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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: 

Form I 	: From 155°C upwards 	 orthorhombic 

Form II : From 155°C to 75°C 	monoclinic 

Form III : From N  75°C 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 structural basis has been established. 

The transition II 	III 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 c axes have been measured. In the dielectric 

study, the relative permittivity and loss-factor rapidly increased 

at higher temperature, starting from about the Te  = 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 f100) 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 TITTPODUCT:ION 

1.1. Introduction  

1.1.1. 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 Uaals'. 

(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 

example, the existence of the hydrogen molecule is due to this 

type of bonding. 	A hydrogen atom has only one electron. 	When 

the two atoms come together to form a molecule, their two electrons 

belong; 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 

electrons 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 
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co-valency is small, the number of structures bound entirely by 

covalent forces 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 

them. 	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 forces is shown by the fact that each ion tends to draw as 

many opoositely 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 ionic 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 some alkali metals 

with oxygen are used to illustrate the variation of co-ordination 

number with radius ratio. 
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Table 1  

Co—ordination number for some cations with oxygen ion(1) 

ion 	radius ratio 	co—ordination number  

Li' 	.34 	4 

Na' 
	

6, 8 

	

.75 	6, 7, 8, 9, 10, 12 

Cs 

	

.96 	12 

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

have fairly high melting points. A few ionic crystals with their 

melting points are given in Table 2. 

Table 2  

Some crystals with their melting points 

Material 	melting point°C  

Ionic:— monoatomic anion 

NaC1 	 804 

Li Br 	 547 

AgBr 	 434 

304 

Polyatomic anion 

CH
3 
 COONa 	 329 

CH3  COOK 	 304 

CH_COORb 	 246 
) 

CH
3
CO0Cs 	 194 
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(d) Van der jaals forces arise from the instantaneous polarisation 

of the neighbouring atoms by the fluctuating fields of an atom. 

The interaction energy in this case varies inversely as the sixth 

power 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 their 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 

molecular crystals, on the other hand, crystallise in less sym-

metrical s-oace groups within the monoclinic and orthorhombic 

systems
(2) 	

In the organic structures the molecules can be 

reoresented by ellipsoids whose close packing leads to less 

symmetrical space groups(3)  

Although these are the basic types of chemical binding forces, 

in reality a large number of intermediate types of bonds are 

possible. 	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 
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ionic although the forces forming the complex (CN) or (NO3 ) 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 temperatures, execute 

hindered or free rotation. 	Such motions are likely to take place 

readily in L;roups of pseudo-spherical or pseudo-cylindrical forms 

and in the latter case, motion is restricted to rotation about an 

axis of pseudo-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 No,NO3, the transition to the rotating form takes 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 (4). 	On the other hand, a more or less spherical 

group such as NH4  can rotate about any axis. 

The packing of the organic crystal structures has already been 

mentioned. 	Each organic substance has its own distinctive 

molecular structure, and often the molecules in such a crystal 

might have a distorted and complex shape. 	For example, they may 

form shoots, 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 compounds such 

as ammonium halides or salts, form ionic structures, the component 

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

complex ion 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 ) , each sodium atom is 

octahodrally co-ordinated by six oxygen atoms of adjacent (C00)2  2- 

ions. 	In this crystal, and in many others, no distinction can 

be made between the two oxygen atoms of the same planfir ion, which 

suggests that complete resonance takes place between the two 

equivalent configurations: 

0 	 0 
C 	and 

0 	 0 

For this reason, the C-0 distance in the se crystal structures 

is intermediate between those of single and double bonds('). 

The relevance of the above description will be al-pparent when 

the chemical representation of the acetate structures studied in 

the -present work is considered . 	The carboxylic ion shown above 

is the co-ordinating group around the alkali metal ion. 	The 

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

CH- f orms the acetate ion. 

1.1.2. introduction to the pre se nt work. 	Earlier it was me ntioned. 

that the metal salts of organic acids form ionic structures. 

Durinr studies of the melting mechanism and melt properties of the 

alkali metal salts of various univalent organic acids, Hazlewood 

et al. (7)  have investigated some alkali metal ace tatc.,  s 	Few of 

those salts yield stable melts, and of these, the most stable were 

the acetates. 
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Potassium acetate differs from other acetates in several 

respects. 	For instance, unlike sodium acetate, it has the rare 

property of a contraction in the specific volume on melting, it 

is extremely deliquescent and does not form crystalline hydrates. 

The dilatometric studios of potassium acetate by Hazlewood 

et al. established at least three irregularities in the variation 

of the molar volume with temperature. 	The irregularities could 

be interpreted as three changes in volume expansion coefficient 

of the solid salt and were assumed to be due to three solid state 

phase transformations. 	When discussing the possible structural 

changes involved, it was suggested that these must involve an 

increase in the statistical symmetry of the molecular anion prior 

to melting. 	Now, the contributions to the entropy of melting 

of th, c crystals may be written as: 

Sf Spositiina1 Sorientational 

Positional randomisation of the acetate ion will load to an 

increase in entropy; this is a common mechanism in these salts. 

The molecular symmetry of the acetate ion 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, it may librate, the whole acetate ion may 

rotate about the C-C bond, or from head-to-tail. 	Of these, 

Hazlewood et al. considered that rotation of the methyl group 



15 

about C-C might be involved at least in one transformation because 

the energy involved in such rotation is snail. 	Another transforma- 

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

In such a case, because the acetate ion must carry a strong dipole, 

marked change in dielectric properties would be observed. 	If 

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

be aligned along an external field which might be the structural 

Se7VO 
-basis of a paraf-4 Para electric transformation in the solid. 	The 

present investigation is concerned mainly with the nature of the 

structural changes, with temperature, of potassium acetate crystals. 

Two techniques are used for the purpose:- 

(i) X-ray diffraction: 	This was used to obtain information on 

the average structures. 

(ii) Dielectric measurements: For information on molecular 

re' axat ion. 

Moreover, a qualitative observation on the heat capacity of 

potassium acetate was made on the basis of a thermogram obtained 

from its differential thermal analysis. 

The acetates of rubidi um and ce si um have al so be on studie d 

although in less detail. 	The results provide an interesting 

comparison with those of potassium acetate and show the influence 

of the increase in size of the cations on the properties of those 

compounds. 
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1.2. Polymorphism : Thermodynamic Aspects  

Let us suppose that there are two distinct phases 1 and 2 

of a crystal with free energies that vary with temperature as 

shown in the figure (Fig.1). 	At the transition temperature Tc  

the two phases can remain in equilibrium, for the change in free 

energy on passing from phase 1 to 2 at constant temperature and 

pressure is zero, i.e. 

dG
142 

= d(U — TS + pV)
1
,e  = 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 dal, the mass of the other phase increases by the same amount. 

Thus, the condition of equilibrium can be written as, 

dm) 	din( 	) 	= 0 
, 6m1 pT 	6m 	T 2 -' 

i.e., the Gibbis functions per unit mass or chemical potentials 

gl, g2  for phases 1 and 2 are equal. 	There is no explicit 

relation connecting G, p and T and indirect methods must be used. 

AssuminL that g1  = g2  at the point (p0, To), the effect of a small 

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

6 	Ogl 
cl(p,T) = gi(po,T0) + dp( T  + dT(-- )  

6T 

(dT)
2 6

62:1Np  
2 ,2 

(LE) (° UN + + 	( 
 2 2 '

61)
2 )

T 

.2 
+ dp dT (Wol) 

with a similar expression for g2(p,T). 
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0 	 Tc  

Fig.l. The nature of variation of free—energies with 

temperature, of two polymorphic phases 1 and 2. 
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2  

   

b 

   

    

 

3 

 

4 

    

    

Fig.2. Diagrammatic representation of hybrid crystal 

( The dotted rectangle represents the original tetra—

gonal IU-I2PO4• crystal. Four equivalent monoclinic 

options have developed within the original, below Tc  —

after Ubbelohde et al., see text ) 
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Since, gi  (po, To ) = g2  (po, To  ), it is possible to express the 

dp  ratio 	in terms of changes in chemical potentials with p and T. dT 

Three different situations can arise: 

(a) There may be finite changes in 

(k) and/or (g) . 
Op T 	dT p 

(b) The first order differentials for the two TAiases 

and dg2 	6g1 and 6g2 
Orr 	bT 	op 	ap 

may have the same values and be continuous at the transition. 

The above expansion of g may not be permissible in any phase. 

Case (a): 	Since ( 12.-op ) = v = specific volume and 

(6g/8T)p  = s = entropy per unit mass, discontinuity in v 

means a finite change in density and that in s a finite 

latent heat. 	Thus 

s_12 	 sl s2 
dT = -(ag1/0T - 6g2/6T ) / (6g1/6p - aguop) vl v2 

This gives the Clausius Clapeyron is equation: 
si 	 2  

:_-_- 11T (v - v2 ) = v i ciP/dT 1 v2 

The transformation involves a discontinuous 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/dT = 0/0 is indeterminate and to find dp/dT,  the 

second derivatives must be used - i.e. 



01 - 02 = 0 ' 
f  2 , 
	 ((egi/6p2)T 	

(d
2g2/6p2)T).5,4.  

(dT)
2 

N 
-77-( (o

2 
 g1  /dT

2
)p 	(6,2g2/OT

2 
 )p ) 

dpdT((egi/OpoT) (O2g2/dpOT)) t... 
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In this ° ciliati on 

(a) (o2g/6132)T  = (dv/op) T  is the isothermal compressibility. 

(b) (dg/er
2
)p = -(6s/dT) = -cp/T is the specific heat at constant 

pressure. 

(c) 62g/apoT = ( v/c5111) is coefficient of thermal expansion. 

A discontinuity in any one of these derivatives can be 

recognised by a discontinuity in the appropriate physical property. 

Some authors such as Ehrenfest(8), Von Laue and Justi(9)  

and others
(10) 

have attempted to apply the thermodynamic classifi-

cation of the different order transitions to transformations 

taking place exclusively within the solid state. 	Although 

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 near 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 

temperature or pressure. 	The existence of such infinite values 



20 

would invalidate the Taylor expansion. 	This in itself suggests 

that Ehrenfest Ts classifications of solid-solid phase transforma-

tions are not complete. 

The complexity of the problem arises from the fact that i1 a 

solid-solid transformation, the phases are not distinct. 	Hence, 

it is 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 structural 

properties change continuously, in others, discontinuously. 

Ehrenfest 's treatment does not account for the solid-solid 

transformations where there is anomalous change in propertie s 

before and after the transitions and where the changes in those 

properties are continuous. 	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 projudging -;the situation, 

the transitions in which the properties vary in a continuous manner 

along a path 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 become:.-3.  disordered 

(see section on order-disorder), e.g. the alloy CuZn(n) has 

an order-disorder transition at about 470°C. 



21 

(ii) inorganic salts when molecular or ionic—disorder takes 

-,lace, e.g. in KCN crystal (12) the Lambda point transition 

takes place at —106°C. 

(iii) ferroelectric crystals, when dipoles in the crystal 

which are aligned in the direction of an external field 

become disordered at a critical temperature, e.g. BaTiO3
(13) 

(Tc  = 120°C). 

(iv) ferromagnetic crystals, when the permanent magnets are 

suddenly demagnetised, e.g. iron (Tc 	1000°C). 

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

completely (as it becomes superconducting), e.g. mercury
(14) 

c 4.2°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 cannot be accounted for by 

classical thermodynamics. 	In these transformation, instead of 

forming completely independent phases, the new phase must nucleate 

within the matrix 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 intersection 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 (16) has proposed that the transformation be 

called "continuous". 	A structurally discontinuous 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, i s. 

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 

terrain: a "hybrid" crystal. 	The units or the domains of the new 

structures are 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 been related to the original direction. 	For 

exam,Dle, in the study of the thermal transformations of no3
(17 ) 

and or nitrites and nitrates(18), persistence of crystal axes 

have been observed. 

Thus, although it is rather difficult to label a transforma—

tion thermodynamically as first or second order because of the 

experimental uncertainties involved, it can be definitely decided 
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on structural grounds whether a transformation is continuous. 

Those transforinations are continuous in which specific orientation 

relations exist between the lattices of 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, one 

of the transformations of thallous nitrate (19)1 — from ortho— 

rhombic to rhombohedral — has been stated to be structurally and 

hence thermodynamically discontinuous. 

Another 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 

new -.phase inside the matrix of the old. 	The composite crystal 

contains both the phases in the "hybrid" crystal (Ilbbelohde(20)). 

This is Buerger Is (21 ) composite crystal of "obversedf and "reversed" 

positions. 	Hybrid formation and hysteresis have boon studied in 

(22a b) KNO 	thallous nitrate (19),  potassium cyanide (23) etc. - 2 
In KCN(23), the hysteresis which was 2.3°C wide with a pure 

sample narrowed to only 0.8°C when 1.2% of sodium impurity was 

introduced. 

Ubbelohde(24) has discussed the difficulties and conditions 

of nucleation of one phase inside the other. 	Three cases may 

arise: (1) The specific volume of the new phase (proportional 

to the unit cell volume) differs appreciably from that of the 
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parent phase so that the transformed crystal must break up into 

a polycrystalline powder in which the crystallographic axes 

occur at random. 	(2) When the volume of the new phase differs 

appreciably, but can be nucleated on the surface or at dislocations. 

In such cases, although the crystallites have independent axes, 

these may -ite some preferred orientation. 	(3) When the volume 

difference is small enough, domains of one form may nucleate and 

grow inside the parent phase, with the persistence of axes oven 

after several cycles through the transformation temperature. 

Generally speaking, the specific volume of the two phases 

are not exactly the same and hence growth of domains of the other 

phase introduces strain. 	It is necessary therefore to modify 

the free energy expressions of the two phases which must now 

include terms for the surface energy 	and strain energy "(24)• 

G1 = f(p, 	,7:-:1) 

G2 = f2 (p, 	11.2' 

The terms r1  and must have a range of values because 

nucleation is a random process. E may vary within the original 

single crystal, it will vary from crystal t o crystal, and it will 

depend on the thermal history of sample• 	He nce G is characteristic 

of a anall volume element only. 	This moans that the free energy 

surfaces of the two phases of the single crystal do not intersect 

sharply, thus producing smeared transitions. 	It has been shown 

that because either or both of these arbitrary parameters in the 
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free energy equations are not equal for the two phases, nucleation 

of one phase 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 crystal. 	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 cases, the difference in specific volumes Mc  indicates 

the spread of the hysteresis. 	Ubbelohde
(25) compared AVc 

and 

AT
c 
(spread of the hysteresis loop) for some ammonium salts. 

He cautioned, however, that such comparison might not be a general 

feature. 

The onset temperature of a Lambda 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 X—ray diffraction methods. 	Onset temperatures of 

potassium cyanide
(23), rochelle salt

(27), acetylene dicarboxylic 

acid dihydrate
(28) 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 aspects of 

solid—solid phase transitions have been described. 	Thermodynamic 

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 transformations. 

In the following section it is proposed to discuss structural 

aspects of solid state phase transformations. 

For a transformation to proceed certain energy barriers must 

be overcome, so that the transformation requires an activation 

energy. 	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 interactions between atoms may be 

described in terms of bonds. 	Now a bond may be defined as 



27 

a binding or attachment between two atoms or groups of atoms 

due to forces acting between them in such a way as to lead to the 

formation of an aggregate. 	During ID solid solid phase transforma— 

tion, changes in the bonding between atoms in the structure tale 

place which correspond to the change in the internal energy. 

On heating., if there is heat absorption during a transformation, 

the net bonding is weakened because the change is towards higher 

energy bonding. 

This weakening may be effected by: 

(1) reduction in bond energy or 

(ii) complete change in bonding type. 

Structurally, the reduction in bond energy m ans a reduction 

of the interaction 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, i.e. 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: Hero the primary 

co—ordination involving atoms in contact remains unchanged, so 

the structural differences between the two phases are small. 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 important con—

tribution to the total energy comes from nearest neighbour 
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Fig.3.(a)cc— quartz structure (rhombohedral) 

(b)p— quartz structure (hexagonal). Onlyi 

Si atoms are shown. The oxygen atoms are 

tetrahedrally arranged about those of Si in such 

a way that all corners of the (SiO4) tetrahedra 

are shared ( Reproduced from. "Crystal Chemistry" 

—by R.C.Evans, Cam.U.P. 1966. 
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Fig.4. " Low—high" displacive transforrilation. 
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interactions, 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 between 

these different ways is the energy contribution of secondary 

co-ordination. 

It is possible to go from one kind of secondary co-ordination 

to another by two different rre chanisms. 	One is the idisplacive 

and the other 'reconstructive! type of transformation. 

(a) Displacive transformat ion: 	In this type of transformat ion, 

the nearest neighbour contacts of the atoms are maintained, and the 

structure is distorted by the relative displacement of the non- 

nearest neighbours. 	An example of such a change is quartz 

(Fig.3) which can exist in two forms, a and P. 	The (3-form 

is stable from 573°C to 87 0°C and the a-form is stable below 

573°C. 	The ideal ((3) and distorted (a) forms are shown in the 

figure.Such transformations are rapid because the movement of 

the atoms is limited. 

(b) Reconstructive transformation: 	This involves the disruption 

of the old structure, i.e. the temporary breaking of primary bonds 

which are subsequently re-formed. 	The new network will be different 

and yet the primary co-ordination will be the same after this 

transf orm at ion. 	As an example, the transformation of Zincblende 

structure to that of Wurtzite can be cited. 	Be cause the energy 

barrior is high, the transformation rate is slow in this case. 
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Anotln)r type of transformation involving secondary co-ordina-

tion is the order-disorder transformation, or transformation of 

disorder. 	It is discussed in a separate section 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-

gat ion. 

As transformation of the displacive typo 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. 

Suppose there are two forms of the same plan/r lattice 

containing atoms of opposite type A and B (Fig.4). 	The high 

temperature form may be called on open form and the low temperature 

one, a collapsed form. 	In both forms the atoms A and B have four 

and two nearest neighbours of the opposite kind of atoms respectively. 

On examining the next nearest neighbours of opposite type, it is 

observed that they are nearer in the collapsed form than in the 

open form. 	When A and B atoms are different, they will have 

different electronegativities. 	As a result , non-nearest A's and 

Bts will attract each other with a small force. 	The nearer they 

are the le ss is their residual energy. 	The collapsed form has 

lower residual energy and is therefore more stable. 
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A rise of temperature in the collapsed form may effect the 

structure in the following way: 

For simplicity, we assume that the atoms of the type A are 

fixed and those of the type B can vibrate. 	If, as a result of 

acquisition of thermal energy, B1 moves in the direction shown 

in the figure (Fig.4) it comes nearer to B2 and B3 
which it 

repels. 	Because they are free to move, Bi ts motion will be 

communicated to B2  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 result of 

thermal agitation is the co—operative rotation of the squares 

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 would be composed of mosaics of small regions of "obversed" 

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 13 in the static open form. 	In other words, B atoms oscillate 

about positions which are statistically the seine as the positions 
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of the o)on 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 temperature 

form has the higher symmetry. 	The positions of the atoms in the 

high temperature structure is only the statistical average of tho 

obversed and reversed configurations and that is a qDosition higher 

symmetry. 

Because the high temperature form is a combination of both 

'obverse.,  and "reverse!" orientations, twinning takes place after 

the transformation to the low temperature form(30) 	This is 

a macroscopic expression of a microscopic behaviour. 

Assgming Buerger Is theory on derivative struct ure (31),  the 

low temperature structure should be a subgroup of the symmetry 

of the high temperature basic structure, the derivative being 

formed by the suppression of symmetry elements of the basic 

structure. 

The above description presents the basic structural mechanism 

of a displacive transformation. A phenomenological description 

of the scone is presented here to complete the picture. 	The 

displacivo transformations are designated as shear transformations 

or martensitic transformations (32) when they occur in metals and 

alloys. 	The name martensitic transformation is derived from the 

austonitc—raartensite transformation which occurs in steel. 

