleaned,

The capacity of cell No,3% with the sample inside was about 1 pF,

Modified Cell No,3 In view of the low capacity of the cells, at

1592 Bz, the capacity of cell Nc,.3 was increased after the drying
experiments by silvering the whole of the inside electrode K, as a
precaution against having any low values below the range of the bridge
at some frequencies,

This precaution was unnecessary, at least with samples other
than potassium acetate where the measurements could be done with cell
No,2 at all frequencies without any inconvenience,

Arrangements for Study of Anisotropic Dielectric Behaviour

An attempt was made to examine roughly any anisotropy in the
dielectric behaviour of a single crystal of potassium acetate, On
a glass plate placed over the microscope hot stage a little dried
powder was melted in between two fine platinum wires held close together
(Fig,41), The resulting solid was not a single crystal but was multi-
crystalline with b and ¢ axes oriented as shown in the figure, The
platinum wires were connected to the bridge by the low capacity cables,
The temperature was measured by a thermocouple with one junction
placed inside the solid mass; temperature variations were about i 500,

To examine the a-axis anisotropy, a little powder was melted in
between two gold folls, which were used as electrodes, Measurements

were taken as before,
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3.2,3, Method of Achieving Temperature Control, The oil bath mentioned
earlier was used to keep the temperature of the dielecéric cell steady,
At room temperature, the hydrocarbon oil used was very viscous but

the Yiscosity diminished very rapidly with temperature and above about
80°C was quite low, It was capable of withstanding temperatures up
to about 200°C without decomposition and up to 250°C with some decom-
position, About 3500 1 of the oil was placed in a 5 litre beaker,
The beaker was kept inside a bigger metal drum and the space between
the outside of the beaker and the inside of the drum was filled with
expanded granules of vermiculite, A 2 kKW heater H immersed in the
0il was connected to a Sunvic bimetallic temperature sensing element V
with a sensitivity of i_O.BOC, A stirrer S whose speed could be
controlled, was fixed between the heater and the bimetallic strip V,
The arrangement is shown in Fig,42, The thermocouple was placed as
near to the sample T as possible, T was clamped in position and the
electrical connections were made,

The temperature control was set at a particular temperature and
it controlled the temperature of the oil-bath by making and breaking
the heater circuit, The bath temperature could then be varied through
+ 10° at 1% inervals, Thus, the total range covered for any particu-

lar setting was 20°C after which the control must be re-set,

3,2.4, The Drying Experiments, It has already been seen that the
capacity and the conductance of potassium acetate increased very rapidly
after the transition II — I, These experiments were performed to
ascertain whether the effect was due to retained moisture or decompo-

sition product, if any,
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Lixperiment with Cell No,3

About 63 g of the dried polycrystalline material were put into
the cell and weighed, The heater wire was coiled round and the cell
was connected to the high vacuum system, The temperature was measured
by inserting a thermocouple into the inner electrode, The initial
room temperature capacity Cp and conductance Gp were noted (before
the heater wire was coiled) and the cell was then cycled in temperature
between about 17000 and room temperature, The heating and cooling
cycle was repeated several times in a day, Overnight, the cell
remained at room temperature but was pumped continuously, The experi-
ment was continued for 4 days, Every morning, the weight of the cell
was taken and the room temperature capacity and conductance recorded,
It appeared from the results given in Table 3,2,.4,1., that from the
third day, the weight of the sample and the dielectric properties
became essentially constant,

Table 3,2,.4,1,

Data of drying experiment: Cell No, 3,

\ ] i i
i Tnitial values | Day 1 | Day 2 | Day 3 Day 4 |
t -
Weight g ! 63.3656 63,3382 | 63.3296 '63.3286 63,3290
§
Capacity pF | 1,27 0.94 | 0,92 0,94 0,93
! ‘ ! z
Conductance ' o | 0,002 | 0,002 | 0,002 | 0,002
pmho | i
t H '

Ignoring the slight variation in weights on the 3rd and 4th

days, which probably arise from trivial causes, it can be concluded
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that after the 3rd day the condition of the material remained un-
changed,

Having established that the sample reached constant weight in
about two days and that the state could be detected by the constancy
of the dielectric measurements, the final experiments were made uding
cell No,2 in the oil bath whose temperature could be controlled to
great accuracy, This necessitated a repetition of the drying experi-
ment but now using only the constancy of the dielectric properties to
establish that the sample was free from water,

This experiment was performed over five days, Each morning
the sample was heated rapidly from room temperature to 180°C under
vacuun and then cooled down to about 14000, The temperature was
cycled between 140° and 1800 several times during the day and the bath
with the sample inside was allowed to cool down to room temperature
overnight, Fach morning, the capacity and conductance were measured
at room temperature and near 18000_ The ratio Cp (room)/Cp(lSOOC)
was recorded (Table 3.,2.4.2,).

It was observed that the ratio increased daily and after the
third day it remained steady, After the 5th day, the sample was
melted and the capacity of the condenser with solidified melt in
between the condenser electrodes increased by about 3% (at room
temperature); this increase was attributed to the increase in quantity

of the material between the two electrodes,
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Table 3,2,4,2,

Ratio of Capacity change in the drying Experiment: Cp(pF)

H
|
day the ratio Cp(room temp,)/Cp(lSOOC) '
1 1z 1,44
2 1: 1,36
3 1 : 1,24
L 1:1.23
5 11,23
melt 5 1: 1.k

It was concluded that the values of capacity and conductance
should not be effected (by moisture etc) if the sample was dried for
at least three days in the manner described above, Abnormal values
of the dielectric comnstant and conductance can arise hecause of decompo-
sition of a sample(sq), In potassium acetate, besides the initial
decrease in capacity due to removal of moisture (absorbed by P205 in
one trap), no condensed decomposition product could be observed in the
liquid nitrogen traps indicating either that there was no decomposition
with production of gases which could be pumped out or there was no
decomposition at all, in the temperature range used, The latter was
more likely, because the sample was in high vacuum and the atmospheric
oxygen was definitely excluded which was established to be the cause

(7)

of decomposition of the melt by electron transfer R
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3.5, Measurement of Capacity Cp and conductance Gp with potassium,

rubidium-and-cesium acetateg as dielectric material

3.5.1. Experimental procedure, Measurement of capacity and conductance
of the dielectric cells with dried polycrystalline powders of potassium,
acetate as dielectric materials were made following similar procedures
to those described in the drying experiment,

The sample was tightly packed inside the condenser of the cell
and the cell was connected to the vacuum system, It is then fixed in
position under the o0il in the bath and necessary electrical connections

were made as before,

3.3.2, Results,
(a) Potassium acetate: (single frequency). Three runs of measurements
on capacitance and conductance at frequency 1592 Hz, from room tempera-
ture to about 180°C were recorded, with cell No,2, The first run was
made on heating, The sample was then cooled to room temperature,
The second run was again made on heating from room temperature to
about 17000, in order to check the reproducibility of the result,
The third run consisted of a complete heating and cooling cycle,
The results are shown in Fig,43, From the graphs, the reproducibility
is evident,

To check whether the dielectric behaviour was effected by the

(55)),

electrodes (electrode effect cell No,3 was used in another
measurement, The graphs of capacitance and conductance plotted

against temperature are shown in Fig,44, It will be seen that while
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the actual values were slightly altered due to the difference in the
room temperature capacity of the two cells, the general features remain
essentially the same,

From both sets of results, it is evident that both Cp and Gp
values increase rapidly, particularly after the transition from form IT
to form I at 154°C, although the rise is evident at temperatures as
low as lOOOC. At the transition, a small peak appears, which is more
prominent in the capacitance than the conductance graphs, It appears
as though the peak is superimposed on an otherwise continuous but
rapidly rising background, suggesting that the mechanisms responsible
for the general background and the peak at the transition are different,
(b) Different frequencies: With the modified cell No,3%, a run of
Cp and Gp measurements for a complete cycle of heating and cooling with
temperatures ranging from 20°C to 220°C were made at frequencies
500 Hz, 1 kHz, 1592 Hz, 5 kHz, 10 kHz, 15 kHz, 20 kiHz,

The values of Cp and GP against temperature are plotted and are
shown in the Fig,45, The variation of Cp and Gp with frequency for
three temperatures are shown in Fig, 46, The three temperatures are
arbitrarily chosen at l?OoC and above, because, below 17000, the Gp
values were too small for recording, This set of values of Cp and
Gp will be used for discussion later,

The sample was recrystallised after melting in the cell to
check for any change in dielectric property, The result is shown
in Fig, 47, A comparison of the values of Cp and Gp with those of

Fig., 46, shows that the values are now somewhat higher, This can be
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due to the increase in the quantity of material between the electrodes,
(c) Single crystal measurements: The results of single crystal
measurements are shown in Fig,48, Although the transition II — I

is not apparent (due to the wide fluctuations of temperature), the
general tendency of a rise in the values with increasing temperature
is similar to that found in the powder samples,

(d) Relative permittivity and loss factor: The relative permittivity
€' and loss factor ¢'" were calculated over a range of temperatures
.using the measured values of Cp and Gp obtained during the heating of
the samples (results from Fig,45). The equations used for the cal-
culations were:

AL ([ - .
CO( _cp, CO(- _Gp/u;

where CO is the capacity of the cell with no dielectric inside, and
wy = 2nf, f is frequency in Hz,
To display the variation of €' and €" with frequency, €' and €

are plotted apainst log frequency and are shown in Fig,49,
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B. DIFFERENTIAL, THERMAL ANATLYSIS OF POTASSIUM ACETATE

%.1l, Introduction

For reasons outlined in Chapter 2, it would be extremely valuable
to supplement the structural aspects of this investigation with data
on the specific heat of potassium acetate, The information is not
available in the literature and it was beyond the scope of the present
investigation to consider obtaining the data experimentally, However,
it was possible to locate a Du Pont 900 Differential Thermal Analyser
and use this instrument to study qualitatively the general thermal

behaviour of this salt,

3.2. Principle of working

Differential thermal analysis is a technique for comparing the
thermal behaviour of a standard sample with that of other materials
which undergo physical and chemical changes during heating or cooling,
Heat is applied to both the standard and the unknown sample so that
the temperature of the standard sample rises at a constant rate, The
temperature difference between the standard and the unknown is recorded,

Hence the basic apparatus consisted of two thermocouples A and B
connected in opposition (Fig,50), Thermocouple A was inserted into
the sample and thermocouple B into inert fine silica powder (glass beads)
which did not undergo any thermal transformation over the range of
temperature studied, When the temperature of the sample t, and the

reference material t, were identical, the net output voltage from the
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two thermocouples was zero, i,e, Ot = O, Any difference in their
temperatures arising from abnormal thermal properties of the unknown
material gave a resultant net voltage which was recorded on a potentio-
meter, The sample and the reference material were placed close
together in an environment which was a block of silver M, whose tempera-
ture could be changed at a uniform rate by means of a temperature-
programmer-controller, A third thermocouple C measured the temperature
ts; of the block, With the change of the temperature of the metal
block, the temperatures of the reference material and of the sample also
changed, in absence of any thermal anomaly in the sample,

At =% - t, =0

When such an anomaly occurs At would no longer be equal to zero
and its variation with time or temperature is called a thermogram,

The interpretation of such a thermogram can be conveniently
described by considering what happens when the sample is melted,
Suppose the heat capacity and the thermal conductivity of the sample
and the reference material were equal and invariant with temperature,
Until the sample reached its melting point, At = O, but once melting
commenced t, remained constant until the sample completely melted,
but t, rose, Given a rise of temperature with time as shown schemati-
cally in Fig,5la, the corresponding change in At will be as shown in
Fig,5blb, As the temperature of the reference material rose at the
melting point, At became negative; At reached a minimum when the
sample had completely melted and subsequently returned to zero.

When At is plotted against the reference temperature, the result is
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essentially the same (Fig,51c) but when At is plotted as a function of
temperature of the sample, the result is a very sharp peak or endotherm
(Fig.51d4), 1In the present DTA, the thermogram was a plot of At
against temperature of the sample,

The magnitude of t,~t; is approximately proportional to the rate
of heating H, the weight W of the reference sample, its heat capscity C

(56)

and thermal conductivity A i,e,

ty m ty; - H, (WC/A),

Similarly for an inert sample

t, =ty - H (WC/A),
Thus, At = t, - t, = H, (WC/A), - H, (WC/A),.

The present apparatus ensured H, = H,. Containers for the
reference material and the sample were made of the same material and
shape, and were located in identical holes in the heating block,

Then At w H[(WC/A), - (WC/A),]

If the variation of WC/A with temperature is the same for both
reference and the sample then At = O at all temperatures and the thermo-
gram is a horizontal straight line,

However, if any of these quantities, say, heat capacity and/or
thermal conductivity vary with temperature, then At versus t, will, in
general, be curved (Fig.52).

Under certain experimental conditions, the area nnder the peak
of a thermogram, produced when a material with a thermal change (phase

(57)

change) as above is examined, is proportional to the heat of reaction
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The change of heat of reaction divided by temperature of transition
gives the entropy change at constant pressure,

In the present experiments, sample holders for the reference and
the unknown material were of the same shape, They were put in the
same environment and the thermal gradient was kept to a minimum by
taking the minimum quantity of the sample, Thus almost all of the
conditions were fulfilled except that the heat capacity and thermal
conductivity of the sample and the reference could not be made allke
by mixing a little of the sample with the glass beads, This was not
possible because of the deliquescence of potassium acetate,

Thus, although the areas under the peaks of the thermographs
obtained could not be considered as heats of reaction, they would
indicate the relative change of entropy in the transformations.
Precautions

Certain precautions must be taken to obtain reliable results:
(1) The rate of heating must be kept constant, which was done by

the temperature programmer controller in the apparatus used,
(2) The rate of heating should not permit the sample to approach

thermal equilibrium with the source, Heating rates in the
present measurements were decided by several trial runs,

(3) The samples were tightly packed,
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3,3, Present experiments

In the present thermal analysis of potassium acetate, no quan-
titative study has been attempted, Lack of complete reproducibility
in the measurements was attributed to the difficulty of ensuring a
completely dry sample, The apparatus did not allow the initial
setting up of the sample to be done in a dry atmosphere, The sample
surface invariably came into contact with atmospheric moisture if only
for a short while,

In spite of these difficulties a few reproducible thermograms
were obtained, This required that every part of the DTA apparatus
which could come into direct contact with the sample must be thoroughly
dried, A specimen tube A was filled to the specified level in the dry
box, packed tightly with a glass rod and taken to the DTA cell in a
desiccator, The thermocouple junction T was then inserted into the
specimen which was then placed in the hole H of the heating block,

The glass cover G was then fitted to the cell hase B, The whole
operation from the insertion of thermocouple to the replacement of
the bell- jar took about 15 seconds during which period the acetate
powder surface remained exposed to the atmosphere, Subsequently,
dry nitrogen gas was passed through the cell and in an attempt to
remove the surface moisture, the sample was heated to 200°C very
rapidly (at BOOC per minute) and then allowed to cool down to room
temperature, Various heating rates and sensitivities were employed
and in one case a sample was heated from room temperature to the

melting point, cooled to 200°C and again heated through the melting
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point in order to examine the effect of recrystallisation on the

thermal behaviour,

3.4, Results

(2) The endothermic transition form II —3 form I was recorded in

all the thermograms, (Fig. 53a,b,c,d), with a slope resembling the
specific heat anomaly of a fA-transition i,e, a slow rise culminating
in a sharp drop above the transformation temperature recorded by

X-ray diffraction, The pre-transition rise was seen in all the
thermograms, but onset temperatures of this rise varied, In different
samples, values ranging from about 5000 to about 15°C below the transi-
tion temperature were obtained, It was concluded that the transition
involves a co-operative effect,

(b) All thermograms showed that from about 900—10000 to the melting
temperature 30300 the base line was inclined to the horizontal and
followed a slight curve as shown in the above figures, This indicates
that the ratio (C/A) of the sample rises from about 9OOC right up to
the melting point, Thus, either the specific heat C increases or

the thermal conductivity A decreases, Reduction of the thermal
conductivity A& is unlikely, Hence, probably, there is a general

rise in the heat capacity of potassium acetate from about 90°C to

the melting point which is independent of the A-point anomaly.

(¢) Transition from form IiI to form IT was not recorded in any of
the thermograms, taken with different heating rates, except perhaps

in one in which the base line curved very slightly towards the
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exothermic direction from about 50° to 80°C (Fig,5%2). The reasons
for the absence of a prominent peak may be due to the small heat of
transformation involved,
(d) The endothermic peak at the melting point went beyond the
recording chart, Even so, the area under the endothermic peak at
the melting point was much larger than the area of the peak at the
transition II —3 I, indicating that entropy involved in the melting
is much higher than in the transition IT ~¥ I,

The results will be discussed more thoroughly in the discussion

chapter,
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Chapter L

STRUCTURAL WORK ON POTASSIUM ACETATE

4,1, Introduction

okwfha i
4,1,1, Structure Factor, In the faregoing seetiens, the behaviour

of atoms, molecules or ions of a crxstal which undergoes solid-solid
transformations with change -of temperature have been presented
theoretically, There are various methods by which these movements of
atoms or molecules can be inferred, The only technique by which these
movements can be directly detected is the X-ray or neutron diffraction
technique of analysing the crystal structure,

To derive or verify a crystal structure from X-ray diffraction
data, the intensity of each available reflexion in the diffraction
pattern must be measured and compared to that predicted on the basis
of some model of the structure,

Intensities of the model structure can be calculated using the
formula outlined below,

Theoretically, it has been shown that if a very small block 6V of
a crystal reflects X~-rays, the expression for the integrated intensity
of reflexion is

2
. iF 2. 1l + cos 20 .

5in2e 2

P~

Here 20, angle between primary and diffracted beam, The first
term is the Lorentz factor and the last term is the polarisation factor,

The two terms are often considered together and referred to as the
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Lorentz-Polarisation factor, lF]Z is the square of the structure
amplitude, In the case of a single crystal that is rotated about
a unique axis, the Lorentz factor is different, The above expression

then becomes,

2
1 20 2
__1;225___2 . . A(hk1) ' IFI .

P OC(sin229 - 57)2
Here § is a cylindrical co-ordinate of the reflexion, A is a
- -transmission -factor, p' is the number of superimposed equivalent
reflexions,

In the expression for the integrated reflexion given above, the
term IFI is to be modified for the following considerations:
The structure factor: The unit cell of a crystal is composed of
atoms in various positions., The atoms scatter the incident X-rays
and the resultant wave scattered by the atoms in the plane (hkl) of

the unit cell is,
F(hkl) =:E: £ exp Zni(hxn + ky o+ 1zn)
so that, in general,

JF(hk1) }2 = (Z £ cos 2n(hx + ky_ + :LG))2

— . 2
+ (2_ £ sin Zn(hxn + ky, + lzn))
Here fn is the atomic scattering factor of an atom at rest,
X s Yy 2z, are the fractional co-ordinates of the n~th atom, The

structure amplitude IFl is the modulus of the structure factor F(hkl).

Only this modulug can be observed experimentally,
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For centrosymmetric system,

F(hkl) =} | f_cos 2n(hxn + ky_ + lzn)
2 2
and |F(ukl) |[“= 2(7 £ cos 2n(hx + ky, + 1z.))

Values of IF!z computed from the above equation cannot be directly
compared with observed values, because the atoms are mnot at rest but
vibrating randomly about the positive X9 Yoo Bpe If the amplitude
of vibration is independent of direction, atomic scattering factor
becomes;

f = fo exp (-M)
where M = 8n2uzsin29/X2, u2 is the mean square displacement of atoms
from their equilibrium positions, perpendicular to the reflecting
(58)

planes

The structure factor is then

P(hkl) = Z f  exp Emi(hxn + ky + 1zn) exp (—Mn),

If all atoms are assumed to have the same mean squareg displacement;

this expression becomes
. . 2 2
F(hk1) =(E:fn exp 2ni (hx + ky + 1z)) exp (~B sin 6/1"7)

where the constant B = 811:2u2 is called the isotropic temperature factor,

(59)

B can be evaluated by a method given by Wilson or by variations

of it such as the following:(6o)
The observed values of the structure amplitudes are on an

arbitrary scale, They can be transformed to the absolute scale by

., 2
multiplying by some factor K., Hence F(obs,)/F(calc,) = 1/K exp (-B 31n.§yjfl)
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L 2.2
or loge(Fobs./Fcalc.) = log(1/K) -B sin"@/A", If loge(Fobs'/Fcalc‘)
is plotted against sinag/)\2 for each reflexion the points should be
in a straight 1line, whose gradient gives B and whose intercept gives

log (1/K). The F values should then be multiplied by the factor

bs.

K to get the absolute Fob° values which can then be compared with

F values,
calc,

In the above estimation of the temperature factor, it is assumed
that the atoms are vibrating isotropically and all have the same vi-
bration amplitude i,e, all atoms are of the same mass, In cubic
crystals, these conditions can be satisfied, but in crystals of lower
symmetry, the amplitudes of atomic vibrations for a given average
energy are dependent on direction of vibration, Thus, modern crystal

structure refinement techniques allow for the probability that B

varies with the type of atom and in different directions,

L,1.,2. Discussion on some relevant structures, Crystallographic
data on Acetate Structures: Crystallographic data on some
acetates and related materials are available although many of the
crystals are hydrated,
Lithium acetate crystallises both as an anhydrous form and as

a dihydrate, All its crystallographic data are given in Table 4,1,2,(a).



Table 4,1,2.(a)

Crys{ailographic data on Lithium Acetate

I
Lithium acetate (anhydrous), triclinic, PP, z = 8

9,29, b =12,13, c = 6,768

a

il

il
1§

o = 101°, 8 = 100%19',y = 105°5"

Lithium acetate (dihydrate), orthorhombic, Cmm2, z = 4

a =686, b=11.49, c =659 8

The structure of the anhydrous lithium acetate has not been
(61) (62)

worked out but that of the dihydrate has been available,
Here the lithium ions are surrounded by six oxygen atoms, 4 from
acetate ions and 2 from water molecules, The acetate ions are packed

along the a axis in sheets and the sheets are linked by hydrogen bonds.

Sodium acetate trihydrate(63) is monoclinic, Its crystallographic
data are,
a=12,32, b =10.43, c = 10,38 &
B=111.7, z = 8,

space groupt C2/c
But nothing is known about the orientation of molecules or

co~ordination of atoms,

(64)

Among other metal acetates, zinc acetate dihydrate is mono-

,

clinic with space group C2/c, with other data:

a=1450 b=5,32 c¢=11028 z==4

i

100°

il

B



=
|
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'

Z

In this structure, each ?h+ is surrounded by 4 oxygen and 2 water
molecules,

However, hydrfated acetate structures are not particularly rele-
vant to the present work, It can be seen that the water of crystallie-
tion plays an essential role in co-ordinating the metal ion, In the
anhydrous salts, all oxygen atoms co-ordinating the metal ion must be
located in the acetate groups and it can be anticipated that this will
impose a severe constraint on the structural gcometry.

Another acetate structure of limited relevance is ammonium
acetate(65), The space group PEi/c is similar to that of one form
of potassium acetate, One cell dimension of the structure of ammoni-
acetate is smaller (~‘4.8 R) 1ike potassium acetate structure, But
above all it gives reliable values of the molecular dimensions, Some
of these dimensions are reproduced from that work in Table L.1,2.(b),
along with those of some other similar compounds, The C-C contact
length of ammonium acetate is very nearly equal to that obtained by
orbital theory,

The average values of bond lengths and bond angles have been
used in the present structural work,

As has been discussed in the general introduction, in the ionic
crystals co-ordination of the cations by the anions (here oxygens) is
an important requirement for the stability of the structure, The
minimum co-ordination number of potassium by oxygen is six and since
the ratio of the potassium-oxygen in the formula KO0,C, is 1 ¢ 2, ench

orygen must co~ordinate 3 different potassium ~toms, In the na=e Af
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potassium acetate, it will be seen that severe geometrical constraint
is imposed, for such co-ordination to be satisfied, Structures in
which similar geometrical constraints exist, are the structures of
‘potassium soaps,

Table 4,1,2,(b)

Some molecular dimensions,

(c-c)R (c-0)R (0-C=0)°

Ammon, trifluorocacetate 1.54 1,26 ) 128,3
1.27 )

Bisglycino copper monohydrate 1,50 1,23 ) 1124,3
1,28 )

Sodium hydrogen diacetate 1.49 1,24 ) 121.7
l.m )

Ammon, oxalate monohydrate - 1,25 ) 126
1,26 )

Monopyridine copper acetate 1.47 1.25 ) 127.3
1.25%)

Anmino acetic acid 1,52 1,25 ) 125.5
1.25 )

Acetic acid 1.54 1,24 ) 122
1.29 )

Oxalic acid 1,19 )
1.29 )

Ammon, acetate 1.504% 1,25 ) 123, 4

.25 )



Fig.54(a). Schematic representation of soap structure
showing the ionic double layers.

Fig.54. Arrangenent of the atoms in one half of the
ionic double layer of potassium palmitate,form B structure
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Soap Structures

It has already been mentioned that the alkali acetates may be
likened to soaps, because both are alkali metal salts of a fatty acid,
even though acetic acid has the minimum length of hydrocarbon chain,
The soap structures are dominated by the chemistry of the soap molecule,
which consists of a long hydrocarbon chain terminated at one end by
a hydrophyllic carboxylate ion, A consequence of this molecular
geométry is that molecules are limited by ionic forces at one end and
by Van der Waals forces (between the terminal methyl groups) at the
other, Sheets of ionic double layers (containing potassium and oxygen
ions) alternate with sheets of methyl groups. (Fig.54%(a)).

Anhydrous soaps (with even number of C atoms) exist in three
formst A, B and 0(66), Form A is monoclinic and occurs when soaps
with & to 10 carbon atoms are crystallised from alcohol at room temper:.--
ture. When the number of carbon atoms is greater than 10, form B
occurs under the same conditions as form 4, It is triclinic, When
heated to higher temperature both the forms transform to form C which
is monoclinic(67), Approximate transformation temperatures together
with relevant data are shown in the Table 4,1.2(c).

Except for KC12 all soaps revert to their room temperature forms
when cooled from high temperature, K012 reverts to the B form from
the A form (which arises spontaneously on cooling) in a period of

months, The characterimtic features of these structures are revealar

by the typical values of the cell dimensions given in Table 4,1,2,.(3),
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Table 4.1.2 (c)

Polymorphic transition temperatures of soaps,

Soap Form £°C Ezigsigon form oﬁft doo%g
. . 25°C - 75%
ch A (monocl,) 25

KC, A " 25

KCg A " 25 55 C (monocl,) 22,99 23.79
KC.y A " 25 76 C " 27,525-28,05,;
KC,, B (tricl,) 25 5 c "

KC,, B " 25 61 C "

Ko g B " 25 63 c "

KC;g B T 25 78 C "

(In the simplified soap formulae, hydrogen and oxygen atoms are deleted’,

Table 4,1,2 (d)

Cell dimensions of some even numbered potassium soaps(67)
£°¢c  phase  c(kx) b(kx) a(kx) o g° ¥°
KC8 25 A 7.9 5,67 22,96 90 92,1 90
KC o 25 A 8.05 5.67 27.52 90 93.5 on
KCy, 25 B Lok 5.60 34,00 91,6 91.5 93
KC16 e5 B k16 5.60 38.19 92.7 91.3 9
KCo 75 C 8,07 5.72 23,76 90 91.7 90

KCig 75 ¢ 8,03 5.7 4o.95 90 A 9



156

Thus one of the cell dimensions a is either about 4 £ (form B)
or 2x 4 & {(forms A and C) and the dimension of b is about 5,7 R in all
cases, However, the length of the c-axis increases progressively with
the number of carbon atoms in the fatty acid chain from about 14,5 kx
(KC4) to 38,2 kx (KCl6),

(66)

The structures of potassium caprate, form A and potassium

(68)

palmitate, form B are known, In all cases the carbon chains are
packed in layers around 4 R thick and almost parallel to (001)., In
potassium captriate, form A, (KClO) for which C = 2 x 4,06 kx, the
doubling of‘this short cell dimension arises because the axes of the
molecular chains in alternate layers inclined to each other when

viewed down the c-axis, Accordingly the pattern repeats only after
every other layer leading to the doubled C repeat distance characteristic
of the form A structure, On the other hand in form B, represented by
the structure of potassium pslmitate<68), the axes of the molecular
chains in each layer are all parallel, The hydrocarbon chains attached
to the carboxyl groups make it impossible for the ionic structure of

the type AB to be continued in all directions, so that an electrically
balanced double ionic layer of K" ions and —(3fﬁi_(carboxylate) ions

is built, The packing is shown for the top halg of the layers (Fig,54),
The potassium ions of the bottom half are approximately under the
carboxyl groups of the top half and vice versa, Each K atom is
surrounded by four oxygen in the same half of the double layer and by

two others in the other half, Likewise, each oxygen is surrounded by

two K atoms in the same half and one K atom in the other half of the
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double layers, This manner of packing satisfies the constraint
referred to earlier,

The appropriate unit cell dimensions of potassium acetate show
that the b and ¢ repeat distance resemble those of form B soaps, It
will subsequently be established that this arises because of a general
similarity in structure, In particular, it will be shown that the
difference in the potassium-oxygen distances found in potassium palmitate
between those within an ionic layer 2,71, 2,73, 2.73, 2.78 £ and those
between ionic layers 2,82 ® is accentuated in potassium acetate,

Halfyay along the axis of the unit cell, the methyl groups form
a second double layer, A methyl group in one layer of the cell is in
contact with two others in the same layer and with four methyl groups
in the other layer of the cell, The average methyl-methyl separation

is 4,21 R,

L,1,3, Additional reflexions - their origins and thermal behaviours,

In view of the fact that potassium acetate, form III, shows
additional reflexions of unknown origin accompanying Bragg reflexions,
which disappear on heating and re-appear on cooling, it is proposed to
discuss all known types of additional reflexions which may accompany
the Bragg reflexions, in order to facilitate discussions later,

One class of structures which show additional reflexions in their
diffraction patterns “is ordered = structures of substitutional solid
solutions, which has been already discussed in Section 1,3.1, of

Chapter 1, Here, only the diffraction theory, leading to the formation
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of the superlattice reflexions will be discussed with the help of an
example of an ordered structure,
It has been stated earlier in this chapter that the structure

. factor of a centrosymmetric structure is

D ——

F(hkl) = 2L_fn cos 2n (hxn + ky o+ lzn)

where fn are the scattering factors f,, f,, f5 ... of the atoms in the
unit cell,
Taking the body centred o~iron structure as an example, the iron

atoms are at (0, 0, 0) and (%, %, }). So
F(hkl) = oo (1 + cos nilh + k + 1))

For (h + k + 1) 0odd, F = 0, i,e, when the sum of the indices
are odd, the reflexion is absent,
In the case of the ordered F%%l structure, the iron atoms aré
at (0, O, 0) and aluminium atoms are at (}, %, 3).
' Therefore, for this solid solution

f. +f _cosnm(h+k+1)

F(nk1) Fe Al

(fFe

- fAl) when h + k + 1 is odd,

Thus in this structure, even when the sum of the indices are odd
the reflexion is present, the intensity being given by the difference
of the scattering factors of iron and aluminium atoms, Intensity is

therefore weaker than those given alone by iron or aluminium atoms,

These reflexions are the superlattice reflexions; the effect of temperature
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on superlattice reflexions is shown in the section referred to above,

Other types of crystal forming superlattices due to ordering are
the anti~ferroelectrics, These constitute a subdivision of a general
type of crystal called antipolar, Such a structure has a super-
structure although it may not have multiple cells, if there is an
even number of equivalent molecules in the basic unit cell, A repre-
sentative of a one dimensional antipolar structure, together with a
nonpolar and polar lattice is shown in the figure (Fig.S55). It is
obvious from the figure that the repeat distance 4 of the antipolar
structure is double that of the nonpolar structure,

(69)

A recent study of the phase transitions in NaNQ, has revealed
that it has an antiferroelectric phase, At room temperature it is
body centered orthorhombic, This polar structure (ferroelectric)
transforms to a centrosymmetric (paraelectric) structure when heated

to about 164°C. But between the two phases, within about lOC, there
is a third phase which is antiferroelectric with a repeat distance

8 times as long as the original one, Two models have been proposed

to explain the origin of the superlattice along a~axis, In both,
sucecessive (100) planes of the original cell have a residual dipole
moment with a certain order, but the variation in the order parameter
of the successive planes differs in the two models, Thus both predict
a long period along the a-axis, The difference in the order parameter
can be effected in two ways, as shown by the two models (Fig.56a,b).

Because the total polarity must vanish for the whole crystal, antiphase

domain structure should always satisfy the conditions that the poles of
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a .
Pig.55. Schematic diagram of the anti-polar arrangement
of an arrowhead representating a molecule; compared

with polar and antipolar arrangements,

P =/

: (a) %b;
Fig.56. Two mcdels of the structure of NaNOz(after

Ref. 69 )
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four consecutive domains point one way and poles of the next four point

the other way as shown in Fig,56(a), However an alternative model in

which the residual dipole moment is assumed to be given by a sine

function accounted for the observed reflexions in a better way (Fig.56.(b)).
There are a few more examples of inorganic and organic structures

in which additional reflexions (superlattice) have been detected under

ordinary conditions of temperature, The dependence of these additional

reflexions on temperature has often not been investigated. For

example DL-norleucine (CH;,CHZ,CHZ,CHE,CHNH3+COO-, an amino acid)

(70) partially

crystallises in two forms, o and g, The p-form shows
ordered superstructure at room temperature, The structure is of
double layer type - layers being stacked along c, The origin of
superlattice has been attributed to ordered sequence of two packing
arrangements, which will be presently explained, In the B-form the
primitive translation cB =‘%ba, where Cy is that of the o~form.

From the reflexion conditions it has been deduced that a double layer
is retained as a unit during symmetry operations, This unit has been
termed L and when it is translated }(a+b) with respect to L, it is
fermed M. (Fig.57).

The proposed model for the explanation of the appearance of the
superlattice reflexions is that in the o-form, the stacking arrangement
of the double layer is LLLL etc and in the p-form, it is IMIM (Fig,58).
But reflexions»f = Unt2 are almost absent which suggests that four
units of L and M are packed together in the sequence LIMM to form a

unit cell, If the structure is perfectly ordered in the above seguence,
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the reflexions present should be £ = 4n + 1, but the presence of very
weak £ = 4n reflexions suggests that the stacking is not perfect,

Such structures containing faults of random nature have been dealt

by
with Wilson's(83)
n

method,

Some other structures showing periodic faults have been studied
by Chao and Taylor(71). They found that some felspars had shown
additional layer lines in between the usual layer lines at room
temperature, These usual layer lines correspond to a structure with
the c-axis of 7 X, but the appearance of the additional layers corres-
ponding closely to the positions of the second, third, seventh, eighth
lines suggested that the actual c-axis was 5 x 7 8,

They explained the phenomena as due to a structure which consists
of two closely related structures, These are in layers approximately
parallel to (O0l), One structure has a repeat of 7 R and the other is
abogt twice as great, The structures are packed a}ternateiy which
gives the periodic variations giving rise to the ghost reflexions as
in a ruled grating with periodic error in rulings,

Another example where the periodic variation of structure has
been shown to be the reason of appearance of additional reflexions is
some complexes of 4 : 4' dinitro diphenyl.with L4-bromo and l-iododi-
phenyl(?a), The c-axis oscillation photographs show two groups of
layer lines, -« one sharp group and the other diffused (diffuseness variec
from order to order) and elongated parallel to b, Optically independcn”

fragments in a crystal with the smallest domain extending parallel to b

would show the same elongation of spots, but then the diffuseness will
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all be equal, The effect (diffused layer line) is therefore
attributed to random faults occurring in the b direction, A model
has been proposed where the halogen molecules in different (020)
planes are displaced relative to each other,

y(73)

In titanium tetrammine tetrachloride (TiCl, .4NHs y heating
causes diffused superstructure reflexions to appear, This has been
accounted for as the disproportionate break up of the p-form (tetra-
gonal) into two structures (cubic) i,e, 2NH,Cl + TiCl,(NH,);, so that
one structure is contained within the other as in the felspar structures.