Austonite is an iron carbide stable over about 700°C. 	When 
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Quenched it still contains only austenite, but controlled 

heating allows partial transformation to the stable form, 

martensite. 

Martensitic transformations are shear-like. 	They entail 

a co-oerative movement of the atoms, so that the region under- 

goes a change in shape. 	It has been postulated that the lattice 

deformation arising from small atomic movements in a martensitic 

transformation is homogeneous only over a very small region and 

that in between the parent crystal and the homogeneously deformed 

boundary a region of heterogeneous deformation must occur. 

A transformed region in the body of the parent crystal has 

an interface which connects the transformed region with the 

untransformed surroundings. 	Hence it cannot be rotated and 

disturbed when averaged over macroscopic distances. 	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 proceeds through 

(33) the parent phase. 	Frank 	proposed that the interface has 

dislocation arrays which travel along with the interface and 

produce the heterogeneous strain. 	This means that the two 

lattices cannot be perfectly coherent. 

It has been shown(33) that the mobility of the interface 

does not seem 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:(34)  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 1 and strain energy 

c must also be considered before the transformation may start(35) 

In other words, 

+ 	) 	0 cal./mol. 

or 

> (1II 
+ nc) cal./mole. 

Hence T1t.  may be considered as the restraining force opposing 

the driving force, when these forces become positive below the 

critical point Tem  Thus, for the formation of the second phase 

during cooling, the temperature must be decreased sufficiently to 

make 6a
I_II 

not only greater than zero, but greater than some finite 

quantity (1 	
+ ; 



35 

1.3.1. Positional ordor-disorder_ in alloys. 	It has been 

mentioned in the section on the structural aspects of polymorphic 

transitions that order-disorder transformations involve secondary 

co-ordination. 	It is proposed to discuss here in what way the 

secondary co-ordination is involved due to movement of the atoms 

in a structure which undergoes an order disorder transition. 

Insight into the origin of order-disorder phenomenon can best 

be explained with the help of an example. 	Let a metal B be 

dissolved in another metal A. 	The structure of the alloy AB 

is essentially that of A, except that sane of the lattice sites 

are now occupied by atoms of B. 	Such an alloy AB is called a 

!substitutional solid solution'. 	The atoms of E 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 neighbour to be of the other type, B, and the structure is 

ordered. 

In an ordered structure, the lattice can be regarded as being 

composed of two interpenetrating sub-lattices, one of which contains 

most of tie A atoms and the other most of the B atoms. 	Such an 

arrangement may give rise to a superlattice. 	A hypothetical 

perfectly ordered two dimensional lattice is shown in Fig.5. 

It is evident from the figure that the ordered structure defines 

two types of lattice sites.: a and b; A atoms arranging themselves 
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Fig.5. Completely ordered structure of alloy AB 
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Fig.7. Schematic representation of excess specific—

heat near order—disorder transition. 
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in the a site and B on the b site. 	With the idea of a 

particular site for a particular atom, a parameter 	, measuring 

the amount of order can be defined, starting from a perfectly 

ordered lattice, when all A atoms are in a site and. B atoms in 

b site. 	Two kinds of order can be considered. 	The long range 

order parameter measures how many, on the averaue, A (or B) atoms 

are occupying a (or b) sites. 	The short range order parameter 

defines how well, on the average, A (or B) atoms are surrounded 

by nearest neighbour B(or A) atoms. 

The effects of increase of temperature on a perfectly ordered 

structure, defined as above, can now be considered. 

As the temperature of the alloy is increased there will be 

an increase in the amplitudes of thermal vibrations of the atoms. 

As the temperature is increased higher and higher, pairs of atoms 

or small group of atoms will acquire enough energy to break away 

from their equilibrium positions and exchange sites. 	The atoms 

A (or B) occupying b (or a) sites may be called 'wrong" atoms. 

This would mean that like atoms are forced to be nearest neigh- 

bours contrary to their tendency. 	But this tendency still 

operates. 	At a particular temperature, below a critical tempera- 

ture, there will be an equilibrium state, characterised by a 

definite number of wrong atoms. 	The number of wrong atoms will 

increase with temperature, not only because 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 figure). 
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Each of the wrong atoms has three like atoms as its nearest 

neighbours. 	This can be taken as a state of higher energy, 

which is lowered by the interchange as shown by arrowheads. 

The interchange requires less energy than that which led to the 

initial disorder. 	Thus, with increasing temperature, it will be 

easier to create more disorder as disorder increases. 	This 

decrease of order with increasing temperature leading to order—

disorder transition is discussed below. 

Let the same alloy AB be considered with the two sites a and 

b as before. 	If there are R atoms in the correct positions and 

W atoms in the wrong positions, the order parameter is defined by, 

= (R — W)/N = (R N R)/N = (2R — N)/N 	(a) 

Here W R = N = total number of atoms, with N/2 atoms of 

both A and B. 	When all atoms are in correct sites, P = N, so 

that 4/ = 	1, for complete order. 	When R = N/2, 	= 0, which 

is taken as complete disorder, so the range of 11.) is from 0 to 1. 

At the absolute zero of temperature there would be com-olote 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 h and an 

atom B in b go to a, at a temperature T°  absolute. 	Thus, one 

atom of A and one atom of B are put in wrong sites. 	If AR is 

change in P and AW in W due to the above exchane, 

AW = 2 = —AR. 
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The energy required to introduce the above exchange in 

positions in a perfectly ordered. crystal lattice has been calcu—

lated by Bragg and Williams (36)  in the following manner. 

IQt the energy required to produce the pair of wrong atoms 

in the state RI W be V(R,W). 	At thermal equilibrium, the change 

in free energy AF associated with AW must vanish. 

The configurational entropy associated with the state (R,T.1) 

is 

Soon. =k (N log N — R log R W log W) 

where k is Boltzmann constant. 

The 	change AS con.  associated with AW is AScon.=  2k log R/W. 

In equilibrium, therefore, 

R/W = exp (V(R,W)/2kT) 	 (b) 

Assum.ing only the interaction between only the nearest 

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

in interchanging A and B atoms, is shown as, 

V 	 (c) V (R,W) VoY ••• 

where Vo  = 2VAB  — VAA  — VBB• 	Here VAA and. VBB are the energies 

of interaction of an AA and BB pair of nearest neighbours and VAB  

is that of an AB pair. 

When tp = 1, V = Vo  is the energy required. to produce a pair 

of wrong atoms in a completely ordered lattice. 	Again, from this  

equation it is soon that as order parameter W decreases, V the 

energy required to produce disorder decreases. 



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

4,) = tan h 	 
4kT 

- x or titi - 	x kkT 

41c.T 	 Vo 

and 4,1 = tan x 

The equation can be solved graphically. 	The solutions show 
atoye 

that ee4-0W a certain value of temperature T, called To  order 

disappears completely. 

Theoretical values of W , when plotted against T gives curves 

of the nature as shown in the figure (Fig.6). 

It is seen from the graph that in the vicinity of the transition 

temperature Tc, there is a rapid drop of order. 	Thus, as order 

decreases the easier it is to increase disorder. 	This curve is 

characteristic of the order-disorder phenomenon. 	This suggests 

that any order parameter, 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 

refloxions will be given in Chapter 4). 

1.3.2. Rotational disorder. 	In addition to positional disordering 

described above, there may be rotational disordering, i.e. molecules 

or groups  of atoms in some crystals can disorder by rotation. 

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

revealed by specific heat measurements can be exelained on the 

• • • 
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basis of Paulingls (37) treatment. 	On the other hand, Fowler's (38) 

• treatment of molecular rotation using partition functions is 

unable to account for the smaller range of temperature in the 

specific heat rise. 	Thus, although a large number of crystals 

have transformations of the order—disorder type, no theory can 

predict the observed 1-retao-ur correctly. 	The effect of the molecu— 

lar rotation on the structure of the crystal can be considered 

generally without the help of the above theories. 	As the molecular 

rotation tends to lower the internal field, it raises the symmetry 

of the structure. 	If the molecule is fairly symmetrical, the 

rotation gives rise to a close packed cubic or hexagonal structure. 

Some examples of transformations of this type vri.11 be discussed in 

the section on dielectric measurements. 	To visualise the onset of 

rotation in a crystal the f ollowing simplified picture is given. 

Above the absolute zero of temperature, the molecules or 

groups of atoms of all solids possess energy of translational and 

rotational vibration about equilibrium positions. 	The amplitude 

of the rotational vibrations depends on the way in which the 

potential energy of the molecule or the group varies with orienta— 

tion and the temperature. 	Now, the average energy of a classical 

odcillator is kT. 	If the potential energy of the equilibrium 

position of the molecule is less than that of any other possible 

orientations by an amount which is much larger than kT, it will 

execute oscillations of small amplitude. 	If, on the other hand, 

the energy difference between the equilibrium position and other 
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possible orientation is small in comparison to kT, the kinetic 

energy of the molecule will be sufficient to overcome the potential 

barrier, so that the molecule would move to this orientation, 

and so on. 	This is not a free rotation as is found in gases 

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

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

Configurational Specific Heat. 	The major part of the 

specific heat of a crystal consists of contributions from the 

internal energy associated with thermal vibrations of the lattice, 

given by the well known formula of Einstein(39). 	This was  

modified by Debye (40) 	km Blacan(41) and others(42) to take 

account of the internal energy associated 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 specific heat contributed by the internal energy 

associated with increasing disorder as the temperature is increased. 

This excess specific heat is known as configurational specific 

heat. 

If the entire change in energy takes place at a single 

temperature, there will be latent heat instead of an extra 

specific heat. 	But in order-disorder transition, the total 

change in energy dE on heating is gradually absorbed over a 

range of temperature. 	Above the critical temperature 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.?). 

This excess specific heat can be calculated as follows: 

The energy required to increase R by dR is dE = —Vo
dR/2 

from (c ). 

From (a) Nd X11 = dR — dW = dR dR = 2dR 

or 	dR = Ind us1/2  

So, 	dE = —Vo  (Nd )/4 = -.VoN/4. lt? d&)  

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

ACv  = 1/N (dE/dT) = —00  Y/k. d tii/dT. 

The plot of this function is shown in Fig.?, with the dotted 

curve. 

This theoretical curve drops to zero at Te  whereas in practice 

the curve tails off, as can be seen from the CuZn curve of 

specific heat given in the same. figure. 	However, the curves 

agree insofar as they both show the excess specific heat in the 

form of a peak and a sudden drop. 	Apart from this, there are 

disagreements in detail. 	The range of temperature predicted 

for the transition is much too large; actual order—disorder 

transformations take place in a narrower range of temperature. 
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Chapter 2  

POTASSIUM ACETATE  

2.1. A Review of Previous work  

The unusual thermal behaviour of potassium acetate was first 

observed by Hazlewood et al. (7) and has already been described 

in the introduction. 	In this section a few further observations 

will be discussed. 

The values of molar volumes at different temperatures of 

polycrystalline acetates were obtained in the work referred to 

above using dilatometric method of measurement; the graphs and 

linear equations of molar volume and temperature are reproduced 

from Hazlewood et al. Is paper. 	(Fig. 8a,b and Table 2.1). 

The anomalous expansions at the temperatures 80°, 160°  and 230°C 

and contraction on melting at 304°, which are obvious from these 

graphs, wore attributed to polymorphic transitions occurring at 

those temperatures. 

Table 2.1 

Molar volumes of polycrystalline 

(Hazlewood et al. (7)) 

Temp. range oC 

potassium acetate 

Molar vol., 	cm3mole-1 

25 — 75 62.04 + 0.0281 (T - 25) 

76 — 84 increase of 0.5 cm3mole-1 

85 — 155 64.26 + 0.0446 (T - 83) 

156 216 67.53 + 0.0196 (T - 156) 

217 — 287 68.20 + 0.0452 (T 	217). 
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Fig.8. Kolar volume of potassium acetate 

(a) 20 —200°C; (U) 200 — 370°C solid and melt. 

( after Hazlewood et al. {7)  ) 
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Those equations give a density for potassium acetate at 23°C 

of D == 1.60 and at 155°C of D = 1.52.g cm.-3. 

The oLservation that the salt contracts on melting may be 

significant from a structural point of view. 	It might mean, for 

example, below the melting point the crystal structure is loosely 

packed, a point which could be checked by a study of the crystal 

structure at specified temperature. 	This was one of the aims of 

the present investigation. 

The suggestion that the acetate ion and the methyl group 

might be involved in the polymorphic transitions has already been 

discussed before. 	Only crystal structure determination can show 

their role in the transformations. 	It should be mentioned hero 

that practically nothing was known about the structural features 

of potassium acetate before this study began, since no previous 

work on this structure has been reported apart from a card for the 

material in the ASTM X-ray Diffraction Data file which lists the 

first five prominent d spacings as: 

13.6A, 10.7 A, 9.2 A, 3.6 A, 3.47 A. 

The only other property previously studied is the solubility 

reported by Said°11 (43) 	The values found by different workers 

appear to be 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 24.2 g of the acetate per 100 g of the 

solvent. 	In ethyl alcohol, the solubility is 33 g per 100 g. 

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. 

2.2. Preliminary Experiments and Cohclusions  

2.2.1. Introduction: 	Lnboratory reagent grade polycrystalline 

potassium acetate as supplied by M & B was used for making single 

crystals. 	The nominal purity of the material was 99% (the main 

impurities were the chloride and sulphate). 

Another laboratory reagent grade potassium acetate of lower 

nominal purity (98%) supplied 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 

appeared to be slightly charred. 	This behaviour is consistent 

with Hazlowoodts(7) finding that in ionic acetates, the thermal 

stability of the melts is sensitive to impurities capable of 

promoting electron transfer. 	In fact, the presence of traces of 

metal ions (Pb .001%, Fe .001%) was indicated in the composition 

by the manufacturers. 	Hence the use of this material was subse— 

quently abandoned. 

2.2.2. f:ecrystallisation : Preliminary. 	To st, dy the properties 

of potasL,ium acetate by X—ray diffraction methods single crystals 

were needed. 	Because practically nothing was known about how 
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such crystals should be grownivarious methods have been tried and 

techniques developed to overcome the difficulties encountered. 

Once this was done, use of similar methods in the preparation of 

crystals of rubidium and cesium acetates presented no difficulties. 

Potassium acetate is highly soluble in water (see review of 

previous works) and very deliquescent. 	Even so, a saturated 

aqueous solution covered by a thin film of silicone oil gave 

crystals in the form of extremely thin flakes when seeded. 	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 alcohol, but the resulting 

crystals are the alcoholates and not acetates( 3). 	Dried ethyl 

and propyl alcohols, methyl, ethyl and acetic esters, benzene, 

acetone, and carbon tetrachloride were unsuccessfully tried. 

Liquid ammonia and liquid sulphur dioxide 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 tried. 	No significant amount of material eva,Dorated 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 

failed, attempts were made to grow crystals from melt even though 

there was a danger(7) of slight decomposition of the melt. 

Potassium acetate powder was put into thin walled pyrex capillaries 
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Fig.9. The Swift " Model PD (Dick)" polarising 

microscope. For recrystallisation, the hot stage was 

attached to the microscope stage X. ( reproduced 

from Hartshorne and Stuart's "Crystals and the 

polarising Microscope" 

49 
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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 

microscope which was totally enclosed by a plastic bag through 

which dry nitrogen was passed. 	As an additional Precaution 

against the entry of moisture, the microscope stood on a dish 

containing silica gel. 

The microscope used was a Swift "Model PD (DICK)" in which 

the stage is fixed. 	The polariser, analyser and the eyepiece 

rotate together, but the mechanical linkages allow focussing in 

the normal way, ((Fig.9) cofirse focussing knob, K; polariser/ 

analyser rotation, knob 	The main advantage of this type of 

microscope is that ancillary equipment (in this case an electrical 

hot—stage) can be mounted on the microscope stage without any 

inconvenience. 

The hot stage consisted of an ebonite frame with a long 

opening along its length. 	A microscope slide over which was 

wound a nichrome wire, was clamped horizontally to the frame. 

The heating current to the hot—stage was controlled by a Variac 

Autotransformer. 

Despite these precautions, the experiments were unsuccessful 

when the melt was cooled slowly. 	X—ray diffraction photographs 

of the sample showed the formation of highly strained multiple 

crystals and in one case, what appeared to be a glasE.. 

After attempts to grow crystals inside the cylindrical 

capillaries had proved unsuccessful, recrystallisation on a flat 
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microscope slide was tried. 	A little of the powder was placed 

on a glass slide over the hot stage, so that it was visible under 

the microscope. 	A cover slip was placed over the powder and 

a second cover slip was placed beside the powder, so that when 

the powder melted, a wedge was formed between the upper 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 crossed polariser and analyser of the microscope. 

Where necessary, tho sample was remelted and the process repeated 

until satisfactory single crystal regions were formed. 	After 

cooling to room temperature , the crystalline block was removed 

from the slide by means of a razor blade, transferred to a potri 

dish and covered by oil which had pr eviously been carefully dried. 

The block was then manipulated under the oil and suitable single 

crystals extracted which were subsequently cut to the required 

size and orientation. 

Later, the facilities of the Crystal Growth Laboratory were 

used to rocrystallise a sample of potassium acetate from the melt 

using a variation of the Bridgman method. 	The dried material was 

sealed 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, one end 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 wore obtained as before. 
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Mounting for X—ray work. 	Once the crystal had been cut to size 

and shape, it had to be mounted in a capillary for X—ray study. 

At first the crystal was removed to a cleaner part of the dish by 

a ne.-- dle and transferred to a glass slide mounted under the raicro— 

scope, using a dry brush. 	One end of a glass capillary was then 

brought up to the crystal which entered the capillary together 

with a snail quantity of oil. 	This method was found to be 

unsuitable because of contamination with water on transfer. 	It 

was found more satisfactory to draw the crystal into the capillary 

directly from the dish. 	When the crystal was well inside the 

cazdllary, excess oil was withdrawn from it, and the ends ware 

sealed with a micro coal gas flame, or for reasons to be explained 

later, by electrical heating. 	In the later case, a very small 

loop of thin resistance wire whose diameter was slightly larger 

than that of capillary diameter was passed over the capillary 

containing the crystal. 	An electric current was passed through 

the loop until the wire was white hot, and at the same time the 

,capillary was slowly pulled out forming the seal. 	This method 

avoided the production of water which appears as a by—product in 

gas sealing. 

The sealed 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 little pasta of alumina cement 

and water glass diluted with water was placed on the brass head. 

and the end of the capillary was mounted in the paste so that it 
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remained vertical. 	When the ceramic paste was dry the head was 

baked in an oven at about 250°C 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 

melted in recrystallisation experiments. 	Water vapour coming 

out of the material during melting often condensed in the cooler 

part of the slide and subsequently attacked the freshly prepared 

crystals. 	Thus it became necessary to construct a vacuum drying 

system. 

(2) Any trace of moisture in the accessories — microspetulum, 

razor blade, oil, petri dish, slides, cover slips, or even the 

naked hands released moisture which subsequently attacked and 

even destroyed the crystals. 	This led to the construction of 

a glove box in which all operations involved in preparing and 

mounting the crystals could be performed from the outside. 

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

workers (7 ) was not as effective in protecting the crystal from 

attack by moisture as the light hydrocarbon oil (3 in 1 oil). 

(4) During the trial sealing of the sample by micro—coal—gas 

flame, water vapour often appeared inside the capillaries and 

destroyed_ the crystal after a period of time which varied from 

minutes 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 acetate for 

CuKa radiation is high (p. = 102) and even a crystal 0.07 mm thick 

absorbed about 50% of the characteristic radiation. 	Nevertheless, 

although thick crystals transmit very little, they were found to 

give strong 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 	mm) have had to be 

used for measurement of the diffraction intensities. 