(74)

In the discussion of the structure of the alloy Cu,FeNi;

(75) when heated at 65000, it has been suggested

which shows satellites
that additional lines appear due to a periodic variation of lattice
spacing rather than superposition of two nearly equal structures as

in felspare, This conclusion has been reached because the intensities

of the satellites varied with the order of the spectra,

4,2, Models of the Structure ! Form I

It should be emphasized that the primary aim in investigating
the crystal structure of potassium acetate is to obtain some understandizc
of the nature of the thermal phase transformation from the structural
points of view, Whilst it cannot be gainsaid that it is of utmost
importance to determine the crystal structure in full, nevertheless,
the aim in the present work is not to establish accurate crystal
structures, but to obtain some approximation to the correct structure

to understand the structural changes at the transformation,
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It has been proposed to envisage some models of form I
structure, on the consideration of space group, intensities of
reflexions and structures of related compounds and calculate the
intensities of the different reflexions for those model structures and
qualitatively compare the sequences of these with the observed intensity
sequences, If the model predicts the correct sequence of intensity,
then it must be essentially correct, Form I structure was investigated
first, because it was the easiest of the three structures, with highest
symmetry (orthorhombic), Another reason was that the structures of
form II and IIT should be derivable from that of form I by reducing
its symmetry, as there was no drastic change in the transition
form I — form II, which was indicated by small change in dielectric
properties, lattice constants ete,

Now, the number of formula units that must be accommodated in

(D),

the unit cell was discovered to be 2 from Hazlewood et al,

3 at 155%, with molecular weight M = 98,1k

density data, D = 1,52 g cm,”
and measured cell volume = 224 KB at 15500. Thus, the unit cell must
accommodate 2 potassium atoms, 4 oxygen atoms, 2 carboxyl carbon atoms
and 2 methyl groups,

Now, in the determination of space groups, it has been shown that
the form I has three alternative space groups, Although the lower
symmetry space groups were allowed by systematic absences it is
reasonable to take the space group of form I as Pnmm, for continuous

phase transitions in single crystals lead to structures of high

symmetry as the temperature is raised,
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This is a centrosymmetric space group, so that the number of
atoms in the asymmetric unit that must be considered are 1 potassium,
2 oxygen, 1 carboxyl carbon and 1 methyl carbon, if the origin is
taken at the centre of symmetry,

Now the dimensions of the acetate ion taken from the structure
of ammonium acetate discussed in the introduction to this chapter
show that its symmetry in potassium acetate above 155°C can be taken
as 2mm (Fig.59). The 2-fold axis normal to the two planes of symmetry
perpendicular to each other, is along the C-C bond of the ion, It
was discovered as given above that there are two acetate ions in the
unit cell, The space group Pnmm has two special positions with point

symmetry mm i,e,

1 1 -
X, e and X, %? %
and X, %, %I and ;c, %, %

The acetate ions must occupy any one of the two special equivalent
positions given above, because otherwise the number of symmetrically
equivalent acetate ions in the unit cell must be increased to at least
L because of the symmetry operations m and T of the space group.

Now the point symmetry of these equipoints are mm, so the molecular
and space group symmetry must coincide, so the C-C bond of the acetate
ion lie parallel to an axis of the unit cell,

Now, the dimensions of the unit cell are a = 9,71, b = 5,91 and
c = 3,99 £ and the dimensions of the acetate ion is length (i,e, the

distance from carboxyl oxygens to the methyl group along the C-C bond)
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of the crystal structures of potassium acetate



163

2,16 & and its width (i,e. the distance between carboxyl oxygens)

|

2,05 X, ideal diameter of the methyl group = L R, With these
dimensions, the acetate ions could be arranged in a close packed
structure only when the plane of the ion was parallel to (00l) and
the a axis of the unit cell, In all other planes and directions,
either the packing of the acetate ions resulted in large voids or
geometrically impossible, Moreover, consideration of the special
equipoints shows that if one acetate ion lies along one of the three
2-fold axes of the space group at (x, %,-%), the second ion must lie
in antiparallel orientation along the 2-fold axis at X, %, % (Fig,€0).
There are only 2 potassium ions; so they must also occupy any one
of the two special positions, for the same reasons as those given for
the acetate groups, They may be located on 2-fold axes which may
be either those occupied by the acetate ions or the alternative equi-
positions at x, %, % and X, %, % (Fig,61). Thus two models of the
structure were envisaged on the basis of these two alternative sets
of equipoints for potassium atoms:
Model (1) both acetate and potassium ions at

X, %, % and X, %, %

(2) acetate ions at
0hdowen
potassium ions at
X, %, % and i, %, %

In both models the acetate ions being plaver (as in ammonium
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acetate), its methyl carbon and carboxyl carbon have the above co-ordi-
nates in the acetate ilons and the two oxygen atoms in the carboxyl group
being equally inclined to the C-C bond at 61.50, have different x and
y co-ordinates, For two acetate ions in the unit cell four such
equivalent positions with z = % and z = % are needed, Of the two
alternative sets of equivalent positions,

(1) =x, "][;', z; X, 13;_’ Z; X, ) 2-2§ X, Gy pt3

(i1) x, v, %‘ﬁ i’ 3’» R N %; Xy 2+¥s _LB_;

fhe second set is the needed set of points, Moreover, this set of
equipoints will reduce easily to the fourfold general positions of
form II, monoclinic structure (if the space group of form II is taken
as P2l/m) after the thermal transformation form I —» form II,

Thus, the atomic co-ordinates are,

K(1) : either x,, é,'& (%, é, é) for model 1
4L 4 4 4

or x , -3-, L (%, -J-‘-, -3-) for model 2
b 4 L 4

and for both models
0 (2) (carboxyl oxygens) Xpy Y219 % (%2, 4-Ya, %)
C (3) (carboxyl oxygen) X;, %p 3 (s 13;’ 13;)

C (4) (methyl carbon) Xy %, %(iq! %, %)

Remembering that the C-C bond of the planer acetate ion lies
along the a-axis in (001l) and taking the dimensions of the acetate ion
ast

c-C = 1.50 R, / oco = 123,4°, 0-C = 1,25 R

and an ideal methyl-methyl distance of 4 2 the two models could be



Fig.62. Model (1) of Form I (potassium
atoms are at z=% and the others at z=

acetate) structure.
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Fig.62. Model (2) of Form I (potassium acetate) structure; the shaded

atoms are at z = 2 and the others are at z = %
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Fig.63 (ton). Packing of the methyl grouvns in potassium
acetate form I sitructure. _

Fig.64.(bottom).Diagram Tfor the preliminary ecalculation
“of the coordinates of the atoms in the above structure.
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drawn with the different atoms in the unit cell (Fig.62).

The standard requirements for the building up of the structure
are that the maximum potassium co-ordination must be satisfied and
the methyl packing must be within the geometrical limitations of the
unit cell,

From the above, it is seen that the nearest neighbours of a
potassium atom are six oxygen atoms at (X, ¥a, %); (X33 ¥a» %)

(%25 3-Y2, ':[L;)i (%25 3-V2, %)i (% Yas 23;) and (X, 3-¥z, 23;).

To check the correctness of the proposed models for detailed
structure factor calculation, some initial calculations were done,
taking the potassium-oxygen distances to be all equal, The packing
was done from the methyl ends, It was assumed that the methyl-methyl
distances were also equal, Because the width of the unit cell = 5,91 R
and methyl g. up radius was taken as ZiL the methyl group (CHs;) (2)
at the end of the antiparallel acetate ion must be packed in between
and G/2 above the methyl groups (CH;) (1) of the acetate ions on the
same side as shown in Fig,63,

Let the methyl-methyl distance be nf and their separation measured
along the a-axis = Aa E,

Then from geometrical consideration

2 = /(a2 = (b/2)2 = (¢ - /2)2) (1)
Therefore, the co-ordinate of the methyl group X, = (a/2 - £4a/2) R
and in fractional co-ordinate

%, =5 -2 (L5 - %) ©)
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let (Fig,64), V = C-0 cos (<0C0/2)8

T = C-0 sin (<0C0/2)R

It

W= C=C R
Then the X-co-ordinate of the oxygen atom is

X = %, = (V+ )R

1l

and X, = X,/ (3)

The potassium X-co~ordinate is

X, = - [((e/2)% + (0/2)% = v)/kx, 1R
Rl % = K/ (%
The X~co-ordinate of the carboxyl carbon atom is
% = (V + %)R
and x; = X;/a (5)

The y~co-ordinate of all atoms except of the oxygen atom, are
0.25 and that of the oxygen is
(/4 - MR

I

1
and y, = ¥p/b (6)
The z-co-~ordinates of all non equivalent atoms in model (1) is
0,25 and for potassium atoms in model (2), it is z, = 0,75,
The potassium-oxygen distances can be calculated from the general
geometrical relation
D= (- %)% (T - ¥ B - 2)° (7)
Using the above relations, the co-ordinates were calculated with
the following approximate cell and molecular dimensions, The latter

were those commohly found in other structures:
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a=97L8 b=592R8 c=392R

c-Cc = 1,54 8, c-0 =1,238, <0co = 120°

With approximate values of co-ordinates, for both models, thus
obtained, structure factors for some reflexions of the type hoo |
were calculated and are tabulated below along with the sequence of
observed qualitative intensities, (The oscillation photographs

giving these reflexions are reproduced in Fig,65),

hkl 100 200 300 4oo 500
Intensity (observed) Vs w ms ms absent
" (calculated [S F| %)
Model 1 49,31 k4,45 88,66 121,22 4,0
Model 2 74,77 14,18 5,77 140,6 30,12

Even with these approximate calculations the agreement in the
sequence of intensities for model 1 were in fair agreement with the
observed intensities, Particularly striking was the result of the
intensity of 500§ in model 1, it was very small and in model 2, it was
stronger than even 300, Also, in model 2, 200 was calculated stronger
than 300 whereas the‘observed intensity was in the other way round
which was correctly predicted by calculation of model 1,

Evidently model 1 followed the observed intensity sequence,

This suggested structure factor calculation of 21l reflexions by

sophisticated me thods, The extentv of these calculations mekes it

imperative to take the help of the compute¥, Although a considerable
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number of structure factor programs exist, none was immediately

2
suitable for calculating intensities, rather than F or F_, Therefore,
a Fortran IV program has been prepared for this purpose which is

reproduced in the appendix,

4,3, Identification of equations used in the program

The flow diagram for the program used in the calculation of
intensity is shown in F'ig.66, The formulae used there are shown
below, The paragraph numbers refer to the block number of the flow
diagram, |
(2) RA =a® = \a sin g

RB = b = Mb

RC = ¢ = Me¢ sin B
Used for both monoclinic and with B’"E = 900, to orthorhombic system,

(6) RHO = ¢ sin 0 =/((1a™% &+ (kM2 + (LM% & 2nla®cFeos 7

Bx = 90° gives 2 sin @ values for the orthorhombic system,

(9 Lp-factor = (2 = p2p /U)/ /(o (bmp) = g3
where p = 2 sin ©; § = kA/b (for b axis photographs),

This is a simplified form of

Ip = (1 + cos® 2 @)/ /(4" 1)?

2

)
- 1

with L 1. (sin~ 2 6 - §2)2

(10) The trigonometrical terms

GI = cos 2n (hxn + ky + 1zn) + cos 2 (hxn - (§+y)kn + lzn)

for all atoms except oxygen where it is taken as 2 GI,
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"Fig.66. Flow diagram of the progrem for Intensity
calculation. _

| 1. pvata ]
I

2.GOLPUTE a%,b¥,c*,B% |
]

| 3.SELECT SYSTEM |

ORTHORHOMBIC : MONOCLINIC
4 . CALCULATE FROM 5. CALCULATE FROII
1=0 to(lmax-1) 1=0 to (1lmax-1)
k=0 to(kmax-1l) ' k=0 to (kmax-1l)
h=1 to(hmax-1) h=(-hmax+1)to

‘ ( hmax-1)

6.CALCULATE 23IN ©

I
7.CAICULATE SIN o/A

l

8.CALCULATE Lp-FACTORS ‘1

9.CALCULATE SCATTERING FACTORS,, 'y

10.CALCUTATE TRIGONOWETRICAL TERIS

|
11. WULTIPLY Fy XC0827](hxp+kyp+lz,)
] "
12, FPIND Fpkl= E: fn COS ZTf(hx“+kyﬂ+lzﬁ)
i
13.CALCULATE 72 (hkl)

l

14.CAICULATE T= F2(nk1)X(Lp)
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(13) F(hkl) = > f xGI.
(148 Fo(ue).

(15) OBINT = Intensity = Fz(hkl) x (Lp factor),

Calculation of Intensities t Trial No, 1(a),.

With the above program the first trial given was the same calcu~
lation which had alreadyrbeen done with hand machine, for hoo reflexions,
h =0 to 5, with approximate values of lattice parameters and inappro-
priate values of atomic parameters,

Now, the calculation was done with the correct parameters for
all obtainable reflexions, Other atomic parameters were taken from
the recent measurement of Ammonium Acetate Structure discussed earlier
in this chapter, Ammonium acetate being ionic crystal, it might have
similar atomic parameters with potassium acetate, How far this
assumption is correct would only be revealed by full structure determina-
tion.

At 155°C, the appropriate values of the lattice parameters of

potassium acetate, form I, are

a

il
1l

9.744 B, b=5,7018, ¢ =3,9938 and

n=4,08, cC=15048 c-0=1,2518, /o0co= 1234

i
il
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Calculated Atomic Co-ordinates

Model 1
x N Z

K(1) 0,0841 0.2500 0.,2500
0(2) 0,1858 0.0588 0.2500
c(3) 0,2467 0,2500 0.2500
CHs (4)  0,4010 0.2500 0.2500

Model 2
K(1) 0,0289 0,2500 0.7500
0(2) 0,1858 0,0588 0,2500
c(3) 0,2467 0.2500 0.2500
CH;(4) 0,4010 0,2500 0,2500

Observed (Fig,67) and calculated intensities are shown in the
Table 4,3, Tn this table the first 12 reflexions of the zero layer
zxe shoym in a qualitative VY It is seen thet, cxeept for soame
details, model 1 gives more correct sequence of intensities than
model 2, So.no more calculations were done on the basis of model 2,
Further trials were continued on the basis of model 1, On examining
the details in the sequence of intensities for model 1, it was found
that reflexions 401, 002, 102 etc were not in proper sequence; this
indicated that although the basic idea of model 1 was correct, further
refinement was needed in the co~ordinates, For further refinement,
therefore, help was sought from known structures of allied nature, i,e,

soap structures discussed in the introductory section of this chapter,



Reflexions 100
Observed vs
Calculated

Model 1 36,87

Model 2 45,02

200 101

1,67 12,30

0,26 12,49

300

4,89

0,23

201

Table 4,3

201 hoo 401 002

4,27 18,31 1,25 23,11 16,25

0

3.6 3,82 8,72 16,25

102

5.76
3.52

500

absent

025

8.02

202

- 181
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4,h4, Calculation of Intensities, Form I and the Structure

From the earlier discussion of soap structures, we can safely
assume a few things - that our previous assumption of taking an ideal
me thyl-methyl distance (4 R) and hence calculation of coordinates of
the atoms giving potassium-oxygen distances all equal, is not necessarily
correct, So in the light of the soap structures, another assumption
is madet that co-ordinates are controlled primarily by the potassium-
oxygen distances and that these distances are not all equal, Assump-~
tion is made that distances of the two neighbouring oxygen atoms from
the potassium atom in the other half of the double ionic layer are
equal and = 2,82 R, as in the potassium palmitate, form Bj but unlike
it, the K-0O distances in the same half of the layer are taken to be
all equal and the value is taken to be the average of the distances
given in the potassium palmitate, form B structure, and = 2,74 X.

The difference between the palmitate and the acetate structure is

that the former is triclinic and the latter is monoclinic, So the
co-ordination polyhedron formed by the oxygen atoms in the monoclinic
structure cannot be as irregular as that in the triclinic structure,
Orthogonality of the ionic sheets to the lengths of the acetate ioms,

is preserved if this assumption of equality of X-O distances of the

same side is made, Another virtue of this notion is that the picture

of the structure depicted in the previous section remains almost intact -
difference being only that now we must take two K-O distgnces Di and D2,

the values of which can be obtained from the same equation (7), i.e.
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D = (Xp=% )% 4 7°
D2 = (X4 +%)% + (v/2= 7 4 (¢/2)°
from which
X, = 0,55/ = 1) +/[05 = (/2 - DF = (/7] =P .. (8)
% =0,5(/(0% - 1) - /[0 - (w2 - 1 - (/DT = .. (9

Symbols have their meanings as before, The co-ordinates of
carboxyl carbon and methyl groups are,

X3 (Xz-i'V)X

X = (X3 + W) i

il

y and z co-ordinates remain unchanged,
Now, for the calculation of the co~ordinates of the trial

structures, a series of Dl and D2 values are needed which can be

obtained from a matrix formed by the two extreme values (2,82 and 2,7k R)

of K~0 distances given above, At the diagonal extremities D —D2 = Of

1

and D.-D N8 R, Along the rows the differences are 0, ,04, ,08 8.