(6) The internal diameter of the microthermostat used to control 

the temperature of the crystal set an upper limit 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 

be Wean 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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Fig.lO. Mounting of the crystel for high temperature 

oscillation photography. 

extinction direction 
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Fig.11. Relative orientation of the traces of the 

cleavage direction on the surface of the potassium 

acetate crystal block and the extinction directions. 
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Fig.12. Shape of the cross section of potassium 

acetate crystal grown in a glass tube from melt. 
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Fig. 13. Vacuum Drying System. 
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microscope. 	Very fast cooling gave samples in which crystals 

were in multiple orientations. 	Thick crystals 	.5 um) did. 

not extinguish completely under the crossed. polarises and analyser 

indicating that crystals in different orientat ions overlap each 

other. 

(a) During 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 

temperatures at which these cracks appeared varied widely and did 

not correlate with any transformation temperature. 	Such cracks 

might be due to unequal thermal contraction of the glass slide 

and the crystal. 	The traces of the cleavage directions were 

found to be oriented at fixed angles relative to the extinction 

directions as shown in the figure (Fig.11). 

X—rahphotographs taken later showed that extinction directions 

(1) and (2) coincided with the two axes having the repeat distances 

23 	and 4 A respectively. 	Examination of the birefringence by 

a quartz wedge identified direction (1) with the greater refractive 

index. 	Subsequently, the directions (1) and (2) were identified 

as the b and c axes respectively. 

(9) 	The crystals formed from the melt by the Bridgman met hod had 

a characteristic appearance. 	The predominant crystal face (100) 

Was always a)proximately parallel to the circumference of glass 

tube. 	Thus, the cross—section of the polycrystalline mass 

appeared as shown in the figure (Fig.12). 	This behaviour was 
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found to be consistent with the structure of potassium acetate 

and will be discussed later. 	The poor quality of crystals 

grown within a capillary was probably due to the tendency of 

(100) to lie parallel to a glass surface. 

2.3. High  vacuum drying system and handling of materials. 

The first nn  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 Fig.13. 	As 

stated earlier, the potassium acetate supplied must be thoroughly 

dried be fore use. 

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 

remove the oil and moisture from the system. 	Pressure was 

measured by a Pirani gauge inserted into the system at F. 	The 

sample powder was placed in a pyrex tube A, connected to the 

vacuum system as shown in the figure. 

In order to facilitate release of any trace of water from 

the crystallites, the powder was alternately heated electrically 

through the transformations to about 180°C and then cooled down to 

about 50°C. 	This was repeated several times a day for at least 

72 hours before using the material for recrystallisation or for 

measuring; any physical property. 	The pressure was kept at about 

10-5mm of Hg. 

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

sample preparation from the dried powder. 
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Fig. 14. The glove—box for handling the materials 
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The Glove Box (Fig.14). This was made from perspex panels, of 

   

which the front one (T) could be removed. 	Everything needed 

for a particular experiment (including the microscope where 

necessary) was arranged inside the box before the start of the 

exneriment. 	The front panel was then slid into position and the 

edges sealed with Sellotape. 	Throughout an experiment, nitrogen 

dried by the liquid nitrogen trap D entered the box at S and left 

at A. 	A dish containing phosphorous pentoxido 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 co rse focussing control K of the microscope M. 

Electrical connections for the hot—stage were passed through 

a rubber bung inserted into the hole C. 	A circular opening (E) 

in the u 'per panel was closed by a clean transparent polythene 

bag. 	This allowed the analyser to be inserted or removed and 

the analyser/polariser system to be rotated by the milled head P 

of the microscope (Fig.9). 

2.4. The Thermostat and the Temperature Control Unit  

The design of the microthermostat used in tl e ,)resent work was 

the same as that used in the earlier study of the thermal trans— 

formations of potassium nitrite (44). 	The initial experiments 

actually utilised the furnace constructed by Dr A. Schuyff, but 

when this developed an electrical defect, the furnace had to be 

rewired (Fig.15). 
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The microthermostat consisted of a beryllium tube (A), 

about 275 cm long, 1 cm diameter 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 sheet 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 was made of two 2 ohm sections of thennopure (40 s.w.g.) 

wire connected in parallel and wound non—inductively. 	One section 

was wound above the main beam apertures B and the other below. 

The common leads (F) for external connections were constructed 

of heavier gauge platinum wire of negligible resistance and all 

electrical connections were hard soldered. 

A layer of paste made from alumina cement mixed with water—

glass diluted with water was placed over the platinum thermometer 

to insulate it electrically and to prevent movement of the wires. 

On this cement layer, a 15 ohm nichrome heater (N) was wound 

non—inductively in three layers separated by alumina cement and 

distributed between upper and lower part of the thermostat. 

Then the thermostat was built up with alumina cement paste 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 X—ray beam 

and the furnace wire terminc,ls (M) came out near the top of the 
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furnace. 	Thus, the beryllium tube was left uncovered over an 

angular arc from about 4.180°  to _90°  with respect to the line 

of the beam aperture (Fig.16) in the diametral plane and about 

.1- 20
o  in elevation. 	On one side the diffracted beam could 

pass unobstructed through the beryllium tube for all Bragg angles, 

whereas on the other side the high angle quadrant was obstructed 

by ceramic which protected the platinum resistance thermometer 

leads and the heater connections between the upper and lower 

parts of the furnace. 

The completed furnace was fired for about 18 hours by raising 

the temperature of the furnace very slowly till it was red hot. 

The top end of the beryllium tube was closed by a copper 

plug (K) which could be screwed to one end of a perforated, 

hollow stainless steel tube (H). 	This, in turn, was suspended 

from a foam°, 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 

adjustment allowing the furnace to be laterally adjusted on 

the X-ray beam. 	It was necessary to avoid the direct beam 

hitting the beryllium tube, for this gives rise to beryllium 

powder lines on the diffraction photographs. 

The furnace temperature was measured by a copper-constantan 

thermocouple (T), calibrated at three temperatures - room tempera-

ture (22°C), the boiling point of water at normal pressure (100°C) 

and the melting point of naphthalene (218°C). 	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 (H), 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 0.10C/mm. 	The temperature was measured by a 

potentiometer (Pye, Cambridge) which was sensitive to 0-1liV• 

To keep the temperature of the thermostat constant, the tern)erature 

control unit described below was constructed by the electronics 

worksho,o. 

The Temoerature Control Unit 	The control unit is shown in Fig.17. 

AND is a resistance a.c. bridge, one arm of which is the sensing 

thermometer (T) of the rnicrothermostat (F). 	Any variation of 

temperature 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 heater current so as to reduce the 

out of balance signal. 	Thus, at a particular temperature an 

optimum steady value of current is maintained through the heater H. 

The temperature control appeared to improve as the temperature 

was raised.. 	From room temperature up to 80°C, the control was not 

better than 	0.2°C. 	At 200°C, the temperature could be maintained 

at about 	0.1°C. 	The range of controlled temperatures used was 

nominally from room temperature to about 350
00. 
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2.5. Recording of Diffraction Patterns  

It was mentioned earlier that the photographic method was 

used in the present 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 

symmetry crystal this means that at least a half or a quarter of 

the available reciprocal lattice must be covered 	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 each layer line 

along an axis is recorded in turn, each reflexion being completely 

resolved. 	Thus for purely structural work, it is usual to use 

such a photographic method. 	The rotation photographs, on the 

other hand, give data for all available layers simultaneously, 

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 

work there are commercial Weissenberg cameras, but no cameras are 

available for high temperature work. 

However some attempts have been made to modify the standard 

Weissenberg camera for high temperature work on the lines suggested 
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by other workers. 	In one modification
(45) the main shaft is 

replaced by a hollow one, through which the electrical leads pass 

to a microfurnace 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 

these modifications was the large fluctuations of temperature 

(of the order of + 10°C), which may be negligible for sane 

structures with small thermal expansion but which are quite 

unacceptable for structures with large expansions (such as 

potassium acetate - see section on cell dimensions at different 

temperaures). 

In principle ordinary oscillation photographs can also be 

used for structural work, but considerable effort is required 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 these difficulties, 

however, there are several good features of rotation and oscillation 

cameras which were used with advantage in the present work. 	The 
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problem was to record the maximum amount of data in the minimum 

of time because of difficulties regarding the control of temperature 

and the thermal history of the sample (see section on thermal 

expansion and hysteresis). 	The rotation photographs record 

several layers in the same time as a Weissenberg 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 were used. 	The 3 em 

cylindrical camera could not be used for high temperature 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 reflexions up to a maximum Bragg angle of 45°  

to be recorded. 

For intensity measurements at high temperatures, rotation 

iphotographs with the same film—holder were taken, once it had been 

established that there would be no ambiguities in indexing. 	The 

multiple film technique was used to cover the intensity range. 

For oscillation photographs with large crystals about an 

hour is exposure was sufficient under normal conditions. 	For 

rotation photographs with smaller crystals, the exposure time 

was increased to two days. 

Temperature fluctuations and overheating of the film proved 

to be the main difficulties. 	Overheating increased the background 
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while the temperature fluctuations caused by draughts were 

minimised by surrounding the camera and the furnace on all sides 

with cardboards. 

To get the structural data for room temperature phases, 

15°  Oscillation photographs were taken at 12°  intervals with the 

3 cm cylindrical camera. 	In addition, a few Weissenberg photo- 

graphs were taken to confirm the deductions based on oscillation 

photographs. 

2.6. Relative intensity and line profile measurement  

Introduction: 	To compare the intensities predicted on the 

basis of the different models of the crystal structures of 

potassium acetate, the intensity of each available reflexion 

was measured in the present work. 	The quality of the intensity 

data required is determined in each case by the nature of the 

study pursued. 	Early workers detellained simple crystal structures 

by the photographic method, merely by estimating the intensities 

qualitatively. 	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 integrated or peak intensity. 	It is customary to estimate 

the relative intensity only, unless the absolute intensity is 

required for special reasons. 
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Apparatus: 	In the present measurements data on the shape and 

magnitude of the diffraction spots was obtained with a Joyce 

Loebl Automatic recording microdensitometer, Uark III (Fig.18). 

This is a double beam null point instrument in which an optical 

wedge of graded density is progressively inserted into one beam 

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 position. 

Light from a source S is split into two beams which are 

switched alternately to a single photomultiplier P. 	If the two 

beams have different intensities, a difference signal is produced 

by the photomultiplier which after amplification causes a servo 

motor to move an optical attenuator so as to reduce the intensity 

difference to zero. 	In this way a continuously balancing system 

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 same source to 

illuminate both the film and the wedge. 

Theoretical: 	The degree of blackening or density of a film 

on exposure to any light is defined as 

D = log incident light  
transmitted light 

Exposure is defined as 

E= Ixt 
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where I is the beam intensity and t is the time of exposure. 

When b was plotted against log E, the characteristic curve of the 

film was obtained (Fig.19). 

In the present case a graded intensity scale was prepared 

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 I second. 	The film was then displaced and again 

exposed for 2 seconds. 	The process was repeated for the geometri- 

cal progression, 4, 8, 16 etc seconds. 	The exposure was made at 

normal tube voltage and the photographs were processed under 

controlled conditions. 	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 peak height of 

5-5- ram from zero background (Fig.20). 	Within this limit the peak 

heights were taken directly to represent relative 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 
was 

factor). 	This factor for the films used, wire found by comparing 

the heights of the same reflexion on successive films. 	The 

average value of the transmission factor of x.42, obtained from 

a number 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 crystallographic work was started. 

Using crystals showing complete extinction under the crossed 

polars and mounted as described previously, X—ray oscillation 

photographs were recorded at room temperature on a 3 cm cylindri— 

cal camera. 	The radiation used was cuica (, 	1.54178A). 

Photo:raphs about an axis parallel to extinction direction (2) 

showed layer lines indicating a lattice repeat distance in this 

direction of about 4 A. 	This was taken to be a unit cell axis 

and labelled c. 	Similarly, the oscillation photographs taken 

about extinction direction (1) al so showed layer lines and was 

taken to be second unit cell axis b. 	Inspection of the photo— 

graph showed zero, first, third, fourth, fifth, seventh ... layer 

lincs, for which k = 0, 1, 3, 4, 5, 7 ... 	The repeat distance 

along the b axis was about 23 A. 	Further, strong reflexion 

intensities were found only on layer lines for which k = 4n. 
Layer lines for which k was odd contained only the weaker 

intensities 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 temperatures 

of about 60°, 100°, 130°, 200°  and 280°C, and finally at room 

temperature. 	It was found that the layers with k odd, which as 
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noted above, contained only weak reflexion, became significantly 

weaker at 60°C and were absent in the photograph recorded at 100°C. 

Thus, the photographs taken at 100°C contained only those layer 

lines for which k = 4n, at room temperature, so that the b-axis 

was reduced to one quarter of its former value. 	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 temperatures. Room temperature photographs taken 

after the heating cycle showed that the weak layer lines had re-

appeared apparently with the same intensity as before. 

Attempts to take oscillation photographs about an axis 

perpendicular to the plane of the crystal plate in order to 

locate the third axis of the crystal cell were unsuccessful. 

Excessive exposure times were required because of the unsuitable 

crystal shape and the higher absorption coefficient. 	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 reflexions with E values that were multiples of .16, so 

the interplanor spacing d100  was taken to be either A/0.16 or 

some,  simple multiple of it, giving a minimum value for the a axis 

of about 9.71. 

Some tentative conclusions, to be verified by more sophisti-

cated experiments later, were drawn from the above observations. 
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(i) At room temperature, the unit cell dimensions were approxi-

mate ly 

a •-•-# 9.7 A, 	b 	c 

(ii) Potassium acetate has at least three crystal structures. 

One form existed from room temperature to the temperature when 

the weak layer lines disappeared. 	This temperature was pro-

visionally identified, with the phase transition at 80°C reported 

by Hazlewood et al.(7) 	This new phase underwent a further 

transformation between 135°  and 200°C characterised by a reduction 

in the number of reflexions. 	This change was provisionally 

identified with the second phase transition remorted to occur at 

160°C. 	No evidence of the third transition at 230°C was found 

as there was no difference in the appearance of diffraction 

photogra)hs taken at 200°C and 280°C. 	Accordingly, the phases 

were designated from room temperature upwards: form III 

form II --4-form I. 

(iii) During the heating cycle, the b and c axes did not show 

any observable change of orientation. 	Crystals mounted about 

these axes remained "sett' throughout both phase transitions. 

2.8. Determination of Cell Dimensions at Specific Temperatures  

Reference has already been made to the difficulties of 

recording 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 
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work it was necessary to use oscillation photographs of crystals 

about the b and c axes, to establish the cell dimensions of the 

different forms of potassium acetates. 	Improved estimates of 

b and c for form III were easily 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 were a large number of reflexions on the zero layer line 

of the c—axis oscillation photographs of form III, a zero layer 

Weissenberg photograph was taken at room temperature. 	This 
* 

established that the a b net was orthogonal with a* = .0825 

b* = .0654, 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 been 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 

temperatures, where the Weissenberg camera could not be used. 

A close examination of the reflexions in the first layers of 

c—axis oscillation photographs taken at room temperature showed 

that in one crystal, the diffraction intensities did not exhibit 

the ram—symmetry commonly found when the crystal was oriented 

parallel to X—ray beam along the b* axis. 	The intensities of 
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pairs of reflexions in the first layer line on the upper half of 

the film wore in reverse order on the lower half (Fig.21). 

Moreover, the stronger reflexions wore relatively sharp whereas 

the weak reflexions were badly arced along curves of constant P. 

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 p, which could be roughly measured from the photograph. 

Such a diffraction pattern requires the crystal to have the 

following twin texture (Fig.22). 

The two orientations of the twin (1) and (2) have a common 

c axis aid a axes that diverge at an angle 2p. 	Likewise both 

a*1 and a*2 are perpendicular to c and therefore lie in the same 
(!..8,0-z0P) 

straight line whereas c*1 and c*2 are inclined at an angle 
2p*. 

In both components the b-axis must be parallel, for, otherwise, 

the angle would be detectable on the b-axis oscillation photo- 

graphs, which was not experimentally obser/ed. 	Thus b*, which 

is perpendicular to a* and c* must be perpendicular to tho plane 

of the paper in Fig.22. 	It is evident that (100) is the twinning 

plane. 

Thus, with c as the oscillation axis, reflexions of the type 

hoe or hko in the zero layer are split into pairs of reflexions. 

hol and hol or hkl and hkl in the first layer line. 	Although in 

the present case the two components of the twin were of unequal 

volume so that the intensities of the pair of reflexions were 
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unequal, in general this is found not to be the case. 

The appropriate value of the monoclinic angle p was found 

by measuring the separation of the pairs of reflections 701 and 

701, 611 and 611, 501 and 501, 301 and 301 on two separate 

photographs. 

Thus, the above arguments lead to the conclusion that the 

room tem-ierature structure is monoclinic and twinned, the twinning 

plane being (100), a* = •085, b* = 0.0654, c* = .39, P = 92.3°. 

Confirmation that this was a selfconsistent set of cell 

parameters was obtained by successfully indexing all reflexions 

on a set of b—axis photographs. 

A more accurate method used to determine the change of 3 
with temperature will be given later. 

Having verified that it was possible to index the room 

temperature photographs an attempt was made to index the b—axis 

photographs at 207°C, because here the diffraction patterns 

showed fewer reflexions. 	Bearing in mind that the lattice is 

likely to gain symmetry elements as the temperature rises, it was 

thought possible that the lattice was now orthogonal. 	The 

orientation of a* was found to be unchanged and a central 

reciprocal lattice row identified as the new c*(I) was found 

perpendicular to a*(I) (parentheses refer to the three forms). 

An a*c* net was drawn on the basis of these two dimensions and 

it was soon evident that all reflexions could be accounted for by 

making : 
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a*(I) = 

Using the fact that b(I) •-•,,4 (III) from layer line measurements, 

it was concluded that the form I structure 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 identified from 

their positions and overall similarity in intensity to those of 

form I and II. 	This helped to define the range of oscillations 

to swoop 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 b—axis 

were found to be more akin to those of form III. 	Hence an 

attempt was mode to index the photographs on a twin reciprocal 

net of form III. 	Soon it was apparent that if the form was 

a monoclinic twin, the monoclinic angle must be larger than in 

form III. 	After trial and error adjustments of p*, finally 

a non—orthogonal twin not was found on which all reflexions on 

the zero and first layer limes could be ipidexed. 	The corres—

ponding cell dimensions were: a* = 0.165, b* = 0.27, c* = 0.39, 

p 94.e. 

It was subsequently verified that the cell dimension 

deduced for the forms III and II of potassium acetate could be 
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Fig.21. Schematic diagram of a room temperature c axis 

oscillation photograph of potaSsium acetate, which showed 

splitting of reflexions in.  the first layer line, due to 

twinning. 
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Fig.22. Geometrical origin of the split—reflexions of 

Fig.21. 

Fig.23. Transformation of axes; b.c. to f.c. lattice in 

Form II and Form III potassium acetate. 
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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 

symmetry present in the space groups. 

The present axial systems involve an increase in. the mono—

clinic angle p from 92.3°  in form III to p . 94.8°  in form II, 

followed by a reduction in form I where this angle must be 90°  

by orthorhombic symmetry. 	Subsequent inspection of photographs 

taken at different temperatures revealed that this discontinuity 

in the p angle was not a real effect but due to the choice of 

unit cell in forms II and III. 	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 p 

decreases progressively through the transformations III 	II —0 	I. 

This was done by defining the new axes a2  and c2  whose trans—

formation equations in terms of the original al  and cI are given 

by (Fig.23) (for both forms III and II) 

E2 = E1 

This leads to a similar transformation in the Miller indices 

h2  = hl  + zi  

= - 
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After assignment of new indices to all reflexions of the 

photographs taken for the three forms, the space groups from the 

systematic reflexion conditions, relative to these new axes were 

found to be as follows: 

In form III, 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 hk1 absent when k = 4n 2. 

The only reflexion condition in form II is that 

oko present only for k = 2n. 

The space groups are, therefore, 

P21 or P21/m. 

The reflexion conditions for form I are okl present only 

for k 	1 = 2n. 

These are the conditions for the space groups 

Pnmm Pn21m or Pnm2 1. 
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Table 2.8 

Summary of crystallographic data of Potassium Acetate 

(Transformed) 

Form temp. a* b* c* p* aA bpi cA p° 

III 22°C .0825 .0654 .39 79.6°  18.38 23.65 4.00 100.4 
0 

II 107°C .165 .27 .39 82.6 9.38 5.72 3.99 97.4 

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

Reflexion condition 	Space groups  

hkl present only for h+k = 2n 

(oko present only for k = 8n 

hid absent when 	k = 411+2) 

Cm, C2/M or C2 

oko present only for k = 2n 	P21  or P21  /m 

(I) 

okl present only for k+1 = 2n 	Pnmm)Pn21m or Pnm21 
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and 101- Fig.25. Relation of 12)* and 	--values of hOl 
( or hOl of twin orientation ) 
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2.9. Determination of Cell Dimensions at a Series of Temperatures  

In she foregoing section, the cell dimensions of the three 

forms were determined only at three specific temperatures. 	But 

the following observations led to the study of the cell dimensions 

at different temperatures. 

While 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 

Q with increasing temperature, indicating large thermal expansion 

of d100.  

(ii) Pairs of zero layer reflexions identified as the type hol 

and hoT, with one from each orientation of the twin, moved 

towards each other with increasing temperature and coalesced 

between 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, 

so that, 

2 	2 
C, hol 	hoT = 4. h. a*c* cos 

For all zero layer reflexions C. = 2 sin Q 

(1) 
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Hence cos p* = (sin2
G
hol 

- sin2
9ho1  -)/ha*c* 	 (2) 

Thus, to find p at a particular temperature three photo-

graphs were taken, one to obtain Qho 1 andhol - and the other two 

to obtain a* and c*. 

The reflexions used for measurement and their approximate 

Bragg angles are shown in the Table 2.9. 

Table 2.9  

Approximate Bragg angles for lattice parameter determination 

Reflexion Indices 	Approx. Bragg angle e 

400 (800) 20 

002 23 

301 - 301 (601, 601) 20 

040 (0, 	16, 	0) 32 

The indices in parentheses are those for form III. 

Near the transitions, photographs were taken at frequent 

temperature intervals and a few photographs were taken above 

IT 	I transition temperature, to see if there wasany detectable 

change in the diffraction pattern. 

Once it had been verified that it was possible to obtain 

meaningful measurements of p and therefore of a and c, another 

crystal was mounted about the c-axis in order to record the oko 

refloxion from which the remaining cell dimension b could be 

obtained. 
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The variation with temperature of the cell parameters that 

were measured directly, namely, d100,  d010 b = 9 	, and d001 
 are 

001 

shown in Fig. 26, 27, 28. 	Using the relations, 

a* = A/a_ 	C* = low 	d 	,R = 180 
001 

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

and is plotted in Fig.29. 	Values of a and c were calculated 

from the equations a = 
d100 

and c = d001 
— sin p sin13 

and plotted (Fig.30,28). 

The Bragg angles of the reflexions chosen were considerably 

lower than are desirable for accurate masurement, but this is 

partly counteracted by the large change in the parameters to be 

measured. 	Nevertheless, to obtain a self consistent set of 

results, certain precautions were necessary. 	The reproducibility 

of measurements in the travelling microscope was quite satis-

factory, an average of 11 readings having a standard deviation 

of 	0.002 cm. 	Given the camera radius of 5.73 cm, this 
corresonds to an error in the Bragg angle AG of 0.020  and a 

d A 
precision of spacing measurement c-f.-- = - cot G. AG of about 0.1%. 
This -orecision 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 delay. 	Thus, film shrinkage will change the 

absolute value of the spacing, but the random error in the 

relative value is probably less significant. 	The most likely 



_t .  150 id° 

°4,1) 0  2 
rd 

9.1 _ 

8.9- 
50 

temp. 00 

Fig.26. Variation of dloo  with temperature 

in potassium acetate. ( numerical data given in Appendix) 

9.8 

9.7 

9.6 - 

9.5-- 

9.4 — 

9.3 — 

9.0 — 

89 



(Numerical data given in Appendix) 

Fig.27 

6.0 

0 

5.7 

    

   

Fig.28 
4.1 	c axis 

     

01 
0 

rd 
c3 3 . 9 

C12 

3.8 

0 

0 	 50 
temp.°  C 

100 	 150 	200 

Fig.27. Variation of b axis with temperature; -- — b/4 (form III), 	b (II & I) 

Fig.28. Variation of c axis andvith temperature (sample: potassium acetate) dx0070 	 Lc) 



rn 
r 	98 
11=1 

0 

100 

96 

94 L- 

921- 

0 56 100 
TEMP. ° C 150 	 200 

102 

Fig.29. Variation of fi 
 with temperature. (numerical data given in 

Appendix) 
	

(sample: potassium acetate) 



9.2 -- 

50 

9.8.- 
	 (Nunerical data given in Appendix) 

9.6 

9.4 — 

I 
100 temp. °C  150 	200 	250 

Fig.30. Variation of a axis with temperature (sample: potassium acetate) 



68 

0 	 100 
temp.°C 

Fig.31. Comparision of molar volumes:-p. X—ray ; 0 r=  dilatometer. 
(sample: pbtassium acetate) 



94 

cause of the irreproducibility was thought to be 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 A in a spacing of 4 A. 

The absolute accuracy is unknown but is unlikely to be better 

than 1.5;. 

From the graphs of c411 dimensions (Fig. 26, 27, 28 and 29), 

values of d100, d010,  d001 and 13 were intrapolated at regular 

intervals of temperature. 	Then the cell volumes V =100•b.c) 

were determined over the temperature range 23 C 	160oC. 	For 

comparison with the dilatometric data of Hazlewood et al. these 

unit cell volumes were converted to molar volumes by multiplying 

by N/2. 	The two curves are shown in Fig.31, 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 studie s 

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(48), it would predict 

that the macroscopic volumes should be larger than the microscopic 

values. 	Further comment 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 155°C,  but the rate of 

increase is less when the crystal has undergone the transformation 

II 	I. 	The diffraction photograph taken at 247°C shows that 

a = 9.503 A an increase of 0.109  Arom its value at 155°C giving 

an estimated thermal expansion between these temperatures of 

aa (average) 155° - 247°C.-- 150 x io-6 C deg-1. 

It is apparent that no such average figure can be given for 

the expansion of the a-axis over the entire temperature range from 

23°C to 155°C. 	The overall thermal expansion can bo represented 

only graphically (Fig.32). 

Rather surprisingly, the two other axes contract on heating. 

The slight c-axis contraction acr-s:-:<,  -40 x 106 C deg.-1 remained 

approximately constant up to 1550C, but the value at 247°C indicated 

that ac becomes positive between 155° and 247°C. 

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

temperature to about 68°C, the axis contracted with an average 
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Fig.32. 	The coefficients of thermal expansion of potassium acetate along 

a—axis. 
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rv• coefficient ab --,  —10 x 10-6 C deg.-1. 	Then at the transformation 

III 	II, there is a rapid but continuous expansion followed by 

a contraction after about75(DC. 	This contraction continues up 

to 200°C and shows no discontinuity at transition II 	I. 	The 

average coefficient of expansion in this temperature range is 

—100 x 106 C deg.-1. 

The monoclinic angle p determined by the method given above 

decreases continuously with increasing temperature up to 150.3°C. 

Above this temperature the 12. angle is increasing very rapidly; 

the observations are reported in the next section. 	Above this 

temperature, p was estimated by plotting the separation of the 

doublet from room temperature to 150.3°C against the values of 13 

subsequently deduced and extrapolating the resulting straight 

line to 90°  (Fig. 34-). 

2.10. Transition Temperatures, Hysteresis and Persistence of Axes 

As has been stated only three polymorphs (involving two 

solid—solid 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 vicinity of the transition temperatures by taking 

diffraction photographs at small temperature intervals. 	Using 

a crystal of dimensions 0.5 x 0.1 x 0.1 mm, the transformations 
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form II 	form I, from monoclinic (twinned) to orthorhombic 

(single crystal) diffraction pattern was followed during-  a thermal 

cycle form II he ating ti  form I, by noting the separation of 401 
cooling 

and 401 and 301 and 301 doublets obtained from the two orientations 

of the twin in the zero layer of the b-axis photographs. 	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 153.1°C. 	Thus, there was 

hysteresis of about a degree wide in the transformation. 	The 

co-existence of the two forms at a single temperature could not 

be verified because of the temperature gradient (about 0.1°C/m) 

between different parts of the crystal, the upper part being 

always hotter than the lower. 	There was no doubt, however, that 

the two fortes could co-exist within one hybrid crystal, for, the 

separation of the hol and hol was variable through the composite 

diffraction spot (Fi .24), some one or two degrees before the 

transition. 	The inclination of the two reflexions defining the 

p angle in form II suggests that in this temperature range the 

angle is continuously variable in one part of the crystal and is 

co-existing with another part of the crystal that has already 

completed its transformation to form I. 	For practical reasons 

the minimum observable separation of hol and hol corresponded to 

a p 	of 93.1°  but there was no indi cation of any discontinuity 

in p as it approached 90°. 
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The progress of the transition III 	II could be followed 

by observ:.ng the weak layer lines with k odd, obtained at room 

temperature b-axis photographs. 	These grow weaker in intensity 

with rise of temperature and finally disappear at the transition 

temperature. 	Using the same crystal, the reduction in the 

intensity of the reflexions 	III and t510)ili, which were 

relatively strong in relation to other reflexions in the layer 

line, was observed. 	On heating, these could not be observed at 

75°C and reappeared on cooling at about 68°C. 	kith mother 

smaller crystal ( 	.08 mm2 ), the reflexions disappeared between 

85°C and 95°C on heating, but did not appear even at 65°C on 

cooling. 	Thus, the transition III —4 II probably has no well 

defined transition temperature, but depends on the particular 

crystal used. 	Size and perfection of the crystal is likely to 

be important, for, with the smaller and more perfect crystal, 

the hysteresis in the transition temperature was very much greater 

than that found with the bigger crystal. 	Defects may also play 

some part. 	The greater perfection of the small crystal was 

indicated by the absence of slight p-arcing of the reflexions in 

some orientations. 	The thermal history of both crystals was 

effectively the same, both having passed through several thermal 

cycles. 

The similarity in the appearance of these 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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features relating to the degree of order (if any) in the structure 

deserve further study. 	These are the integrated intensity and 

lino profile of the additional reflexions. 	Those two quantities 

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 scale by comparing its intensity with that of the Cuicpt; 

reflexion from 400 which occurred at roughly the same Bragg angle 

and. was of a convenient intensity. 	Although there was no justi- 

fication for assuming that the intensity of 400 remained constant 

the intensity ratio must still be characteristic of the state of 

the sample. 

Valu s of this ratio I(710)/I(400p) were plotted against 

temperature during both heating and cooling (Fig•35)• 	The 

integrated intensity was taken as the product of the half widths 

and the heights of the photometer t?.- aces through the reflexions. 

The curve relating the half breadth of the line profile with 

temperature is also plotted in Fig.35. 	It is of interest to note 

that there is a significant change in intensity before there is any 

chan[;e in the breadth of the reflexion. 

The following points can be made from these graphs: 

(1) The progressive broadening means that the transformation 

temperature will be impossible to detect by X--ray diffraction 

alone. 

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

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

in order-disorder in alloys. 

(4) The maximum width of the hysteresis loop was about 15°C. 

Thus in neither of the transformations woz'o 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 PROPERTTES 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 
F orientational. 

Polarisation is related to the static (or low frequency) 

dielectric constant through the equation: 

2 E - 1 M 	kruN 	4TEN = p = 	+ 	) T7-17f d 	3 a  "- 3 (a  o 3kT 

whero E is the static dielectric constant; M is the molecular weight; 

d is the density N is Avogadro's number; ao  is the polarizability of 

electronic and atomic distortion; .11 is the permanent dipole moment, 

k, the Boltzmann constant and T, the absolute temperature. 



micro- infra uv 

log frequency 

/ P real part 

105 

Pe+ Pa+ Pd 

P+ P e a 
Pe 

0 

wave 	red 

Fig.36. Schematic diagram showing the contributions of 

different polarisation to the total polarization 

( reproduced from Dekkar's "Solid State Physics") 

Fig.37. Schematic 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 molecules along the field. 

When a low-frequency alternating electric field is applied, the 

polarization of electrons, atoms, ions or dipoles tend to follow the 

field and contribute to the total polarization. As the frequency 

becomes higher, the polariZetion 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 10
10 

Hz, the electronic, atomic or orientation effects, 

all contribute to the total polarization. With increasing frequency 

the orientation contribution ceases. Between 10
12-1014 Hz the 

etomic contribution also ceases. Up to about 10
15 

Hz the only enn- 

tribution 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 Et.i,EIICo and the other component is 90
o 

out of phase with the 

alternating potential charging current and is given by BcVC
o' 

These 

.0 1  
two components form the complex dielectric constant t =t - i t 

giving rise to two dielectric constants E' and En. This complex 

dielectric constant is (90 - 6)°  out of phase with the field, where b, 

the loss angle is given by tan-1 EVE' 	The two dielectric constants 
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vary with frequency according to the Debye equations, 

€ - E coo+  0 00  

1 + 4,.1-2  

(E ^ eo  4.0T 
Eta 

1 + 2
T2 

 

Here w is the angular frequency and €00  and E
o 
are the dielectric 

constants at high qnd low frequency respectively. T is defined by 

the equation, 

a(t) = a(o) e
—t/T 

where a(t) represents the decay (or rise) of polarization after a 

sudden removal (or application) of a field with steady polarization 
1 

a(o) (or with zero polarization). 	When time t = T a(t)/a(o) = 

i.e. T is the period of time during which the polarization changes 

to 1/e of its initial value. 	T is known as the relaxation time. 

The variation of e' and En with frequency predicted by the Debye 

equations is shown schematically in Fig,37. The equation of e" 

shows that (" .-4 0 for large and small values of 0)T and is maximum 

for W T = 1 or T = 11/0) 
max' 
	In the case of non spherical molecules, 

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 
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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
(50) 

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(51)  in 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 E' of a two phase dielectric with frequency 

follows precisely the same relaxation equation as before, but the 

variation of €1/ is different. For a simple two phase model
(52)  it 

is given by: 

9v(C)2 	T 

E"  1  
2 2€' 	E' 	2 

 

where v is the volume fraction of conducting impurity present in the 

mixture, El  is the real part of the relative permittivity of the 

material and C2  is the real part of the relative permittivity of 

the impurity phase. 

n-primary alcohols in paraffin wax and obtained the graphs shown in 

Fig.37a, from measurement of the loss factor E“. 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 molecular 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, 

k 
Hamon(53)  dispersed some copper p/halocyanine and liquid 
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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 polarisation 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 

range for such measurements lies between 10 2 Hz to 107 Hz, because 

the impedance of the condenser containing the dielectric can be 

balanced against known combination of discrete capacitances, resis-

tances etc. For 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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Fig.37(a) Plot of logEilvs. log frequency showing D.C. 

conductivity and interfacial polarisation absorption 

due to conducting inclusions in a dielectric. 

Curves A, B, C : 1.9,0.62,0.19 per cent by vol. respect—

ively of copper phthalocyanine and curve D: 1 p.c. 

n—decyl alcohol dispersed 'in paraffin wax( after 
Hamon(53)  ). 

Pt vire 

electrodes 

glass plate --).1 	 

Fig.41. Dielectric cell for measurement of capacitance 

and conductance along b and c axes of potassium acetate 

multicrystalline block. 

C. ccz is  

crystal block 
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Fig.38. Comparision of impedances in a Wheatstone 

a.c. bridge. 

Detector 

Fig.39. Practical arrangement of the Transformer ratio—

Arm Bridge: 
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as series resistances on the circuit and introduce errors in the 

measured 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 

Z1  and Z2  whose ratio Z1  /Z2  can be varied in decade steps, the unknown 

impedance Z
u 

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 C and conductance G 

as a parallel combination. 

The range of measurement of the bridge was 

Cp, 0.002 pF - 11.1 11F 

G , 0.00002 ilmho - 10 mmho. 

The nominal accuracy of the measurements of the bridge was + 0.1%. 



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 Hz so that angular frequency w = 2nf = 104 rad s
-1
. 

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 maximum 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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Fig.40. Dielectric cells (a) Cell No. 1 (b) Cell 
No. 2 (c) Cell No. 3. 
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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
oC. 

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.l. 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 tfrap. 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 connections. 

The cell was thoroughly cleaned before 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 S1 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 

C, 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. T1 was the tungsten rod sealed vertically 

through the bulb B. Around T1 was a platinum tube P1 which together 

with Tl form a co-axial cylindrical condenser. P1 was connected to 

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

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

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

Ti 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 capacity 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 the form 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.40c. 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 P1 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 P1 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 P1. 

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 114), 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 c 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 + 50C. 

To examine the a-axis anisotropy, a little powder was melted in 

between two gold foils, 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 dielectric cell steady. 

At room temperature, the hydrocarbon oil used was very viscous but 

the viscosity 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 ma 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 kW heater H immersed in the 

oil was connected to a Sunvic bimetallic temperature sensing element V 

with a sensitivity off 0.5°C. 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 

4- 10
o 
at 1o  C 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 alnea4y 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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Experiment 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 C and conductance G were noted (before 

the heater wire was coiled) and the cell was then cycled in temperature 

between about 170
o
C 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. 

Initial values Day 1 Day 2 Day 3 Day 4 

Weight g 

Capacity poi 

(Conductance 
ILmho 

63.3656 

1.2? 

0.003 

63.3382 

0.94 

0.002 

j 63.3296 

0.92 

j 	0.002 

63.3286 

0.94 

0.002 

63.3290 

0.93 

0.002 

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 using 

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 

vacuum and then cooled down to about 140°C. The temperature was 

cycled between 140°  and 180°  several times during the day and the bath 

with the sample inside was allowed to cool down to room temperature 

overnight. Each morning, the capacity and conductance were measured 

at room temperature and near 180°C. The ratio C (room)/b (180°C) 

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: C (pF) 

day the ratio C 
P 
 (room temp.)/C 

P
(180°C) 

1 1 : 1.44 

2 1 : 1.36 

3 1 : 1.24 

4 1 : 1.25 

5 1 : 1.23 

melt 5 1 : 1.41 

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 constant and conductance can arise because of decompo- 

sition of a sample
(54) 

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 

of decomposition of the melt by electron transfer(7). 
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3.3, Measurement of Capacity C and conductance G with potassiumt  

acetate, as dielectric material 

3.3.1. 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 oil 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 170°C, in C, 	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 

electrodes (electrode effect(55)), 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 G p  

values increase rapidly, particularly after the transition from form II 

to form I at 154°C, although the rise is evident at temperatures as 

low as 100°C. 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 

C and G 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 kHz. 

The values of C and G against temperature are plotted and are 
P 	P 

shown in the Fig.45. The variation of C and G with frequency for 
P 	P 

three temperatures are shown in Fig.46. The three temperatures are 

arbitrarily chosen at 170°C and above, because, below 170°C, the G 

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 C and G 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 

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 

ET and loss factor el were calculated over a range of temperatures 

using the measured values of C and G obtained during the heating of 

the samples (results from Fig.45). The equations used for the cal-

culations were: 

Co(' = C , 	C 	= Gp/60 

where C
o 

is the capacity of the cell with no dielectric inside, and 

co= 2nf, f is frequency in Hz. 

To display the variation of e and E?' with frequency, e and @' 

are plotted against log frequency and are shown in Fig.49. 
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B. DIYKE,RENTIAL THERMAL ANALYSIS OF POTASSIUM ACETATE 

3.1. 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 t1  and the 

reference material t2  were identical, the net output voltage from the 
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Fig.43. Capacitance and conductance of Cell no.' 2 at 1592 Hz, with potassium 

acetate as the dielectric material 
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Graphs I : Capacitance Graphs II : Conductance 

( Graphs are given for few frequencies for heating the 
sample; all data are in Appendix) 
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dielectric sample: potassium acetate; numerical data 

are given in Table 4, Appendix. 
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two thermocouples was zero, i.e. At = 0. 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 

t3  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 = 	t2  = 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 = 0, but once melting 

commenced t1  remained constant until the sample completely melted, 

but t2  rose. Given a rise of temperature with time as shown schemati-

cally in Fig.51a, the corresponding change in At will be as shown in 

Fig.51b. 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.51d). In the present DTA, the thermogram was a plot of At 

against temperature of the sample. 