1727

The first row is the average (D +D2)/2, For the second row, the two

1

D values are 0,02 R apart from the average on both sides, hence forming
a difference of 0,04 £ and for the third row, these are 0,04 R apart
from the average; so Dl—D2 = 0,08 X, The matrix with nine elements

is shown below: (all in K)



185

(D1+D2)/2 -

D1-D, (original matrix)
1
2,78 2,80 2, 2
(L
0,00 2,78 2,80 2,82
2,76 2,78 2,80
(2)
0,04 2,80 2,82 2,84
2,74 2,76 2,78
(3)
0,08 2,82 2,84 2,86
t |
| 2,72 ',
Py
0.10 12,82 !
P ; ‘
0‘12; 2.70 ; (The dotted blocks represent the
! 2 82(5) : ertension of the diagonal elements)
[} Py i

Once the co-ordinates for the atoms from these trial K-0
distances were computed, the intensities have been calculated feeding
the data to the program mentioned before, Comparison of the calcu-
lated intensities with the observed ones showed that marked improvements
have taken place in the sequence of intensities of some reflexions
whereas some remain quite insensitive, This improvement was observed
in a systematic way along the diagonal elements of the trial matrix
(1), (2) and (3). But even so, the sequence of the critical reflexions

were not completely correct, even in trial no,3. We propose to
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discuss this point with the calculated values of intensities shown
in the Table 4,4(a); here the multiplicity of intensities has been
accounted for and the calculated values were scaled down, The
critical reflexions that suggested the improvement from (1) to (3)
trial calculations were 401, 002, 102, Observed intensities for

these three are, I With trials 1(a), (1), (2) and

002 ~ 102~ Tho1°
(3) calculated intensities were 1002 > 1401 > 1102. But from (1)

to (3) there was increase in intensity of 102 and decrease in 401,

It will be apparent from this that the difference of Dl and D2 should
be still increased, say, to 0,12 R i,e. extending the diagonal elements
of the matrix, But before passing over to those values, it was safer
to examine whether that might upset some other reflexion sequence,

Such an examination was graphically possible along the line of Bradley
and Lu's determination of the single parameter in Cr,Al, mentioned by
Lipson and Cochran(76), If calculated intensities for different
reflexions are plotted against the parameter D2 (because Dl = 2,82 i
was kept constant along the diagonal of the matrix), there should be

value of D, where the intensity sequence of at least some of the critical

2

reflexions would correspond to that of the observed ones, Such plots
are shown in Fig,68, The reflexions which do not show any strong
trends are not shown, Only those that appear to be sensitive to the
change in the parameter are shown, It is observed that the curves
L0l and 102 are approaching and the sequence of their intensities is

likely to reverse before the value D, = 2,72 R in between, is taken and

2

this is the trial no,4. Trial no.5 with D, = 2,70 £ shows that the

2
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polyhedron is shown by dashed lines and methyl groups ore joined by dotted line.



wwmrqo. Intensity distribution in the zero layer line of the rotation photograph

of Form I (potassium acetate). Heights are proportional to intensity. Below

each
‘line is given the calculated intensity for comparision.
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sequence of the above two reflexions have actually reversed as it should
be,

This established that the poor agreement could be systematically
corrected, The significance of the precise value of D2 = 2,70 R is
uncertain and would require a complete structure analysis for its con-
firmation, What has been established was that the structural aspect
of form I is as shown in Fig,69, and that the K-O distances are not
all equal,

To compare the intensities calculated from the 5th trial with
the observed intensities, a schematic diagram is drawn (Fig,70), Here
the intensities of the observed reflexions are made proportional to
the heights of the straight lines perpendicular to x~acis, At the
bottom of each line, the calculated intensities (5th trial) are also
given,

From Fieg,70 (Table 4,4(a)), it can be seen that most of the
reflexions are in correct sequences, A notable exception is 301 and
Lol reflexions, Throughout all the trial calculations 401 has been
calculated stronger than 301 while their observed intensities are
the other way round, In the Fig,68, the curves 401 and 301 are
approaching only slowly and there is no likelihood of crossing each
other before D2 = 2,68 R is reached, But then some other reflexions
would be radicaily altered, For example, 400 could increase to
unreasonably high values, It is already calculating a high value,

Such considerations lead to the conclusion that unless full scale

structure determination work is done, no more information about the
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form I structure could be obtained in this way.

For the present work, therefore, the co-ordinates from trial
no,5 were taken as the final co-ordinates for form I structure,

In addition to the zero layer, calculated intensities for the
first layer has also been compared with the observed intensities,
which is shown in Fig.,71 (Table 4,4(b)). It will be seen that the
sequence of observed and calculated intensities agree quite well,

This thus confirms the correctness of the structure proposed for form 7

It is to be noted that the temperature factor for the reflexions
was not taken into account in the estimation of the intensities,

Proper calculation of B was not possible because of lack of enough
data, Although statistically unpermissible an approximate calculation,
by the method outlined in the introduction to this chapter, with 14
reflexions of the zero layer gave a value of about 10 for isotropic
temperature factor B, from which residual R ~ 24, It is to be noted
that value of B differs from atom to atom and with directions,

Thus, the final parameters for the potassium acetate structure

are as follows: (Form I)

temp, = 155°C D, = 2.82 2
a = 9,744 & D, =270 &
b = 5,760 R methyl methyl distance = 4,35 ®
c = 3,993 &

x = X/a vy =Y/ z = 7/c
K(1) -0,1138 0.25 0.25
0(2) 0.1526 0,0588 0.25
c(3) 0.2135 0.25 0.25

C(h) 0.3678 0.25 0,25
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Fig.72. The top half of the 1onic double lizyer

of potassium acetate , form I structure



The structure of potassium acetate, form I based on the above
parameters are shown in Fig,69, This is essentially the same figure
as the one of Model no,1 (Fig,62).with the difference that potassium
oxygen distances are no longer equal, Bach potassium atom is co-ordin
by six oxygen atoms, four of which are equivalent and belong to four
different acetate groups and the other two from a different acetate
group in the antiparallel position to the other acetate groups, The
potassium atom is not at the centre of the polyhedron formed by the
co-ordinating oxygen atoms but displaced towards the four equivalent
oxygens on the same side, thus forming ionic double layers of K(1)' ~
0(1)' = 0(2) etc on one half and K(1) and its nearest oxygens on the
other half, layers being parallel to (100), Such a double layer is
shown in Fig,72; only the top half of it is shown, The ionic sheets
are almost identical with those of soap structures, except some differcr--
in cell dimensions, The methyl groups attached to the carboxyl groups
also form double layers parallel to (100), approximately at a/2, 1In
the figur;jkCH3)2 belonging to one sheet sits in between (CH;%, and
(CH; )3 belonging to the other sheet, each separated from its nearest

neighbour by a distance of 4,35 R,
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Table 4, 4(a)

Comparison of Calculated and Cbserved Intensity, Potassium Acetate,
form I,

Zero layer line

y o i
- | iCalculate{d | i observed
Trial . Trial{ Trial: Trial. Trial | Trial
| W) ! 1 | 2 ' 3 ! k& >
z ! ! ? |
100 | 36,87 | 40,3k | 43,02 | 46,13 | 47.97 | 50,15 | 15,02
200 | 1,67 f L0 215 | 272 é 3.08 | 3.50 1.6
101 |12,30 | 11.59 | 10.21 | 8.62 | 7.69 | 6.0 1 235 |
20 | 4,89 | 617 @ 859 | 11,58 | 13.35 | 15.32  3.01
201 | k27 | 3,56 0 3,07 @ 2.67 ' 236 | 1.98 | 0.9%
301 118,31 | 15,78 | 12,90 | 9,33 % 7.31 | 483 é 1ol
00 | 1.5 | 2.67 | 532, 9.3 | 1Lsh ; 1w32 L7
5Ol 23,11 | 2L.77 | 18.19 | 13,07 | 9.83 | 612! 0.7
002 |16.,25 | 16,25 | 16,25 | 14,25 ' 16,25 16,25 | 3,01
02. 5.7 | 619 | 648 | 6.8 6,99 | 7.21 i 1.59
500 | 0,03 | 0 0,05 | 0,27 SR I W |
202 0.21 ’z 0,22 : 0,31 0,45 , 0,54 , 0.65 0.16 -
lsor | 1.4 | o202 ! 1,90 ¢ 155 | 1.25 | 0.86 ! 0,56
§ 302 | 1,83 | 23k | 3,35 | e | 539 1 6.26 0.2 |
(600 | 133 © 0.87 | ok2 | 006 | o . 0.2 |
(402 0,80 | 1.6l ;. 312 @ 5.27 | 662 | 815 0.3 |
61 | 1,27 | 1,52 2,26 | 2,8 | 298 | 2.8 |
502 | © % 0,02 0,16 ' 0,33 % 0.49 3 0,85 3 E
700 | 1,23 | 0,89 0,36 | 0,01 = 0.0k ! 0,61 |
o119 | 1.68 | 2.57 f 517 1 3.1k 1 2,69 % |
602 ; 1,45 | 1,00 ;| 0,53 , 0,11 = 0,01 | 0,06 |

Note (1) Sensitivity of the microdensitometer limited the measurement of
intensity to a minimum of 1,00, Therefore, a blank indicates
intensity lower than this minimum,
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Table 4,4(b)

Comparison of Calculated and Observed Intensity, Potassium Acetate,
form I,

First layer line

hkl Calculated observed
| y ; ' }
Trial | Trial | Trial | Trial | Trial @ Trial
a) | 1 | 2 | 3 | & | 5
f ——

1m0 | 253 | 23 | 174 | 116 | 0.86 ; 0.55| -
210 | 12,34 1191 | 1192 | 11,69 ¢ 1143 | 10.98! 26.6

011 | 39,12 | 39.12 | 39,12 | 39,12 : 39,12 ! 39,12 | 1043
11 | 11,37 , 11,98 | 12,24 | 12,49 | 12,61 | 12,73 | 35.4

310 | 9.95 | 9.39 | 857 | 727 | 636 5.16| 6.6
211 | 015 | 006 | 0 | 016 | 037 0.7 -

51 | o0.52 | 0.89 | 1.0 | 349 | 46l 608| 10.3 ;
¥o | 804 | 754 | 612 | 420 | 3.0b 0 L76| 3.7 |
b1 1.49 | 2,48 b43 0 7,06 | 8.65 | 10.39| 8,0
112 | 0,09 | 007 | 0,03 ! o,01 L 001 0 O | -
510 | 035 | 039 | 0.22 | 006 ; 001 | 001 05
212 | 3.7 | 368 | 3,73 | 275 | 3.8 358 3.2 |
511 | 0,60 . 0.7 | 0,97 ; 1,21 | 1,29 1290 o6
312 | 4,73 | k5o | 412 | 3,52 | 3,09 | 25| 2.6 |
G0 | 0,22 | 046 | 105 | 185 | 2.5 | 254 11 |
a2 | 485 é h52 | 3.65 1 2,48 1.18 % 1,01, 0.6 ;
611 | 490 | 3,47 | 2,50 | 122 1 057 | 0.08% -
512 | 0,30 i 0.32 0.17 § 0,04 ¢ © ; 0.01 g - |
710 % 0.14 E 0.26 0.57 § 0.93 1,06 | 1.07: 1.6
711 | 1.5 ., 1,4 | 0,8 ' 0,28 ! 0,06 ' 0,02 ! -
612 é 0.20 | 0.4k ; 1.05 | 1,87 2,30 ; 2.2 0.7 |

Note (2) No,1l(a) is obtained from calculation with methyl-methyl distance
= 48 and X-O distance - 2,853,
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4,5, Potassium acetate: Form II Structure

A Model, As has already been discussed in the previous section, that
in the potassium acetate, form I structure, the potassium ion is co-~
ordinated by six oxygen atoms consisting the ionic double layer parallel
to (100) at x ~ 0 and the sheets of methyl groups are formed at x ~'l,
While cooling through the transformation I —2 II, the b and c axes of
form I structure remained practically unaffected in magnitude and
directions (see Fig, 27 and 28 and also subsection on the persistence
of axes in section on cell dimensions at different temperatures,
Chapter 2), The direction of the a~axis changed while cooling through
the transformation II —3 1 as evidenced by the increase in the angle
between [100] and [001] from 90° in form I.

Physically and hence structurally, it would mean that the co-
ordination polyhedron of oxygen atoms around the potassium ion bound
by strong electrostatic forces remains thermally stable i,e, co-ordina-
tion geometry would remain unchanged through the transformation, while
the transition itself originates from the thermal instébility in the
packing of the methyl groups, bound together by weak Van der Waals
forces, resulting in the shear parallel to (100), These considerations
enabled a detailed model to be proposed for form II structure, A
diagram of the key features of such a model is shown in Fig,73,

Relative to the co~ordinate system used in form I, the positions
of the potassium and oxygen atoms in the ionic double layer with x ~ O
remain fixed, but because the a~axis has moved from its former orienta-

tion through an angle (B—90°) which is a function of temperature, the
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x and z co-ordinates of the potassium and oxygen atoms are now different,
Considering such a changing situation, it is convenient to calculate
the monoclinic co-ordinates relative to an orthogonal axial system,
defined as follows:

Let the monoclinic axes be By bM and c¢,, and the orthogonal

M

B, The spacial co~-ordinates

axes be A, B and C, Let chEC, be
X,¥,2 of a point in the monoclinic system of co-ordinates become X,Y¥,7
in the orthogonal systemi the transformation equations are,

X = Xy sin B, Y = Yy 4 = Zy =Xy €08 B.
When transformed, the fourfold general positions of the space group
become,

X = x sin B, Y =y, 4 =gz -~ Xcos B

X=-xs8in B, ¥Y=-y, Z==2z+ x cos B

X=-x8in B, ¥

a-ym, Z =2=-xcos B
X=-xsin B Y =3+y, & = -z + X cos B
(The x%,¥,z of the right hand side of each relation have subscripts M,

i.es Xys Ty ZM) while the twofold positions become

X = X, sin B, Y

i
.

[

i

Zy = X cos B
X = ~Xy sin B, Y =13, 7 = ~Zy + X €08 B
Thus, the co-ordinates X,Y,Z of the atoms (orthogonal co-ordinates),

expressed in terms of the monoclinic co-ordinates x,y,z are (in R)

K(1) Xy Yy 2y ¥ sin B, o/4, /b
O( 2) X2 y Yz Py Za 9 3C2 Sin ﬁ, yz ’ C/L|'
0(2)' X3y Y245 %3 -x sin B, -yp, -¢/k

0(3) Xj, Y3, 23 X3 sin B, b/L|-' 23 - X3 COS' B °
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CH; (&) X,y Y4y 2, x, sin B, Y4, z, - x, cos B
CH; "(4) Xi, Y4, 24 (a~x,) sin B, 3b/4, (c-z,)-(a-x,) cos B
CH; (k) X, ¥p, 2} (a~x,) sin B, 3b/4, -z,~(a~x,) cos B

To preserve the equality of the methyl separation, the acetate
jon must tilt at an angle @ to the axis a and it is convenient to
define the length of the C~CH; bond as w and the projected length of

C~O bond as v (Fig,73). It can be shown that

B = sin-l( Ez;:%—g) cos B)

Thus remembering that the orthogonal axial system links the
orthorhombic and monoclinic unit cells (with the transformation relations
given before), the co-ordinates for the different atoms are:

For oxygen atom 0(2):

Xy X, (form I)

I

%X, sin B (form II)

p (say)

(W
»N
1l

¢/ (form I)

il

Zp =~ X, cos P (form II)
= 23 ~ p cot B

Y =y, (form I)

1

¥ya (form II)
For potassium atom K(1)
X =x (form I)

= x, sin B (form II)

i

q



201

¢/4 (form I)

N
It

i

2z, - x cos B (form II)

It

2 - q cot B

ys (form II)
The co-ordinates of the methyl groups can be found in terms of the
co-ordinates of the oxygen atom and the dimensions and the tilt of the
acetate iont

X, =X + (v + w) cos @ (form II)

sin B (form II)

It
X
-

Z, =29 - (v+ w) sin @ (form II

=z, - %X, cos B (form II)

Y, =y, (form I)

=y, (form II)
The co-ordinates of the carboxyl carbon atom can be obtained by writing
v instead of (v + w) in the expression for the methyl group co-ordinates:

X3 # X, + vV cos @ (form IT)

= ¥; sin B (form II)

Z3 =Z9 - v sin B (form II)
= z3 - X3 cos B (form II)
¥; =y, (form I)

=y, (form II)
Hence the final expressions for the monoclinic co-ordinates in terms

of the parameters p, 9, v, Wy, 8, 2, b, ¢ and B are?



K(1)

0(2)

C(3)

I

B

T2
Z2
X3
I3

Z3

it
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a/sin B

v/

¢/l = g cot B
p/sin B

b/h - t

c/4 + p cot B

(v cos @ + p)/sin B
b/4

X cos B+ ¢/ = vsin g

.C(4) (methyl group)

Xy

NN

2y,

]

((ww) cos @ + p)/sin B
b/l

x, cos B+ ¢/b - (v+w) sin B

The numerical data used for the calculation of co-ordinates with

the above equations

A%

o
!

1

I

were
0.593 &
1.504 R

1,102 8

= 2,820 R

= 2,710 R

p and q were calculated by using equations (8) and (9) of section 4 4,

Calculations of co-ordinates

Using the above relations, a subsidiary Fortran IV program was

written to calculate the atomic co-ordinates predicted for form II, at

four different temperatures, 150°C, 130°C, 100°C and 80°C, The
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co-ordinates were then inserted into the program already described for
intensity calculation,
Lattice parameters used for these calculations are given in
Table 4,5(a).
Table 4,5(a)

Lattice parameters of monoclinic form IT structure

t°c a R b & c K g°

150,2 9,697 5,763 3,991 93.1

130,0 9,543 5.776 4,002 96,3

100.,0 g, 414 5,804 4,015 98.3

80,0 , 9.338 5,820 4,025 99.1
i : ,

For structure factor calculations the co-ordinates x,y,;z must be
converted to fractional co-ordinates by dividing by the appropriate

lattice parameters, These are given in Table 4,5(b),
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Table 4,5(b)

Calculated Atomic Co-ordinates (fractional)

R | % x i ¥ z
. ! ,
| 150.2 i K(1) | =-0,1112 E 0,2500 0,2354
éo(a) | 0.1569 l 0.0588 0.2706
E 5 C(3) 0.2176 0.2500 0,2600
30(4) 0,377 | 0,2500 0.2332
130 ! K(1) -0,1164 . 0.2500 0,219
i 0(2) 0,1573 0,0592 0,2912
L C(3) | 0.2178 10,2500 0,2700
; c(h) 0,3713 g 0,2500 0,2163
| 100 ! K(1) -0,1247 i 0,2500 0,2078
: 0(2) 0.1539 ' 0.,0601 0,3021
% % C(3) 0,2142 i 0,2500 s 0,2746
% i C(H) 0,3669 g 0,2500 | 0,205
| 80 ! K(1) ! -0,1322 ! 0,2500 0,2015
lo(2) | o,149k | 0.0607 0,3048 |
? c(3) E 0,2095 i 0,2500 0,2750 i
| E o) ¢ 0,3622 % 0,2500 | 0,199

Using the procedure given above, the equal methyl-methyl separa-

tion are calculated as
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+% (CHy) -~ (CHs) R
150.2 4,296
130.0 4,278
100,0 L, 313
80,0 4,356

Comparison with observed intensities

With these co-ordinates, the intensities of reflexions for
the four different temperatures were calculated and for qualitative
comparisons, some observed reflexions of the b-axis rotation photograph
at 122°C and a relevant oscillation photograph, and their calculated
values are shown in Table 4,5(c), The photograph at 122°C is re-

(Fy 7 =)

produced for wvisual comparisoq: It is seen that in spite of overlap
of several reflexions, the sequence of the observed and calculated
intensities of the given reflexions agree quite well, This indicates

the basic correctness of the model of form IT structure envisaged,

Complete structure analysis would only confirm its final correctness,
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Table 4,5(c)

Qualitative Comparison of Calculated Intensity with Observed Intensity,

Form II Structure
zero layer line

Reflexions gI(calc,) at . I(cale,) at I(obs,) até ;
[ 1300C . 100°C 1220 :
100 W7l 43,20 . v.s. ‘ |
200 hs2 1 5.85 | |
300 15,69 1 17.67 |
| 400 12,38 ¢ 13,14 | : |
%81% : 2.94 f 2:2; ; ; m ! may overlap
1, ‘, 300 | 252 om |
- 201 BN o471 - ;
201 | 1.98 : 1.67 oW i
oL 1m0 0.2 '
| 301 3 3,42 % 2,19 ) 1 \ may overlap on
Lol 5 4,10 2,52) | i 400 !
4ol 183 6 |t | ’
002 L1331 11,47 Coom i
o2 725 ¢ 819 | m
102 ol 06 : £ '!

i

(observable intensity up to about i,: 0.8)
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Table 4,5 (¢)

(continued for other reflexions)

H
%eflexions I(calc.) at f I(obs.,) Remarks
100°0C
110 0,22 w First layer at 1220C
210 10,4 s 1" u " "
311 3.29 W Oscillation photograph
311 4,43 s at 114°C
L1l 6.38 8 " n
41 3,35 W " i

vs, very strongs s, strong; m, medium; w, weak; f, faint.