The magnitude of t2-t3  is approximately proportional to the rate 

of heating H, the weight W of the reference sample, its heat capacity C 

and thermal conductivity A(56),  i.e. 

t2 	t3  - H2  ( WC/A )2  

Similarly for an inert sample 

ti 	t3  - Hi  (WC/A)1  

Thus, At = t1  - t2  p41H2  (WC/A)2  - HI(WC/A)1 . 

The present apparatus ensured H2  = HI . 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 kIHE(WC/A)2 	(WC/A)1] 

If the variation of WC/A with temperature is the same for both 

reference and the sample then At = 0 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 -el  will, in 

general, be curved (Fig.52). 

Under certain experimental conditions, the area under the peak 

of a thermogram, produced when a material with a thermal change (phase 

change) as above is examined, is proportional to the heat of reaction(57) 
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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 alike 

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. 



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 base 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 50
o
C 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  

(a) The endothermic transition farm II —4 form I was recorded in 

all the thermograms. (Fig. 53al b,c,d), with a slope resembling the 

specific heat anomaly of a A-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 50°C to about 15°C below the transi- 

tion temperature wore obtained. 	It was concluded that the transition 

involves a co-operative effect. 

(b) All thermograms showed that from about 90
o-100

oC to the melting 

temperature 303
oC 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 90°C 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. 

(c) Transition from form III to form II 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.55a). 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 	I, indicating that entropy involved in the melting 

is much higher than in the transition II -4 I. 
The results will be discussed more thoroughly in the discussion 

chapter. 
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Chapter 4 

STRUCTURAL WORK ON POTASSIUM ACETATE 

4.1. Introduction 
c..kott.4 I 

4.1.1. Structure Factor. 	. 	4-., the behaviour 

of atoms, molecules or ions of a crystal 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 SV of 

a crystal reflects X-rays, the expression for the integrated intensity 

of reflexion is 

P 	FI 1 	2 	1 + cos
2
21;  I  

Sin2G 	2 

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. 	IFI2 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 

P 
1 + 

2 
 cos 	1  . A(hk1) p' IFI

2 
cc  
(sin 29 - 5 )2  

Here 5 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 (hk1) of 

the unit cell is, 

F(hk1) = 	fn  exp 2ni(hxn  kyn  + lzn) 

so that, in general, 

IF(hk1)I2 = (E fn  cos 2n(hxn  + kyn  + lzn))2  

+ () fn  sin 2n(hxn  + kyn  + .z n))2 

Here fn is the atomic scattering factor of an atom at rest, 

x
n
, y , zn are the fractional co-ordinates of the n-th atom. The 

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

Only this modulus can be observed experimentally. 
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For centrosymmetric system, 

F(hkl) = 	fn  cos 2n(hxn  + kyn  + lz n) 

and IF(hk1)12= 2( 	fn  cos 2n(hxn + kyn + lEn))2  

i Values of IF!2  computed from the above equation cannot be directly 

compared with observed values, because the atoms are not at rest but 

vibrating randomly about the positive xn, yn, En
. If the amplitude 

of vibration is independent of direction, atomic scattering factor 

becomes, 

f = fo 
exp (-M) 

where M = 8n
2
u
2
sin

2
9/k

2
, u

2 is the mean square displacement of atoms 

from their equilibrium positions, perpendicular to the reflecting 

planes(58) • 

The structure factor is then 

F(hk1) = fn  exp 2ni(hxn  + kyn  + lzn) exp (-Mn). 

If all atoms are assumed to have the same mean square, displacement, 

this expression becomes 

F(hki) =(5 fn  exp 2ni (hx + ky + lz)) exp (-B sin
2
8/X

2
) 

where the constant B = 87t2u2 is called the isotropic temperature factor. 

B can be evaluated by a method given by Wilson(59) or by variations 

of it such as the following:(60)  

The observed values of the structure amplitudes are on an 

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

multiplying by some factor K. Hence F(obs.)/F(calc.) = 1/K exp (-B sin202-) 



11+9 

or loge(Fobs./Fcalc.) = log(1/K) -B sin29/X2. 	If loge(Fobs./Fcalc.) 

is plotted against sin29/X2  for each reflexion the points should be 

in a straight line, whose gradient gives B and whose intercept gives 

log (1/K). The F
obs 

values should then be multiplied by the factor 

K to get the absolute 
Fobs. 

values which can then be compared with 

Fcalc. values. 

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. 

4.1.2. 	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). 
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Table 4.1.2.(a)  

Crystallographic data on Lithium Acetate 

Lithium acetate (anhydrous), triclinic, Pi, z = 8 

a = 9.29, b = 12.13, c = 6.76 R 

a = 101°, p = 100°19',y = 105°5' 

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

a = 6.86, b = 11.49, c = 6.59 R 

The structure of the anhydrous lithium acetate has not been 

worked out(61) but that of the dihydrate
(62) 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 R 

p = 111.70, z = 8. 

space group: C2/c 

But nothing is known about the orientation of molecules or 

co-ordination of atoms. 

Among other metal acetates, zinc acetate dihydrate
(64) is mono- 

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

a = 14.50 b = 5.32 c = 11.02 R z= 4 

p = Deo° 
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In this structure, each #.4-  is surrounded by 4 oxygen and 2 water 

molecules. 

However, hydrlated acetate structures are not particularly rele- 

vant to the present work. 	It can be seen that the water of crystall!.P-

tion plays an essential role in coordinating 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 geometry. 

Another acetate structure of limited relevance is ammonium 

acetate(65) 
	

The space group P21/c is similar to that of one form 

of potassium acetate. One cell dimension of the structure of ammn,ii--

acetate is smaller (— 4.8 R) like 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 4.1.2.(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 K02C2  is 1 : 2, each 

orygen must co-ordinate 3 different potassium P.-toms. 	In the r;p,c, 
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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 (0-0)R (0-Z-0)°  

Ammon. trifluoroacetate 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 
1.30 ) 

Ammon, oxalate monohydrate 1,25 ) 126 
1.26 ) 

Monopyridine copper acetate 1.47 1.25 ) 127.3 
1.25') 

Amino 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 
1.25 ) 
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4- 

Fig.54(a). Schematic representation of soap structure 

showing the ionic double layers. 

)  a 

Fig.54. Arrangement of the atoms in one half of the 

ionic double layer of potassium palmitatel form B structure 



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 

geometry 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 

forms: A, B and C(66) 	Form A is monoclinic and occurs when soaps 

with 4 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 A. 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 KC
12 all soaps revert to their room temperature forms 

when cooled from high temperature. KC
12 

reverts to the B form from 

the A form (which arises spontaneously on cooling) in a period of 

months. 	The characteristic features of these structures are reveal,,,' 

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

Polymorphic transition temperatures of soaps. 

Soap Form toC transiton 
temp.oC 

form obs. 

25°C 
doo1R 
75°C 

KC4  A (monocl.) 

•••••••••••••• 

25 

KC6  A 	it 25 

KC8  A 25 55 C (monocl.) 22.996  23.798  

010 A 25 76 27.525-28.057  

KC12 B (tricl.) 25 54 C 	It 

KC14 B 	
I?  25 61 C 	IT 

KC16 B 	
It 25 68 c 	yi 

KC18 B 	
II 25 78 C 	li 

(In the simplified soap formulae, hydrogen and oxygen atoms are deletoP:', 

Table 4.1.2 (d)  

Cell dimensions of some even numbered potassium soaps(67) 

t°C phase c(kx) b(kx) a(kx) cc0 yo 
••••••••= 

KC8 25 A 

•••••••••••••••••••••• 

7.90 5.67 22.96 90 

•••••.• 

92.1 90 

KG10  25 A 8.06 5.67 27.52 90 93.5 9° 

KC14 25 B 4.14 5.6o 34.00 91.6 91.5 93 

KC16 25 B 4.16 5.60 38.19 92.7 91.3 93 

KC8 75 C 8.07 5.72 23.76 go 91.7 90 

KC16 75 8.03 5.7o 40.95 90  90.? 9' 
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Thus one of the cell dimensions a is either about 4R (form B) 

or 2 x 4 R (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 (KC16
) 

The structures of potassium caprate, form A(66) and potassium 

palmitate, form B(68) 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, (KC10) 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 pelmitate(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 
0 

balanced double ionic layer of K+  ions and - C 	(carboxylate) ions 
~0 

is built, The packing is shown for the top half 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 c 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 R and those 

between ionic layers 2.82 R is accentuated in potassium acetate. 

Halfway 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. 

4.1.3. 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 

F(hkl) = 	fn  cos 2n (hxn  + kyn  + lzn) 

where fn are the scattering factors f1 , f2, f
3 	of the atoms in the 

unit cell. 

Taking the body centred a-iron structure as an example, the iron 

atoms are at (0, 0, 0) and (1, 1, 1). 	So 

F(hkl) = fFe  (1 + cos n(h + k + 1)) 

For (h + k + 1) odd, F = 0, i.e. when the sum of the indices 

are odd, the reflexion is absent. 

In the case of the ordered F 1 structure, the iron atoms are 

at (0, 0, 0) and aluminium atoms are at (1, 

Therefore, for this solid solution 

F(hkl) = fFe + 1 
cos n (h + k + 1) 

1 
2, 2)• 

= (f
Fe 

- f
Al

) 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.55). It is 

obvious from the figure that the repeat distance d of the antipolar 

structure is double that of the nonpolar structure. 

A recent study of the phase transitions in NaNO2(69) 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 1°C, 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, 

successive (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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4- 

anti-polar 

Fig'.55. Schematic diagram of the anti-polar arrangement 

of an arrowhead representating a molecule, compared 
• 

with polar and antipolar arrangements. 

"N„..  

be 	NN\ 	NN  

(a) 
	

(b). 

Fig.56. Two models of the structure of NaNO2(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 (CH3.CH2.CH2.CH2.CHNH3
+
C00

-, an amino acid) 

crystallises in two forms, a and p. The p-form shows () partially 

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 p-form the 

primitive translation cfi 	9  where c
a 
is that of the a-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 1(a+b) with respect to L, it is 

termed M. (Fig.57). 

The proposed model for the explanation of the appearance of the 

superlattice reflexions is that in the a-form, the stacking arrangement 

of the double layer is LLLL etc and in the p-form, it is LMLM (Fig.58). 

But reflexions = 4n+2 are almost absent which suggests that four 

units of L and M are packed together in the sequence LLMM to form a 

unit cell. If the structure is perfectly ordered in the above sequence, 
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the reflexions present should be t = 4n + 1, but the presence of very 

weak 2 = 4n reflexions suggests that the stacking is not perfect. 

Such structures containing faults of random nature have been dealt 

with Wilson's(83) method. 
by 

Some other structures showing periodic faults have been studied 

by Chao and Taylor
() 
(). 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 R, 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 R. 

They explained the phenomena as due to a structure which consists 

of two closely related structures. These are in layers approximately 

parallel to (001). One structure has a repeat of 7 R and the other is 

about twice as great. The structures are packed alternately 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 4-bromo and 4-iododi-

phenyl
(72) 

• The c-axis oscillation photographs show two groups of 

layer lines, - one sharp group and the other diffused (diffuseness varier. 

from order to order) and elongated parallel to b. Optically independcr.'; 

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. 

In titanium tetrammine tetrachloride (TiC14.4NH3)(73), 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. 2NH4C1 + TiC12(NH2)2, so that 

one structure is contained within the other as in the felspar structures, 

In the discussion of the structure of the alloy Cu4FeNi3(74)  

which shows satellites(75) when heated at 650°C, it has been suggested 

that additional lines appear due to a periodic variation of lattice 

spacing rather than superposition of two nearly equal structures as 

in felspar', 	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 understand 

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 III 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 etc. 

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

the unit cell was discovered to be 2 from Hazlewood et al.(7)1s 

density data, D = 1.52 g cm.-3  at 155°C, with molecular weight M = 98.14 

and measured cell volume = 224 R3  at 155°C. 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 Pnrnm, 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
oC 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 and '3E 2  2 x, ' 4' 4 

3 and
x' , — — and R, 4 4 

1 3 
4' 4 

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 

4 because of the symmetry operations m and I 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 R 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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Fig.59. 2mm — symmetry of the acetate ion. With 

decreasing diameter : methyl group, oxygen atoms 

carbon. 

H3 	 K 	Z= 	; shaded ones a-re of.t-- 

Figs.60 (top) and 61 (bottom). SchematiC diagram of the 

two models of the crystal structures of potassium acetate 

fom I ( viewed along the b axis ) 
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= 2.16 . and its width (i.e. the distance between carboxyl oxygens) 

= 2.05 R, ideal diameter of the methyl group = 4 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 (001) 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 

1 
2-fold axes of the space group at (x, 	7), the second ion must lie 

n 3 3 
in antiparallel orientation along the 2-fold axis at x, 	4 (Fig,60). 

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- 

- 1 3 	. 
positions at x, 	

1 4 and x, 	7  krig.b1). 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 

(2) acetate ions at 

1 1 x, 	7  and x2  

potassium ions at 

3 1 x, -4, 7  and x, 

In both models the acetate ions being planer (as in ammonium 

3 3 
"4' 

1 3 



(i)
1  x2 	z; 

1. 
(ii) x2  y, 71-..2  

— x, 3  7, 

x, y, 

1 x, 	1 	7 ,. x7  4 - 3, 2  1 _„„ ,„ 

3 . 	1 	3 
4 f 	X, 2-Y, V x, 2+Y, -4" 

Zy 
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acetate), its methyl carbon and carboxyl carbon have the above co-ordi-

nates in the acetate ions and the two oxygen atoms in the carboxyl group 

being equally inclined to the C-C bond at 61.5°, have different x and 

y co-ordinates. For two acetate ions in the unit cell four such 

1 	3 equivalent positions with z = .7  and z = 7  are needed. Of the two 

alternative sets of equivalent positions, 

the 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 P2
1
/m) after the thermal transformation form I 	form II. 

Thus, the atomic co-ordinates are, 

K(1) : either xi , 	J) for model 1 
4 4 	4 4 

or x1  =7-c 	(31„ 	for model 2 
4 4 	4 4 

and for both models 

1 , 0 (2) (carboxyl oxygen) X2, Y21 7 lX2, 
1\  

2-Y2, 44, 

1 	3 3% C (3) (carboxyl oxygen) x3,7,7 40c31 .4:1 y 
1 1,— 3 3, 

x" .1? 771.-kx" 	1.4? 

Remembering that the C-C bond of the planer acetate ion lies 

along the a-axis in (001) and taking the dimensions of the acetate ion 

as: 

C-C = 1.50 1, / OCO = 123.4°2  0-C = 1.25 R 

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

C (4) (methyl carbon) 



CH3 

0 

0 

Fig.62. Model (1) of Form I (potassium acetate) structure. The shaded 

atoms are at z=1,117 and the others at z= 4 
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Fig.62. Model (2) of Form I (potassium acetate) structure; the shaded 

atoms are at z = h and the others are at z 
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Fig.63 (top). Packing of the methyl groups in potassium 
acetate form I structure. 
Fig.64.(bottom).Diagram for the preliminary calculation 
of the coordinates of the atoms in the above structure. 



173 

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 

1, 
potassium atom are six oxygen atoms at (x2, y2, ); (x2, y2, v 

(x2, 	
1 1 , 	(v._ 	, 3N. (, .. 2-J21 4„ .-2, 2-J29 7/1 %A.2, J29) and  (x2, 12-.Y2 

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.:: upradius was taken as 2 R, the methyl group (CH3 ) (2) 

at the end of the antiparallel acetate ion must be packed in between 

and C/2 above the methyl groups (CH3) (1) of the acetate ions on the 

same side as shown in Fig.63. 

Let the methyl-methyl distance be nR and their separation measured 

along the a-axis = pa 

Then from geometrical consideration 

La =,/(n
2 
- (b/2)2 - (C - /2)

2
) 	(1) 

Therefore, the co-ordinate of the methyl group X4  = (a/2 - 6a12) R 

and in fractional co-ordinate 

La x4  = .5 - 	-- (.5 - Llx) 2a  
(2) 
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Let (Fig.64), V = C-0 cos (<000/2)R 

T = C-0 sin (<000/2)R 

W = C-C 

Then the X-co-ordinate of the oxygen atom is 

X2  =X4  - (V + W)R 

and 	xi = X2/a 
	

(3) 

The potassium X-co-ordinate is 

- [((c/2)2 	(b/2)2  bT)/4X2]R 

and xl  = -X1  /a 	 (4) 

The X-co-ordinate of the carboxyl carbon atom is 

X3  = (V + X2 )R 

and x3  = X3  /a 
	 (5) 

The y-co-ordinate of all atoms except of the oxygen atom, are 

0.25 and that of the oxygen is 

Y2  = (b/4 T)R 

and y2  = Y2/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 zi  = 0.75. 

The potassium-oxygen distances can be calculated from the general 

geometrical relation 

D
2 	

(Xi  - X2)
2 
+ (Y1  - Y2)

2 	
(Zi  - z2)2 	( 7) 

Using the above relations, the co-ordinates were calculated with 

the following approximate cell and molecular dimensions. The latter 

were those commonly found in other structures: 
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Photographs showing the distribution of 

intensity in reflexions of the type hoo. Note the large 

thermal expansion and the additional layer line in 

form III, potassium acetate. 
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a = 9.71 RI  b = 5.91 RI  C = 3.96 R 

C-C = 1.54 R, C-0 = 1.23 R, UCO = 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 	100 200 300 400 500 

Intensity (observed) 	vs 	w 	ms 	ms absent 
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tt 	(calculatedILF12) 

Model 1 	49,31 

Model 2 	74.77 

4.45 88.66 121,22 4.0 

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 all reflexions by 

sophisticated methods. The extent of these calculations makes it 

imperative to take the help of the compute', Although a considerable 



177 

number of structure factor programs exist, none was immediately 

suitable for calculating intensities, rather than F or F2. 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 Fig.66. 

below. The paragraph numbers 

diagram. 

(2) RA = a • = %/a sin r 

RB = b • = 

RC = c • = A,/c sin p 

Used for both monoclinic 

(6) RHO = d sin =i«ham)2  

The formulae used there are shown 

refer to the block number of the flow 

and with r = 900, to orthorhombic system. 

+ (kbil)2  + (Acw)2  + 2hAaKebos pm) 

P = 900  gives 2 sin 9 values for the orthorhombic system. 

(11) 	Lp-factor = (2 - 132+P/4)/*/(P
2
(4-P

2
) - 492) 

where p = 2 sin 9; 5  = kX/b (for b axis photographs). 

This is a simplified form of 

Lp = (1+ cost 2 9)/,/(4(171)2) 

with I,-1 = (sin2 2 9 - 521 )2 

(10) The trigonometrical terms 

GI = cos 2m (hx
n + kyn + 1zn) + cos 2m (hxn (1+y)kn  + lzn) 

for all atoms except oxygen where it is taken as 2 GI. 



fn  COS 2TT(hx11+yn-Flz,.,) 1 
I 	

6. FIND Fhkl= 

13.CALCULATE F2(hkl) 

14.CALCULATE I= F2(hk1)X(LP) 

7.CALCULATE SIN 9/k1 

8.CALCULATE Lp-FACTORS 

9.CALCULATE SCATTERING FACTORSI Fn  

7.CALCULATE TRIGONOEETRICAL TERMS 

11. MULTIPLY Fn  XCOS2 (hxn+kyn-i-lzn ) 
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Fig.66. Flow diagram of the program for Intensity 
calculation. 

  

. nrl'A 

2.COTTIJUTI-, 

3.SELECT SYSTEM 

ORTHORHOMBIC 

4.CALCULATE FROM 
1=0 to(lmax-1) 
k=0 to(kmax-1) 
h=1 to(hmax-1) 

1
G.CALCULATE 2SIN 

. CALCULATE FROM 
1=0 to (1max-1) 
k=0 to (kmax-1) 
h=(-hmax+l)to 

( hmax-1) 

MONOCLINIC 
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(13) F(hkl) = G fn  x GI. 

(14) F2(hk1). 

(15) OBINT = Intensity = F2(hkl) x (Lp factor). 

Calculation of Intensities : Trial No. 1(a). 

With the above program the first trial given was the same calcu-

lation which had already been 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 = 9.744 R, b = 5.750 RI  c = 3.993 R and 

n = 4.o R, C-C = 1.504 R, C-O = 1.251 R, / 000 = 123.4° 
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Calculated 	Atomic 

x 

Co-ordinates 

Model 1 

z y 

K(1) 0.0841 0.2500 0.2500 

0(2) 0.1858 0.0588 0.2500 

c(3) 0.2467 0.2500 0.2500 

cH3(4) 0.4010 0.250o 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 

cH3(4) 0.4010 0.2500 0.250o 

Observed (Fig.67) and calculated intensities are shown in the 

Table 4.3, 	Tn this table the first 12 reflexions of the zero layer 

r.-..re shown, in a qualitative Ky. 	It is seen thr.t, c,xcrila,pt for som 

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. 



Table 4.3 

Reflexions 100 200 101 500 201 301 400 401 002 102 500 202 

Observed 	vs w vs s w w ms w s ms absent w 

Calculated 

Model 1 36.87 1,67 12,30 4,89 4,27 18,31 1,25 23,11 16.25 5.76 	.025 	.21 

Model 2 45.02 0.26 12,49 0,23 0 	3.63 3.82 8.72 16,25 3.52 8.02 	.15 



I 

0 

I 0 

Fig.67. A rotation photograph of potassium acetate 

form I, about b axis showing the distribution of 

intensities. 

Fig.67a. A rotation photograph of potasstum acetate , 

form II,about b axis showing intensity distribution. 
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4.4. 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 

methyl-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 made: 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 B; but unlike 

it, the K-0 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 R. 

The differem.A. 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 ions, 

is preserved if this assumption of equality of K-0 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-0 distqnces D1  and D2, 

the values of which can be obtained from the same equation (7), i.e. 
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from which 

2 
D 	= (X

2 	
)2 + T2 

D2
2 
 = (X1 +X2)

2 
+ (b/2- T)

2 + (c/2)2 

X2  = 0.5/(4.  - T2)  + 	22 D 	(b/2 

D 	(b/2 xt .-0.511(4 - T2) -,/r1 

- T)2 	(c/2)2]  

- T)2  - (c/2)2] 

= P

= Q 

(8)  

(9)  

Symbols have their meanings as before. The co-ordinates of 

carboxyl carbon and methyl groups are, 

X3  = (X2  + V) R 

X4  = (X3  + 	R 

y and z co-ordinates remain unchanged. 

Now, for the calculation of the co-ordinates of the trial 

structures2  a series of D1 
and D2 

values are needed which can be 

obtained from a matrix formed by the two extreme values (2.82 and 2.74 R) 

of K-0 distances given above. At the diagonal extremities D1-D2  = oR 

and D1-D2  = .08 R. Along the rows the differences are 0, .04, .08 R. 

The first row is the average (D1+D2)/2. For the second row, the two 

D values are 0.02 R apart from the average on both sides, hence forming 

a difference of 0.04 R and for the third row, these are 0,04 R apart 

from the average; so D1-D2 = 0,08 R° The matrix with nine elements 

is shown below: (all in R) 



(original matrix) 

2,78 2.80 2, 2 
(1) 

2.78 2.80 2.82 

2.76 2.78 2,80 
(2) 

2,80 2.82 2.84 

2.74 2.76 2.78 
(3) 

2,82 2.84 2.86 

(D1-D2)/2 -4 

185 

D1-D2 

0,00 

0,04 

0,08 

2.72 

(4) 

0.10 : 2.82 

1 

0.12. 2.70 : 
(5) 

42,82 

(The dotted blocks represent the 

extension of the diagonal elements) 

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 



2.68 
1 . ti 	t 	1  

2.82 	2.80 	2.78 	2.76, 	2.74 	2.72 	2.70 
Parameter, D2  ft 

Fig.68. Variation in the 

Hparameter D2.:Reflexions 
finding an optimum value co 

intensities of some reflexions with the change' in the: 

such as 401;301,101 etc. which:converged,helped in 

of D (see text) 
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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, 1002 > 1102 > 1401. With trials 1(a), (1), (2) and 

(3) calculated intensities were 1002 > 1401 
>I102' 

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 D1 
and D

2 
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 Luis determination of the single parameter in Cr2A1, mentioned by 

Lipson and Cochran(76) 
	

If calculated intensities for different 

reflexions are plotted against the parameter D2  (because Di  = 2.82 R 

was kept constant along the diagonal of the matrix), there should be 

value of D2 
where the intensity sequence of at least some of the critical 

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 

401 and 102 are approaching and the sequence of their intensities is 

likely to reverse before the value D2  = 2.72 R in between, is taken and 

this is the trial no.4. Trial no.5 with D2  = 2.70 R shows that the 



C4  

Fig69. The crystal structure of potassium acetate, form..; coordination 
polyhedron is shown by dashed lines and methyl r7oups are joined by clotted line. 
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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-0 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 Fig,70 (Table 4.4(a)), it can be seen that most of the 

reflexions are in correct sequences. A notable exception is 301 and 

401 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 radically 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 N .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 
	

Di  2.82 R 
a 	. 9.744 
	

D2  = 2.70 R 

b 	= 5.760 R 
	

methyl methyl distance = 4.35 R 

= 3.993 R 
x = X/a y = Y/b z = Z/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(4) 0.3678 0.25 0.25 
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r 

Fig.72. The top half of the ionic double laer 

of potassium acetate , form I structure 



1n1 

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. Each potassium atom is co-ord;_n 

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 1301Yhedron 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 differen,- 

in cell dimensions. The methyl groups attached to the carboxyl group 

also form double layers parallel to (100), approximately at a/2. In 
63

i  the figure (CH3)2  belonging to one sheet sits in between (CHO, and I   

(CH3)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 Observed Intensity, Potassium Acetate, 

form I. 

Zero layer line 

hkl 
Calculated observed 

Trial 
1(a) 

Trial 
1 	j 

Trial 
2 

Trial 
3 	! 

Trial 
4 

Trial!  
5 

100 36.87 40.34 43.02 46.13 47.97 50.15 15,02 

200 1,67 1.70 2.15 2,72 3.08 3,50 1.69 

101 12,30 11.59 10.21 8.62 7.69 6.60 2.35 

300 4,89 6.17 8.59 11.58 13.35 15.32 3.01 

201 4,27 3.56 3,17 2.67 2.36 1.98 0,94 

301 18.31 15,78 12,90 9.33 7.31 4.83 1.51 

400 	1,25 2,67 5.32 9.13 11,54 14,32 ; 	1,79 

401 	23.11 21,77 18.19 13,07 9.83 6.12 , 	0.71 

002 	16,25 16,25 16.25 14,25 16.25 16.25 3,01 

102 	5.76 6,19 6.48 6.81 6.99 7,21 i 	1.59 
500 	0,03 0 0,05 0,27 0,47 1,47 

202 	0.21 0.22 0,31 0,45 0,54 0.65 0.16 

501 	1.44 2,02 1,90 1.55 1,25 0.86 0.56 

302 1.83 2.34 3.35 4,62 5.39 6.26 i 	0.22 

600 1.33 0.87 0.42  0,06 0 0.21 

402 0,80 1.61 3,12 5,27 6.62 8.15 0.13 

601 1,27 1.52 2,26 2.85 2,98 2.82 

502 0 0.02 0.16 0,33 0,49 0.85 

?00 1.23 0.89 0,36 0,01 0.04 0.61 

701 1.17 1.68 2.57 3,17 3,14 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. 



hkl 	Calculated 	observed 

Trial 	Trial I Trial 	Trial 	Trial f Trial 
1(a) 	1 	2 	3 	4 	5 

2.53 

12.34 

39.12 

11.37 

9.93 
0,15 
0.52 

8.04 
1,49 

0.09 

0.35 

3.77 
0.61 

4.73 
0.22 

4.85 

4.90 
0,30 

0.14 

1,53 
0.20 

2.30 

11.91 

39.12 
11.98 

9.39 
0.06 
0.89 

7.54 
2.48 

0.07 

0.39 

3.68 
0.71 

4.50 

0.46 

4.52 

3.47 
0,32 

0.26 

1,44 

0,44 

	

1.74 	1.16 : 0,86 

	

11.92 	11.69 : 11,43 

	

59.12 	59.12 , 39,12 

12.24 12.49 12.61 

	

8.57 	7.27 	6.36 

	

0.16 	0,37 

	

1.90 	3.49 	4.61 

	

6.12 	4,20 	3,04 

	

4.43 	7,06 	8.65 

	

0,03 	0,01 1 0.01 

	

0.22 	0.06 	0.01 

	

3.73 	3.73 i 3.68 

	

0.97 	1,21 I 1.29 

	

4,12 	3.52 	3,09 

	

1.05 	1.85 	2.25 

	

3.65 	2.48 f1.18 

	

2.50 	1,22 	0,57 

	

0.17 	0,04 	0 

	

0.57 	0.93 	1.06 

	

0,89 	0,28 	0.06 

	

1.05 , 1.87 	2.30 

0.55 

10.98 26.6 
39.12 104.3 

12.73 35.4 

	

5.16 	6.6 

0,75 

6.08 10.3 

	

1.76 	3.7 

	

10.39 	8.0 

0 

0.01 0.5 

	

3.58 	3.2 
1.29 0,6 

	

2.53 	2.6 

2.54 1.1 

	

1.01 	0,6 

0,08 

0.01 

	

1.07 	1.6 
0.02 

	

2.62 	0.7 

110 
210 

011 

111 
310 

211 
311 

410 

411 
112 

510 
212 

511 
312 

610 
412 

611 
512 

710 

711 

612 
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Table 4.4(b)  

Comparison of Calculated and Observed Intensity, Potassium Acetate, 

form I. 

First layer line 

Note (2) No.1(a) is obtained from calculation with methyl-methyl distance 
= 4R and K-0 distance - 2.85R, 
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C.) 

Fig.73. A schematic diagram of the model of potassium 

acetate, form II (monoclinic structure). 



198 

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 	and the sheets of methyl groups are formed at x 1  

While cooling through the transformation I --;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 	as evidenced by the increase in the angle p 

between [100] and [001] from 90°  in form 

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 instability 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.75. 

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 

remain fixed, but because the a-axis has moved from its former orienta-

tion through an angle (1990°) 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 am, bM  and cm  and the orthogonal 

axes be A, B and C. Let cMl!C, bmIlB. 	The spacial co-ordinates 

x,y,z of a point in the monoclinic system of co-ordinates become X,Y,Z 

in the orthogonal system; the transformation equations are, 

X = xm  sin p, Y = ym, Z = zm-xm  cos P. 

When transformed, the fourfold general positions of the space group 

become, 

X = x sin 13, 	Y = Y9 
	z = z - x cos p 

X = -x sin p, Y = -y, Z = -z + x cos p 

X= -x sin p, Y = 1-ym, Z = z - x cos p 

X = -x sin p, Y = 1+y, Z = -z + x cos p 

(The xlylz of the right hand side of each relation have subscripts M, 

i.e. xm, ym, zm) while the twofold positions become 

X = xm  sin p, Y = 1, 	Z = zm  - x cos p 

X = -xm  sin p, Y = 34, 	Z = -zm  + x cos p 

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) Xi 7 	Y1 9 	Zi x1 	sin p, 10/4, c/4 

0(2) X2, Y2, Z2, x2  sin p, y2, c/4 

0(2)' 74 -x sin p, —y2, —c/4 

C(3) X3, Y3, 	Z3  X3 sin p, b/4, z3  - x3 	cos.  p 
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CH3(4) 
	

X4 , Y4 Z4 	x4  sin p, b/4, z4  - x4  cos p 

CH3'(4) xi:, YZ , 
	 (a-x4) sin p, 3b/4, (c-z4)-(a-x4) cos p 

CH3"(4) 
	

Ylii, Z'41 
	

(a-x4) sin p, 3b/41  -z4-(a-x4) cos p 

To preserve the equality of the methyl separation, the acetate 

ion must tilt at an angle 0 to the axis a and it is convenient to 

define the length of the C-CH3  bond as w and the projected length of 

C-0 bond as v (Fig.73). It can be shown that 

0 sin 1(  aM 
7777) 

cos 13) 

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): 

X2  = x2 (form I) 

= x2 sin p (form II) 

= p (say) 

Z2  = c/4 (form I) 

= z2  - x2  cos p (form II) 

=z2  - p cot p 

Y2  = y2  (form I) 

= y2  (form II) 

For potassium atom K(1) 

X.1  = xi  (form I) 

= xi  sin p (form II) 

= 4 
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= q/4 (form I) 

=z1  -x1  cos p (form II) 

= 	- q cot p 

= y1  (form I) 

=y1 (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 ion: 

X4  = X2  + (v + w) cos 0 (form II) 

= X4  sin p (form II) 

Z4  = Z2  - (v + w) sin 0 (form II 

= z4  - x4  cos p (form II) 

Y4  = y4  (form I) 

= y4  (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  = X2  + V cos 0 (form II) 

= x3  sin p (form II) 

Z3  = Z2  - v sin 0 (form II) 

= Z3  - x3  cos p (form II) 

Y3  = y4  (form I) 

= y4 (form II) 

Hence the final expressions for the monoclinic co-ordinates in terms 

of the parameters p, q, v, w, 0, a, b, c and p are: 
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K(1) 	= q/sin p 

Yi = b/4 

= c/4 — q cot p 

0(2) 	x2 = p/sin p 

Y2 = 10/4 - t 

Z2  = c/4 + p cot p 

C(3) 	x3  = (v cos 0 + p)/sin f3 

y3  = b/4 

z3  = x3  cos p + c/4 - v sin 0 

_0(4) (methyl group) 

x4  = ((v+w) cos 0 + p)/sin p 

Y4 = b/4  

Z4  = X4  cos p + c/4 - (v+w) sin 0 

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

the above equations were 

v = 0.593 R 

w = 1.504 R 

T = 1,102 R 

D 	= 2•  820 R 

D2 = 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 II structure 

t°C a R b R c R 
130 

150.2 9.697 5.763 3.991 93.1 

130,0 9.543 5.776 4.002 96.3 

100.0 9.414 5.804 4.015 98.3 

80.0 9.338 5.820 4.025 99.1 

For structure factor calculations the co-ordinates x,y9 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) 

, t°c 	f x y z 

1 
150.2 	1 K(1) 	-0,1112 0.2500 0.2354 

0(2) 	0.1569 i 	0.0588 0,2706 

C(3) 0.2176 0,2500 0.2600 

c(4) 0.3717 0.2500 0.2332 

130 	, K(1) -0.1164 0.2500 0,2195 

0(2) 0.1573 0.0592 0.2912 

C(3) 0.2178 0.2500 0.2700 

c(4) 0.3713 0.2500 0,2163 

100 	, K(1) -0.1247 0.250o 0.2078 

0(2) 0.1539 0.0601 0,3021 

c(3)  0.2142 0,2500 0.2746 

c(4)  0.3669 0,2500 0,2050 

80 K(1) 	-0,1322 1 
	
0,2500 0,2015 

0(2) 	0.1494 0,0607 0.3048 

0.2095 0(3) I  1 	0.2500 0,2750 

c(4) 	0.3622 1 	0.2500 0.1994 

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

tion are calculated as 
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t°C (CH3) - (CH3) R 

150,2 4 .296  

130.0 4.278 

100.0 4.313 

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-

produced for visual comparison.47s9  ' 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 II 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 i I(calc.) at 
130° C 

I(ca3c.) at 
100°C 

I(obs.) ati 
1220C 

100 

200 

300 

400 

44.71 

4.52 

15.69 

12.38 

45.20 

5.83 

17.67 

13.14 

v.s. 

m 

m 

m 

001) 
101) 

o 
2.94 

.03 ) 
2.35 ) 

may overlap 

101 3.09 2.52 m 

201 0.55 0.47 ( - 
1 

201 1.98 1.67 w 

301 1.73 0.92 w 

301 3.42 2.19 ) may overlap on 
401 4.10 2.52 ) 400 

401 1.83 .60 i f 

002 13.31 11.47 m 

102 7.25 8.19 m 

102 .44 i .06 f 

(observable intensity up to about c= 0.8) 
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Fig.74. A model of potassium acetate form II structure. The !/haded atones 

are at z = ;;.!- alid the others are at z = 
N) 
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Table 4.5 (c)  

(continued for other reflexions) 

Reflexions I(calc.) at 
100°C 

I(obs.) Remarks 

110 0.22 w First layer at 1220C 

210 10.4 s It 	II 	II 	II 

311 3.29 w Oscillation photograph 

311 4.43 s at 114°C 

411 6.38 s it 	It 

411 3.35 w ,t 	” 

vs, very strong; s, strong; 	m, medium; w, weak; 	f, faint. 

Conclusion.: 

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. 



209 

4.6. On potassium acetate, form III 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)R3. The number of formula units in the 

unit cell deduced from the dilatometric density at room temperature, 

D
obs. 

= 1.58 g cm-3 and the cell volume gives 16.4 (..-16) formula 

units K02C2H3. The calculated density for 16 formula units in the 

cell is Dcalc. 
= 1.55 g cm-3 

Although no detailed structural studies on form III 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 c axes were practically constant through the 

transformation form II -4. 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 c was found through this transition except the very slow 

increase in cooling throughout the temperature range from 155cIC (form I) 

to room temperature (form III). The values of p 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
o
C to room temperature), but at the transition form II -3form III, 

there was an anomalous contraction of b axis (form III) (excluding 

the fourfold increase of its overall length indicated by the appearance 



r 

I 

I 

Fig.75. Comparision of the photographs of the three forms of potassiuM 
acetateo showing the similarity in their structures. 
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In Fig.75, shown in the previous page, 'a' denotes 

the photographs having reflexions 100, 260 etc. in the 

zero layer; the number gives the temperature at which 

the photograph is taken. Similarly9  'b' denotes 

the photographs with reflexions 040 at the extreme 

end of the zero layer and 'c' denotesn the photographs 

with reflexion 002 in the zero layer line (last but 

one reflexion) 
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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 transition. 

In fact, as referred to above, the transition II 	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. 

All the above facts suggest that there was no major structural 

change in the transformation form II -4 form III. 
Increase in the b cell dimensions are of thefollowing 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 R. 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 II 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 II -4 III. 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 d100  9.2 R has doubled to dloo  —18.4 R 

through the transformation. All other oscillation photographs taken 

about b and c 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/21  b/4 and c 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 xly,z and x + 1, y + 1, z, because the general structure 

amplitude is then 

ei4.211(h+k./2) F = 	f (eifS  
— n 

where 4 = 2n (hx + ky + lz). 	F vanishes when h + k = 2n + 1. 

Similarly, in the present case, the absence of reflexions with 

k = 4n + 2 requires that the equivalent positions in the lattice must 

be 

x, y, z; x, y + 1, z and by centering (x + 1), (y + 1), z and 

3 (x + 2.0 \ 	f 
2 	4  , 1 , z, 

because, 

ei2nk/4 i2nh+k/2+ e 	1 i2n(h/2 + 3k/1) F 	fncei4  1 	+ e 	 1] 

This expression becomes zero for k = 4n + 2, irrespective of whether h 

is even or odd. 
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Fig.76. The possible space groups of potassium aceate•form III structure. 