Conclusionst

It is therefore concluded that the structure of form II is as
shown in Fig,74, As in form I, every potassium_ion in the ionic
double wall structure is surrounded by six oxygen atoms, 4 from the
same side of the double wall, all belonging to different acetate ions
and 2‘from the other layer belonging to the same acetate ion, In
the methyl end, the equality of separation was preserved although now

its value was increasing with temperature,
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L.,6. On potassium acetate, form ITIL structure

The room temperature structure of potassium acetate retains
the monoclinic of form II but there is an eightfold increase in cell
volume which is v = (211 x 8)&3. The number of formula units in the
unit cell deduced from the dilatometric density at room temperature,
3

D = 1,58 g cm

obs and the cell volume gives 16,4 (~ 16) formula

units KO,C,H;, The calculated density for 16 formula units in the
cell is Dcalc, = 1,55 8 Cm~3.

Although no detailed structural studies on form IIT structure
have yet been attempted, it is proposed to discuss the various possi-
bilities on the basis of the information available so far,

It has already been discussed in section 2,10, Chapter 2, that
the direction of b and ¢ axes were practically constant through the
transformation form II —3 form III, and very little anomalous change
in the magnitude of a axis when cooled through the transition except
the continuous decrease obtained all along the temperature range in
form II through to room temperature (form III), Similarly, no anomalous
change in ¢ was found through this transition except the very slow
increase in cooling throughout the temperature range from 155°C (form I)
to room temperature ( form III). The values of B also did not show
any anomaly at the transition, The b axis continuously increased
in length on cooling throughout the temperature range studied (from
198°C to room temperature), but at the transition form II —3 form III,

there was an anomalous contraction of b axis (form III) (excluding

the fourfold increase of its overall length indicated by the appearance
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In PFig.75, shown in the previous page,_'a' denotes

the photographs
zexo layers; the
the photograph
the photographs
end of the zero
with reflexion

one reflexion)

having reflexions 100, 200 etc. in the
number gives the temperature at which
is taken. Similarly, 'b' denotes

with reflexions 040 at the extreme
layer and ‘c! denotesn the photographs

002 in the zero layer line (last but
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of new layer lines), Most of the reflexions of the type hoo, oko
and ool of form II were affected very little through the tramsition,
In fact, as referred to above, the transition II ~3 III could be
detected only by the appearance, on cooling through the transition,
of new layer lines with weak reflexions in between those on the b-axis
oscillation photographs of form II, Some oscillation photographs
before and after the transitions are shown in (Fig,?75). The transi-
tion form II — form III could not even be detected by the dielectric
measurements described in Chapter 3, The DTA thermograms described
in the above chapter also did not reveal the transition,

A1l the above facts sugrvest that there was no major structural
change in the transformation form IT — form III.

Increase in the b cell dimensions are of the”following nature:

The b-axis oscillation photographs of form III showed subsidiary
layer lines between the prominent layer lines corresponding to the
spacings of ~ 5,8 R, These additional layer lines corresponded
closely to the positions of the 1st, 3rd, 5th and 7th lines for a
spacing of 4 x 5,8 X, This showed that in form III structure the
b axis had increased fourfold, The unaltered existence of the main
layers (i.,e, 4th, 8th etc in form III) suggested that form IT b-cell
length was still a main side of the subcell,

In the case of the a~axis, no direct experimental evidence could
be produced in the above way showing additional layers, But there
are other strong evidences that a ~axis has doubled through the

transition IT -~ II1I, It was described in Chapter 2 that the indexing
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of the Weissenberg photograph of form III about c-axis could be

indexed only on the basis that d ~ 9,2 & has doubled to 4 ~8 4 R

100 100
through the transformation, All other oscillation photographs taken
about b and ¢ axes could be completely indexed only on the basis of
this double interplaner spacing,

Thus the unit cell of form III structure consists of 8 subcells
each of which approximate to the unit cell of form II with axial
lengths a/2, b/4 and ¢ of form III,

The indices of the Weissenberg photograph referred to above
showed that all hkl reflexions were absent for k = 4n + 2,

Now in a lattice, if all hkl reflexions were absent with h + k
odd, then this would require that the equivalent positions in the

space groups be X,y,z and X + 34 ¥ + 53 Z, because the general structure

amplitude is then

fn (eiﬁ + eiéa2‘n:(h+ko/2)

where 6 = 2n (hx + ky + 1z). T vanishes when h + k = 2n + 1,

F =

|

Similariy, in the present case, the absence of reflexions with

k = 4n + 2 requires that the equivalent positions in the lattice must

be
Xy ¥y 2§ X, ¥+ )y z and by centering (x + ), (y + ), z and
(x+3)y (y+1) 2z

because,

F=3% fn[eié {,1 + ei2nk/4+ ei2nh+k/2+ ei2n(h/2 + /) A,)X]

This expression becomes zero for k = 4n + 2, irrespective of whether h

is even or odd,
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Space group of form III

The possible space group of form III structure are C2, Cm and
C2/m shown in Fig,76, where the equivalent general positions and
the group of spatially distributed symmetry operations are given,
Of these three possible space groups only the space group Cm is
acceptable, for, otherwise the twofold rotation axis parallel to
b present in the other two space groups would bring the acetate ions
to positions where the K" ions become nearest neighbours, The
situation is shown in the above figure,

Hence, the space group of form IIT is Cm,

~
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ChaEter 5

WORK ON SCME OTHER ACETATES

5.1, Introduction

Some studies of rubidium, caesium and lithium acetates were
made in order to see the effect of change in the cation, on the
structural and other properties, In the case of lithium acetate,
measurements were limited to dielectric properties as some X-ray

(61,62)

data were available . In these three compounds, the cation
radius has changed - it has decreased to 0,6 £ in lithium salt,
increased to 1,48 % and 1,69 R in the rubidium and caesium salt
respectively, Because the co=-ordination number of ionic crystals
depends on the radius ratio of the metal and oxygen ions, oxygen
co~ordination should now increase in rubidium and caesium acetates,
On the other hand the salts are anhydrous and even in the case of
smaller potassium ion, there were geometrical limitations in co-
ordinating the potassium ion with the available oxygen atoms,

Therefore, it 1s of interest to see whether structural and other

properties are similar to those of potassiam acetate,

5.2, Rubidium and Caesium acetates,

5.2.1. Crystallographic work,

5.2.1.1, Introduction, Anhydrous acetates of rubidium and caesium
(Laboratory reagent grade of 98% purity) were supplied by Alfa

Inorganics Limited, U,S,A, The white crystalline materials were
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very deliquescent, The experimental procedures used followed those
already described for potassium acetate,
5.2,1.2, Preliminary work,
(i) Opticalt As in potassium acetate, the surface of a crystal
plate of rubidium acetate grown from the melt became marked by cleavage
cracks as the crystal cooled, The traces of the cleavage directions
were found to have a definite orientation relative to the extinction
directions (Fig.77). From geometrical considerations, it was found
that the cleavage plane was (110) as in potassium acetate,

By contrast the irregular cracks observed on the surface of
the caesium acetate crystal plate were found to have no relation to the
crystal axes,

In both cases, crystals were cut parallel to the extinction
directions prior to mounting in capillaries,
(ii) Diffraction work: Oscillation photographs taken about direction (2)
showed a lattice repeat distance of about 4 8 in both rubidium and
caesium acetate crystals; those taken about direction (1) at right
angles to it gave a repeat distance of about 6 £ for rubidium and 7 2
for caesium acetates, These values are more or less similar to ¢ and
b axes for potassium acetates, Hence, directions (1) and (2) were
designated as b and ¢ axes respectively, - Diffraction photographs of
these crystals at elevated temperatures (A'lEDOC) did not show any
significant change nor the anomalous a-axis thermal expansion found
in potassium acetate and no further work at high temperature was

undertaken,
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As in potassium acetate, crystals could not be mounted to record
photographs in which the a-axis was the rotation axis again because the
lamellar shape and the high absorption of CuKa radiation,

Linear absorption coefficients are

(i)  p = 169 for rubidium acetate,

729 for caesium acetate,

(ii1) »
| Even if it has been possible to use crystals about 0,05 mm
thickness, rubidium acetate would have absorbed 57% of the iﬂcident
radiation and caesium acetate 96%,
5.2,1,3, VWeissenberg photography. 7Zero layer diffraction photographs
of both the salts were taken at room temperature about the b and ¢
axes using a standard Weissenberg goniometer,
5.2,1,4, Lattice parameters and space groups, Interplaner spacings
were determined from the Weissenberg photographs by measuring the
perpendicular distance x of the relevant reflexion from the central
line of the photograph,

The c¢~axis Weissenberg photograph of rubidium acetate showed
that the a'b reciprocal lattice was orthogonal, In the be-axis
photograph reflexion of the type hol were splity the effect was inter-
preted as due to twinning of a monoclinic structure in (100) and the
pairs of reflexions were assigned indices hol and hol., The interaxial
angles were obtained from the 8-values of these reflexions, Details

of specific measurements are given in Table 5,2.1.4,
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Table 5.2.1.4(a)

Reciprocal cell dimensions of rubidium acetate

i

Reflexions e° Reciprocal cell dimensionsg
20, 0, O £5.90 a® = 0,09128 5

i

0, 6 O 48,95 v* = 0,2495 g

0, 0, & 46,56 < = 0.3623 |

Table 5,2,1.4(b)

: i - ! 2 -2 :
E Reflexions X mm E L=2s8in6 | & = cos-J{§1 - %y \q
f = o° i ' \hhﬁaxcx '/i
L602 le, = 27,04 0,90922 ) §
i _ i ) | 89.4 i
; 602 8, = 27,38 0.91978 ) |

| %
| 802 | 0 = 30,84 1.02528 ) | ;
I _ ) | 89.3 :
| 82 6 = 31.26 | 1,03784 ) | :
{ ! ;

Thus, when indexed on the basis of this cell it was found that for all
hkl reflexions h+k odd were absent, The axes were accordingly trans-

formed by the equations
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y(h - 4)
ko =k
M =4,

where the ubscript 2 refers to the new cell,

hy

1

Thus, at room temperature, rubidium acetate is monoclinic with
cell dimensions a = 8,689, b = £,18, ¢ = 4,26 X, B = 104.49.

In the case of caesium acetate, the zero layer b-axis Weissenberg
photograph showed that a™o® net was apparently hexagonal with a* = p* =
0.118, The crystals were of poor quality which gave multiple reflexions
and it was concluded that the crystal was multiple and not a twin as
there was no preferred orientation, The question of whether the
crystal really belong to hexagonal system will be discussed later,

The cell dimensions are given below:

a=b=13.088

i

3,98 R

C

120°

]

v

Space groups

For rubidium acetate, the systematic reflexion conditions are:
oko present only for k = 2n
There are no other restrictions,
Thus, the transformed cell has the space groups P2, or P2 /m.
For caesium acetate, there are no restrictions on the presence
of reflexions, Inspection of reflexion intensities indicated that

the Laue symmetry of the required lattice was &/m.



220

Therefore, the allowed space groups are P6, P6 and P&/m,
Of these three space groups PH occurs rarely, Only one substance
(Ag,HPO, ) has been tentatively assigned to this space group. Thus,
either P6 or P6/m is more probable as the space group of caesium-
acetate,
5.2.1,5, Measurement of density, The density of the two salts was

measured by the floatation method(77)

, using a 10 cc specific gravity
bottle. Carbon tetrachloride (density ~ 1,5867 g cm-3 at 20°C) was
added to methylene dibromide (density ~ 3 g cm_B) until the small
crystals introduced to it remained suspended in the liquid, All
operations were performed inside the glove box, The specific gravity
bottle was then filled with the mixture and taken out of the glove box
for weighing on a Mettler balance (sensitivity: 0,00001 g). The whole
operation from mixing the liquids to obtain the mixture with required
density to the weighing of the mixture, was repeated three times and
the average of the three readings were taken, The results are given

in Table 5,2,1.,5, along with other data for the two salts,

Takle 5,2,1,5.

] ! [
Salt D(obs,) 2 Cell vol. | No, of formulaD(cals.,) ;
g cm > v a3 i units ‘g cm ?
! N
Rb acetate 2,19 221,56 2 12,17
Cs acetate 2,50 786,86 % 6 2.2
| . i

In the table, the observed values of density were used to calculate

the number of formula units in the unit cell,
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log ., freguency :
‘Fig,80. Variation of ¢/ and ¢~ with frequency

of anhydrous rubidium acedate,



(numerical data are given in Appendix)
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Fig. 82. Variation of ¢ 2 ¢”"with log (frecuency)of
to

anhydrous lithium acetate
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5,2,2, Measurement of dielectric properties of rubidium and caesium
acetates,

The procedure followed for the measurement of the conductance
and capacitance of the condenser containing other ionic salts as the
dielectric material were exactly similar to that of the potassium
acetate, The values obtained for C_ and Gp with rubidium acetate
powder as the dielectric are plotted against temperature for different
frequencies in Fig,78, The tendency of the values to rise with
temperature is similar to that of potassium acetate, The result for
caesium acetate shown in Fig,79 also reveals the same tendency,

Values of the relative permittivity €' and the loss-factor €"
were plotted against log frequency for rubidium acetate and are shown

in Fig.&0,

5.3, Dielectric properties of lithium acetate dihydrate

Graphs of variation of Cp and Gp with temperature and at
different frequencies are given in Fig,8l., The two peaks in the
Cp—t curve at about 5800 and in between 140°C and 14500 were due
probably to the removal of the two molecules of water of crystallisa-
tion in the two temperatures respectively(78). From the graphs, it
is evident that the overall behaviour of the resulting anhydrous

material is similar to the other acetates investigated, The graphs

of &' vs log frequency are given in Fig,82,
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5.4, A check on the reliability of the dielectric results

To check whether the results obtained so far were reliable,
a sample of sodium nitrite powder, which has a well known ferroelectric
transition at 16300, was used as a dielectric in cell No,2 and the C
and Gp values were measured at 1592 Hz, These values are plotted
against temperature and displayed in Fig,83, These graphs correctly
show the ferro = para electric transition at 16400, Thus, the
results obtained with the acetate samples cannot be due to any defect

in the experimental system,

5.5, Conclusions

The room temperature cell dimensions of rubidium acetate are
similar to those of the potassium acetate, form II structure (say at
8000), The alternative space groups are the same in both salts, but
in the case of rubidium acetate, a has decreased by about 0,647 R;
b and ¢ have increased by 0.36 and 0,23 £ ana B has increased by about
3,60, The increase in the c-axis cannot be wholly accounted for by
the difference in the ionic radii of Rb' (1,48 &) and k" (1,33 ),
which is only 0,15 K, It appears that there are minor adjustments
in the packing although the basic structure of the ionic double layers
may be the same with the rubidium ion being co-ordinated by only
6 oxygen atoms,

In caesium acetate, the ionic radii of Cs (1,69 ®) has increased

to a still larger value, Surprisingly the c-axis repeat distance now
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falls to 3,98 R suggesting that a structural change has taken place,
The dielectric properties of the acetates studied so far show
the same tendency of rapid rise at higher temperatures, Further

discussion of these results is postponed to the Discussion Chapter,
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Chapter 6

DISCUSSION

6.1, Introduction

An assessment of the results given by different techniques of
measurement has been presented in the last three chapters, Now in
the final discussion, the phase transitions of potassium acetate
will be discussed in relation to its molecular structure,

6.2, The solid-solid phase transitions

It can now be concluded that potassium acetate has three
polymorphs involving two solid-solid phase transformations - one at
1550C and the other at about 7500, The structure of form I, (above
155°C) is orthorhombic, The structure of form IT, (between 155°C
and ~a7500), is monoclinic and that of form ITI, stable between
~ 75°C and room temperature is also monoclinic with eightfold
increase in volume of unit cell, No evidence for the transition

at ZBOOC, suggested by Hazlewood et al,(7)

from dilatometric measure-
ments, could be detected by the X-ray diffraction method, The
rotation photographs about b-axis at 160°C and 247°C are indistinguish-
able apart from changes due to the small thermal expansion (Fig,84),
This does not, of course, rule out the possibility of the formation

of structural defects at elevated femperature which may not influence
the statistical structure detectable by X-ray diffraction, Thus,

the production of Schottky defects would lower the density of the

material, i,e. increase the volume of a constant mass,
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In this connection it must be noted that the present measurements
are based on measurements of a single crystal whereas Hazlewood's
graph is an averapge line based on several measurements of two poly-
crystalline samples, It may be possible that different crystals
behave differently, Moreover, the state of the sample must be
significant as the quantitative change in molar volumes determined
by macroscopic and microscopic techniques have been shown to differ
significantly, Two probable reasons may be considered for this
discrepancy:

(i) The first may be errors in either or both of these sets of
measurements, As each set appeags to be self consistent, it is
highly improbable that in either method an error of 2 cmamole_l

3

could occur in a volume change measurement involving only 4 cm mole-l.
Thus, this reason for the discrepancy is not tenable,

(ii) The most probable reason however is the difference in the

state of the sample used for measurement, Hazlewood et al,'s

3

sample was dried at room temperature by evacuation to ~ 10 “mm of
Hg, whereas the present measurements show that even after heating
through thermal cycles from room temperature to ~180°C several times
a day repeatedly passing through the solid-solid phase transifiofi

at 154°C and evacuating to ~ 10 “mm of Hg, it needed three days to
make the sample effectively free from moisture,

6.2,1. The Form I —» Form IT transition, The transition II —3 I

has been detected by all the three methods of investigation,
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X=-ray diffraction showed change of structural symmetry from monoclinic
to orthorhombic and the rapid increase in the a-axis cell dimension
terminates at the transition, The dielectric properties ¢ and &
(represented by capacitance and conductance of the dielectrici%ll)
have shown a slight anomalous increase at the tramsition, Tﬂé DTA
thermograms show a peak resembling a A-point anomaly, In the three
methods, one feature is found common - that there is no evidence for
any structural discontinuity at 15500. There is, however, a pre-
transition range (premonitory range of Ubbelohde; see introduction)
in which the measured property begins to change before the actual
transition, In the X-ray diffraction method, reflexions from the
two orientations of the monoclinic structure, i,e, reflexions of the
type hol and hol were slightly broadened below the transition tempera-
ture and the broadening persisted even when the diffraction geometry
indicated that the transformation to the orthorhombic structure is
complete (Fig,85). Detectable line broadening is limited to a
temperature range of about 10°C around the transition temperature,
The anomalous pretransition rise in the dielectric properties and
the DTA thermopgrams also spread over about the same range of tempera-
ture, To interpret these observations in terms of structural changes,
it is necessary to consider the idealised structures of forms I and II,
In the average structure form I, the C-C bond of the planar
acetate ion at x, ¥y =4%, 7z = % in the unit cell lies along the twofold
axis of the space group parallel to the a-axis, The second acetate

ion at X, ¥ = %, zZ = % lies antiparallel to the first, The two
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potassium ions have similar co-ordinates to the acetate ions, Thus,
each potassium ion is co-~ordinated by six oxygen atoms ~ four from
the four acetate ions lying above and below the potassium atom
(displaced by + %) and two from the acetate ion having the same
z-co~ordinate as the potassium, The structure can, therefore, be
considered as containing ionic double layers of potassium and oxygen
atoms parallel to (100) firmly bound by ionic forces; between two
such parallel double layers are the acetate ions with their methyl
groups in contact and attracted by much weaker Von der Waals forces,
Consideration of the cell and atomic parameters of potassium acetate,
form I structure shows that there is a rather large void in the

unit cell of about 1,82 R x 1,76 £ extending through the whole
crystal along [001] (Fig,86), The unusual behaviour of potassium
acetate appears to stem from these two peculiarities, viz, the ionic
double layer parallel to (100) and the large void (marked in the
figure by X) in the sgructure,

It was established experimentally that the b and c¢ axis
directions in the orthorhombic form I and monoclinic form IT lattices
remained unchanged throughout the.phase transitions, This can now
be seen to imply that the orientation of the ionic double layers
remains constant, In the monoclinic form II structure, the twofold
axis identified with the acetate ion orientation in form I, has dis-
appeared, so that the ion is no longer constrained to remain parallel
to the a-axis in form II and moves in the plane (010) with respect

to the double layers parallel to (100), whose structure does not
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change significantly, The progressive decrease of a-axis below the
transition temperature from 9,744 % at 155°C to 9,330 % at 80°% ana
the increase in B from 90o at 15500 to 99.10 at 8000 can be visualised
as a shear deformation of the form I structure along [001] parallel

to (100),

As has been reported in Chapter 2, direct measurement of B
could not be followed right up to T (IT — I), but indirect evidences
had been given to show that even if there is any discontinuity in B,
it would be limited to within a degree or so above 900,

From the above description, the structural behaviour of the
transition IT —3 I can be interpreted as follows: On increasing the
temperature of form II, acetate ions begin to switch between two
alternative sites (represented by the two twin orientations) as the
transition is approached, The number of ions switching increases
with increasing temperature which accounts for the pretransition
phenomenon in different properties, The two sites mentioned abové
correspond to the 'observed' and 'reversed' position of a displacive
transformation discussed in Chapter 1, so that the form I structure
is the statistical average of the two positions and forms a higher
symnetry structure, At temperature above and below the transition
region the sharpness of X-ray reflexions is regained and dielectric
and thermal anomaly disappears, suggesting that orientational dis-
order involving the acetate ions is energetically unfavourable,

From the X-ray results this appears to be when the B angle exceeds

the value of about 930. Immediately above the transition temperature,
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a continually changing mosaic of small regions "observed" and "reversed™
forms in equal amount have been formed, This is the statistical open
form, The lack of any detectable discontinuous change in volume at
the transition temperature suggests that this is a second order trans-
formation, but it is difficult to confirm this, because the transition
is spread over a few degrees, Practical difficulty arises because
different parts of the crystal appear to be transforming at slightly
different temperatures; probable reasons for this are crystal defects
and impurities, anisotropic surface strains or simply a temperature
gradient along the crystal in the furnace, The temperature range of
the anomalous increase in the dielectric properties at the transition
is also broad showing that no abrupt change has taken place at a fixed
temperature, The peak in the DTA thermograms which was thought to

be representing changes in heat capacity, resembled a co-operative

peak rather than that of a first order transition, Thus all evidences
suggest that this transition is structurally and hence thermodynamically
continuous, But further study by purely thermodynamical methods and
dielectric measurement on good single crystals is needed for a final
settlement of this conclusion,

Form II structure has already been described earlier in dis-
cussing the transition II —1I, This structure is temperature
sensitive, Here a-axis rapidly contracts and b (also c slightly)
expands on cooling, The contraction of & may be considered by
referring to Fig,86, To minimise the cell volume as the crystal

is cooled, the methyl group of the acetate ion A in contact with
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methyl groups on the acetate ions B and C appears to slide over them
for close packing so that it pushes towards the void in the unit
cell in between B and C, The methyl-methyl separation, given by
the model described in Chapter 4, at different temperatures supports

the above idea:

% Methyl contact distance (&)
155 h.25
150 k.30
120 4,28
100 4,31
80 L, 36

Thus, in between lBOoC and lOOOC, the methyl group of A, when
sliding over those of B and C, crosses the nearest point on the
saddle formed by them and at 8000, it enters the void in the structure,
The penetration of a large methyl group in between the acetates B and
C would, of course, separate them to some extent so that this picture
would account both for the contraction of a and for the expansion of
b on cooling through form II, If this is the correct explana ion
then what has been described as thermal expansion and contraction
may in reality be a thermomechanical strain effect(79). Otherwise,
the large anharmonic vibrations along a-axis which must be set up
to account for the large thermal expansion of a would not simply
account for the other lattice parameter changes observed experimentally,

6.2.,2, The Forms IT —3 III transformation, The dielectric and DTA

measurements did not reveal any unusual behaviour at this transformation,
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It was detected only by the appearance of additional layer lines

with k = %, %, %, % etc in between the main layer lines of the b-axis
(form II) oscillation photographs, This fourfold increase in the
b-axis at the transition II —3 III was accompanied by a twofold
increase in the a~-axis as evidenced by indexing of reflexions in

the Weissenberg photographs, The transition was accompanied by

a small contraction of the b~axis which reversed the negative thermal
expansion coefficient in the direction of b, but the expansion
coefficients along a and ¢ axes were only slightly effected by

the transition,

It has already been shown that form II and form III structures
are clocely related so that the unit cell of form II becomes a sub
cell of form III, The big unit cell of form III (Fig,87 a,b)
comprises 8 such sub cells as shown in Chapter 4, There, a mathe-
matical model was designed to ensure that reflexions with k = Ins2
are absent; a schematic diagram of such a model is shown in Fig,87(a).
At the same time arguments have been presented in that chapter
showing that only the space group Cm is consistent with suci)a
structure, In that case, sub cells marked 1 and 2, 5 and 8, as
also 3 and 4, 7 and 8 must be related by mirror symmetry (Fig.87(Db)).
As each sub cell contains two molecules, this is possible only if
one molecule lies in the mirror plane, Thus the mathematical
model represented in the Fig,87(a) is 1inconsistent with the space

group} as there is no reason to suspect that the arguments leading

to the space group invalid, the mathematical model may be rejected,



(2)

(b)

1

2

s ® 9 6 o ® o ©
o ® g 0 o & p o
¢ ® 8 8 00 o0 o

......fﬁ‘...
e ® ¢ ® & ® o O

® & o 2 0o 0 0 o

2. 0 8 8 5 0 Q O

¢ % 206 00 8 o
* ¢ o 8 00 0o
a9 o0 00 0
® 0 e 0 08 o 9
e o o 4o
® e 2 0 00 o o
s e 60 00 8 o

‘® e @ o ® 0 & ¥

X .l. ...F'... ...

® ® o ¢ o9 oo
® 0% 0 0 0 0o
® & & ¢ o ® o @
® & % 0 0 g 0 @
® ® & ® o 9 ¢ o
® et e e

® 08 o0 ot @ 2

F2

e e o0 o & 0 o
* s & 9 8 g * @
e % ¢80 a0 g ¢
" o ¢ 99 g0 8
e« ® o0 g0 ¢
P e ¢ o ¢ o 0,
e 6 9 ® g 0 90
IR
0 5 % 9. % 9"
o ¢ % o 0 o ® @
o & ¢ % o & @
o & ¢ ® g ¢ ¢
a® o8 o 0 g ¥
® 9 & @ ® g & o

e ® o & 9 & 2 v
® 9 & g ® » & o
2 © @ & ¢ & g ¢
® ¢ 0 9 @ 9 ¢ o
e'® o0 o8 90
® 2 & o ® 5 * g
® ¢ 0 ¢ o8 3 o
L I § LI
s e He oo
e s s s b sooe
® & &9 0 0 0 0
® o & 8 & 2 0@
e & 9o 0 0 0 o 8
o o 2 0 & & &

ol

"

a

o

é

7

representation of the mathematical

»

which accounts for the absence of the reflexions

Fig.87a. A schematic
model

of the type k= 4n + 2.(potassium acetate, form III)
b. The schematic representation of tThe space group.
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In the absence of experimental evidence any further statements
regarding the form III structure are bound to be speculative, The
problem is essentially to define the difference in structure between
the subcells F(1) and F(2),

In discussing the origins of additional reflexions in the
Chapter 4, several mechanisms were described which accounted for
the appearance of additional reflexions, Periodic error in the
packing of layers as in 4:4' dinitrodiphenyl etc(72) would lead to
diffuse superlattice reflexions, In potassium acetate form ITI,
the reflexions in the additional layer lines, although weak, are
sharp, not diffused, Regular alternation of two structures as in

(71)

Felspars would imply that F(1) and F(2) are unrelated, This

is permissible provided that the structures are chemically identical,
The known impurities of potassium acetate are of very small quantity,
If F(1) and F(2) are structurally unrelated it is not possible to
proceed further without full structural study, On the other hand,
this is unlikely to be the correct interpretation, for it would
require all reflexions with k = 2k+2 to be absent accidentally,

Hence it is more likely that form III is a modulated form II
structure in which the periodicity of the modulating function is
commensurate with the lattice of the basic structure, The origin
of the modulating wave is suggested by the earlier assumption that
the acetate ion A passes over and through B and C (Fig.86) so that

its methyl group approaches the void X in the unit cell, Further

reduction in cell volume may not be possible by this simple mechanism,
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Further penetration of the methyl group into the void may force the
molecules B and C apart, Conversely, the void volume may be reduced
by moving B and C closer together, These alternatives suggest
models for the two subcells and these can be arranged to form a
reasonable structure, This is thus a continuation of the form II
structure, The difference now is that many of the acetate ions
have no constraint to remain parallel to (010) and so the packing
is much more compact, This model is consistent with the space
group symmetry as shown in Fig,88 and possesses the essential require-
ments that the structural changes can be progressive and reversible,
This model has not yet been further investigated through lack of time.
On heating and cooling the intensities of the reflexions in
the additional layer lines do not follow the typical curve for the
variation of order with temperature (Fig,6). The path followed by
the intensity vs, temperature curve on cooling from form II to room
temperature through transition II —3 IIT was different from that
obtained on heating over the same range of temperature, so that
a hysteresis loop extending over about 1500 was observed in the
transformation IT ;:'III for the crystal used, As discussed in
Chapter 1, such hysteresis indicates interfacial (or domain boundary)
and volume strain energy in the growth of the new phase in the
matrix of the old, The intensity curves referred to above with
inflexion points as shown in Fig,35 may perhaps be- related to strain
in the structure on the basis of the modulated model, A thermodynamic

(80)

treatment of ferroelectric behaviour given by Devonshire implies
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that such curves would be obtained when a stressed crystal undergoes
a second order transformation, Taking the free energy relation to
be

dGl = ~3dT + xidhi + Edp

where Gl is Gibb¥s elastic free energy function, S is entropy, X; and
Xi are strain and stress components, E and P are field and polarization,
D@VOnshire showed that when stress is assumed to be zero in a ferro-
electric undergoing second order transformation, the polarization
varies with temperature at different polarizing fields as shown in
Fig,89. Without field and stress, the second order transition
would be distinct whereas the effect of an electric field is to
blurr the transition so that the plot of polarization against
temperature no longer falls sharply to zero but has a point of
inflexion at Tc'

This behaviour has some resemblance to the variation of
intensity of the reflexions in the additional layer lines with
temperature in potassium acetate form III, In this case of course,
if the same free energy equation is assumed to be applicable, EdP=0
and dGl= ~34T + xidXi, If it is further assumed that the intermal
stress is decreasing with increasing temperature (assuming the
decrease in the second term to be faster than the increase in the
first term -SdT) and that the resulting strain in the crystal
effects the intensity of the additional reflexions (this in effect

is an assumption that the additional reflexions originate from

internal strain - which supports the modulated model of the structure),
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then the X vs, T or Intensity vs, T curve should follow that observed
experimentally,

In this connection it may be pointed out that the reason why
the transition forms III — II could not be detected even by the
DTA method might just be that the interfacial and volume strain
involved in the transformation discussed above, has probably smeared
the peak beyond recognition under the experimental condition{ In
fact, in one thermogram (IFig,53%a) there is a suggestion of such an
effect, where the base line shifted very slightly towards exothermic
direction from ~ 40° to ~ 80°C forming a very wide and flat peak,

It must be emphasized that these results of thermal analysis
are tentative and more accurate thermal measurements are called for
in order to understand the thermodynamic behaviour of the transforma-

tions,

6.3, Comparison of rubidium acetate with potassium acetate

The only other acetate studied that resembled potassium acetate
in structure is rubidium acetate, Its space group is the same as
that of potassium acetate, form II and the B-angle and a-axis are

comparable :

al o
potassium acetate 9.33 ... 80%C 99. 4
9.10 (x2) 23°%C 100, 8
rubidium acetate 8.69 ,.. 22°c 104, 4

The b and ¢ axes are slightly larger although of the same

order of magnitude as in potassium acetate, Such a comparison calls
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for an explaﬁation why rubidium acetate should not show any polymorphic
transitions above room temperature, To account for this, one con-
siders the difference in the ionic radii of XK' and Rb® which is 0,15 R
and the difference in the a-axes of the unit cells of potassium and
rubidium acetates which is O,64 £, This shows that even if a thermal
expansion of a-axis and a decrease in B as large as in potassium
acetate is assumed to occur (in fact, there was no readily observable
displacement of reflexions in rubidium acetate high temperature photo-
graphs for which reason its high temperature study was discontinued)‘
at no temperature below melting point will the a-axis of rubidium
acetate be long enough to allow the acetate ion to switch over the
'"meutral’ or "toggle" point to another equilibrium position, as occurs

during the IT —3 I transformation in potassium acetate.