The equivalent general positions and the group of spatially distributed 

symmetry operators are shown. The rotation diced parallel to bl'present in 

C2 and C2/m rules out these two space groups (see text) 

Fig.77. ( Identical to Fig.11 ) 



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 III is Cm. 
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Chapter 5  

WORK ON SOME 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 

data were available(6162) In these three compounds, the cation 

radius has changed - it has decreased to 0.6 in lithium salt, 

increased to 1.48 R 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 is of interest to see whether structural and other 

properties are similar to those of potassiim 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 

215 



216 

very deliquescent. The experimental procedures used followed those 

already described for potassium acetate. 

5.2.1.2. Preliminary work. 

(i) Optical: 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 R in both rubidium and 

caesium acetate crystals; those taken about direction (1) at right 

angles to it gave a repeat distance of about 6 R for rubidium and 7 R 

for caesium acetates. These values are more or less similar to c and 

b axes for potassium acetates, Hence, directions (1) and (2) were 

designated as b and c axes respectively. Diffraction photographs of 

these crystals at elevated temperatures (-1606C) 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, 

(ii) p = 729 for caesium acetate. 

Even if it has been possible to use crystals about 0,05 mm 

thickness, rubidium acetate would have absorbed 57% of the incident 

radiation and caesium acetate 96%. 

5.2.1.3. Weissenberg photography. Zero layer diffraction photographs 

of both the salts were taken at room temperature about the b and c 

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 am_ 
b reciprocal lattice was orthogonal. In the b-axis 

photograph reflexion of the type hol were split; 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 

Reflexions 

, 
o 
Q 

-1 
Reciprocal cell dimensions 1  

20, 

0, 

0, 

0, 

6, 

0, 

0 

0 

4 

65.90
x  

48.95
x  

46.56 

a 	= 

b 	= 

c 	= 

0.09128 

0.2495 

0.3623 

Table 5.2.1.4(b)  

X Reflexions 	 ni€ 

=A  

mm 
o 

',= 2 sin A ...  

602 Al  = 27,04 0.90922 

602 	02  = 27.38 0.91978 

802 	e1 = 30.84 1,02528 

802 	82 = 31.26 1.03784 

89.3 

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 

22 = 1/2  ci ) 

122 = 

.22  = 
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h2 = 12( 11 	) 

k2 = k1  

= 

where the ubscript 2 refers to the new cell. 

Thus, at room temperature, rubidium acetate is monoclinic with 

cell dimensions a = 8.689, b = 6.18, c = 4.26 R, p = 104.49. 

In the case of caesium acetate, the zero layer b-axis Weissenberg 

photograph showed that ab net was apparently hexagonal with a • = b • = 

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 = 13.08 R 

c = 3.98 R 

y = 120°  

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 P21  or P21  /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 6/m. 
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786.86 

2 	X2.17 

6 	2.42 

Salt 	D(obs.) 
g cm-3  

Cell vol. I No, of formula 
V R3 	units 

N  

D(ca1c.)
g cm-3  

Rb acetate 	2,19 

Cs acetate i 2.50 
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Therefore, the allowed space groups are P6, P6 and P6/m. 

Of these three space groups P.; occurs rarely. Only one substance 

(Ag2HPO4) 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 fltation method(77), using a 10 cc specific gravity 

bottle. Carbon tetrachloride (density ^- 1.5867 g cm 3 at 200C) was 

added to methylene dibromide (density — 3 g cm 3) 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. 

Table 5.2.1.5. 

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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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 G with rubidium acetate 
p 	p 

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 E' and the loss-factor @1 

were plotted against log frequency for rubidium acetate and are shown 

in Fig.80. 

5.3. Dielectric properties of lithium acetate dihydrate  

Graphs of variation of C and G with temperature and at 
p 	p 

different frequencies are given in Fig.81. The two peaks in the 

C -t curve at about 58°C and in between 140
oC and 145

oC were due 

probably to the removal of the two molecules of water of crystallisa-

tion in the two temperatures respectively08) 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 Qt 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 165oCI  was used as a dielectric in cell No.2 and the C 

and G 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 164°C. 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 

80°C). 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 c have increased by 0.36 and 0,23 R and p has increased by about 

3.6°. The increase in the c-axis cannot be wholly accounted for by 

the difference in the ionic radii of Rb+  (1.48 R) and e (1.33 R), 

which is only 0.15 R. 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 R) has increased 

to a still larger value. Surprisingly the c-axis repeat distance now 



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 

155°C and the other at about 75°C. The structure of form I, (above 

155°C) is orthorhombic. The structure of form II, (between 155°C 

and ti  75°C), is monoclinic and that of form III, stable between 

ti 75°C and room temperature is also monoclinic with eightfold 

increase in volume of unit cell. No evidence for the transition 

at 230oC, 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 temperature 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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2-17 c  

Fig.84. Rotation photographs about b axis of 

potassium acetate at 164°C and 247°C showing that 

the structure remains the same. 
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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 average 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 appears to be self consistent, it is 

highly improbable that in either method an error of 2 cm3mole
-1 

could occur in a volume change measurement involving only 4 cm3mole
-1 

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 

sample was dried at room temperature by evacuation to 10 3mm 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 transi-tioli 

at 154°C and evacuating to 10-5mm of Hg, it needed three days to 

make the sample effectively free from moisture. 

6.2.1. The Form I 	Form II transition. The transition II -4 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 

The dielectric properties 	and CP 

conductance of the dielectricell) 
/1 

have shown a slight anomalous increase at the transition. The 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 155°C. 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 thermograms 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 

1  
acetate ion at x, y = 1 z = 7  in the unit cell lies along the twofold 

axis of the space group parallel to the a-axis. The second acetate 

3 	3 ion at X, y = 	z = lies antiparallel to the first. The two 

terminates at the transition. 

(represented by capacitance and 
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Fig.85. Traces of the line profiles of the 301 and 301 reflexions obtained with 

microd.ensitometer, around the transition Form II— Form I, which show broadening. 



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 7) 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 V,n 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 R 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 structure. 

It was established experimentally that the b and c axis 

directions in the orthorhombic form I and monoclinic form II 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 4-axis in form II and moves in the plane (010) with respect 

to the double layers parallel to (100), whose structure does not 

235 
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Fig.86. Potassium acetate, form I , unit cell, which 

has the void marked X. The shaded atoms are at z=* while 

others are at z=*. 
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change significantly. The progressive decrease of a-axis below the 

transition temperature from 9.744 R at 155°C to 9.330 R at 80°C and 

the increase in p from 90°  at 155°C to 99.1°  at 80°C 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 p 

could not be followed right up to Tc  (II —4 I), but indirect evidences 

had been given to show that even if there is any discontinuity in p, 

it would be limited to within a degree or so above 90°. 

From the above description, the structural behaviour of the 

transition II —4 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 above 

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 

symmetry 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 p angle exceeds 

the value of about 93°. 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 —3 I. This structure is temperature 

sensitive. Here a-axis rapidly contracts and b (also c slightly) 

expands on cooling. The contraction of a 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: 

t°C Methyl contact distance (A) 

155 4.35 

150 4,30 

130 4.28 

100 4,31 

80 4.36 

Thus, in between 130°C and 100oC, 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 80°C, 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 II —4 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 

3 
with k = 

1 
.4„ 	.47  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 	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 c axes were only slightly effected by 

the transition. 

It has already been shown that form II and form III structures 

are closely 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 = 4n-1-2 

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 such a 
6 

structure. In that case, sub cells marked 1 and 2, 5 and Z, as 

also 3 and 4, 7 and 8 must be related by mirror symmetry (Fig.87(b)). 

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 inconsistent 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. 
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(b) 
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7 	8 

Fig.87a. A schematic representation of the mathematical 

model which accounts for the absence of the reflexions 

of the type k= 4n + 2.(potassium acetate, form III) 

b. The schematic representation of the 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 III, 

the reflexions in the additional layer lines, although weak, are 

sharp, not diffused. Regular alternation of two structures as in 

Felspars(71) 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 
I 

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 —) III was different from that 

obtained on heating over the same range of temperature, so that 

a hysteresis loop extending over about 150C was observed in the 

transformation II 	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 

treatment of ferroelectric behaviour given by Devonshire
(80) 

implies 
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modulated structure of Potassium 

244 

acetate, form III. The acetate ions are represented by 

the group three circles, the Potassium ions are not 

shown. Symmetry elements of the Space group Cm are also 

indicated. 

P 

without 
field 

.-with field 

temp 

 

	)- 

 

Fig.89. Variation of polarization with temperature with 

or without field( after Devonshire(8o)). 
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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 

dG
1 

= -SdT + x.
IdX. + EdP 

where G1  is Gibbs elastic free energy function, S is entropy, xi  and 

X. are strain and stress components, E and P are field and polarization. 
1 

P@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 dG
1= -SdT + x.dX.If it is further assumed that the internal 1* 

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 (Fig.53a) there is a suggestion of such an 

effect, where the base line shifted very slightly towards exothermic 

direction from ^'400  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 f3-angle and a-axis are 

comparable: 

a R oo 

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 c 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 explariation 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 e and RID*  which is 0.15 R 

and the difference in the a-axes of the unit cells of potassium and 

rubidium acetates which is 0.64 R. This shows that even if a thermal 

expansion of a-axis and a decrease in p 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 

"neutral" or "toggle" point to another equilibrium position, as occurs 

during the II —4 I transformation in potassium acetate. 

6.4. Structure and other properties  

6.4.1. Dielectric properties: 	In the above discussion, the trans-

formations have been correlated with the structures of potassium 

acetate. The structural bnsis 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 

polarisation 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. When 

converted to relative permittivity Ex ' and loss factor (711, both sets 

of measurements showed an increase as the fr4quency is decreased 

(Figs. 49 and 80). The graphs of log (7" 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 c7 t  is behaving as if it is approaching a Debye relaxation 

region, on the other hand (- , does not show the increase needed for 

the formation of a relaxation absorption peak. Such behaviour of 

(4 and (1*--"..carrwit 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) Ionic polarization: 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. 

The latter effect is much greater than the density effect
(49) 	

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 ionic 

polarization —1010 Hz). Even if this objection is discounted on the 



VI 0 V G fa N 0 0 V 0 N 

• 

1.2 

0.8 

0.4 
0 

0 

—0.4 

249 

loc,10  frecuency 

Fig.90. Plot of log lo C vs. log (frecuency) 

for potassium acetate 
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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 II -4 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 (7  ', because its variation with frequency is precisely the 

same as that for the case of Debye relaxation. But the expression 

for Pt in this case contains additional terms (compared to the Debye 

expression) inversely proportional to frequency. This means that as 

frequency w --) 0, the loss represented by 	OD. The interfacial 

polarization can thus be distinguished from Debye relaxation by 

observing Gmbelow the relaxation frequency. In the Debye case 

-40 as 07 -->0. 

For potassium acetate, the log E"vs. log (frequency) curve 

has already been shown in Fig.90. 	It is similar in behaviour to those 

obtained by Hamon(81) 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 reasons 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 so 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 

ions 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 cow,. 

ductivity (d.c.) and diffusion coefficient can be expressed by a 

formula of the form: 

K = A exp.(-WkT) 

where K is electrical conductivity, A is a constant, E is an activation 

energy, k is Boltzmann constant and T, the absolute temperature. 
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Now at a particular frequency, the d.c, conductivity in a 

condenser is proportional to GI So, in order to test the validity 

of the arguments given above, in the present case, the values of 

log G!' ,ere 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 

Ept = A exp.(-EIRT) 

Here A is a constant; 	
o, the activation energy in cal.; 

R = 1.987 cal. per deg. per mole  is the gas constant. 

The slope of these curves of 2.303 log" G" vs. I/T gives 

Eo(R, whence E
o 
has been calculated and is given in Table 6.4.1. 

Table  6.4.1.  

Calculation of activation energy 

Compound Frequency 

kHz 

E 
	

-1 kcal.mol. 

Lithium acetate 5 17.7 ) 
tr 	17.4 (ay.) .-: 

20 17.1 

Potassium acetate 5 20.7 
,-- 20 (ay.) 

20 19.6 	) 

Rubidium acetate 5 26.0 	.) 
L 	— 25.4 (ay.) 

20 24.8 	r— 
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Fig.91(a) The values of log," are plotted against 

1/T, sample : Lithium acetate anhydrous. 

Fig.91(b) The values of logio c- i6.re plotted against 

1/T; sample : Potassium acetate 

( NUmerical data are given in the Appendix ) 
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Fig.91(c) The values of log ia  E li  are plotted against 

1/T; sample : Rubidium acetate 

( Numerical data are in Appendix) 
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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+  , K
+ 
 and Rb+ that is responsible for 

the rapid rise in the relative permittivity C7,1  and the loss factor (Pl. 

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 out 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 structurer7, 

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 si.4- ^ 

for potassium (model 2, Chapter 4), permitted by the space group 
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3 	- 	1 symmetry, at x, 	7  and x, 	7  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 effect 

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 R parallel to the a-axis would bring the potassium ion into 

contact with four methyl groups while keeping the distance (D2) to 

the nearest four co-ordinating oxygen atoms, the same as before. 

The distance (D1 ) from the other two distant oxygen atoms now increases 

from 2.82 R to 3.57 R. Thus, there is always a possibility that on 

application of an a.c, field to the crystal, at higher temperature, 

some K ions jump into the alternative site, which would be equivalent 
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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 

compared to the jump of Ba2+ 
	(82) 
in Bax(Ti8_xMgx)016 	along a tunnel 

in the structure, but there is a difference that the activation 

energy is small in Baal-  jumping 	4 kcal.). Whether there is 

really any appreciable anisotropy in the dielectric behaviour to 

confirm the potassium ion jump tb 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. For 

example, Hazlewood et al.(7) found that potassium acetate contracts 

on melting. Because long range order disappears on melting, there 

will be no necessity for the void in the liquid structure. 

The influence of ionic forces in the double layer, is evidenced 

by the off-centre position of the e in the oxygen co-ordination 

polyhedron. This effect may be due to the nearest neighbour K-1-  - K 

repulsion in the double layer and probably some influence due to 

co-ordination of the e 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 - 

oxygen 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 e 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 lattice 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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Observed Lattice Parameters 

Appendix I 

Table 1 

Potassium Acetate, A = 1.5418 R of 

t°C d 	(A) 100 d 	(A) 001 ° 
301 Q  30-1 t

o
C d 	= b 

010 	0 

23 8.942 3.976 20.807 17.311 25 23.301 

36.1 8.986 3.972 20.694 17.297 50 23.233 

5 9.026 3.983 20.594 17.309 60.5 23.243 

55.2 9.091 3.986 20.405 17.186 67.4 23.241 

67.8 9.167 3.986 20.255 17.200 68,3 23,278 

72,0 9.168 3.984 20.205 17.686 70.6 23.287 

73.6 9.184 3.972 20.189 17.191 86 5.816 

75,7 9.197 3.972 20.183 17.228 126.7 5.780 

86.0 9.255 3.975 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 

113.3 9.397 r 3 	r-"' ' '' 	--!6 17.146 

124.0 9.443 3.978 19.406 17.253 

135.0 9.518 3.974 19.118 17.250 

146.0 9.602 3.984 18.786 17.405 

147.6 9.621 3.983 18,729 17.467 

149.7 9.679 3,979 - - 

150.2 9.683 3.985 18.480 17.518 

151.7 9.665 - - - 

152.7 9.693 3,990 - - 



Table 1 (continued) 

t
oC 	d100(A) d (A) 	g301

o 	e30Io 

153.1 9.711 3.990 

153.3 9.694 3.991 

154.3 9.757 3.990 

155.0 9.744 3.993 

160 9.744 

247 9.853 4.021 

Zr 



Table 2 

. 	. 
Calculated Lattice Parameters of Potassium Acetate 

toC i? c 

23 100.8 9.103 4.048 

3 6.1 100.5 9.139 4.040 

47.5 100.2 9.171 4.047 

55.2 100.1 9.234 4.049 

72 99.6 9,298 4.041 

73.6 99.3 9.306 4,025 

75.7 99.2 9.317 4.024 

86.0 98.8 9.365 4.022 

95.3 98.5 9.384 4,017 

105.0 97.9 9.432 4.009 

113.3 97.5 9.478 4.005 

124.0 96.8 9.510 4,006 

135.0 95.7 9.565 3.994 

146.o 94.4 9.630 3.996 

147.6 94.0 9.645 3.993 

150,2 93.1 9.698 3.991 

261 
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Table 3 

Interpolated Values of Lattice Parameters and Molar Volumes 

toC d100(A) b (A) c (A) V(A2)  
NXV 

Vmolar-  2 

23 8.942 x 2 5.824 x 4 4.048 210.9 63.51 

30 8.970 x 2 5.818 x 4 4.047 211.2 63.60 

40 9,020 x 2 5.812 x 4 4,042 211,9 63.81 

50 9.05? x 2 5.811 x 4 4,037 212.4 63.96 

60 9.115 x 2 5.810 x 4 4.034 213.6 64.32 

67 9,150 x 2 5.812 x 4 4,030 214,3 64,50 

68 9.160 x 2 5.82° x 4 4.030 214,8 64.68 

70 9.167 x 2 5.822 x 4 4.030 215,1 64.78 

75 9.195 5.822 4.026 215.5 64.90 

8o 9,220 5.820 4.025 216.0 65.05 

90 9,270 5.814 4,02o 216.7 65,25 

100 9.315 5.804 4,015 217.1 65.38 

110 9.370 5.794 4,015 217.7 65.56 

120 9.420 5.785 4,007 218,4 65.77 

130 9.485 5.776 4,002 219,3 66.04 

140 9.551 5.769 3.997 220.2 66,31 

150 9.66o 5.764 3.992 222.3 66.94 

155 9,744 5.762 3.991 224,1 67.49 

160 9.744 5.760 3.991 224,1 67.49 

247 9.853 - 4,021 - 
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Table 3A  

Approximate calculation of intensities. 

a = 9.7 R, b = 5.9 R, c = 3.96 R, CH3-CH3  = 4 R, C-C = 1.54 R, 
C-0 = 1,23 RI  /oco = 1200  

1 = even 

k = 0 

Model 1 

h= 

sing 

1 

.0515 

2 

.1030 

3 	4 

.1545 	.2060 

5 

.2575 X 
x 

K(I fk) -.0999 7.34 2.90 -2.63 	7.17 -.90 
0(f

0
) .1996 2.45 -6.24 -6.38 	2.22 .78 

C(ifc) .2634 -.24 2.83 -.70 	2.72 1.14 

C(12  fc  ) .4220 -2.53 -1.60 .29 	-1.09 -2.21 

Model 2 

K(lfk) .0185 8.962  8.772 8.781 	8.014 7.464 

Model 1 a 7.02 -2.11 -9.42 	11.01 -2.0 

Model 2 a 8.65 3.77 2.40 	11.86 5.49 

Model 1 IEFI 2  49.31 4.45 88.66 121.22 4 

Model 2 al2  74.77 14.18 5.77 140.6 30.12 
i 



Table 4 

Polycrystalline potassium acetate; Cell no.3 (Heating). Values of capacitance and conductance 

at different temperatures and frequencies. C , (pF); G , (Iimho). 

20 kHz 	15 kHo 10 kHsi 5 kHz 1592 Hz 1 kHz 	1 	500 Hz 

'4.73 

G 

- 

C 

4.75 

G 

- 

C 

4.75 

G 

4.78 

!4.78 - i4.80 - 4.82 4.83 

4.79

8  

4.84 - :4.86 - 4.87 4.88 4.92 

:5.31 - :5.40 _ 5.64 5.64 - 	5.77 

r5.44 .010o 15.54 .0080 5.74 .0044 	5.85 .0036 	5.95 .0030 

'5.46 1 .0110 15.56 .0087 5.76 .0053 	5.88 .00441  6.08 .0032 1  

i5.48 .0155 5.60 .0098 	5.86 .0062 	5,97 .0050' 6.24 .0040! 
i 

1 5.56 .0190 
1 
l5.70 .0150 	6.04 .0092 6.25 .00771 6.76 .0058 

:5.69 .0320  .5.91 .0240 	6.47 .0151 6.89 .01301 7.6o ,0010 

1 :5.91 .0530 6.26 .0390 	7.13 .0240 7.70 .020o! 8.92 .0150 
, 
' 6.20 .077o !6•68 .0580 	7.97 .0367 8,80 .0310110.45 .023o1 

: 7,22 .1700 
1
i 8. 20 .1300 	,10.70 .0870 12.06 .075015.55 .0620: 

C 	G 	i 0 	G 

	

23 4.66 	- E4*70 	- 

	

7o 4.69 	- 14.73 	- 

100 4,72 	- ;4,82 	- 
i 

150 5.18 	- i5.24 	- 

154 5.30 .0011 	5.38 	- 
1 

Table 4 

Polycrystalline potassium acetate; Cell no.3 (Heating). Values of capacitance and conductance 

at different temperatures and frequencies. C , (pF); G , (Iimho). 

20 kHz 	15 kHo 

C 	G 	i 0 	G 

	

23 4.66 	- E4*70 	- 

	

7o 4.69 	- 14.73 	- 

100 4,72 	- ;4,82 	- 
i 

150 5.18 	- i5.24 	- 

154 5.30 .0011 	5.38 	- 
1 

156 5.32 .0148 L5.39 .0133 

16o 5.31 .0163 15.40 .016o 

170 5.36 .0260 15.46 .0228 

1180 5.45 .0454 15.56 .0390 

190 5.6o .0670 	5.75 .0630 

200 5.77 .102 	15.97 .0890 

218 6.48 .2180 6.76 .2010 

(A blank ( -) indicates a very small value) 



Table 5  

Polycrystalline potassium acetate; Cell no.3 (Cooling). Values of Cp (pF), Gp (p.mho) at different 
temperatures and frequencies 

t C 20 kHz 15 kHz 10 kHz 5 kHz 1592 Hz 1 kHz 	1 	500 Hz 

C G C G C C G C G C G 	C G 

20 4.66 4.70 4.73 4.75 - 4.79 - 4.79 - 	4.8o - 

70 4.66 4.71 4.74 4.76 - 4.78 - 4.79 - 	4.82 

100 4.70 4.80 4.85 4.85 - 4.86 - 4.88 - 4,92 - 

140 5.05 .0068 5.09 .0068 5.13 .0060 5.20 .0048 5.28 .0027 5.36 .0022 5.45 .0015 

151 5.26 .0090 5.34 15.40 5.49 .0064 	5.66 .0040 5.8o .0035 5.88 .0030 

155 5.30 .0135 5.37 .0138 5,47 .0110 5.55 .0076 	5.77 .0052 5.88 .0042 6,08 .0032 

161 5,35 .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 .0430 5,72 .0372 5.97 .0275 	6.58 .0170 6,94 .0144 7,88 .0110 

190 5.59 .0680 5.74 .0670 5,92 .0520 6.29 .0405 	7.18 .0250 7.79 .0210 8.70 .0160 

199 5.84 .1154 6.03 .1005 6.27 .056 6.85 .0650 8.25 .0410 9.09 .034o 10.77 .0260 

220 6.96 .3230 7.38 .2940 7.35 .2500 9.18 - 12.20 .1360 15.50 ,1100 16.50 .0984 

(A blank (-) indicates a very small value) 
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Table 6 

Capacitance and Conductance of recrystallised solid potassium acetate 

C (pF), G (Immho) 

temp. 20 kHz 15 klfz 10 kHz 5 kHz 1 kl-1 

C C G C 	G 

23 

G 

 5.06 5.08 5.09 5.09 

115 5.17 5.23 5,24 5.25 	5.33 

141 5.53 5.65 5.76 5.80 	5.85 - 

150 5.86 5.93 6.14 6,06.006 	6.26 .0036 

154 6,16 .0130 6.26 .0130 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 

173 6.26 .0510 6.37 .0460 6.48 .0415 	6.76 .03357.89 .0190 

180 6.36 .0850 6.51 .0750 6.72 .0660 	7.09 ,0520 	1 8.8? .0310 

(A blank (-) indicates a very small value) 



Table 7  

Potassium Acetate; cell: two pt. wires, powder melted in between 

267 

and the crystals grown.. 

Frequency 1592 c/s„  

(temp. ± 5°C to t 10°C). 

t°C 	CpF 	G }mho 

	

20 	.4 	0 

	

35 	.4 	0 

	

6o 	.4 	0 

	

100 	.405 	0 

	

130 	.47 	.001 

	

137 	.5o 	.0013 

	

16o 	.67 	.01 

	

210 	1.2 	.517 

	

245 	1.5 	.7 
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Table 8  

Pot. Acetate; powder allowed to melt in between two gold plates (thin); 

upper plate (— 1+ mm sq); temp. + 5°C to + 10°C. 

freq. 1592 c/s. 

t°C CpF G Ilmho 
••••••••••• 

30 1.85 .0014 

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 (Itmho). 

500 Hz 1 kHz 5 kHz 10 kHz 15 kHz 20 kHz 

G C G C G G C C G 

20 '1.10 1.08 1.00 0.95 0.93 -i 0.92 - 

120 11.12 1.10 1.04 0.97 0.95 - 0.93 - 

160 1.55 0.0020 1.35 0.0025 1,15 0.0050 1.05 0.0055 1,02 0.0070 0.98 0,0070 

180 12.40 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 3.75 0.0383 2.60 0.0610 i 2.20 0.0830 2,00 0.1000 1.80 0.1140 



C 	C 

23.5 2.56 0.000011 

30.512,57 0.00001; 
1 	1 

35,5! 2,5910,00001 

38.1 2.60 10.0002 

40.51 2.60 ; 0,0002 
1 

42.0;
1 
 2.61 ; 0.0002 

43.5: 2.6150.0003 
1 

45.5 2.62 0.00039 

48.52.63 0.00039 

50.0'2.635;0.0004 
1 

54.5 2.66 1 0.0005 

760,51 2,68 '0.0006 

64.02.69 10,0007 

72,012,71 !0.0008 

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 (lmbo). 
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t C 	C 

76.012.7410.0009 142.5 3,55! 0,0077 

82.012.75 0,00095 	147,0 3.77! 0.0104 

90,512,77 0.0010 	149.5 3,91 0,0122 

95,5i 2.79 0.0011 	152-2.5 4.11' 0.0149 

200.5; 2,40,0013 	155 4.30 0,0175 

104,5: 2,8410.00145 , 157 4.38 0,0187 

109,5; 2.88' 0.0018 	160 4,74' 0.0243 

115 	1 2.92 0.0020 162,5 5.02 0,0292 

121 	3.00 0,0026 165.0 5.36 0,0350 

124 	3.06 0,0030 	168,0 5.82 0.0441 

128.53.13 0.0037 	)172 	6.48 0.0576 

132.0i3,22 0,0043 	174 	6.78 0,0647 

136,5:3,35 0,0054 	175 	6.94 0.0684 

138.00.40 0.0060 



Table 11 

C and G values of Lithium acetate dihydrate : cell no,2, 
p 	p 
C 
P 
 , pF; G 

P
Ilmho. 	(This sample was made anhydrous for 

next measurements). 

t°C 	' 	C 

22 1.69 103 	1.72 0.0008 

37 1.71 106 	1.71 0.0009 

44 1.70 112 1.70 0.0012 

51 1.68 118 1.70 0.0016 

57 2.47 0.0017 123 1.72 0.0020 

62 2.42 0.0006 131 1.87 0.0035 

65 2.26 0.0006 11+0 2.45 i 0.0055 

70 2.10 0.0006 146 1.65 0.0014 

75 2.00 0.0006 152 1.54 0,0009 

78 1.90 0.0006 158 1.55 0.0010 

83 1.80 0.0006 164 1.57 0.0013 

87 1.76 0.0006 172 1.62 0.0021 

92 j 1.73 0.0006 179 	1.70 0.0030 

99 ! 1,72 0.0007 190 	1.85 0.0047 

199 	2,04 0,0065 
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temp. 
C 

20 kHz 15 kHz 10 kHz 5 kHz 

C 	G C 	G C C 	G 

22 I1.53  - 1 	1.55 1.55 1.56! 	- 

52 1.53 - 1.55 1.55 1.56 	- 

100 1.53 1.55 - 1.55 1.56 	- 

130 1.54 - 1.55 1.56 1.58 	- 

151 1.54 - 1.56 - 1.58 0.0020 1.60 	0.0016 

156 	1.55 0.0027 1.58 0.0020 1.58 - 1.60 	0.0020 

161 	1.56 - 1.58 1.60 - 1.63 	0.0032 

1.58 

-

175 0.0090 1,62 ' 0.0078 1.64 0.0062 1.70 	0.0057 
1 

195 	1.67 0.0250 1.71 ! 0,0220 1,80 0.0187 1.93 	0.0135 

210 1,87 i0.0320 1.99 0.0260 2.20 10.0185 

212 	1.81 0.0380 1.88 10.0330 1.99 0.0265 2.20 1 0.0185 

215 	 1.84 0.0405 1.92 1 0.0375 2.021 0.030 2.27 1 0.0260 
1 223 	1 1.96 1 0.0580 2.09 1 ; 2.261 0.040 2.57 0,0250 

G G 

1 kHz 	1592 Hz 

1.56 - 1.55 

1.56 - 1.56 

1.58 	- 	1.56 

1.60 • 	1.58 

1.66 10.0010 1.62 

1,70 0.0013 1.64 

1,76 0,0016 1.68 

1.9710.0030 1.85 

2.57 0.0055 2.26 

- 

3.04 0,0062 3.04 0.0065 

3.14 I 0.0065 3.82 0.0090 

0.0072 3.17 0.0097 3.45 

0.0003 

0.0012 

0.0015 

0.0020 

0.0040 

0.0071 

Table 11  (continued) 

C and G values of Lithium acetate anhydrous. 	Cell no.2. Cp, pF.; G limbo 



Table 12  

Values of C and E" calculated on the basis of Tables 4, 9, 11 

for calculation of activation energy. 

Potassium acetate: cell no.3 : Co = 1.5 pF. 

Freq. ' 	T°K I/T I 	EI 	i 	6" 

1 
20 kHz 491 	0.00204 4,32 	i 	1.15 

473 	0,00210 3.85 	0,54 

453 	0,00220 i 	3.63 	i 	0.24 
443 	0.00228 3.57 	0.14 

15 kHz 491 	- 4.51 I 	1.42 
473 	- 3.98 0.63 
453 	- 3.71 	0.28 
443 	i 	- t 	3.64 	0.16 

1. 

10 kHz 
•

i 491 	. 	- 4.81 1.80 
473 	- i 	4.13 0.81 
453 	- j 	3.79 0.34 

"43 	- 3.71 0.20 

5 kHz 491 5.47 2.80 

473 	- 4.45 1.25 

453 	- 3.94 0,51 
443 - 3.80 0.32 

1592 Hz 491 - 7.13 5.80 
473 	- 5.31 2.45 
453 	- 4,31 	1,01 
443 	- 4.03 	0.61 
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Table 12  (continued) 

Freq. T°KI/T Et  " 

1 kHz 491 - 8.04 8.33 
473 - 7.87 3.44 
453 - 4.56 1.44 
443 - 4,17 0.86 

50o Hz 491 - 10.37 13.55 
473 - 6.97 4.94 
453 - 5.07 2.25 
443 - 4.51 1.25 

Rubidium acetate : Cell no,2 : Co 	pF. 

Freq. T°KI/T (' Et? 

20 kHz 483 j 0.00207 	2,31 1.16 

454 0.00220 	1.54 0.34 

433 0.00230 	1.26 0.07 

15 kHz 483 - 2.56 1.36 
454 - 1.60 0.38 
433 - 1.31 i 0.10 

10 kHz 483 - 2.83 1.68 

454 - 1.67 0.46 
433 i - 1.35 0.11 
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Table 12  (continued 2) 

Freq. T°K I/T e, 

5 kHz 483 - 3.33 2.52 

454 - 1.86 0.64 

433 - 1.47 0.21 

1 kHz 483 - 4.81 8.18 

454 - 2.50 1.41 

433 - 1.73 0.53 

500 Hz 483 - 5.51 14.27 

454 - 3.07 2.07 

433 - 2.00 0.82 
4 

Lithium acetate : Cell no.2 : Co 20.78 pF. 
(Anhydrous) 
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20 kHz 496 	i 0.00200 

488 	0.00205 

468 	i 0.00214 

/1118 	0.00223 

429 	0.00234 

2.51 	0.59 

2.36 	0.41 

2.14 	0.25 

2.01 	0.09 

2.00 	0.03 

15 kHz 2.46 
	

0.51 

2.41 
	0.45 

2.19 
	0.30 

2.07 
	0.11 

2.03 
	0.03 

488 
	

0.00205 

485 
	

0.00206 

468 
	

0.00214 

448 
	

0.00223 
429 
	

0.00234 



Table 12  (continued 3) 

Freq. T°K1/T et 	1 

10 kHz 496 0.00200 	2,90 1  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 2.1.8 0.23 

434 0,00231 2.09 0.13 

429 0.00234 2.05 0.09 

1592 Hz 496 0,00200 4,06 1.24 

483 0,00207 3.5o 1.15 

468 0,00214 2.90 0.91 

448 0,00223 2.37 0.51 

434 0,00230 	2,15 0,26 

429 0,00234 2.10 0.19 

1 kHz 497 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 

434 0,00230 2.26 0.34 

429 0.00234 2.18 0.28 
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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 A 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 p decide whether the calculation of 

H 	H 
i a l b,c s for monoclinic or orthorhombic system. These parameters 

are then used to calculate 2 sin 9 and sin 0/X, 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 

The equation used for 2 sin 8 calculation is 

p = 2 sin Q = ,/((he)2  + (kbw)2  + (1cH)2  + 2h1 a
N
c
iE
cos PK) 

For Lp-factor calculation, the expression used is (from Inter-

national Tables for X-ray crystallography): 

Lp-factor = 1 + cos
2  29  

V(4 (L-1)2) 

1 where L-1 = (sin2  20 - 
r2 

 )" 

Here 	= kX/17). Putting p = 2 sin 

2 4 Lp-factor = (2-13  + P /14)/(1)2(4..P2) 	4 2). 



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 + lz) + cos 2n(hx-k(y + 1) + 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: 
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PROGRAFOR_OALCULATION OF INTENSITY   279 

 

	

	DIMENSION FX(321 3) t ATOM(4) 'SF (4),X( it) tY(4),Z (4) t_TERM(4 ) 	 
TE t416)1-71-1-1111--- 

	 16FORMAT( 1H11 25HPOT_ASSI_UA A.CETATE IF ORM I I ) 
61 17) 

17 FORMAT( 1H01 36HCALCULA TION OF OBSERVED INTENSITIES.) 	  
---==---===-WR I TE{ 61 18) 

18 FORMAT{ 1H07 21HOSC ILLA  TIM/ AXIS IS B 
 	WRITE( 6 -1 30)7___ 	  

30 FORMAT( 1H0126HRADI A TI ON I S COPPER KALPHA) 	 
E-AD-1-=DATA 
	READ{ 51 20) JM,KM,LM,ICS.,A,B,C,RETA 	 
	2fff-iFORMAT (41:54±4F-8;-31— 

 	W R I TF { 6: 70) A 2 81 C IBETA 	 
OR MA T (11-10 7-9X 	 litzet 	 _ _i:F8=i=3111IDX7176HB 

	1TA =1 E8.3) 	 
 	R. EA D 5 i-21: )7NF-iNAIRHOMA 
 	21 FORMAT( 2131 2E10.5) 
	WRITE ( &ill )7-RHOMA-XiWL 144 _ 

1 FORMAT( 1H01 9X ?  BHRHOMA X  =  F10.5_1_110X_7_!•-H111, = iF10.5//10X1 4HNF  =i13//1 
	LOX '4HN A 	I 	 

   READ(51 22){ (EMI 0)11=1,32) I N=1 INF) 
	22:ff ORMAT( 8F9.3)-. =- 

DO„_ 23 _17-1 NA__ 
E 	D ( 5 24) L" A TO NJ III SFi_I)11: X-11 	 -- 

	24 FORMAT( A6/ 3X1 4F9.6) 
	---2=-A TOM I C - P ARA M F TER 	X Y -11 - 

DO 40 i=17 NA 
-07WRIJE( 4 /  41 ) -1ATOM{ 11,-X CI 	 ) 	  

41 FORMAT( 11-407 461 3X / 3F9.6) 
=CALCULATE RECIPROCAL iCE1L --  DIMENSIONS-- 
	 RBETA =180.07BE TA 

BR.- =R BETA /57.2.9578 
COS8 = COS{ BR ) 

	RA -=.-ii4L/(_A'!ASIN (BRA 
	 R8 = WL /B  
	 RC--= WL/(C*SIN(BR )) - 

WRITE(6790) RA 7 RB IR: 	 
0--FORMAT( P-07 qX1 4HRA---=,F10.5//10Xiii-HR8,-_=;F10-.51:110X-14HRC-==jF-10.5)_:_- 

__ WRITE( 6719) 
-FORMAT{ 1H013X11HJI4X7IHK4X IY.L__,5X1 3HRH11i7X1 91-1LP FACTOR, 4X -7 9HINTP 
1S ITY ) 

I ICS)_ 50/50/5 
50 	 M =0.0 

GO TO 52 
51 M=2*J 

AJt1=FLOATIJM) 
52 CDNIT INUE 

START LOOPS THROUGH JKL 
DO 6 L=1I LM 
AL=FLOAT(L-7 1 ) 
00 7 K=11 KM 
AK=FLOAT( K-1) - 
DO 8 J=11 JM 
AJJ =FLOAT t 3) - ----- 
AJ=-0.5*AJM+AJJ-1.0 
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FRACPT=PT-FLOAT( IP T ) 

--•__ 
---79B1 NT = SF C SQ* FACL P_:±±±±  

WRITE( 6,10 5) CAJIAK,AL,RHO,FAcIPI OBINT) 
105 _F OR M AT ( 1F0, 3F5. 0 ,F 10.6, 3X i F).-0. 6 7 3 XiF1 

23 CON r 
8 CON TI N LJE_ 

CONTINUE 
CON TIN UP 
STOP 



Glossary of symbols used in the program for calculation of  

Intensity  

JM, KM, LM: Maximum values of h, k, 1 respectively. 

ICS: A digit to denote crystal system : 0 for orthorhombic, 

1 for monoclinic, 

A, B, C: 	Dimension of a, b, c axes respectively. 

Beta: 	Cell angle in degrees (= 90°  if orthorhombic). 

NF: Number of different atom types. 

NA: Number of atoms in asymmetric unit, 

RHOMAX: Maximum value of 2 sin Q. 

WL: Wavelength of X-rays in R 

FX (IPT, N): The value of atomic scattering factor of N atom type 

at sin Q/X given by IPT. 

ATOM (I): A particular atom type I (up to 6 characters to denote). 

SF (I): The atomic scattering factor table to be used for Ith atom. 

X(I), Y(I), Z(I): 	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: 2JM in floating point form for monoclinic structure. 

AJ: 	AJM AJJ 1.0 

RBETA: 	el  (180 - 

BR: 	p in radians. 

RA: 	a = N/a sin p 
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RB: b = 

H RC: 	c = hic sin p 

RHO: 2 sin 8 

COS B: Cos (pH  in radians). 

SINWL: sin QA 

ZETA: 	WE (oscillation along E) 

FACLP: Lorentz polarization factor. 

PT: 	(sin Q/a/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 1: 81  = Trigonometrical term for atom at x y z. 

THETA 2: 82  = Trigonometrical term for atom at x, 1-y, z. 

GI: 	Cos 81  + cos 82  or 2(cos 81  + cos 82) according to y co-ordinate. 

TERM: Product of atomic scattering factor FI and cos terms GI. 

SFAC: F = 	f cos( ) = 	TERM over each atom in asymmetric unit. 

SFACSQ: F2 

OBINT: 	F2 x Lorentz polarization factor. 
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