6.4, Structure and other properties

6.4,1, Dielectric propertiest In the above discussion, the trans-
formations have been correlated with the structures of potassium
acetate, The structural basis of the slight anomalous increase in the
dielectric properties is now clear, The switching of the acetate ions
to the second equilibrium position must contribute to the orientational
polarigation which gives the anomalous region,

In addition to this anomalous effect there is another effect to
be accounted for, which may again be attributed to the presence of the
ionic double layers and the void in the structure. In the dielectric
measurements, it has been observed that above ~100°C there was a general

tendency at any frequency for the capacitance and the conductance of
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a cell containing acetate as dielectric, to increase with increasing
temperature, At a particular temperature as the frequency decreased,
the capacitance increased and the conductance decreased, VWhen
converted to relative permittivity € ' and loss factor &1, both sets
of measurements showed an increase as the fréquency is decreased
(Figs. 49 and 80). The graphs of log (" against log frequency for
potassium acetate are shown in Fig,90, From these graphs, it is
evident that the polarization increases with decreasing frequency
suggesting some mechanism with large relaxation time, However,
although é-' is behaving as if it is approaching a Debye relaxation
region, on the other hand (J' does not show the increase needed for
the formation of a relaxation absorption peak, Such behaviour of

& and G;”ncannmt therefore be due to a Debye relaxation effect which
thus rules out the possibility of rotation of any part or the whole
of the acetate ion in the frequency range studied, The effect can
be discussed in relation to different mechanisms of polarization:

(i) Tonic polarigzation: Rising temperature should decrease the
dielectric constant of an ionic solid by decreasing the density, but
at the same time increase in the distances between the ions weakens
the forces between them, thus making ionic polarization easier,

(49)

The latter effect is much greater than the density effect In

potassium acetate, the main objection against this interpretation is
that in the present case the frequency of measurement is below that
normally required to excite ionic polarization, (frequency for iomic

0

polarization ~101 Hz), Even if this objection is discounted on the
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grounds that many properties of potassium acetate are unusual, then
there are other objections which cannot be dismissed similarly, For
example, in potassium acetate K-0 distances were assumed to remain
constant at least in form II and up to the transition IT -~ I, Such
an assumption resulted in reasonable agreement between observed and
calculated diffraction intensity, Thus, polarization should have
decreased in this region (contrary to observation), for, actually
decrease in density was noted, This indicates that the rapid increase
in the dielectric properties has some other explanation,
(ii) Interfacial polarization of heterogeneous dielectrics: The origin
of this type of polarization has been discussed in the Introduction to
Chapter 3., Now the interfacial polarization arising out of any
source cannot be distinguished from orientational polarization by
measuring é-', because its variation with frequency is precisely the
same as that for the case of Debye relaxation, But the expression
for (J' in this case contains additional terms (compared to the Debye
expression) inversely proportional to frequency, This means that as
frequency w» — O, the loss represented by &'"—3 oo, The interfacial
polarization can thus be distinguished from Debye relaxation by
observing &"below the relaxation frequency, In the Debye case
" —0as ¥ —0,

For potassium acetate, the log &'vs, log (frequency) curve
has already been shown in Fig,90, It is similar in behaviour to those
obtained by Hamon(8l) using conducting inclusions such as copper

phthalocyanine and liquid n-primary alcohols dispersed in paraffin wax
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(Fig.37a). Thus interfacial polarization can be taken as one of
the recasons which causes the peculiar behaviour of the dielectric
properties in these acetates, Such polarization may arise for

one or more of the following reasons:

(a) Impurities. Conducting charge carriers can accumulate at the
impurity centres to cause polarization, The difficulties of purifying
ionic crystals are well known,

(b) Dislocations, | The conducting charge carriers may be trapped

at the dislocations and other defects formed during heating.,  For
reproducibility of the results the number of charge carriers and the
defects formed must be large sc that the measured average behaviour
may remain the same for each measurement,

In both cases, there must be thermally activated charge carriers
in the absence of conducting inclusions and in potassium acetate these
are likely to be potassium ions, In a crystal, the mobility of such
iong under the influence of an electric field is closely connected to
their diffusional mobility, This is shown by the fact that at higher
temperatures, the temperature dependence of both the electrical con=
ductivity (d.c.,) and diffusion coefficient can be expressed by a
formula of the form:

K = A exp,(~E/kT)
where K is elecirical conductivity, A is a constant, I is an activation

energy, k is Boltzmann constant and T, the abhsolute temperature.
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Now at a particular frequency, the d,c, conductivity in a
condenser is proportional to &' 30, in order to test the validity
of the arguments given above, in the present case, the values of
log &' were plotted against the reciprocal of absolute temperature T
(only for higher values of T) and are shown in Figs, 91(a), (b), (c).
The graphs are practically straight lines, At different frequencies
the straight lines are all parallel suggesting that some activation
process with constant activation energy is involved:
thus

" o= A exp,(-Eo/RT)

Here A is a constant; Eo’ the activation energy in cal.;
R = 1,987 cal, per deg. per mol, is the gas constant,

The slope of these curves of 2,303 log;, GJ' ve, I/T gives

EO/R, whence EO has been calculated and is given in Table 6,4,1,

Table 6.4,1,

Calculation of activation energy

Compound Frequency EO
kHz kcal.mol.-1
Lithium acetate 5 17.7 )
\ =174 (av)
20 17,1 !
Potassium acetate 5 20.7-\
hnt 20 (av')
20 19,6 |
Rubidium acetate 1 5 26,0 °
| | ~25.4 (av.)
i 20 2k, 8 |
1
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Fig.91(a) The valueé of logme are plotted agalnst
thhlum acetate anhydrous. LT

i/T; samble :

1.0

0.0023 1/T»

- 5kHz -

~1.0 b - . S 20kHz

Fig.91(b) The values of log, egrekplotteq §gaiqsﬁdM

1/T, sample : Potas51um aca+ate - : ';

( Numerlcal data are glvem in the Appendlx )
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It should be noted that the magnitude of the activation
energies obtained above are not very accurate when considered as
absolute values, because of the use of approximate values of Co (the
capacity of the condenser without any dielectric in between electrodes)
in their derivation, Nevertheless, the relative accuracy of the
different measurements on the different samples should be accurate
enough for their comparison to be significant, It is evident,
therefore, that the activation energy increases as the cation size
increases, This is taken as confirmation that it is the thermal
activation of the cations Li', X' and Rb' that is responsible for
the rapid rise in the relative permittivity &' and the loss factor &',
Thus the similar behaviour of the dielectric properties in the
acetates studied may be co-related to common features in their crystal
structures, These common features may well be that the cations are
co-ordinated by oxygen atoms to form an ionic double layer (the
rubidium acetate structure probably contains ionic double layers as
in potassium acetate; the lithium acetate (anhydrous) structure is
unknown) .

In this connection, it may be pointed ocut that the idea of the
ionic double layers, with off-centre potassium ion in the co-ordination
polyhedron formed by oxygen atoms, was taken from the soap structures.
Thus it is quite possible that the soaps would also show similar
dielectric behaviour,

In potassium acetate, the movement of the potassium ion from
site to site may be accounted for by assuming that the alternative sit-

for potassium (model 2, Chapter 4), permitted by the space group
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symmetry, at x, %, % and i, %, % usually remains vacant, because of
packing difficulties, But as the tempefature is increased it may be
possible that the potassium ions jump to the alternative vacant
position limiting the movement of the cations to the ionic double
layers, Such a jump would be facilitated if there are some vacant
sites already present in the ionic double layers due to formation

of Schottky defects, Such defects should always be available in

a real crystal, Thus, if this process is responsible for the low
frequency dielectric loss (and d,c, conductivity) the maximum efiect
should be obtained along [010] and [001], But from experiments with
the gold-plate and platinum wire condenser described in Chapter 3,

it appears that the effect is slightly greater in the [100] direction
(Fig,48), Although the experiment was not very satisfactory
(because the measurements were done not on good single crystals, but
on a multiple crystal block with preferred orientation), it is more
probable that at higher temperatures the potassium ion is not con-
strained to lie in the double layer but jumps to the void within the
unit cell in between the four acetate ions (Fig.86). A jump of about
0.8 2 parallel to the a-axis would bring the potassium ion into
contact with four methyl groups while keeping the distance (D,) to
the nearest four co-ordinating oxygen atoms, the same as before,

The distance (D, ) from the other two distant oxygen atoms now increases
from 2,82 2 to 3,57 ﬁ. Thus, there is always a possibility that on
application of an a,c, field to the crystal, a2t higher temperature,

some K ions jump into the alternative site, which would be equivalen®
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to diffusion of charge carriers and would effect the dielectric
properties in the way already described, Such a thermal diffusion
causing an ohmic current under the influence of an applied field
will not effect the diffraction pattern., This picture can be

(82)

compared to the jump of Ba2+ in Bax(Ti8-ngx)ol6 along a tunnel
in the structure, but there is a difference that the activation
energy is small in Baa+ jumping (~ & kcal,). Whether there is
really any appreciable anisotropy in the dielectric behaviour to
confirm the potassium ion jump th the void in the structure can only
be decided by accurate measurement on good single crystals, Besides,
to investigate any possible Debye relaxation of these molecules in
the crystals, the dielectric investigation needs to be extended to
higher frequency range,

6,4,2, Other properties: On the same peculiarities in the structure
of potassium acetate do depend other physical properties, TFor

(7)

example, Hazlewood et al, found that potassium acetate contracts
on melting, Because long range order disappears on melting, there
will be no necessity for the void in the liguid structure,

The influence of ionic forces in the double layer, is evidenced
by the off-centre position of the K" in the oxygen co-ordinztion
polyhedron, This effect may be due to the nearest neighbour K+ - K+
repulsion in the double layer and probably some influence due to

co-ordination of the K' to the next nearest neighbour oxygens lying

in the next ionic double layer,
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The ionic double layer again is responsible for the shape
of the potassium acetate crystals formed from melt inside a glass
tube, As has been shown in Chapter 2 that on recrystallisation,
the crystals formed a cross-section as shown in Fig,12, where the face
(100) tends to remain parallel to the glass surface, It is now known
that the face (100) of a potassium acetate crystal is the ionic double
layer formed by potassium ions co-ordinated by only 6 oxygen atoms.,
The basic structure of a simple glass (fused quartz) on the other
hand is a three dimensional network of silicon and oxygen atoms -
oXxygen atoms forming a distorted cage round the silicon atoms,

The glass surface is thus a sheet of atoms where oxygen atoms are
abundant, The ionic double layer of potassium acetate with insuf-
ficiently co~ordinated K" ions thus finds a ready source of oxygen
sheet in the glass surface and extends co-ordination to the surface,
suggesting why the crystal surface (100) tends to remain parallel to
the glass surface,

Prior to this study practically nothing was known about the
structure and properties of potassium acetate; this investigation
has revealed the structural basis on which, apparently, many of its
unusual properties depend, Moreover, potassium acetate appears to be
the only known example of an organic salt exhibiting behaviour resembling
that of super lettice formation in an alloy, Only complete crystal
structure analysis can establish the validity of the model proposed
but the basis has been laid for such a study and for a more accurate

analysis of the other structures exhibited by this unusual compound,
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Table 1
Observed Lattice Parameters of Potassium Acetate, = 1,5418 &

t% 00 (A)  dgyp (A) 93010 @3010 +°c dyy0= Bl
23 8.942 3,976 20,807 17,211 25 23,201
36,1 8,986 3.972 20,694 17,297 50 23,233
L7.5 9,026 3,983 20,594 17,309 €0.5 23,243
55.2 9,091 3.986 20,405 17,186 67.4 23,20
67.8 9,167 3.986 20,255 17.200 68,3 23,278
72,0 9,168 3,98 20,205 17,686 0.6 23,287
73.6 9,184 3.972 20,189 17,191 - 86 5.816
7.7 9,197 3,972 20,183 17,228 126.7 5,780
86,0 9,255 2,975 20,010 17,185 152.7 5.762
95.3 9,283 3.973 19,951 17.258 161, 4 5.758

105,0 9,342 3.971 19,776 17,246 198.5 5,748

113,35 9,397 RN DRI 17,146

12k,0 9443 2.978 19,406 17,253

15,0 9,518 3,974 19,118 17,250

14,0 9,602  3,98% 18,786 17.405

47,6 9,621 3.983 18,729 17.467

49,7  9.679 3,979 - -

50,2 9,683 3.985 18,480 17.518

151,7 9.665 - - -

152,7 9,693 3,990 - -



Table 1 (continued)

te d1ooA)  dggp(A) 201 %201
153,1 9.711 3.9% - -
153.3  9.694 3.991 - -
154.3 9,757 3.990 - -
155,0  9.744 3,993 - -
160 9. 744 - - -
2k 9.853 4,021 - -




Table 2

Calculated Iattice P

t

arameters of Potassium Acetate

+°%c g° a f
23 100,8 9,103 4,048
36.1 100,5 9.139 L,040
47,5 100,2 9.172 4,047
55,2 100.1 9,234 L,049
72 99.6 9,298 b0l
5.6 99.3 9.306 4,025
5.7 99.2 9,317 4,024
86,0 98.8 94365 k022
95.3 9B.5 9.38% 4,017
105,0 97.9 9.432 4,009
113,35 97.5 9.478 4,005
124,0 96.8 9,510 4,006
135,0 95.7 9.565 3.99%
146,0 o, b 9,630 3,996
147,6 9.0 9. 645 3.993
150,2 95,1 9,698 3.991
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Table 3

Interpolated Values of Lattice Parameters and Molar Volumes

262

£% 2 5o (A) b (A) ¢ (A) v(ar) v oo = 2——)9’-
23 8.9 x2 5,8%h4kzx 4 4,048 210,9 63,51
20 8.970x 2 5,818 x4 4,047 211,2 63,60
4o 9.0 x 2 5,812 &4 4,042 211,9 63,81
50 9.057 x 2 5,811 x 4 4,037 212.4 63.96
€0 9.115x 2 5,810 x 4 4,034 213,6 64,32
67 9,150 x 2 5,812 x &4 4,0%0 214,3 64,50
68 9,160 x 2 5,820 x 4 4,020 214, 8 64,68
70 9,167 x 2 5,822x & 4,030 215,1 64,78
K 9,195 5.822 4,026 215,5 6,90
80 9,220 5.820 4,025 216,0 65.05
0 9,27 5,814 Lo 2167 65.25
100 9.315 5,804 4,015 217,1 65.38
110 9.37 5,794 4,015 217,7 65.56
120 9.420 5.785 4,007 2184 65.77
120 9.485 5.776 4,002 219.3 66,04
140 9.551 5.769 3.997 20,2 66,31
150 9.660 5,764 3,992 222,3 66,94
155 9.7kl 5,762 3,991 22kl 67.49
160 9, 74 5.760 3,991 224,1 67.49
247 9.853 - 4,021 -
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Table 3A

Approximate calculation of intensities,

a=978 1b=59R8 c¢=398, CHy=CH, =48, c~C=1,548%,
c-0 = 1,23 &, /oco = 120°

1 = even
k=0

o n= 1 2 3 4 5
Model 1

SH0l L0515 L1030 L1545 L2060 L2575
X
K(Efk) ~.0999| 734 2,90 =-2,63 7.17 -0
O(fo) ‘1996 2.45 -6.24 “6038 2022 .78
c(i£,) 2634 -2 2,83 -,70 2,72 1,14
c(gfc) Jh2201 -2,53 -1,60 .29 -1,09 -2,21
Model 2
K(;fk) L0185 | 8,962 8,772 8,781 8,014 7,464
Model 1 ™| 7.02 -2,11 -9,42 11,01 -2,0
Model 2 iF| 8.65 3,77 2,50 11,86 5.49
Model 1 IF|° ! 49,31 4,45 88,66 121.22 4
Model 2 ITF|%) 74,77 1418 5,77 0.6 30.12
i




Polycrystalline potassium acetate;

Table 4

Cell no,3 (Heating).

Values of capacitance and conductance

at different temperatures and frequencies, CP, (pF) 3 GP, (pmho) .,

t°c 0z | 15K . 10 ki ' 5 Kz ! 1592 Hz | 1 kiz 1;( 500 Hz ;

c G ' c ¢ ¢ G l c G c G c G| C G ﬁl
T L L LY - T T R I R I S A
;;7044.69 - '4.73 - 478 - ;4.80 - | 4,82 - 4,83 - L 84 -
100 | 4,72 - k82 - b8 - 4.8 - 4,87 - 4,88 - th92 -
150 | 5.18 - sk - 55.31 - 50 - sk - 5.6k - ?5.77 _
1541 5.20 L0011 ;5.38 - 5#4 0100 g5.54 0080 | 5,74 004k 55.85 -0036 5.95 0030
156 | 5,32 0148 539 0135 5.4 .0110 |5.56 .0087 |5.76 .0053 | 5.88 .00k 6,08 0032,
160 | 5,31 .0160 151;0 L0160 55.48 L0155 5,60 .0098 §5.86 .0062 ' 5.97 .0050; 6,24 .ooL;o%
170 | 5,36 ,0260 55.46 .0228 ;5.56 019 5,70 .0150 g 6.0k 0092 | 6.25 .007’7I 6.76 .00585
180 | 5.45 ,0k5% 25.56 059 55.69 .0320 ;5.91 .0240 | 6.47 L0151 6.89 .0130l 7.60 .0010;
190 | 5.60 ,0670 5;5.75 L0630 ?5.91 0520 [6.26 ,03% | 7,13 0240 7.70 ,0200! 8,92 .0150?f
200 | 5.77 .102 ?5.97 .08%0 fé.ao 070 6,68 L0580 | 7.97 0367 | 8.8 .0310(10,45 0230
218 | 6,48 ,2180 §6.76 .2010 %7.22 .1700 é8.20 .1300 110,70 0870 |12.06 .0750515.55 .0620%
n ! : ‘ ; ‘ :

(A blank (~) indicates a

very small value)

H9e



Polycrystalline potassium

acetate;

Table 5

Cell no,3 (Cooling).

Values of Cp (pF), Gp (pmho) at different
temperatures and frequencies

% 20 kHz 15 Kz 10 kHz ! 5 kHz { 1592 Hz 1 kiiz ' 500 Hz ‘

C G C G |cC G! C Gl c G c G c G '
' 20 14,66 - | 4,7 - W73 -1 47 - ’ 4,79 - k7 -‘ 4,80 -
©lhes - lwm - b -lage -lam - lw Jlus -
gloo b, 70 - | 4.8 - %4.85 -] L.,85 - g L, 86 - | 4.88 - &.92 -
i1110 5.05 ,0068 | 5,09 .0068 |5.13 .0060 ; 5.20 .0048§ 5.28 .0027 | 5.36 .0022: 5,45 ,0015
15 |5.26 L0090 | 5.3 - [5.40  ~| 5.9 .006:| 5.66 .00k | 5.8 .0035|'5.88 .00%0
155 15,30 0135 5,37 .0138 !5.47 .0110 | 5.55 .0076 ; 5.77 ,0052 | 5,88 ,0042] 6,08 ,0032
161 {5,325 ,0174% | 5,42 ,0160 |5,48 ,0160| 5.61 ,0100 ; 5.84 0067 | 5.96 .0050| 6.25 .0045
182 | 5.45 ,0490 5.59 ,04%0 |5.72 .03'72I 2.97 .0275 ? 6.58 .01 % 6.94 0144} 7,88 ,0110
190 | 5,59 ,0680 5.7 ,0670 {5,92 .0520! 6,29 .0405 § 7.18 .0250 t 7.79 .0210f 8.70 ,0160
199 | 5.84 ,1154 E 6,03 ,1005 16,27 ,056 i 6,85 .0650 % 8.25 ,0410 z 9.09 .0340(10,77 ,0260
220 | 6,96 ,32%0 ‘ 7.38 .2940 17.35 .2500! 9.18 - |12.20 1360 113,50 .1100 16,50 098k

i |

(A blank (-) indicates a very small value)

S92



Table 6

266

Capacitance and Conductance of recrystallised solid potassium acetate
C (pF), G (pmho)

itggp.z» 20 kilz é 15 kHz 10 kHz 5 kHz 1 kHz
| C G c G C G c G C G

23 5 - 5.06 - 1 5,08 - 5.09 - 509 =
115 5,17 - 5.25 - 5,24 - 5.25 - 5.2 -
U 5,53 - 5.65 - 5,76 - 5.0 - 15,8 -
150 15.86 - 5.93 - 6.14 - 6.06 .006 g 6,26 ,0036
154 |6,16 ,0130 | 6.26 ,01%0 | 6,29 ,0100 | 6,34 ,0078 § 6.67 0050
162 |6,15 ,0180 | 6.26 ,0170 | 6,33 ,0150 | 6,48 ,0120 § 7,05 ,0095
73 (6.26 ,0510 | 6,37 ,0460 | 6,48 ,0415 | 6,76 ,0335 g 7.89 .0190§
180 |6,36 ,08%0 | 6,51 ,0750 | 6,72 ,0660 | 7.09 .0520 ! 8.87 ,0310
L, | i ; ;

(A blank (-) indicates a very small value)



Potassium Acetate;
and the crystals grown,.

Frequency 1592 c¢/s,

100
120
137
160
210

245

Table 7/

267

cell: two pt, wires, powder melted in between

(temp. + 5°C to + 10°C).

G pmho
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Table 8
Pot, Acetate; powder allowed to melt in between two gold plates (thin);
upper plate (~ 4 mm sq); temp, + 5°%¢ to + 10%,

freq, 1592 c/s.

(o]

tC Cpl G umho
30 1,85 L0014
50 1.86 .0012
100 1.9 .0012
124 1,94 .0015
160 2,22 .0036
200 2.8 0125

258 8,00 -



Table 9

Capacity and conductance of the dielectric cell no,2 with rubidium acetate as dielectric

material, at different temperatures and frequencies

Cp (pF), Gp (pmho),

]

|

i

t°c . 500 Hz | 1 Kz, 5 ki 10 kHz | 15 Kig 20 Kz |
r G c a c G C ! ¢ G| ¢ G §
20 ;1.10 - 1,08 - | 1.00 - 0.95 - 0,93 -10,92 - ;
10 112 - 1,10 - | 1.04 -1 ooy -1 0,95 -1 0.93 -
160 21.55 0.0020 | 1,35 0,0025 | 1.15 0.0050 | 1,05 0,055 | 1.02 0,0070 0,98 0,007
1180 |2,40 0,0050 | 1.95 0.0066 1.45 0,0155 ; 1,30 0,0225 ; 1,25 0,0280| 1,20 0,0300
210 %4.30 0,0345 E 3.75 0,0383 | 2,60 0,0610 | 2,20 0,083 ; 2,00 0,1000 | 1,80 0,1140

692
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Table 10

Capacity and conductance of the dielectric cell no,2 with caesium

acetate as dielectric material, at different temperatures;

frequency 1592 Hz, C (pF), G (pmho),

r | | |
tc ¢ e t% c c | t%C ¢ G
L ? !
l ‘ l i

t
23. 5 2 56 0 OOOOl 76.0 2.7450.0009 1 142,513,55! 0.0077

130 5.2 57 ,o 00001 82,052.75 0,00095 | 147,0 3.77? 0,0104%
355259]
| 38, 512 60 io 0002 95.5;2.79 0,0011 |152,5| 411! 0,0149 ;

0 i : ! ] t

lwzz& 10,0002, 100,5,2,81/0,0013 {155 4,30 0.0175

0 00001 0.5/ 2,771 0,0010 ' 149,5 3,91: 0,0122

2, 012 61.0,0002 | 104,5 2,84 0,00145 1157 14,38, 0,0187 |

43, 5 2. 615 0.000% 109.5i2.88 0,0018 {160 k.74 0.0243

, | ! :
45.5 2,62 10,00039; 115 {2.92/0,0020 {162.5/5.,02 0,0292

48.5 2,63 | 0,00039| 121 Ez,oo 0.,0026 '165.0{5.36' 0.0350
: i :

50,012,635/ 0,000k | 124 :3.060.0030 168,0:5.82' 0,0441

54,5 2,66 {0,005 | 128,5 3.13{0,0037 {172 |6.48 0,0576

760.5§2,68 - 0,0006 ! 132.0?3.22 0,0043 i174 §6.?8: 0,0647
= ! t s i

64,0 2.69 | 0,0007 | 136,5,3.35/0,0054 175 ‘6,94 0,068k

1 a
{ ' .
138,0: 3,401 0,0060 ! % ; !

4
}

172,0{2,71 10,0008

'
i




C
p

C_, pF}

P

G mho,
D ]

Table 11

(This sample was made anhydrous for

next measurements).

and Gp values of Lithium acetate dihydrate

cell no,2,

t°% § c | G t% ; ¢ | @

| P ; . P P

! i i !

22 .69 | - ; 103 | 1.72 | 0.0008
37 L7 ; - ? 106 ; 1.71 % 0,0009
an Lo - | 12 | 1.7 0,002
51 1.68. % - i 118 | 1.70 | 0.0016
57 ! 2,47 E 0,0017 ; 123 1,72 g 0,0020 |
62 2,42 | 0,0006 | 131 1.87 E 0,0035 %
65 2.26 | 0.0006 | 140 2.45 | 0.0055 E
70 2,10 | 0,0006 146 | 1,65 | 0,001k %
75 ’ 2,00 % 0.0006 || 152 1,54 % 0,0009 |
78 1,90 | 0,0006 | 158 | 1,55 g 0.,0010
83 1.80 % 0.0006 }i 164 i 1.57 % 0.0013
87 | 176 § 0.0006 |§ 172 | .62 ; 0.0021
192 | 1.75 | 0.0006 I 179 % 1.70 % 0.0030
199 | 172 0,0007 ; 190 ? 1.85 § 0,0047

| ﬁg 199 | 2,04 0.0065

271



Table 11 (continued)

Cp and GP values of Lithium acetate anhydrous,

Cell no,2, C F.s G mho
pspi pP-

te%g, 20 kHz | 15 i | 10 kHz 5 Kiz 1 kiz 1592 Hz
c S G é c % G C G ¢ | @ c | @ C G
22 153 - I155‘ - 155 - 1.56§ - 1156 - {1.55| -
52 1.535 - |155 - ;1.55! - |L56] - (156 - 156 -
100 11,55, - 1.55% - i 1.55) - |16 - 158 - 156 -
150 (1541 - L1550 - 156 .- [ L58; - 160! ,- |1.58 0,0003
151 51.54 é - 1,56 g - % 1,58 0,0020§ 1,60 | 0,0016 | 1,66 10,0010 ; 1,62 0,0012
156 | 1.55 50,0027 1,58 ?o.oozof 158! - 1.60 | 0,0020 { 1.70 go.0013 1.64I 0.0015
161 11560 - | 1.58] - 1.6 - |16 00032]|1.7% 10,0016 | 1,68 | 0.0020
175 ;1.58 io,oogo 1.62 io.0078' 1.64% 0,0062! 1,70 30.0057 1.97 50,0030 1.85 | 0,0040
195 §1,67 10,0250 1,71 go,oaao 1,80§ 0.0187| 1.95 10.0135 | 2,57 | 0.0055 | 2.26 | 0.0071
210 j - § - 1y 10,0320 1,991 0.0260{ 2,20 {0.0185 | - - - -
212 i1.81 fo,oaao 1.88 io.oszo 1.99| 0,0265| 2.20 0.0185 3,04 | 0,0062 | 3,04 | 0,0065
215 21;845 0,0405; 1,92 é0.0375 2,02{ 0,030 | 2,27 10,0260 { 3,14 10,0065 }{ 3,82 i 0,0090 |
223 §1.9Gi 0.0580f 2,09 % - 2,26} 0,040 | 2,57 10,0250 | 3,45 {0,0072 | 3,17 § 0,0097
i : | } f i i ;

el
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Table 12
Values of €' and €' calculated on the basis of Tables 4, 9, 11
for calculation of activation energy,

Potassium acetate: cell no.3 : Co ~ 1,5 pF.

Frea. % | owm ¢ G
—— | |
20 Kiz, | 491 | 0,00204 4,32 1.5
- 473 ' 0,00210 | 3.85 | 0.5k
. 453 f 0,00220 i 3.63 | 0.24
L3 1 0,00228 3.57 0.1k |
—
15 Kz L 491 - 4,51 Dop.a2 |
w3 - | 3.98 0.6 |
3 - | 3.7 028
L3 - 3,64 . 016 |
10 Kz 491 - 4,81 1.80 |
473 - |43 0.81 |
; 453 - { 3.79 0,34 i
& oLh3 - 3.71 0.20
f
5 kHz ’ 4on - 5.47 2,80
} 473 - b 45 1.25
i L 453 L 3,94 0.51
3 - 3,80 0.32
1592 Haz | 491 - 7.13 5.80
. 473 - 5,31 2,45
| bs3 b 4,31 1,01
| L3 ; - | 4,03 I o.61




Table 12 (continued)

; !
Freq. { % | I/T ¢ gn ‘
1 iz 491 - 8.04 | 8,33
473 - 7.87 R
N R | 4.56 1. k4
L3 ’ - L.17 0.86
500 Hz 491 - 10.37 13.55
473 - 6,97 4, ok
453 - 5.07 2,25
Lh3 - 4,51 1,25
Rubidium acetate : Cell no,2 : Co ~ 0,78 pF,
o | !
Freq. TK ; /T { ¢! "
| : 1 i
20 Kilz 483 | 0,00207 2,31 1,16 |
LSk 0,00220 154 0.3k
433 . 0.00230 1,26 i 0,07
N ; i
i K :
15 Kiz s - | 2.56 | 136
why o - | 1.60 | 0.38
433 , - 1,31 f 0.10
! 1
10 kiz 483 1 - 2,83 f 1,68
s - 1.67 L 0.46
B3 | - 1,35 | o1
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Table 12 (continued 2)

Freq. 7K /T ¢ én

5 kHz 483 - 2.33 2.52
454 - 1,86 0,64
433 - 1,47 0.21
1 kHz 483 - 4,81 8.18
sl - 2,50 1.
433 - 1,75 0,53
500 Hz 483 - 2.51 14,27
45k - 3,07 2,07

433 - 2.00 0.82 ;

1

Lithium acetate : Cell no,2 ¢t Co ~ 0,78 pF,
(Anhydrous)
i ¢
20 iz 496 | 0,00200 | 2.51 0.59
488 0,00205 % 2,36 i 0.4
468 { 0,00214 Po2,1h 0.25
448 i 0.00223 L 2,01 0.09
429 0.00234 2,00 ; 0,03
t

15 Kz 488 0.00205 2,46 . 0.51
485 0.00206 WA 0,45
| 468 0,00214 2.19 L 0.30
L 448 0,00223 | 2.07 2 0.11
429 | 0.00234 | 2.03 . 0,03

2?5
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Table 12 (continued 3)

Freq. T°K /T Y e
10 kilz 496 0,00200 | 2,90 0,81
488 0.00205 2,59 0,61
485 0.00206 | 2.28 0.54
468 0,00214 2,31 0.38
448 0,00223 2,10 0,13
5 kHz 488 0,00205 2,91 1,08
485 0,00206 2,82 0,77
468 0,00214 2,47 0.56
448 0,00223 2,18 0.23
434 0,00231 2,09 0,13
429 0.00234 2,05 0.09
i
1592 Hz 496 0.,00200 4,06 1,24 |
| 183 0,00207 3.50 1,15 |
46D 0.,00214 2,90 0.91
| 448 : 0,00223 237 0.51
| 3 0,00230 L 2,15 0,26
429 0.00234 | 2.10 0.19
1 kHz Lg7 0,00200 4 42 1,54
488 0.00205 4,03 ! 1,39
468 0,00214 3.30 1.18
448 0.00223 2,53 0.64
I L3L 0,002%0 | 2.26 0.34
f 429 0,00234 { 2,18 0,28
! i E
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Appendix 2

Program for Intensity Calculation

The aim of the program is to calculate the diffraction
intensities theoretically, given the calculated values of the
co~ordinates of the atoms, for all reflexions obtainable, The
maximum limits to the values of h, k and 1 are set by the dimensions
of the camera, The'same reason sets maximum limits to 2 sin @ values,

It is now known that potassium acetate has three structures,
form I - orthorhombic, form II and III monoclinic, So it would be
convenient if the same program can be used for both systems, The
values of the monoclinic angle § decide whether the calculation of
ax, bx, ¢® is for monoclinic or orthorhombic system, These parameters
are then used to calculate 2 sin © and sin 8/}, needed for Lorentz-
Polarization factor calculation, Again in the orthorhombic system,
the calculation is limited to reflexions of the type hkl, whereas in
the monoclinic system calculation is to be done both for hkl and hk1,

The equation used for 2 sin @ calculation is
Pp=2sin €& = ‘/((haﬁ)a + (k'bx)2 + (1c§)2 + 2hl a'ctcos B)

For Lp-factor calculation, the expression used is (from Inter-

national Tables for X-ray crystallography):

1 4+ cos2 0
V& @h?)

Fa)é

Lp~-factor =

where L-l = (sin2 28 ~ ..
Here g = kMb, Putting p = 2 sin @

Lp-factor = (2-p3+p%/4)~/(P2(4-92) -4 EE)'
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The values of atomic scattering factors are obtained from
interpolation of those given in the International Tables for X-ray

crystallography.

The trigometrical terms were calculated with the formula:
Trigonometrical terms = cos 2n(hx + ky + 1z) + cos 2n(hx-k(y + %) + z)

(taking into account the two formula units per unit cell, For
oxygen atoms the above sum is doubled), The rest of the calculation
is proceeded as usual, and the calculated intensity is obtained,

The flow-diagram is given in Fig,66 and the program is reproduced

below:



,.f FOR CAL ULATTOF-OP ILxEL’ITV 279 _;

AXIS 1S B)

BEAD(S,ZQ[MQﬂ,KM,LH,ICS; BsC,BETA S

=20 -FORMAT{4T5:4F 8 3T = = ==
_______MRITE(6,79) A,8,C,BETA
~=——-70_FORMAT(1HO, 9X, 3HA 8.3 /410X 3HB =4 E8. 3/ /10X 3HE=S
_______1TA =,F8.3) , _
==——— PFEAD{ 5721 ) NF;NASRHOMAXHES ==

21 _FORMAT(213,2F10. 5)_

= WRTTE{6, 71 ZRHOMAX, ===

10X, &4HNA =413
READ(5,22) [ {FX{1I )

S 2 FORMAT{ 8F9.3) =

______ DpO_23 I=1,NA “
=03 READI 54 26 ) ATON T L SEUT LX) Y s 2l e

24 _FORMAT(A6,3X,4F9.6)
= ATOMIC PARAMFTERS X, Y,7.
DO _40_1=1,NA
THRITE( G, 41) ATOM{T) X LIV, YAT) 201 o —
_ORNAT(lHO A6,3Xy3F9.6)_

_“-7 COS(BQ)

= *M_/(ArSIN(oPH

B = WL/B_ i
SRC-= WL/ICk SIN(BR))
,WRITE(éD 9n). RA RB4RT

;ALEELOAT(Lrl)k;
DO T K=1,KM
TAK=FLOAT(K=-11
DO_8 J=1,JM
AJI=FLOAT(JY
AJ=—0.5%AJM+AJI-1.0




- 280

100 ~INHL PHO/(Z. HL)

===C=—"" CALCULATE LORENTZ-POLARISATION FACTOR = —— =
ZETA AK*UL/B

2 ) ’ - 4. 0,'_ ( 7 T & 2 i:; f_v—.::;::::_‘_:_::jr;;_.:;;-.:';:_:::::,:::;:::::-_»-:;i
e O T D 28

== = %0+ 25% I RHO=%4))./SQRTIDENOH ) === - =
C___ CALCULATE STQUCTURE FACTOR__ _ -

1p vM)+(FX(IPT+1,A
S CALCULATE TRIGONOMETRIGAL =

THETA1=6.2831853% (AJ* X(1) +AKEY (1) $ALZ (1))
=THETA2=6.2831853% (AJSXIT I =AKRY (Tt ALXZ (11 . 5%AKI =
:wLELYkIJ*eZS’W10?11921103ff

- RITF(%,lOS)(AJ,AK AL,RHD FACLP,OBINT)
105 FORMATUIHO; 3F5.0,F.10.6,3X,F10.6.3%,F10.3) Trammme
2P CONTINUE




Glossary of symbols used in the program for calculation of

Intensity

JM, KM, IM: Maximum values of h, k, 1 respectively.

ICs: A digit to denote crystal system @ 0 for orthorhombic,
1 for monoclinic,

A, By Ct Dimension of a, b, ¢ axes respectively,

Betat Cell angle in degrees (= 900 if orthorhombic).

NF': Number of different atom types,

NA: Number of atoms in asymmetric umnit,

RHOMAX: Maximum value of 2 sin O,

WLs Wavelength of X-rays in R

FX (IPT, N): The value of atomic scattering factor of N atom type

at sin @/\ given by IPT,

ATOM (I): A particular atom type I (up to 6 characters to denote),

281

SF (I): The atomic scattering factor table to be used for Ith atom,

X(1), ¥(1), 2{(1): x, y, z parameters for the ith atom.

J, K, L: hkl in integral form,

AJ, AK, AL: hkl in floating point form,

AJJ: h in floating point form for monoclinic structure,
AJM:e 2IM in floating point form for monoclinic structure,
AJ: =3 AIM 4+ AJJ + 1,0

RBETA: B° (180 - B).

BR: " in radians,

RA: a* = Ma sin B
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b

o
&
"
o,
i

d
Q
[¢)
il

Vc sin B

RHO: 2 sin ©

COS Bt Cos (" in radians),

SINWL: sin /A

ZETA kA/D (oscillation along b)

FACIP: Lorentz polarization factor,

PT: (sin /1)/0,05 + 1,0

IPT: Integral part of Pt

FRACPT: Fractional part of PT

FI: FX(IPT, M) + (FX(IPT + 1, M) - FX(IPT, M)) FRAC PT,

THETA 1t @ = Trigonometrical term for étém at x y z.

THETA 2¢ O, = Trigonometrical term for atom at x, }-y, z.

GI: Cos 6, + cos 8, or 2(cos & + cos ©,) according to y co-ordinate,
TERM: Product of atomic scattering factor FI and cos terms GI.

SFAC: P = E: fcos( ) = E: TERM over each atom in asymmetric unit,

SFACSQ: F°

OBINT: F2 X Lorentz polarization factor,
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